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Foreword 

The appearance of Classics in Total Synthesis by K. C.Nicolaou and 
E. J. Sorensen in 1996 brought great benefit to the practitioners 

and students of chemical synthesis as applied to complex naturally 

occurring molecules. It also stands as a milestone to mark the clos¬ 
ing of the twentieth century, which encompassed both the birth of 

the field and its growth to one of the most intellectually fulfilling 
and practically important areas of modern science. Now, with the 

advent of the twenty-first century, we are fortunate to have Classics 
in Total Synthesis II by K. C. Nicolaou and Scott A. Snyder which, 

following in the tradition of Classics /, brings a detailed and author¬ 
itative exposition of more than thirty syntheses that have been 

published during the decade 1993-2003. The accounts of these 
syntheses are presented with considerable attention to background, 

strategic ideas, new methodology and unusual chemistry. They are 
engaging, interesting and crystal clear. One cannot help but be 
impressed with the care and attention to detail that the authors 

have taken. Their work also pays tribute to the field of synthesis, 
as did Classics /, because it conveys the dynamism and excitement 

of today’s synthetic chemistry. 
Given the enormous advances in the synthesis of complex natur¬ 

ally occurring molecules, especially since the post World War II 

era, and the ever greater sophistication and complexity of the 
field, it is tempting to speculate that we may be reaching some 
kind of scientific or intellectual plateau in which the “golden era” 

of discovery is behind us. How many challenging and worthy syn¬ 
thetic targets remain to be discovered? How many truly powerful 
and general new strategies and synthetic reactions remain to be dis¬ 

covered? Is there a prospect for the development of entirely new 
ways of planning or executing synthesis? In my judgment the 

opportunities for new developments and discoveries are so vast 
that today’s synthesis is best regarded as a youngster with a brilliant 

future. The careful study of Classics I and II will help to show the 

way to the new synthesis of the future. Thanks are due to Nicolaou 
and Snyder for their wonderful role in helping to advance synthesis 

to ever higher levels and newer ideas. 

E.J. Corey 
Harvard University 

7 May 2003 
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Preface 

Although organic synthesis played a pivotal role in many of the 
most exciting and important scientific breakthroughs of the 20th 

century, its part in the expected discoveries and inventions of the 

21st century is certain to be even more profound. Yet, for this 
field to fulfill its future obligations, the present generation of syn¬ 

thetic chemists must successfully address two distinct, but equally 
challenging tasks: advancing chemical synthesis to new heights, 

and training the next generation of synthetic organic chemists on 
whose shoulders will lie the responsibility of sharpening this art 

and science even further. It was precisely with these objectives in 

mind that Classics in Total Synthesis was launched in 1996; its 
widely acknowledged relevance to these goals today is reflected 

in the fact that educators, students, and researchers throughout the 
world embrace it as an educational tool and a source of inspiration. 

Nevertheless, because the past decade has witnessed such an 
unprecedented flourishing in the field of total synthesis, we felt a 

second volume was needed to assist the original compilation in 
accomplishing the objectives laid out above. What you are currently 

holding in your hands is this new book, a treatise that is not meant 

to be an update of Classics /, but rather a unique textbook that both 
complements and augments the former through its presentation of 

over thirty innovative and instructive total syntheses accomplished 
since 1992. Our expectation is that by employing the general peda¬ 

gogical format of Classics I in conjunction with special mini-review 
sections, which cover important new synthetic reactions, emerging 

trends, and additional syntheses of the chapter molecule, this text 
will become an equally valuable tool as its predecessor. 

It goes without saying, of course, that bringing Classics in Total 

Synthesis II to fruition required the assistance of many talented indi¬ 

viduals. First and foremost, we would like to thank Dr. Tamsyn 
Montagnon for her thoughtful suggestions and critical comments 

that improved the manuscript during all of its evolutionary stages. 

Janise L. Petrey was invaluable for her careful editing of the entire 

text which ensured its smooth reading and timely completion. We 
are also grateful to William E. Brenzovich, David Y.-K. Chen, 

Scott T. Harrison, and Casey J. N. Mathison for their proof-reading 

of the text in the final stages of production, and to Dr. Helen J. 
Mitchell and Professors Phil S. Baran, Thomas J. Katz, Erik J. 
Sorensen, and Georgios E. Vassilikogiannakis for their thoughtful 

input which enhanced the quality of certain chapters. Some of the 
specialized graphics, including the cover design, are the product 

of Robbyn M. Echon’s artistic talents. We thank all of our colla¬ 

borators at Wiley-VCH, especially Dr. Elke Maase, Dr. Jose Oli¬ 

veira, and Dr. Peter Golitz for their hard work and diligence 



VIII Preface 

throughout the course of this project. Finally, we owe much to our 
immediate families (Georgette, Colette, Alex, Chris, and P. J. Nico- 

laou, and Cathy Warren) for their support, encouragement, and 

patience during the many months that this text has occupied our 

hearts and minds. 
In closing, we wish to dedicate this book to our mentors who 

embedded within us the passion for synthesis. If this text can edu¬ 

cate and inspire more young scientists in the same way that they 

have, then we will regard this book as a great success and an 

immense source of personal satisfaction. 

La Jolla K. C. Nicolaou 

April 2003 Scott A. Snyder 
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Introduction: 
Perspectives in Total Synthesis 

“What / cannot create, I do not understand. ” 
Richard R Feynman 
(1965 Nobel Laureate in Physics) 

Because the field of natural product total synthesis is so rich in his¬ 
tory, broad in scope, and deep in impact, it would literally take hun¬ 
dreds of thick volumes just to catalog its many accomplishments. 
Amazingly, however, only the eight words of the quotation above 
are needed to capture its essence. Indeed, as anyone who has ever 
performed research in target-oriented synthesis can attest, the only 
way to truly understand a compound chemically, be it a complex 
secondary metabolite or a designed molecule, is to construct it in 
the laboratory. No matter how many three-dimensional models of 
a compound are built, the number of times its connectivities are 
drawn on paper, or the length of time spent mentally contemplating 
its structural intricacies, these actions alone can never reveal all the 
secrets of a molecule. It is the physical act of creation, the process 
of synthesis, that holds the key to unlocking some of these closely 
guarded and often highly valuable pieces of information. 

After all, every molecule, just like a person, is the unique sum of 
its individual parts. Its physical characteristics, its personality if 
you will, emerge from the specific combination of its atoms, bonds, 
and stereocenters; to remove or alter just one of these items would 
be essentially the same as a close friend transforming into a com¬ 
plete stranger. This feature, more than any other, is what ensures 
that the field of synthesis will always have vitality, because it 

© The Nobel Foundation 

“If a definitive history of 
twentieth century science is 
ever written, one of the high¬ 
lights may well be a chapter 
on the chemical synthesis 
of complex molecules, 
especially the total synthesis 
of naturally occurring sub¬ 
stances. ” E. J. Corey 
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© The Nobel Foundation 

“The unique challenge which 
chemical synthesis provides for 

the creative imagination and 

the skilled hands ensures that it 
will endure as long as men 
write books, paint pictures, and 

fashion things which are beau¬ 
tiful, or practical, or both. ” 

R. B. Woodward 

“The structure known, but 
not yet accessible by synthesis, 

is to the chemist what the un¬ 

climbed mountain, the unchar¬ 

tered sea, the untilled field, 
the unreached planet, are to 

other men. ” 
R.B. Woodward 

1 Introduction: Perspectives in Total Synthesis 

means that each target molecule offers the practitioner different 
opportunities for discovery and invention. Attempts to fashion a 
novel molecular motif may serve to uncover a previously unknown 
mode of chemical reactivity, thereby leading to a new synthetic 
method. Challenges confronted in generating a structure with exist¬ 
ing strategies and tactics might inspire the development of entirely 
new synthetic approaches. The possibilities are essentially limitless, 
restricted only by the tools at our disposal, the compounds that we 
seek to construct, and our own creativity. 

Accordingly, the primary goal of the Classics in Total Synthesis 

series is to provide you with a clear understanding of our present 
synthetic capabilities in the hope that this information will not 
only inspire you, but also equip you with the skills needed to extend 
the frontiers of chemical synthesis in new directions. Our method to 
achieve this objective resides in analyzing several of the most crea¬ 
tive total syntheses that have been accomplished in the laboratory, 
discussing in detail the strategies and methodologies required for 
their completion. We presented 36 of these syntheses in the first 
volume.1 In this book, you will find over 30 more in 21 chapters, 
all achieved since 1992. If we are successful in our task, then you 
will take away the knowledge that was gleaned from these cam¬ 
paigns as well as experienced some of the drama, frustration, and 
excitement that was part of their execution. 

However, before you begin to feast your eyes on the syntheses 
that comprise the main body of this text, we hope that you will 
let the next few pages in this introductory chapter whet your appe¬ 
tite. Apart from introducing the molecules whose stories will soon 
be familiar to you, we also want to highlight some of the major 
themes that have guided research endeavors in the field of total 
synthesis in recent years. Our comments are organized under the 
headings of targets, strategies, and methods, the subtitle for the 
Classics series and the three essential components that must be 
interwoven in order to complete a total synthesis. 

1.1 Targets 

Any research program in total synthesis begins, of course, with 
the selection of a natural product target. Unfortunately, because 
Nature is such a skillful and imaginative chemist, there are almost 
too many interesting choices to narrow the field down to just one. 
To illustrate this point, spend at least a few minutes perusing the 
small collection of structures shown in Figure 1. Their diversity 
at the molecular level is truly stunning, particularly if you consider 
that Nature uses just six atoms (H, C, O, N, S, and Cl) to stitch 
together their intricate and completely disparate architectures. 
Some are rich with stereochemical complexity, others are decorated 
with multiple rings, and many possess domains that are not found in 
any other secondary metabolite. 
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Figure 1. Selected structures of complex natural products. 
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By what rationale, then, should one select a target among the 
thousands of potential choices? For the past half century, the chemi¬ 
cal community has attempted to answer this question by choosing 
those compounds that seem to provide the highest level of synthetic 
challenge. Indeed, as all of the syntheses in Classics I reveal, this 
motivation has long succeeded in advancing the frontiers of chem¬ 
istry. Not only do these natural products typically inspire novel and 
creative synthetic approaches, but they also provide one of the best 
forums in which to identify synthetic inadequacies worthy of further 
methodological development. 

Importantly, however, throughout the 1990s and to the present 
day, these criteria have expanded, with natural products increas¬ 
ingly being selected for chemical synthesis with additional objec¬ 
tives in mind. For example, with an ever-growing desire to use nat¬ 
ural products as tools to solve problems in chemical biology, syn¬ 
thetic chemists are more typically devoting their attention to those 
challenging targets that will also provide additional research oppor¬ 
tunities in this field. There are many ways that such programs can 
take shape. For instance, researchers can employ their route to a 
bioactive natural product in order to synthesize structural analogs 
of it, with the final goal of identifying the specific structural motifs 
responsible for its potency. These same studies might also be exe¬ 
cuted in attempts to discover compounds with improved biological 
activity profiles or different modes of action than the parent natural 
product, in the hopes of providing new and/or improved pharmaceu¬ 
tical agents. On other occasions, a total synthesis might be underta¬ 
ken to provide sufficient supplies of a scarce natural product in 
order to follow up on interesting preliminary biological findings. 
All these themes, as well as many others not related to biology or 
medicine, will be brought to light in the upcoming pages as we pre¬ 
sent the stories of the compounds shown in Figure 1. 

1.2 Strategies 

As a prelude to undertaking any of these research endeavors, one 
must initially devote significant time and mental energy in the pur¬ 
suit of synthetic strategies capable of responding to the challenges 
presented by a given molecular architecture. For over 40 years, 
retrosynthetic analysis has served as the primary tool for this task, 
affording the practitioner with the means to disconnect a given tar¬ 
get both logically and systematically based either on known or com¬ 
pletely novel reactions. This approach has long led to creative stra¬ 
tegies, and, as evidenced by the syntheses in this text, its power is 
alive and well. 

With that said, however, the past few years have witnessed a 
renaissance in the use of biosynthetic considerations to guide retro- 
synthetic planning. The thought being if Nature is the master chemi¬ 
cal artisan, then why not attempt to mimic her levels of efficiency in 

© The Nobel Foundation 
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“The complexity in the beha¬ 

vior of organic molecules is 
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any chemical synthesis based 
on a design is always a venture 

into the uncertain, an experi¬ 
ment run to find out whether 
and under what conditions the 

elements of the design do in¬ 

deed correspond to reality. ” 
A. Eschenmoser 

the laboratory by enlisting the same reactions that she employs to 
prepare these compounds. Of course, this theme is not new, but it 
seems certain that it will be more wholeheartedly adopted as we 
move further into the 21st century, driven by both an improved 
understanding of biosynthetic pathways and the economic need to 
enhance the efficiency and environmental friendliness of our syn¬ 
thetic sequences. Many syntheses in this book reflect this concept, 
and, to set the stage for their discussion, we have delineated the 
beautiful total synthesis of glabrescrol (29) by Corey and Xiong 
in Scheme l.2 As you can see, the key biomimetic step is an acid- 
catalyzed conversion of polyepoxide 26 into 27, a process that con¬ 
currently generate four of the five tetrahydrofuran rings of the final 
target (29). Indeed, the ease and selectivity of this transformation 
make it quite difficult to envision the existence of a more expedient 
or effective method to synthesize these domains. 

Apart from using clues provided by Nature to generate efficient 
and novel strategies, synthetic chemists have also been attempting 
to accomplish the same goal in single-pot cascade sequences by 
combining known reactions that would normally be executed inde¬ 
pendently. The example in Scheme 2, from the Paquette group, 
serves to explain this alternate approach to strategy design.3 In 
this instance, the addition of two different nucleophiles to the carbo- 

HO OH 

Scheme 1. An elegant “biomimetic” cyclization sequence as part of 
Corey and Xiong’s expedient total synthesis of glabrescol (29). 
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Scheme 2. A highly effective cascade sequence developed by the Paquette group for the synthesis of 
complex natural products such as coriolin (39). 

nyl groups of squarate ester 30 enabled entrance into a complicated 
series of pathways that ultimately delivered a tricyclic product (38). 
The dramatic increase in molecular complexity in just a single step 
is truly remarkable, and, by having reached this advanced staging 
area so quickly, the Paquette group was able to complete total syn¬ 
theses of several natural products, such as coriolin (39), in just a few 
more steps. Many additional variations on this general theme will be 
encountered in the coming chapters. If experience is any guide, we 
have only just begun to uncover the possibilities for these types of 
reaction cascades. 

“In chemistry, one’s ideas, 
however beautiful, logical, 

elegant, imaginative that they 

may be in their own right, are 
simply without value unless 

they are actually applicable to 

the one physical environment 
we have—in short, they are only 

good if they work!” 

R. B. Woodward 
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have been discovered as a 

result of a perceived need in 
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problems involving novel or 

complicated structures and a 
deliberate search for suitable 

methodology. ” E. J. Corey 
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1 Introduction: Perspectives in Total Synthesis 

1.3 Methods 

Perhaps more than any other factor, the development of new 
methodologies drives the manner in which total synthesis is 
practiced. For example, the discovery of transformations such as 
the Diels—Alder cycloaddition in 1928 or the Wittig and hydrobora- 
tion reactions in the 1950s catalyzed dramatic shifts in how syn¬ 
thetic chemists approached their science and, more specifically, 
the process of synthetic design. Over the course of the past few 
years, several methods have come into existence that can be classi¬ 
fied within this special group, the most notable, perhaps, being the 
olefin metathesis reaction. Indeed, ever since the early 1990s when 
the first catalysts were developed that could initiate this reaction in 
contexts pertinent to the practical construction of complex mole¬ 
cules, synthetic chemists have not regarded the presence of olefins 
within rings in quite the same way. For example, consider the Nico- 
laou group’s total syntheses of two members (46 and 47) of the 
coleophomone family of natural products shown in Scheme 3.4 
Here, ring-closing olefin metathesis on regioisomeric substrates 
(41 and 42) synthesized from the same advanced intermediate 
(40) enabled the facile generation of their highly strained 11-mem- 
bered ring systems in a stereospecific manner. In the absence of the 
methodological developments needed to turn this reaction into a 
sharp tool, a modern synthetic practitioner would not likely have 
attempted ring closure at the indicated site, contemplating instead 
more traditional methods (several of which, by the way, failed in 
this instance). We will discuss this and related reactions in far 
more detail in several upcoming chapters. Moreover, we shall also 
encounter many other methodologies that have similarly altered 
the trajectory of strategy design. 

Significantly, however, gaps and weaknesses in “classical” trans¬ 
formations offer just as much of an opportunity to extend the fron¬ 
tiers of chemical synthesis as entirely new reactions. For instance, 
while the Diels—Alder reaction unquestionably provides a powerful 
means to create highly functionalized six-membered rings, there are 
still many scenarios in which this transformation cannot be induced 
to proceed asymmetrically. One of these instances is the construc¬ 
tion of six-membered rings of the type found in the natural product 
(+)-ambruticin (56, Scheme 4). Inspired by this problem, the Jacob¬ 
sen group at Harvard University developed a novel chromium cata¬ 
lyst (50) that brilliantly overcame this weakness in Diels—Alder 
chemistry, delivering both ring systems of 56 with excellent enan- 
tioselectivity.5 Almost every total synthesis in this book will simi¬ 
larly illustrate the development of at least one new synthetic method 
to access a specific element of the target molecule, whether based 
on an initial design or in response to challenges encountered during 
the synthesis. 
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Scheme 4. Jacobsen’s use of a novel chromium-catalyzed hetero-Diels-Alder reaction to fashion the two 
pyran systems in an asymmetric total synthesis of (+)-ambruticin (56). 
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By now, you will surely have realized that although we have dis¬ 
cussed total synthesis under three different headings, these features 
are all intricately linked. Strategies are always predicated on the 
architectural domains of the selected target molecule, and synthetic 
methods will either help to dictate those designs or will have to 
be developed to put them in motion. Rather than belabor this point 
any further, we thought that we should close this part of our 
commentary with some thoughts from the American poet Robert 
Frost (1874—1963). His poem entitled “The Road Not Taken” offers 
sentiments which echo the knowledge and experience that one can 
gain from unchartered journeys in total synthesis, and, perhaps, 
the courage with which one should face such expeditions. 

The Road Not Taken 

(1915) 

Two roads diverged in a yellow wood, 

And sorry I could not travel both 

And be one traveler, long I stood 

And looked down one as far as I could 

To where it bent in the undergrowth; 

Then took the other, as just as fair, 

And having perhaps the better claim, 

Because it was grassy and wanted wear; 

Though as for that the passing there 

Had worn them really about the same, 

And both that morning equally lay 

In leaves no step had trodden black. 

Oh, I kept the first for another day! 

Yet knowing how way leads on to way, 

1 doubted if 1 should ever come back. 

1 shall be telling this with a sigh 

Somewhere ages and ages hence: 

Two roads diverged in a wood, and I - 

I took the one less traveled by, 

And that has made all the difference,6 
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is not so much determined by 
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discovered. ” E. J. Corey 

“Courage is the beginning of 
action, but chance is the master 

of the end. ” 
Democritos, 5th Century B.C. 

1.4 Classics in Total Synthesis II 

Although writing this book was certainly far from trivial, any indi¬ 
vidual challenge encountered during its execution paled in compar¬ 
ison to the initial agony that we faced in selecting the total syntheses 
that would comprise its chapters. Indeed, even though we restricted 
the candidate pool to only those works that have been completed 
since 1992, we knew from the outset that we would have to exclude 
some very elegant and instructive syntheses. Our final decisions 
(the molecules shown in Figure 1) were based primarily on the 
dual concerns of presenting a diverse set of molecular architectures 
and highlighting as many reactions and synthetic strategies as pos¬ 
sible, particularly those that were not covered within the pages of 
Classics I. Several of these syntheses come from our research 
group, and, in some cases, we have selected these over others 
because our familiarity with them provided an opportunity to 
share the details of their execution in a far more elaborate and inti¬ 
mate fashion. 

As you progress through the next few chapters, you will find that 
the pedagogical framework is essentially the same as in the first 
volume, meaning that every total synthesis is analyzed retrosynthe- 
tically and then discussed as a forward synthesis. However, there 
are some subtle and important differences. First, at the start of 
each chapter we have placed a concept box to indicate the major 
themes that will be touched upon during our discussion of that 
molecule. We mean for this additional feature to help organize 
your thoughts as you read and to enable a more expedient search 
of important concepts and reactions within the text. Second, we 
have striven to condense our presentation of each retrosynthetic 
analysis, focusing more attention on the overarching strategies 
and tactics that led to the final synthetic design rather than a specific 
discussion of the successful synthesis in reverse. However, as in the 
first book, this presentation is based only on the final strategy for 
the sake of simplicity and pedagogy, which may mean that we 
have inadvertently taken liberty with the actual- thoughts of the 
group that accomplished the synthesis. In all instances we have 
tried to base our discussion on the design considerations mentioned 
in the original literature; we apologize in advance for any miscon¬ 
strued presentations in these sections. 

The final change is the most obvious one, and that involves the 
presentation of multiple syntheses of the same molecule within a 
single chapter. In some cases, we have provided a complete story 
for every successful synthesis in order to explore their different ele¬ 
ments fully. In others, we have attempted to accomplish the same 
goal by adding a short section at the end of the chapter highlighting 
only the key steps of these additional syntheses, focusing on their 
unique solutions for certain structural motifs compared with those 
of the synthesis presented in the main text. Our expectation is that 
the discussion of additional syntheses in these two formats will 
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markedly increase the educational value of this text and will de¬ 
monstrate the virtuosity that can be achieved with the current reper¬ 
toire of synthetic transformations in the hands of true masters of 
the art. 

So, with these comments in mind as well as some perspective on 
the symbiotic relationship between target selection and the resultant 
strategies and methods marshaled to synthesize them, we will now 
set you free to explore the syntheses found in the remainder of the 
book. Any can be read as an individual offering, and in those 
instances in which an important topic is covered in more depth else¬ 
where, we will direct you to that chapter. In closing, we truly hope 
that you will enjoy reading about these syntheses as much as we 
enjoyed writing about them, and that our selections will provide a 
path of learning that you will enjoy travelling. 
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1: isochrysohermidin 
D.L.Boger (1993) 

Isochrysohermidin 

2.1 Introduction 

Among all the transformations in our current synthetic repertoire, 
few chemists would question that the Diels—Alder reaction is one of 
the most valuable and versatile tools to effect the construction of com¬ 
plex molecules, particularly natural products.1 Indeed, using only the 
work described in the two volumes of Classics as a measure of the 
overall utility of the Diels—Alder cycloaddition, no other reaction 
can come close to boasting a similar number of creative solutions 
to the challenging synthetic puzzles provided by Nature’s library 
of diverse molecular architectures. 

Up to this point, however, our discussions have focused almost 
exclusively on examples of [4+2] cycloadditions derived from 
HOMOdiene/LUMOdienophile-controlled processes, reactions of the 
type first identified by Otto Diels and Kurt Alder in 1928.2 While 
such normal-demand Diels—Alder reactions account for the vast 
majority of reported applications of the [4+2] cycloaddition in 
organic synthesis, they certainly do not encompass the entire 
range of possibilities for this type of pericyclic process. For exam¬ 
ple, unactivated (or neutral) diene and dienophile partners, typified 
by butadiene and ethylene, can sometimes successfully engage in 
Diels—Alder fusions, as illustrated in Scheme 1. Generally, though, 
this type of [4+2] cycloaddition has not found widespread utility in 
organic synthesis, primarily due to the difficulty in achieving suffi¬ 
cient conversion into product based on the significantly greater 
magnitude of the HOMO/LUMO energy gap relative to that typi¬ 
cally observed in the normal-demand Diels-Alder scenario (AE2 
versus AEj). In stark contrast to this rather lethargic combination, 
especially favorable energy-level separations for [4+2] cyclo- 

Key concepts: 

• Inverse-electron- 
demand Diels-Alder 
reactions 

• Azadiene chemistry 

• Tandem reactions 

• Reductive ring 
contractions 

• Singlet oxygen 
chemistry 
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Scheme 1. Classification of Diels-Alder reactions and their corresponding energy diagrams. 
EDG = electron-donating group, EWG = electron-withdrawing group. 

addition can often be reached upon reversal of the electronic proper¬ 

ties of the typical Diels—Alder diene/dienophile partners in a 

LUMOdiene/HOMOdienophile paradigm, with cyclization sometimes 
achieved under milder conditions than the traditional normal- 
demand reaction (AE3 versus AEj). Indeed, this variant of the 

Diels-Alder reaction is quite useful and over the course of the 

past two decades has been the focus of increasing attention, result¬ 
ing in the elucidation of numerous complementary diene/dienophile 

partners capable of engaging fruitfully in inverse-electron-demand 
Diels-Alder chemistry.3 As such, these achievements have encour¬ 

aged the application of the developed technology to total synthesis 
endeavors, often with spectacular results. 

In this chapter, we will examine one such total synthesis in detail, 
namely that of the heteroatom-rich natural product isochrysohermi¬ 

din (1) as achieved by Dale Boger and co-worker Carmen Baldino 

at The Scripps Research Institute in 1993, which featured an 

insightful double inverse-electron-demand Diels-Alder reaction 
in combination with several unique and instructive synthetic trans¬ 

formations.4 Before engaging in an analysis of this synthesis, how¬ 

ever, we felt that it would be prudent to partake in a sojourn through 

some instructive examples of inverse-electron-demand Diels-Alder 
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chemistry within the vast realm of total synthesis. While our treat¬ 

ment is far from comprehensive, we aspire merely to provide a sui¬ 

table sampling of the power of this reaction to enable a fuller appre¬ 

ciation of the work at hand, since this class of Diels—Alder reac¬ 

tions constitutes uncharted territory in the Classics series. Should 
your interest be piqued, we encourage you to turn to several excel¬ 

lent review articles to explore this field further.3 

2.1.1 Azadiene-Based Inverse-Electron-Demand 

Diels—Alder Reactions 

Among systems that are appropriate for inverse-electron-demand 

Diels—Alder chemistry, azadienes (particularly as part of heteroaro¬ 

matic systems) are ideally suited as 4n-electron components with 
electron-rich, strained, or sometimes even simple olefinic dieno- 

phile partners. In fact, the vast majority of Diels—Alder reactions 
in the inverse-electron-demand paradigm incorporate one or more 

electronegative heteroatoms within the diene portion to create suffi¬ 
cient electron deficiency, as all-carbon-based analogues have pro¬ 
ven to be relatively recalcitrant participants in LUMOdiene-con- 

trolled Diels—Alder processes, even when numerous electron-with¬ 
drawing groups have been attached. Overall, while several research¬ 

ers have firmly established the fertility of azadiene-based [4+2] 
cycloaddition reactions in the landscape of total synthesis, the 

method has been especially championed and mastered by the 
Boger group; as such, we will limit ourselves here to expounding 

upon some of their seminal achievements. 
Within the collection of conceivable azadiene systems, it is 

usually quite challenging to employ simple a,P-unsaturated imine 
systems as the 47r-electron component in any type of Diels-Alder 

reaction, since competitive imine addition or tautomerization 
often precludes successful cycloaddition. Moreover, even if 

Diels-Alder cyclization occurs, the enamine product often proves 
unstable and/or difficult to manipulate. As such, the Boger group 

reasoned that these challenges could potentially be addressed by 
incorporating a bulky electron-withdrawing substituent on the term¬ 

inal nitrogen atom, a modification that was anticipated to facilitate 
the desired Diels-Alder cycloaddition by: 1) preferentially deceler¬ 
ating 1,2-imine addition through effective steric shielding, 2) enhanc¬ 

ing the electron-deficient nature of the azadiene system and thus 

increasing the rate of the reaction by lowering the LUMOdiene/ 

HOMOdienophile energy gap (AE3 in Scheme 1), and 3) conveying sta¬ 

bility to the final product by affording a deactivated enamine sys¬ 
tem. Indeed, numerous studies along these lines have culminated 

in the realization that several A-sulfonyl, /V-phosphoryl, and N- 
acyl addends enable such inverse-electron-demand Diels-Alder 

reactions to proceed.5 
The first disclosed route to the antitumor agent streptonigrone (6, 

Scheme 2) serves as an excellent paragon of such Diels-Alder tech- 
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Scheme 2. Boger’s total synthesis of streptonigrone (6) featuring an inverse-electron-demand Diels-Alder 
reaction of an A/-sulfonyl-1-aza-1,3-butadiene (2). 

nology.6 With a fully substituted pyridone ring as the central struc¬ 

tural lynchpin of this natural product (ring C), it was envisioned that 

reacting an electron-deficient A-sulfonyl-l-aza-1,3-butadiene sys¬ 
tem (2) with a suitable, electron-rich dienophile such as 3 would 

initiate an inverse-electron-demand Diels—Alder cycloaddition, 
fashioning a system that could eventually be elaborated into this 

challenging motif. As expected, upon simple dissolution of these reac¬ 
tants in benzene with subsequent stirring at ambient temperature 

for 30 minutes, a facile regioselective Diels-Alder reaction pro¬ 

vided intermediate adduct 4. Several features of this remarkable 
transformation merit further analysis. First, although the neighbor¬ 

ing lactone system appended to the diene moiety in 2 facilitates the 

Diels-Alder reaction by rigidifying the diene system into an s-cis 
conformation, an equally important feature is the complementary 

nature of the electron-withdrawing ability of this functionality to 

that of the A-sulfonyl system from a frontier-molecular-orbital per¬ 

spective, thereby leading to acceleration of the reaction by lowering 
the LUMOdiene/HOMOdienophile energy gap (a further decrease in AE3 

of Scheme l).7,8 Proof for this statement resides in the fact that 

while in the absence of such electron-withdrawing substituents 

related A-sulfonyl-l-aza- 1,3-butadiene systems readily participate 
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in Diels—Alder fusions at temperatures typically ranging from 60 to 

100 °C, here the electron-deficient character was accentuated to the 

degree that the reaction could be carried out at room temperature. 

Perhaps the more intriguing feature of this Diels—Alder reaction, 
however, was the exclusive regio- and diastereoselectivity of the 

operation, a result that can be attributed to two mutually reinforcing 

occurrences which stabilize the endo transition state (as drawn in 

the column figure): 1) a secondary orbital interaction between the 
diene C-2 substituent and the dienophile OMe group, and 2) an 

anomeric-type effect which results from the trans periplanar 

arrangement of the lone pair of electrons on the nitrogen atom 
and the electron rich o-bond of the enol ether. The first feature is 
noticeably absent in the corresponding exo transition state, while 

neither can be achieved in any all-carbon-based Diels—Alder reac¬ 

tion. As such, this type of inverse-electron-demand Diels—Alder reac¬ 
tion proceeds with a level of stereoselectivity that is far higher than 

that typically observed in normal [4+2] processes. As a final com¬ 

ment on the value of this synthetic approach, the Diels—Alder pro¬ 
duct 4 could then be smoothly converted into a fully substituted 
pyridine ring system (5) upon sequential treatment with t-BuOK 

and DDQ. 
Although the above example verifies that isolated azadienes can 

be employed with ease in inverse-electron-demand Diels—Alder 

processes, the reaction can be further facilitated by embedding 
this partner within heteroaromatic rings, mainly due to the superior 

stability of an azadiene when it is part of such a system. Indeed, 
the first demonstrated example of an inverse-electron-demand 
Diels—Alder reaction utilized such a diene.9 Since this initial dis¬ 

covery, subsequent efforts have established the general rule of 
thumb that the ease with which heterocycle-based azadienes partici¬ 

pate in such [4+2] cycloadditions increases upon incorporation of 
additional nitrogen atoms in the aromatic ring, irrespective of 
whether it is part of the diene or not; similarly, appending elec¬ 

tron-withdrawing groups to any such heteroaromatic ring accentu¬ 

ates the electron deficiency of the azadiene system and thus also 

accelerates the reaction. 
Among the numerous total syntheses that have benefited from 

such Diels-Alder technology, Boger’s route to the potent antitumor 

antibiotic (+)-CC-1065 (15, Scheme 3) stands paramount due to the 
development of an iterative inverse-electron-demand Diels—Alder 

approach to forge its identical central and right-hand indoline sub¬ 
units.10 In the opening maneuver of this synthesis, 1,2,4,5-tetra- 

zine-3,6-dicarboxylate (8) smoothly engaged dienophile 7 (which 

was still sufficiently electron-rich for this reaction despite the incor¬ 
poration of one electron-withdrawing substituent) in a Diels—Alder 

reaction to afford intermediate 9, a transient species which was 

immediately converted into 10 through an entropically favored 
retro-Diels-Alder event expelling nitrogen. Although longer- 

lived, 10 did not persist either, eventually aromatizing to 11 through 

the loss of methanol in 70% overall yield for the entire cascade 
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sequence. With 11 in hand, this key intermediate was then elabo¬ 

rated into 12 in anticipation of a second, this time intramolecular, 
inverse-electron-demand Diels—Alder reaction. While such 1,2-dia- 

zine systems are typically reluctant diene participants in intermole- 
cular Diels—Alder fusions, the entropic assistance provided by 

appropriately tethering the dienophile for an intramolecular 

cycloaddition is sufficient in most instances to override such slug¬ 
gishness. Indeed, upon heating 12 in 1,3,5-triisopropylbenzene in 

a sealed vessel for a prolonged period (16-18 hours) at 230 °C, 

the formation of indoline system 14 was achieved in 87% yield 

via intermediate 13. Overall, as might be anticipated, the scope of 
this latter type of intramolecular Diels—Alder reaction is highly 

dependent on both the length of the tether and the nature of any het¬ 

eroatoms included within, and, to date, solely alkynyl and allenyl 

dienophiles have proven competent as 27i-electron partners in 
such reactions.11 In this particular context, only a nitrogen-based 

7 

C02Me N 

N^N 
ii i 
N\j^N 

dioxane, 
60 °C, 21.5 h 

N//DC02Me 
^-K^COMe -[N2]^ n.N C02Me 

Inverse- OMe Retro 11 
electron-demand Me°2C OMe Diels- Me02( - COMe 

C02Me Diels-Alder Alder MeO OMe 

8 reaction L 9 -1 10 -1 

14 15: (+)-CC-1065 

Scheme 3. Use of 1,2,4,5-tetrazine 8 in an inverse-electron-demand Diels-Alder reaction followed by an 
intramolecular 1,2-diazine/alkyne cycloaddition in Boger’s total synthesis of (+)-CC-1065 (15). 
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linker with an electron-withdrawing group directly attached 

afforded 14 in synthetically useful yields. While one must concede 
that the successfully identified conditions for this final Diels—Alder 

reaction are relatively vigorous, the overall approach constitutes a 

rather novel strategy by which to fashion such substituted ring sys¬ 
tems. Indeed, at this juncture the connection between 14 and 8 is far 

from obvious, as all traces of the four nitrogen atoms in the starting 

diene have been erased. 
As a final example of inverse-electron-demand Diels—Alder 

chemistry, we turn to a total synthesis of pyrimidoblamic acid 

(23, Scheme 4), the heteroaromatic chromophore of the clinically 
effective antitumor agent bleomycin A2.12 The primary synthetic 

challenge posed by this target is the creation of a fully substituted 
pyrimidine ring system. Once again, azadiene Diels—Alder chem¬ 

istry provided a unique and effective solution for fashioning 
such a highly substituted aromatic system.13 In Boger’s elegant 
and unique formulation, 2,4,6-tris(ethoxycarbonyl)-l,3,5-triazine 

(16) smoothly engaged in a [4+2] cycloaddition with 1,1 -dia¬ 

mino- 1-propene (18), a dienophile generated in situ through a 
thermally induced tautomerization of propioamidine 17, to provide 
the tetrasubstituted pyrimidine 22 in 85 % yield. The reaction pre¬ 

sumably followed the mechanistic course shown in Scheme 4, 
with the slow step in the overall cascade being the retro- 

Diels—Alder expulsion of ethyl cyanoformate from 21. Key to the 
success of this Diels—Alder event was the use of a polar, aprotic 

solvent (DMF) and proper thermal activation (90 °C), as too low a 
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Scheme 4. A 1,3,5-triazine/amidine Diels-Alder reaction as part of Boger’s synthesis of pyrimidoblamic 
acid (23), a key intermediate in the total synthesis of bleomycin A2. 
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temperature slowed the reaction considerably, particularly in 

regards to the tautomerization of 17 to 18, while at higher tempera¬ 

tures numerous side reactions occurred (especially involving ethyl 

cyanoformate). Moreover, utilizing the HC1 salt of 17 was most 

likely critical in achieving superior conversion into 22, as the resul¬ 

tant weakly acidic media could reasonably be expected to catalyze 

both the tautomerization of 17 to 18 as well as the subsequent 

retro-Diels—Alder process (21—>22). 

Overall, while this excursion has been brief, the above examples 

should provide a preliminary indication of the power of azadiene- 

based inverse-electron-demand Diels—Alder reactions in the context 
of total synthesis, particularly for the synthesis of highly substituted 

heterocyclic systems such as pyridines, diazines, and pyrimidines. 

Arguably, few if any other methods enable such facile, diverse, 
and consistent constructions of these challenging aromatic systems. 

With this background in place, we are now prepared to analyze the 
total synthesis of isochrysohermidin (1) by Boger and Baldino. 

2.2 Retro synthetic Analysis and Strategy 

In 1986, the unique 2-oxo-3-pyrroline dimer isochrysohermidin (1, 

Scheme 5) was isolated from the leaves and stems of the plant Mer- 
cuialis leiocarpia by Masui and co-workers, and, although 1 is 

drawn as the D,L-diastereomer in Scheme 5, the meso form of 1 
also constitutes a secondary metabolite obtained from the same bio¬ 

logical source.14 In addition to structural characterization, these 
early studies importantly established that these diastereomers 

could be separated through selective crystallization,1413 and that 
exposure of a pure sample of either d,l- or meso-1 to acidic 

media would initiate a slow interconversion into an equimolar 
ratio of both stereoisomers at equilibrium.413 Thus, taken cohesively, 

this information indicates that the design of synthetic routes to 

access the densely functionalized structure of isochrysohermidin 
(1) need not consider the controlled generation of the single stereo- 

genic center in each pyrroline ring. As an additional retrosynthetic 
clue, because there are several biologically active natural products 

with structures related to 1, several independent biogenetic hypo¬ 

theses have been advanced which suggest that the intriguing carbi- 
nolamide functionality present in these compounds might derive from 

the addition of singlet oxygen to an appropriate 3,3'-bispyrrole.15 

Although testing this biosynthetic postulate could serve as sufficient 

impetus to tackle the molecular complexity of this natural product, 
Boger and Baldino were additionally enticed by their belief that the 

symmetrical carbinolamides positioned at the ends of the isochryso¬ 
hermidin skeleton might be a motif that could effect interstrand 

DNA cross-linking by reversible acetal exchange with nucleophilic 

sites in duplex DNA. If true, this target could serve as a useful tool 

with which to probe chemical biology. In addition, they viewed this 
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natural product as an excellent platform upon which to explore 

inverse-electron-demand Diels—Alder chemistry. 

Thus, in an initial retrosynthetic simplification, it was envisioned 

that isochrysohermidin (1) could be formed in a single step from 
pyrrole dimer 25 upon the addition of singlet oxygen in a Diels- 

Alder fashion, as delineated in Scheme 5. Success in this endeavor 

would provide an intermediate endoperoxide adduct (24), which 
was anticipated to decompose immediately upon formation to the 

targeted natural product (1) through a fragmentation sequence 

encouraged by the loss of carbon dioxide from the strategically 
positioned carboxylic acid groups. Whereas pyrroles bearing such 

electron-withdrawing groups at C-2 are known to react sluggishly 
with singlet oxygen,16 separate model studies on pyrrole monomers 

of the type present in 25 verified that such an addition was possible 
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Tandem 
endoperoxide 
fragmentation 

■ -> 

COoM© 

N-Methylation 

< i 
Selective ester 

hydrolysis 

Double reductive 
ring contraction 

Me02C 

MeO- 

MeO. 

h=< C02Me 

Me02C—(\ /)—0O2Me 

N-N 

Double 
azadiene 

Die Is-Alder 
reaction 

> 

27 

,Me 

„ _ ,*) OMe 
Me02C-5X.\/ Me O 

°c^ 
O' 
ho2c 
MeO""" / "o \ 

Me02C > 

24 
H 

Double 
Die Is-Alder 

reaction 
02 

C02Me 

28: dienophile 

+ 
N 
ii 
N 

C02Me 

C02Me 

8: diene 

Scheme 5. Retrosynthetic analysis of isochrysohermidin (1). 



24 2 Isochrysohermidin 

C02Me 

C02Me 

Me02C 

MeO- 

MeO. 

h=< C02Me 

Me02C^-(\ /)—C02Me 

N-N 

27 

OMe 

N 
ii 

N 

C02Me 

C02Me 

8 

and that oxidative decarboxylation could indeed furnish the carbi- 
nolamide moiety of the natural product.17 Yet, the present context 
would require this set of conversions to succeed in tandem fashion 
on two pyrroles, certainly a more challenging proposition than that 
of the model systems since the risk of undesired side reactions is 
significantly greater. Based on these preliminary successes and 
the fact that there are numerous methods to generate singlet oxygen 
in situ, however, it seemed reasonable to assume that this critical 
sequence converting 25 into 1 could be achieved upon sufficient 
screening of reaction conditions. At the outset, though, it was antici¬ 
pated that this reaction would likely also require significant optimi¬ 
zation, as subtle features such as solvent and temperature dramati¬ 
cally affect reaction yields within a single identified method of 
'02 generation. One should also be mindful that this sequence 
was not designed to afford diastereomerically pure 1, since both 
25 and l02 are achiral, but, as mentioned earlier, forming a mixture 
of 1 was deemed to be a relatively inconsequential issue. 

Even with disassembly to 25, the synthetic challenges posed by 
this new subgoal structure are hardly trivial. While such a species 
might potentially be formed through a late-stage biaryl-coupling 
reaction of pyrrole monomers using a metal-mediated union of the 
Suzuki, Stille, or Ullmann type, these reactions often prove quite 
challenging to achieve in such hindered contexts.18 Thus, a critical 
synthetic insight side-stepping this issue was retrosynthetic manip¬ 
ulation of 25 to 26, an intermediate that could be converted into 25 

by the seemingly pedestrian steps of ./V-methylation and selective 
C-2/C-2' methyl ester hydrolysis. Although these alterations appear 
relatively insignificant, they provided a new subgoal structure (26) 

that could potentially arise from a precursor bis-l,2-diazine inter¬ 
mediate (27) through a reductive ring contraction in which ammonia 
is expelled, a reaction pioneered by Kornfeld and co-workers at Eli 
Lilly and Company.19,20 Of course, such a 1,2-diazine structure is 
reminiscent of that encountered earlier in the context of (+)-CC- 
1065 (15, Scheme 3) in which such a heterocycle was synthesized 
in an inverse-electron-demand [4+2] reaction between a 1,2,4,5-tet- 
razine and a suitable electron-rich dienophile. Similarly, it was envi¬ 
sioned that 27 could be fashioned in the present context through a 
one-pot double azadiene Diels—Alder fusion between dienophile 
28 and two equivalents of the electron-deficient diene 8. 

Taken as a whole, the proposed synthetic route amounts to a retro- 
synthetic blueprint of extraordinary symmetry and appeal with two 
different hetero-Diels—Alder reactions comprising the essence of 
the strategy. Without question, achieving this total synthesis 
would be predicated on successful execution of each step in a tan¬ 
dem manner, a matter of some consequence as none of the proposed 
transformations had ever been demonstrated in non-monomeric con¬ 
texts. For instance, the numerous intermediates of the assumed 
mechanism for the Kornfeld reductive ring contraction conversion 
(vide infra) could provide ample opportunity for undesired side 
reactions in the projected isochrysohermidin synthesis. Thus, con- 
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versions such as this one would likely require that both halves of the 
molecule react in the same manner simultaneously in order to limit 
the likelihood of precious material travelling down unproductive 
pathways. 

2.3 Total Synthesis 

Synthetic efforts towards isochrysohermidin (1) commenced with 
exploration of the critical double inverse-electron-demand 
Diels—Alder union of 1,1,4,4-tetramethoxy-1,3-butadiene (28) 

with tetrazine 8, as shown in Scheme 6.4 After considerable experi¬ 
mentation, it was found that the desired sequence based on a double 
[4+2] cycloaddition reaction to produce the 1,2-diazine dimer 27 

could be effected in 65 % yield upon treatment of 28 with 

C02Me CHCI3, 
OMe / 

N^N 
60 °C, 

Me0\ /=\ 
5 days 

y=J OMe N^N Inverse- 
MeO/ electron-demand 

C02Me Diels-Alder 

28: dienophile 8: diene reaction 29: R = C02Me 

MeO^I 
MeCX 

M6O2C 

MeO ,=N 

CO2M6 

C02Me 

32 

Retro-Diels- 
Alder reaction 

-[N2] 

a 

Inverse- 
electron-demand 

Diels-Alder 
reaction 

OMe 

C02Me 

Retro-Dieis- 
Alder reaction 

30 

Me02C 

-[MeOH] 

(65%) 
Aromatization Me02C 

C02Me 
C02Me 

Scheme 6. Initial double azadiene Diels-Alder reaction/retro-Diels-Alder process leading to key biaryl 

intermediate 27. 
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4.5 equivalents of 8 in CHC13 at 60 °C over the course of 5 days. 
Detailed studies of this process confirmed that the first Diels—Alder 
reaction leading to 29 was complete within 30 minutes in a variety 
of solvents, and was attended by the spontaneous loss of nitrogen, 
furnishing 30. In contrast, the second cycloaddition was far more 
sluggish, most probably the result of increased steric hindrance 
around the free double bond in 30 relative to 28, or the decreased 
nucleophilic character of this intermediate and/or its aromatized 
variant (33, see column figure). Overall, however, the most challeng¬ 
ing feature of this reaction was effecting eventual aromatization to 
27, as 32 was isolated in substantial quantities from several ex¬ 
periments and even precipitated during the course of the reaction 
in nonpolar solvents such as benzene. Fortunately, it was discov¬ 
ered that this final event in the sequence was promoted upon the 
addition of 4-A molecular sieves to sequester the formed MeOH. 
The use of CHC13 as solvent also improved the reaction’s yield 
since it could provide trace amounts of HC1 upon heating to 
catalyze the obligatory loss of MeOH. As an aside, although 
the 2,3-bisazadiene system in 30 and the 1,2-diazine ring system 
in 33 are potential diene candidates for reaction with the avail¬ 
able dienophilic intermediates, such species rarely undergo inter- 
molecular cycloaddition, and even then only under harsh condi¬ 
tions. 

With success achieved in this initial sequence, the stage was now 
set to test the planned reductive ring contraction of the bis-l,2-dia- 
zine to a dimeric pyrrole derivative. Most gratifyingly, upon stirring 
27 in glacial acetic acid with a large excess of activated zinc 
(40 equivalents), 26 was formed smoothly in 68 % yield as shown 
in Scheme 7. Critical to the realization of this transformation was 
the use of freshly activated zinc, which enabled facile conversion 
of 27 into the corresponding 1,4-dihydro-1,2-diazine 34, followed 
by eventual reductive cleavage of the N—N bond to form 35 and 
final enamine—imine condensation. Overall, the fidelity of this 
reaction in tandem fashion is worthy of admiration if one considers 
the numerous conceivable competitive side reactions that might 
occur with the various participating species, especially 35. At this 
stage, having fashioned nearly the entire isochrysohermidin core 
in just two steps, only a few structural modifications were necessary 
before exploration of the final critical step of singlet oxygen addi¬ 
tion and endoperoxide fragmentation leading to 1 could commence. 
Preliminary endeavors in this direction, namely bis-A-methylation 
of 26, proceeded admirably upon treatment of this intermediate 
with NaH and Mel in DMF, providing 36 in 98 % yield. However, 
the second requirement to generate 25, chemoselective deprotection 
of two of the four methyl esters in 36, proved far more challenging 
to achieve than originally anticipated. 

Based on precedent established by Rapoport and co-workers,21 
such selective cleavage of the sterically and electronically more 
accessible C-2 methoxycarbonyl group could be achieved on pyr¬ 
role monomers (with a H atom at C-3 instead of the C-3/C-3' biaryl 
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Scheme 7. Synthesis of the advanced key intermediate 25. 

linkage). Boger and Baldino had similarly verified this finding in 

their own model studies.17 However, upon inclusion of the pyrrole 

in a biaryl setting such as 36, the differential levels of steric acces¬ 
sibility are eroded significantly relative to these simple systems, and 

extensive efforts to controllably differentiate the C-2/C-2' and C-5/ 
C-5' methyl esters in this context failed. Although these results 
were a minor setback, success was eventually realized upon rever¬ 

sion to a more indirect, but highly insightful, sequence. First, all 

four esters in 36 were exhaustively hydrolyzed with LiOH, and 

selective anhydride formation was then achieved upon the addition 
of TFAA, affording 38. Both the remaining free acids were then 

converted into their corresponding methyl esters in situ through 

exposure to diazomethane, and, upon aqueous work-up, the cyclic 
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co2h 

37 

anhydride was hydrolyzed to the coveted diacid 25 in 83 % overall 

yield from 37. One should note that TFAA was unique in enabling 

cyclic anhydride formation, as other more common carboxylic acid 

activating reagents such as DCC, EDC, or 2,4,6-Cl3C6H2COCl all 

proved ineffective. These observations can potentially be attributed 
to the noticeably smaller steric requirements of a trifluoroacetyl 

mixed anhydride relative to those derived from these alternative 

reagents. 
Having reached this stage, merely a single reaction separated 25 

from isochrysohermidin (1), namely the biosynthetically inspired 

addition of singlet oxygen followed by oxidative decarboxylation. 

While this reaction worked beautifully on simple model systems17 

using several photosensitizers to generate '02, a great deal of scout¬ 
ing was required before the reaction was to prove successful with 25 
in synthetically useful yields. Under optimized conditions, genera¬ 

tion of singlet oxygen using rose bengal as sensitizing agent in a 
solvent system consisting of collidine, H20, and i-PrOH (2:6:1) 

engendered the formation of isochrysohermidin (1, Scheme 8) as 

a mixture of d,l and meso diastereomers in approximately 70% 
total yield. The remaining material balance was accounted for 
through ring-opened congeners and isomeric six-membered carbi- 

nolamides. Significantly, chromatographic separation of these 

minor side products was not required because pure d,l-1 could be 
crystallized selectively from EtOAc and thus isolated from the 

crude product mixture in 40 % yield. As such, the success of this 
final conversion provides support that the carbinolamide functional¬ 

ity of 1 and related natural products might arise biosynthetically in a 

Scheme 8. Completion of the synthesis of isochrysohermidin (1). 
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similar manner. As it turns out, however, the presence of the C-2/ 
C-2' carboxylic acid groups in 25 was not a prerequisite to obtain 
isochrysohermidin (1) in this final endeavor. As illustrated by the 

complementary work of H. H. Wasserman towards this target, expo¬ 
sure of the C-2/C-2' H-substituted analogue of 25 (40, Scheme 9) to 

singlet oxygen (generated through thermal decomposition of a 
PPh3'03 complex formed in situ12) similarly led to a mixture of 
d,l- and meso-1 in 42 % yield.4b,16a,b Thus, the facility of this key 

transformation on a related substrate offers further validation of 
the biosynthetic formation of the carbinolamides in 1 through 

such a process since the transformation would appear to possess a 

certain degree of substrate generality. 

2.4 Conclusion 

Boger and Baldino’s total synthesis of isochrysohermidin (1) by a 
sequence encompassing only eight operations, including two differ¬ 

ent hetero-Diels—Alder reactions, amounts to a beautiful and con¬ 

cise synthetic enterprise. While each tandem operation was impress¬ 

ive in its own right, the power of the inverse-electron-demand 
Diels—Alder approach for the initial preparation of a highly substi¬ 

tuted bis-l,2-diazine ring system, which could then be transformed 

into a bispyrrole intermediate, is especially striking. Accordingly, 
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this total synthesis further validates azadiene-based Diels-Alder 

reactions as a powerful method to forge complex heterocyclic sys¬ 

tems, particularly in situations involving biaryl systems. Beyond 
sheer elegance, the developed route also provides access to useful 

amounts of this secondary metabolite for more extensive explora¬ 

tions into the chemical biology of this interesting class of natural 

products. Studies along these lines have already established that 

both d,l- and meso-1 effect interstrand DNA cross-linking as origin¬ 

ally hypothesized.43 
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Swinholide A 

3.1 Introduction 

Because all cancers derive from the uncontrolled replication of 
abnormal cells, the scientific and medical communities have long 

used chemical agents capable of disrupting the cell-division process 
as a standard element of cancer-treatment regimes. The rationale 

being that if cancerous cells lose their ability to reproduce, then 
they will be unable to invade neighboring tissues and spread their 
deleterious effects to other parts of the body. Thankfully, this theory 
works quite well in practice, as you know if you have read the chap¬ 

ters on Taxol™, vinblastine, and the epothilones in the Classics se¬ 
ries. Its therapeutic potential, however, has only barely been tapped. 

Not only have just a small portion of the likely dozens of biomole¬ 
cules involved in a process as complicated as mitosis been identi¬ 

fied, but only a few of the targets that are known are currently 
being pursued pharmaceutically. For example, although the three 

compounds just mentioned exert their cytotoxic action through 
slightly different cellular effects, they all attack the same protein 

(tubulin). Accordingly, the advancement of cancer chemotherapy 
in the coming decades will depend crucially on both our ability to 

obtain a more complete understanding of the mitotic process as 
well as our skill in identifying small molecules that can selectively 

target every relevant player in this cycle. 
Natural products are certain to play a pivotal role in both these 

tasks.1 For example, researchers have long known that the protein 
actin, one of the two major cytoskeletal components of eukaryotic 

cells (the other being the aforementioned tubulin), determines 

both cell shape and motility. Only in more recent times has its non¬ 

trivial part in the process of cell division been uncovered, a result 

Key concepts: 

• Boron-mediated 
aldol reactions 

• Paterson aldol 
reaction 
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OMe due solely to the discovery of a series of highly cytotoxic secondary 

metabolites whose activity derives from their ability to bind to this 

biomolecule.2 As such, this protein as well as the agents that target 

it provide a useful starting point for the future development of 

entirely novel classes of chemotherapeutics. In order to evaluate 

this potential more fully through additional chemical biology stud¬ 

ies, enriched material supplies of these rare and typically structu¬ 

rally complex natural products are needed first. The subject of 
this chapter is a research program in total synthesis undertaken 

with just that objective in mind. 
Our main protagonist is swinholide A, a natural product first 

reported in 1985 by S. Carmely and Y. Kashman from Tel-Aviv Uni¬ 
versity as one of several antifungal isolates obtained from Theonella 

swinhoei, a sponge that resides in the Red Sea.3 As shown in the 
adjoining column figure, their original structural assignment for 

this intriguing agent was 2, a designation indicating that swin¬ 
holide A possessed a monomeric, 22-membered macrolide ring 

decorated with 15 stereocenters, a trisubstituted tetrahydropyran 

ring, a disubstituted dihydropyran system, and two isomerizable 
double bonds. This assignment, however, was later proven to be 

in error by the Kitagawa group at Osaka University who redis¬ 

covered this natural product from an Okinawan sponge and deter¬ 
mined that its actual structure was instead a dimeric and C2-sym- 

metric version of the original (i. e. I).4 Equally important as estab¬ 
lishing the correct molecular architecture of this natural product was 

the Kitagawa group’s demonstration that swinholide A (1) pos¬ 
sessed strong cytotoxic activity against both the KB and L 1210 

tumor-cell lines with actin as its biological target. Intriguingly, 
although several other natural products with similar structures, 

such as preswinholide A (3)5 and the 40-membered dilactone 
misakinolide A (4),6 have since been isolated and fully character¬ 

ized from Theonella swinhoei and its sponge relatives, only 
swinholide A (1) is highly cytotoxic. Thus, this information sug¬ 

gests that the imposing 44-membered ring within 1 is at least par¬ 
tially responsible for its cytotoxic potency since this motif is the 

only structural feature that is not shared by some portion of these 
other natural products. As shown in the adjacent column, this out¬ 

come is potentially reflected by the unique “twisted saddle” confor¬ 
mation of swinholide A, an orientation that directs its nonpolar resi¬ 

dues towards the exterior and points its highly polar oxygen motifs 

into the inner cavity, poised to sequester actin. 
Based on the amalgamation of such a fascinating mode of biolo¬ 

gical action, a formidable and unique structure, and a need for addi¬ 

tional material supplies, swinholide A (1) issued a clarion call that 

had to be answered by the chemical community with a total syn¬ 

thesis. While many would attempt to answer that summons, the first 
to succeed was Professor Ian Paterson and his group at Cambridge 

University, who prepared the first laboratory samples of 

swinholide A (1) in 1994.7 In this chapter, we shall recount the 

details of their highly inventive route to this formidable target, 
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one in which the strength of numerous asymmetric transformations, 

most notably the aldol reaction, served to establish much of its 
stereochemical complexity. Before we embark on a description of 

this instructive campaign, a brief foray into general aspects of the 

asymmetric aldol reaction is required in order to set the stage for 
the most challenging elements of the Paterson group’s design 

towards 1. Our goal is not to discuss this highly important reaction 

in a comprehensive manner or to delve into all its various intrica¬ 
cies, as several review articles have already accomplished these 

objectives quite effectively.8,9 Rather, we desire to paint a broad pic¬ 

ture of the strengths and weaknesses of various aldol protocols to 
establish stereochemical relationships, focusing our discussion 
exclusively on the reactions of boron enolates. 

3.1.1 Boron-Mediated Asymmetric Aldol Reactions 

Among all the possible enolates that one could form from a ketone, 

boron enolates would appear to provide the greatest potential for 
accomplishing high levels of aldol asymmetry on the basis of 
their physical properties. Not only are these intermediates homo¬ 

geneous and uncomplicated in terms of aggregation state (which 
is not true of lithium enolates, for example), but they provide 
access to tight and organized transition states because B—O 

bonds are relatively short and far less nucleophilic than their metal- 
lated counterparts. As such, chiral information that has been 

encoded into the reactants should, in principle, be faithfully 
expressed in the aldol products. In practice, in order to accomplish 
any level of aldol stereoselectivity, one must first be able to convert 

a given ketone into its corresponding E and/or Z enolate at will and 
with complete stereospecificity.9 Although for many years this 
simply stated objective eluded the synthetic community, the tech¬ 

nology to address this issue presently exists due primarily to the 
efforts of the Mukaiyama, Evans, Masamune, Heathcock, and 

Paterson groups.10 
As shown in Figure 1 in the neighboring column, boron enolates 

(6) can be fashioned under kinetic control merely by treating a 
ketone (5) with a dialkyl boron reagent and a tertiary amine base. 

Which enolate regio- and stereochemistry ultimately results, how¬ 
ever, is governed by several factors, including the steric require¬ 

ments of the substrate and the boron ligands, the leaving group 
on the boron reagent (we will consider only a triflate or a chloride 

here), and the size of the amine base. Based on the broad nature and 

number of these features, you might expect that these outcomes are 
hard to foresee. In fact, they are quite predictable. The general rule 

of thumb is simply that the use of dialkyl boron chloride reactants 

with large ligands (such as a cyclohexyl ring) in combination 
with small bases (such as Et3N) affords E enolates (10), while the 

joint power of dialkyl boron triflates bearing small alkyl ligands 

(such as n-butyl) and sterically demanding amine bases (such as 

obl2 obl2 

R2 
9: Z enolate 10: £ enolate 

Figure 1. Rationale for kinetic 
deprotonation leading to Z or E 
enolates. 
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z-Pr2NEt) provides Z enolates (9).* In order to understand why these 

results occur, we will have to delve into some physical organic 

chemistry, advancing arguments based both on steric and electronic 

effects.11 
Considering first those reactions involving dialkyl boron chlor¬ 

ides, all evidence points to the fact that these reagents preferentially 

complex the lone pair of the ketone oxygen atom cis to the alkyl 

group that can best stabilize a negative charge, meaning simply 
the less-substituted alkyl group (Me>Et>z-Pr). As such, this orien¬ 

tation is superior on both steric and electronic grounds, and thus its 

selective formation should be enhanced by larger ligands on the 

boron species. Once chelated, the chlorine atom then serves to elec¬ 
tronically activate the proton nearest to it for selective abstraction by 

the amine base. In picture form, these comments translate into an 

arrangement such as 8b being favored over the alternative 8a, 
with the complex poised over the eventual site of deprotonation. 

Abstraction of the activated proton cis to the boron chelate then 

leads to the regio- and stereoselective formation of an E boron eno¬ 
late (10). Accordingly, since that proton is slightly sterically 

shielded over its available alternatives, the use of small amine 
bases ensures that only this proton is excised (i. e. that deprotonation 

is controlled by electronic activation, and not steric accessibility). 
For reactions involving dialkyl boron triflates, slightly different 

arguments come into play because steric factors alone rather than 
any electronic effects, such as the ability of the alkyl group to sta¬ 

bilize a negative charge, dictate the initial direction of complexa- 

tion. Thus, for the generic ketone (5) shown in Figure 1, intermedi¬ 
ate 7b would be favored over 7a since it points the bulk of the tri- 

flate away from the substrate. This orientation is favored by small 
ligands on the boron reagent since it enhances the impact of the tri- 
flate in determining the direction of complexation. Intriguingly, 

though, the side of complexation does not correlate to the site of 

deprotonation as was the case above. Indeed, the proton that is 
removed is the one periplaner to the carbonyl in the conformation 
of 7b which minimizes the steric interaction between R1 and R2, 

thereby leading to a Z enolate (9). As such, the use of relatively 

large amine bases like z'-Pr2NEt ensures that only the most accessi¬ 

ble proton in transition state 7b is removed.11 
Having discussed a qualitative picture for how configurationally 

pure enolates can be synthesized (with a mnemonic for the trends 

discussed above in the boxed sections of Scheme 1), we can finally 
discuss their reaction with aldehydes in aldol reactions. In theory, 

up to four different reaction products can be generated in any 
given aldol reaction since two new stereocenters can be created 

by the process. In reality, because boron enolates react in tight tran- 

* Within the context of this chapter, the oxygen-boron substituent always has a 
higher priority than the R1 group of structures 9 and 10 in assigning E and Z enolate 
titles. This assignment pattern is reflected in the vast majority of the primary 
chemical literature. 
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sition states, at most only two of these four products will typically 

be formed. Which of these adducts is produced can be predicted 
accurately by the Zimmerman—Traxler model, a picture for aldol 

reactions shown in Scheme 1 in which boron enolates react with 

aldehydes through chair-like transition states.12 For example, if a 
Z boron enolate (9) is added to an aldehyde, then two different 

reacting conformations can be adopted (11 and 12), leading either 
to 1,2-syn (13) or 1,2-anti (14) aldol products, respectively. How¬ 

ever, since the latter transition state (12) results in severe 1,3-diaxial 

interactions as shown, 11 constitutes the more favorable reaction 
pathway. Accordingly, 1,2-syn products (13) are observed almost 

exclusively in aldol reactions involving Z boron enolates. Similar 
arguments serve to explain the selective formation of 1,2-anti pro¬ 

ducts (17) in aldol events employing E enolates (10). Thus, relative 

stereocontrol in aldol reactions results merely through the initial for¬ 
mation of a stereochemically pure enolate. In order to accomplish 
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Scheme 1. Zimmerman-Traxler models for aldol stereoselectivity with boron enolates. 
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absolute stereocontrol (i. e. form only one aldol product instead of 

the two possible 1,2-syn or 1,2-anti adducts), however, one must 

find techniques that can discriminate between the tt faces of both 
the aldehyde and the boron enolate components within transition 

states 11 and 15. The rest of this section will focus on the general 

substrate- and reagent-based methods that enable this highly useful 

form of stereoselectivity to be reached. 
The simplest and most common method for accomplishing asym¬ 

metric induction in any type of reaction is to utilize a chiral element 

within one of the reactants to direct its interaction with another. For 

example, when an aldehyde bearing an a-stereogenic center is 
attacked by a nucleophile, the approach of that reagent is dictated 

by the steric demands of the groups situated at that adjacent stereo¬ 

center. As shown in the neighboring column, we are simply talking 
about the standard Felkin-Ahn model for stereoselectivity.13 In the 

aldol reaction, the use of chiral aldehydes can similarly provide 

access to homochiral products. However, since a cyclic transition 

state is active in these reactions rather than an open, acyclic transi¬ 

tion state, a slightly different picture from the Felkin-Ahn model is 
needed to account for the final product distribution. Scheme 2 pro¬ 

vides the appropriate model in which E boron enolates react through 

transition state 23 to provide products (24) corresponding to that 
predicted by the Felkin-Ahn model, while Z boron enolates yield 
products (22) counter to that convention (i. e. anti-Felkin-Ahn) 

o 

RJ^Me 
l2bx, 

nr3 

obl2 

RA^rMe 
Aldol 

reaction 

O OH 

rA^^Rl ^ 

Me Me 

20: Felkin-Ahn 

O OH 

Me Me 

24: Felkin-Ahn 

Z enolates 

E enolates 

O OH 

Me Me 

22: anti-Felkin-Ahn 

O OH 

raJC«l 
Me Me 

26: anti-Felkin-Ahn 

Scheme 2. Transition state models for reactions between enolates and aldehydes with a stereogenic 
center at the cx-position (valid as long as RL>Me). 
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Scheme 3. While asymmetric induction using chiral aldehydes to achieve selectivity usually provides 
modest results (a), incorporation of an auxiliary provides excellent induction (b) as demonstrated in Evans’ 
total synthesis of the (+)-Prelog-Djerassi lactonic acid (34). (1982)14 

through transition state 21. In each case, the stereogenic center of 

the aldehyde dictates the enolate approach, with the alternate facial 
presentation disfavored due to steric penalties arising from the syn- 

pentane interaction in 19 and the eclipsed gauche interaction in 25. 
In practice, aldehydes bearing an adjacent stereogenic center, par¬ 

ticularly one devoid of a bulky group, typically provide only modest 
aldol stereoselectivity. For example, consider the reaction of alde¬ 

hyde 28 with Z boron enolate 27 as shown in Scheme 3a.14 Accord¬ 
ing to the models just discussed, one would expect this reaction to 

provide only 1,2-syn products with anti-Felkin—Ahn stereoselectiv¬ 

ity. Indeed, that conjecture proved to be true for the most part as 
exclusively 1,2-syn aldol adducts resulted with 29, a compound 

whose stereotriad reflected anti-Felkin—Ahn selectivity, constitut¬ 

ing the predominant product. However, a fair amount of the alter¬ 
nate \,2-syn Felkin—Ahn adduct (30) was also observed, such 

that the final ratio of 29 to 30 was a disappointing 1.75:1. 

In order to circumvent this general lack of aldol selectivity with 

chiral aldehydes, one typically needs to employ a chiral enolate 
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as well, bearing a homochiral element that is either a permanent 

stereocenter or a removable chiral auxiliary. The expectation is 

that these reactions can benefit from what is known as double asym¬ 
metric induction, meaning that if their chiral elements work 

together, or stated more formally, are “matched” for a productive 

aldol reaction, higher levels of diastereoselectivity will result than 

that accomplished using just one homochiral reactant. The power 

of this general type of asymmetric aldol reaction is effectively 

shown in Scheme 3b where an aldol merger between the same alde¬ 

hyde (28) as before, this time with a Z boron enolate bearing an 
Evans’ oxazolidinone auxiliary (31), now led to a 660:1 selectivity 

in favor of the desired anti-Felkin—Ahn adduct (33).14 Its impres¬ 

sively high level of stereocontrol can be rationalized with transition 

state 32 in which a drive to minimize dipole interactions orients the 

carbonyl group of the auxiliary in the opposite direction to the C—O 
bond of its adjacent enolate, with aldehyde approach then dictated 

by the stereocenters of the auxiliary.9 We have already seen several 
examples of this type of aldol stereoselectivity in the cytovaricin 

chapter of Classics I where syntheses of several 1,2-syn products 

were achieved with exquisite levels of control; several more illus¬ 
trations will be encountered in this book, especially during our dis¬ 

cussion of the glycopeptide antibiotic vancomycin in Chapter 9. In 
this instance, however, with this technique allowing an efficient 

synthesis of 33 in 86 % yield with essentially complete diastereo- 
control, the Evans group was able to complete the total synthesis 

of the (+)-Prelog—Djerassi lactonic acid (34) quite expeditiously. 

Despite its formidable power, the one drawback of the Evans aux¬ 
iliary approach is that it does not typically enable the facile syn¬ 

thesis of 1,2-anti aldol products, irrespective of the type of aldehyde 
(chiral or achiral) employed, because the bulk of the auxiliary pre¬ 

cludes the direct formation of E boron enolates. As such, other 
metals, and hence open transition states, are required to accomplish 

such stereoselectivity. Fortunately, there are other substrate-based 

techniques that can come to the rescue and provide these products 
with excellent diastereoselectivity using boron enolates. One of 

the best of these methodologies emanates from the Paterson group 
in which stereocenters of the type present in ketone 35 (Scheme 4) 

can orchestrate the union of their corresponding E boron enolates 

with almost any aldehyde to afford a single 1,2-anti aldol product.15 
For example, the aldol reaction of E boron enolate 36 with achiral 

aldehyde 37 gave rise to 39 in 86 % yield and with a diastereomeric 

ratio better than 99:1. The feature responsible for the high level of 

aldol asymmetry in this case is a desire to minimize steric interac¬ 
tions as well as the opportunity to acquire secondary stabilization 

through a hydrogen bond between the carbonyl of the benzoate 

and the neighboring aldehyde proton as shown in transition state 

38. The true power and ingenuity of this asymmetric aldol techni¬ 

que, however, is the fact that the stereogenic center on the enolate 

is actually an auxiliary. Indeed, as indicated in part b of the same 

scheme, the benzoylated oxygen atom of a reaction product (i. e. 
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Scheme 4. (a) Chiral auxiliaries in the form of a-oxygenated substrates to accomplish 1,2-anti aldol 
stereoselectivity in Paterson’s total synthesis of ACRL Toxin IIIB (42) and (b) methods to remove the 
directing group. (1994)16 

43) can either be excised completely using Sml2 to afford a com¬ 
pound such as 44, or converted into an aldehyde over two steps 

to provide a substrate for a subsequent aldol reaction.15 In the Pater¬ 
son group’s total synthesis of ACRL Toxin IIIB (42),16 the latter 

technique is exactly how 39 was manipulated to ultimately afford 

40, a material which then underwent a second 1,2-rznh-selective 
asymmetric aldol reaction with boron enolate 36 to produce 41 in 

excellent yield (95%) and diastereoselectivity (>99:1 d.r.). Over¬ 

all, these two highly successful 1,2-anti aldol reactions served to 
complete most of the stereochemical complexity of the final target 

(42). We shall encounter another highly effective method from the 

Paterson group to accomplish 1,2-anti selectivity using propio¬ 
nate-derived chiral ketones in our discussion of swinholide A 

(vide infra). 
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Most other examples of substrate-controlled asymmetric aldol 

reactions follow the same general patterns that we have already dis¬ 

cussed, namely that chiral enolates afford excellent aldol asymmetry 

while the use of chiral aldehydes alone leads to more modest dia- 

stereoselectivity. As such, at this point we only really need to 

address the issue of how to accomplish asymmetric aldol reactions 
through reagent-based stereocontrol. Of course, in the case of 

boron-mediated aldol reactions, all this means is that the union of 
a given ketone and aldehyde pair is governed by a chiral ligand 

attached to the boron reagent. If matched to their properties, these 

ligands can enhance their natural substrate bias for aldol asymmetry. 

If mismatched, they can potentially reverse that outcome in favor of 
entirely different products. Over the course of the past decade, sev¬ 

eral highly effective directing groups have been developed specifi¬ 
cally for this purpose, one of the most competent being the family of 
isopinocampheyl (Ipc) ligands developed by H. C. Brown and his 

group at Purdue University.17’18 A representative example demon¬ 

strating the value of this particular class of ligand is shown in 

Scheme 5 as part of the Paterson synthesis of ebelactones A and B 
(62 and 63).19 Thus, in one of the opening maneuvers of this endea¬ 

vor, prochiral ketone 46 and aldehyde 48 were merged into aldol 

product 50 in better than 97 % ds with 86 % ee through the chiral 
Z enolate (47) generated with (—)-Ipc2BOTf and i-Pr2NEt. The 
model proposed to account for the observed stereoselectivity 

invokes transition state 49, a reactive conformation in which the 

enolate approaches the aldehyde from the face that minimizes steric 
interactions between its ethyl group and the indicated stereocenter 

of the Ipc ligand. This orientation is favored because the alternate 
approach trajectory onto aldehyde 48 would encounter considerable 

steric congestion as shown in transition state 51. 
Once 50 was in hand, its protection and subsequent conversion 

into a Z boron enolate (52) then enabled a substrate-controlled 

union with 48 in a second asymmetric aldol reaction, which ulti¬ 

mately gave rise to 54 in 83 % overall yield from 50 and, more 

importantly, with a d. r. of 95:5. As such, this reaction once again 
serves to indicate the high levels of substrate-based stereocontrol 

that can be achieved using chiral enolates. To install the final stereo¬ 
centers of the target, the Paterson group then converted 54 into alde¬ 

hyde 55, hoping that its merger with the E boron enolates 56a and 

56b could afford access to aldol products (58 and 60) which could 
then be advanced to the ebelactones (61 and 62). Although both of 

these aldol products possessed an anti-Felkin-Ahn stereotriad, an 
unfavorable arrangement based on the model discussed in 

Scheme 2, aldol stereoselectivity using only chiral aldehydes are 

usually poor, so the expectation was that both Felkin—Ahn and 

anti-Felkin-Ahn products would result. Indeed, this hypothesis 

proved correct as the reaction of 55 with E boron enolate 56a 
afforded an almost equimolar ratio of the two 1,'2-anti aldol pro¬ 

ducts (57 and 58), while its reaction with E enolate 56b led to 

increased selectivity for the Felkin—Ahn product (59) in approxi- 
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Scheme 5. Use of three different approaches for aldol stereoselectivity in Paterson’s total synthesis of 
ebelactones A and B (61 and 62). (1990)19 
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mately a 2:1 ratio with 60. While a slightly disappointing finale to 

this synthesis in terms of overall diastereoselectivity, their differen¬ 

tial outcomes serve a highly instructive function in that the only 

alteration between these two reactions was the alkyl group 
appended to the enolate. Therefore, these findings illustrate that, 

although all the models shown in this section are generally predic¬ 

tive for which aldol products will predominate, the actual distribu¬ 

tion can be modulated by subtle features associated with the steric 

demands of the participating components. Thus, while one may use 
the above arguments as an effective starting point to design a parti¬ 

cular boron-based asymmetric aldol reaction in order to obtain a 

given product, often one may expect to perform some optimization 

to improve the initial outcome. 
As a point of caution, the models described up to this point lose 

much of their predictive powers in highly complex aldol couplings 

involving substrates that bear multiple stereocenters. To illustrate 
this point, we have chosen to present the final stages of Kinoshita’s 

route to the natural product elaiophylin (66, Scheme 6), in which the 
framework of the target (65) was convergently constructed through 
a tandem aldol reaction between dialdehyde 64 and 2 equivalents of 

the Z boron enolate 63.20 This merger was not especially stereo¬ 

selective (13 % yield of 65 along with a 50 % yield of other stereo¬ 
isomers) since it involved a chiral aldehyde reactant and essentially 

an achiral enolate (as its stereocenters are quite remote from the reac¬ 
tion center). The important feature is these alternate diastereomeric 

products contained at least one aldol junction that did not possess 
\,2-syn stereochemistry as one would normally expect. We mention 

this outcome not to impugn the fine quality of this total synthesis in 
any way, as this tandem aldol coupling step is quite bold since it was 

executed with sensitive carbohydrates attached to enolate 63. 
Rather, we wish to highlight the difficulties that can be confronted 
with aldol reactions in highly challenging contexts. Indeed, this 
issue will be encountered again later in the chapter, and, arguably, 

it constitutes one of the few remaining problems in aldol chemistry 

that the synthetic community has yet to resoundingly solve. 
In closing this discussion in which we have paid homage to the 

boron-mediated variant of the asymmetric aldol reaction, we must 

note that other alternatives, such as those involving lithium, tita¬ 

nium, and magnesium enolates, are also highly valuable. An elegant 

study that illustrates this fact is shown in Scheme 7 in which 
the Heathcock group stereoselectively obtained all four possible 

a-alkyl-(3-hydroxy aldol products in the reaction of ketone 67 with 

isobutyraldehyde simply through judicious selection of enolate 

stereochemistry (68-71) and appropriate metal counterions to 

orchestrate the requisite transition states (72-75).21 For certain, the 
use of boron enolates alone could not have delivered all four pro¬ 

ducts without some form of substrate modification. As a final note, 

we direct anyone wishing to study further the most recent advances 

in asymmetric aldol reaction to several review articles8,9 and to the 

numerous total syntheses of the phorboxazoles (80 and 81 ),22 spon- 
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Scheme 6. The challenges in accomplishing diastereoselective aldol couplings during the late stages of a 
total synthesis as shown by Kinoshita’s route to elaiophylin (66). (1986)20 
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80: phorboxazole A, R1 = H; R2 = OH 
81: phorboxazole B, R1 = OH; R2 = H 

[Forsyth, 1998] 
[Evans, 2000] 
[Smith, 2001] 

[Williams, 2003] 
[Pattenden, 2003] 

OH 

82: spongistatin 1, R = Cl 
83: spongistatin 2, R = H 

[Evans, 1997] 
[Kishi, 1998] 
[Smith, 2001] 

[Paterson, 2001] 
[Crimmins, 2002] 
[Heathcock, 2003] 

[Schreiber, 1993] 
[Smith, 1995] 
[Myles, 1997] 

[Marshall, 1998] 
[Paterson, 2000] 

Scheme 8. Selected polyketide natural products synthesized between 1993 and 2003. 

gistatins (82 and 83),23 and discodermolide (84)24 as listed in 

Scheme 8. These three molecules in particular have inspired many 
elegant solutions for their complex motifs, including a wide variety 

of different aldol solutions to create their complicated stereochemi¬ 

cal elements, as well as some non-aldol techniques to establish the 
same architectural domains. For certain, they provide an excellent 

reflection of the current state-of-the-art methods in asymmetric 

aldol chemistry and a qualitative measure of the strengths and weak¬ 

nesses of several different aldol techniques. With this scheme con¬ 
cluding our brief foray into the key elements of asymmetric aldol 

chemistry, we are now ready to embark on the main theme of this 

chapter, the total synthesis of swinholide A (I).7 
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3.2 Retro synthetic Analysis and Strategy 

Me Because the C2-symmetric structure of swinholide A (1) is likely 

formed in Nature through the merger of two molecules of 

preswinholide A (3), an obvious synthetic strategy would be to fol¬ 

low Nature’s lead and set this smaller natural product (or at least a 

protected version) as an initial target. Accordingly, this decision 

means that in the final steps of the synthesis, the free C-l carboxylic 

acid of one such building block would have to be esterified with a 

free hydroxy group at C-21 in another, followed by a macrolactoni- 
zation between the remaining acid and C-21 alcohol motifs. In gen¬ 

eral, one would not expect such tasks to pose any particular pro¬ 

blems as many powerful methods exist for both the inter- and intra¬ 
molecular formation of esters. Moreover, these reactions have been 

utilized on countless occasions as part of highly successful syn¬ 

theses of complex natural products. However, with swinholide A 
Nature has cleverly clouded the typical facility of these events 

with a veil of uncertainty by placing an additional hydroxy group 
at C-23, a motif that is just as likely to condense with a free C-l car¬ 

boxylic acid as its neighboring alcohol group at C-21. In the 

absence of some means to differentiate between these two positions, 
it is reasonable to expect that both esterification steps will lead to 

mixtures of regioisomeric products. Of course, you might be asking 
yourself why we have elected to discuss this issue at any length 

since chemists have long solved similar problems with protecting 
groups. The answer, in this particular case, is the steric demand of 

a protecting group at C-23 could sufficiently shield the C-21 posi¬ 
tion so as to preclude, or at least severely retard, these key reactions. 

This issue is especially pressing for the projected macrolactoniza- 
tion step in which a bulky carboxylic acid activating group (such 

as a Yamaguchi mixed anhydride) would probably be needed to 
form the requisite bond. 

It was with these considerations in mind that the Paterson group 

elected to pursue a strategy towards swinholide A (1) in which 

they would attempt to make these esterification reactions site-selec¬ 
tive on intermediates with both hydroxy groups at C-21 and C-23 

unprotected. Thus, as shown in Scheme 9, they set 85 as their 

critical target, projecting that hydrolysis of its C-l methyl ester 
would provide one of the requisite coupling partners, and selective 

removal of the cyclic di-t-butylsilyl group guarding the alcohol 

groups at C-21 and C-23 would afford the other. Hopefully, once 

these preparatory events were executed on 85, the appropriate selec¬ 
tion of reaction conditions, combined with a bit of serendipity in the 

form of substrate bias, could then enable their initial union and 

subsequent macrolactonization to proceed with some measure of 

regioselectivity. Although such conjecture could only be probed 

empirically, the Paterson group could take comfort in the fact that 

if product mixtures did result, then it was likely that, at least for 

the initial coupling, the undesired material could be recycled 
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Scheme 9. Paterson’s retrosynthetic analysis of swinholide A (1): initial stages. 
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Me 

Me 

Me 

through hydrolysis of the newly formed ester. If the sequence was 

effective, however, then not only would it be highly efficient, but 

it would also serve as an indication that modern synthetic organic 

chemistry perhaps relies on protecting groups to solve certain prob¬ 

lems more often than it should. 
With faith in this bold plan, it now remained for the Paterson 

group to identify a series of retrosynthetic disconnections that 

could dissect 85 into more reasonably sized and stereochemically 

simpler building blocks, an objective for which substrate- and 

reagent-based asymmetric aldol reactions would play a crucial 
role. As you know from our preceding discussion, aldol reaction 

products are readily identified as those in which a hydroxy group 

exists P to a ketone. As such, a useful starting point for the identi¬ 

fication of sites in 85 where aldol transforms could be applied 
would be to retrosynthetically oxidize one of its many hydroxy 

groups to generate such a motif. These researchers selected the alco¬ 

hol function at C-17 for this purpose since its location P to two 
hydroxy groups provided the opportunity for two different aldol- 

based disconnections. Thus, it is reasonable to envision the synth¬ 
esis of this new target ketone 86 as arising from consecutive asym¬ 

metric aldol reactions between enolates derived from butanone (87) 
and aldehydes 88 and 89. Apart from providing convergence, as 
these two aldehydes are of roughly similar size and stereochemical 

complexity, this approach would also afford a flexible route in that 
either of these aldehydes could be coupled to 87 first. In fact, the 

latter feature is probably more important since the stereoselectivity 
of aldol reactions on complex substrates cannot be predicted with 

complete certainty, and, as we know from the discussion above, 
chiral aldehydes typically provide the worst degree of substrate con¬ 

trol in accomplishing aldol asymmetry. Thus, the opportunity to 
employ either order for these aldol reactions should maximize the 

likelihood of their success in terms of diastereoselectivity. 
At this stage in the analysis, however, the potential role of the 

aldol reaction in fashioning elements of swinholide A (1) has just 

begun to be tapped as there are several additional locations within 

88 and 89 where this transformation could form Stereocenters. For 
example, if 89 was modified to 90 through some simple protecting 

group and oxidation state manipulations, then its C22-C23 bond 
could be cleaved to reveal a,[3-unsaturated aldehyde 91 and ethyl 

ketone 92 as potential participants in an aldol reaction. In the for¬ 

ward direction, if the stereogenic center in 92 could govern facial 
selectivity, then the merger of the E boron enolate of 92 with 91 
should provide 90 as a single diastereomer with a 1,2-anti stereo¬ 
chemical arrangement at C-22 and C-23. If not, then perhaps a 

chiral ligand could be appended to that boron enolate to make the 

union selective by overturning any substrate bias in the opposite 

direction. For the other aldehyde building block (88, Scheme 10), 

if its carbon chain were shortened by one unit of unsaturation to 

afford 93 through the indicated Horner—Wadsworth—Emmons 
transform, then its C-7 stereocenter could potentially arise through 
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Scheme 10. Paterson’s retrosynthetic analysis of swinholide A (1): final stages. 

a vinylogous aldol reaction using a synthetic equivalent of 94, such 
as the anion derived from cleavage of the TMS group in silyl enol 

ether 96. Since this version of the aldol reaction, more commonly 
known as the Mukaiyama aldol reaction,25 does not enlist the direct 

participation of boron to organize the reactants, it proceeds through 
an open (i. e. acyclic) transition state. Accordingly, for this aldol 

reaction to prove effective, the addition of “94” would have to 
occur with Felkin—Ahn selectivity to the Si face of the aldehyde 

group in 95. This requirement did not seem too daunting as molecu¬ 

lar models revealed that the substrate was likely biased in the 
desired direction by the presence of the pyran ring. Moreover, che¬ 
lation of the aldehyde and the adjacent oxygen atom in this ring 

with a cation (e. g. titanium) should serve to enhance this predispo¬ 

sition by affording a temporary complex capable of shielding the Re 

face of the aldehyde from the incoming nucleophile. 
Before we conclude this retrosynthetic analysis, however, we 

should mention that there was one more aldol-based transform 
that the Paterson group thought could account for one of the remain¬ 

ing two stereocenters in 95. Thus, if the stereochemical complexity 
of 95 was reduced to that of 98, anticipating that a Ferrier rearran¬ 

gement26 involving an acyl anion equivalent in the form of acetate 

97 could accomplish this conversion during the synthesis (i. e. 

99), then subsequent opening of its pyran ring would provide a sub¬ 
strate (100) amenable to an aldol disconnection. Indeed, as shown in 

Scheme 10, cleavage of the indicated bond within this new subgoal 
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101 102 

structure led, retrosynthetically, to aldehyde 102 and boron enolate 

101,27 forecasting that an appropriate chiral ligand on that boron 

enolate could achieve the desired asymmetric induction. Of course, 

since many ligands exist for this purpose as mentioned earlier, the 

Paterson group expected that sufficient screening of the available 

library should enable this element of the plan to be reduced to prac¬ 
tice. In truth, though, its execution was one of the most important 

events in the synthetic sequence for the construction of this building 

block because all the remaining planned operations converting 100 
into 88 involved substrate-controlled events to achieve the subse¬ 
quent installation of stereocenters. 

3.3 Total Synthesis 

Me Me Me 

Me,,. 

OMe 
91 

i 

111 

OMe 
112 

Our discussion of how this creative synthetic plan was put into 

action begins with the operations needed to prepare aldehyde 89 
(cf. Scheme 9), a fragment whose C-22 and C-23 stereocenters 

were expected to arise from an asymmetric boron-mediated anti 
aldol reaction. Accordingly, the Paterson group’s initial target was 

aldehyde 91 (Scheme 11), a precursor whose critical synthetic chal¬ 
lenge constituted the generation of a pyran ring bearing three stereo¬ 

centers, two of which are axially disposed in its most stable chair 
conformation. As we shall see, this task did not prove overly diffi¬ 

cult to accomplish once an appropriate chiral starting material was 
identified. 

Starting from the known racemic alcohol 103, the Paterson group 

projected that if they could stereoselectively epoxidize the allylic 
olefin of this compound and effect a kinetic resolution of the allylic 

alcohol in the same step to provide 104, they would have succeeded 
in establishing two of the three stereocenters needed for 91. As will 

be discussed in far more detail in Chapter 6, this objective can 
generally be accomplished with a Sharpless asymmetric epoxidation 

protocol employing a reagent combination matched to react faster 
with the desired enantiomer of the allylic alcohol starting material. 

In this case, the use of Ti(0/-Pr)4 and f-BuOOH in conjunction with 

(+)-DIPT in CH2C12 at —20 °C performed this task by providing the 
desired substrate with excellent enantioselectivity (96 % ee at 43 % 

conversion).28 Seeking now to complete the pyran ring, the newly 

installed epoxide was selectively opened with hydride as supplied 

by Red-Al® to afford 105 (with the hydroxy group directing the 
site of attack).29 Upon ozonolytic cleavage of the terminal olefin 

of 105 in methanol, tetrahydropyranyl acetal 106 was then formed 

in 67 % yield for these two steps. As such, only one additional 

stereocenter remained to be installed onto this template, a task 

that the Paterson group expected could be accomplished through a 

stereocontrolled alkylation of an intermediate oxonium species 
derived from 106 (such as 108). Thankfully, following the conver¬ 

sion of 106 into 107 through a simple methylation, the subsequent 
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Scheme 11. Synthesis of building block 91. 

exposure of this intermediate to allyltrimethylsilane and TMSOTf in 
MeCN at -20 °C gave rise to 109 in 96 % yield with complete axial 
delivery of the required allyl tether. With all the chiral information 
now encoded in the substrate, only a conventional two-step ozono- 
lysis/Wittig-olefination sequence was required to complete the tar¬ 
get (91). These events occurred in a combined yield of 82 %. 

Before moving on, two features of these final operations are 
worthy of commentary. First, it is reasonable to envision that the 
addition of a vinyl nucleophile (94) derived from a reagent such 
as 96 (see column figure) could have provided 91 directly upon 
its addition to oxonium species 108. In fact, the Paterson group 
was able to accomplish this union following extensive experimental 
exploration.7 Unfortunately, the operation did not prove amenable 
to large-scale synthesis, and thus was abandoned in favor of the 
shown sequence. Second, the terminating Wittig olefination step 
actually provided a small amount of 112 (the C-27 epimer of 91) 
in a ratio of 1:6 with 91. This outcome can be rationalized through 
the equilibration sequence shown in the column figure on page 50, 
a chemical event that occurred either following successful olefina¬ 
tion as indicated, or prior to reaction with aldehyde 110. 

TMSCT ^ 

Me 

96 

94 
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Nevertheless, with this aldehyde (91) in hand, the opportunity to 
test the first of the projected asymmetric aldol reactions was immi¬ 
nent. Pleasingly, following the selective conversion of the known 
ketone 92 (Scheme 12) into E boron enolate 113 upon reaction 
with Cy2BCl and Et3N in Et20 at 0 °C, the subsequent addition of 
aldehyde 91 to this species at —78°C, followed by warming to 
—20 °C over 14 hours, led to the expected 1,:2-anti-2,•4-anti aldol 
adduct 90 in 84 % yield and with better than 97 % diastereoselectiv- 
ity. As indicated by transition state A at the bottom of Scheme 12, 
the exquisite level of facial selectivity accomplished during this 
event was entirely substrate-controlled, dictated by the standard 
drive to minimize steric interactions as well as the opportunity to 
acquire secondary stabilization through a contrasteric formyl hydro¬ 
gen bond between the benzylated oxygen atom and the neighboring 
aldehyde proton. This hydrogen-bonding interaction was crucial, as 
in its absence transition state B leading to the alternate 1,2-anti pro¬ 
duct would have been a competing reaction pathway that would 
likely have eroded the overall diastereoselectivity.30 Accordingly, 
this example is an instructive case study of one of the most powerful 
ways to form 1,2-anti aldol products using boron enolates. 
Although we discussed an alternate solution for how one could 
achieve 1,2-anti aldol asymmetry in the opening section, the version 
utilized here is perhaps the more famous one from the Paterson 
group, and is typically referred to as the Paterson aldol reaction in 
the primary literature. 

Having accomplished this key merger, 90 was then converted 
into advanced aldehyde building block 89 in just a few additional 
steps. First, the newly installed alcohol function at C-23 was 
enlisted to effect a stereoselective reduction of its P-disposed C-21 
ketone neighbor upon its complexation with Me4NBH(OAc)3 in a 
1:1 mixture of AcOH and MeCN.31 With this step affording a 
1,3-anti diol intermediate, this compound was then captured as a 
cyclic Abutylsilylene derivative upon reaction with di-r-butyl- 
silylbistriflate in the presence of 2,6-lutidine to afford 114 in 
78 % yield for the two steps. Seeking now to establish the remain¬ 
ing stereocenter of the building block, the C-24 position of 
swinholide A (1), a substrate-controlled asymmetric hydroboration 
using thexylborane in THF, served to create the desired configura¬ 
tion at this site by delivering a hydrogen atom to the appropriate 
face.32 Of course, since this hydroboration also installed a super¬ 
fluous hydroxy group at C-25 in the product (115), additional syn¬ 
thetic operations were required to excise this motif. Fortunately, 
this issue posed no inherent challenges as the standard two-step 
Barton-McCombie deoxygenation protocol admirably served to 
remove this unwanted oxygen function, providing 116 in 87% 
yield.33 Interestingly, this product was contaminated with a minus¬ 
cule amount of material bearing a stereocenter (either the C-29 or 
C-31 center, unassigned) epimeric to the arrangement shown for 
116, presumably due to 1,5-hydrogen abstraction caused by the 
intermediate radical shown in the inset box in Scheme 12. Never- 
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Scheme 12. Completion of key building block 89. 

theless, with an efficient route to 116 identified, the synthesis of 
aldehyde 89 was completed in 93 % yield by removing the benzyl 

ether guarding the hydroxy group at C-19 under standard condi¬ 

tions (H2, 10% Pd/C) and then employing a conventional Swern 

protocol. Before continuing on, however, it is interesting to note 

that all the stereocenters within this fragment (89) were generated 
through substrate-controlled processes following the initial 
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OH 

104 

reagent-controlled synthesis of epoxide 104 (cf. Scheme 11). As 

we shall see, the success of this strategy was mirrored in the con¬ 

struction of the other key building block, aldehyde 88. 
As shown in Scheme 13, the first step towards this second alde¬ 

hyde coupling partner (88) began with the enantioselective reac¬ 

tion of boron enolate 101 with aldehyde 102, an operation that 

led to the assembly of 100 in 56% yield and 80% ee. Of course, 

since neither of the initial substrates possessed any stereogenic 
centers, this event was entirely under the control of the (+)-Ipc 

ligand17 with a boat-like transition state (118) accounting for 

the facial selectivity which led to the desired product (100).30 
Although this rationale is different from all those shown so far 

in this chapter, a chair-based transition state would not predict 

the correct enantiomer of 100 since, as indicated in 119, the 
chirality of the ligand combined with the bulk of the chlorovinyl 

group would be expected instead to direct the attack of the enolate 

to the Re face of the aldehyde, rather than to the Si face as 
occurred. With this stereogenic center set through reagent 

control, all the remaining stereocenters of the targeted fragment 
(88) could now arise through substrate-controlled events. Thus, 

as a prelude to the operations that would lead to these chiral 

elements, 100 was first converted into dihydropyrone 120 in 
61 % yield through an initial TMSOTf-promoted Michael addition 

of its alcohol function to the proximal a,(3-unsaturated system, 
followed by the loss of HC1 to regenerate its initial unsaturation.* 

With this ring system closed, the ketone was then stereoselectively 
reduced under Luche conditions (NaBH4, CeCl3) in Et20 at —78 °C 

to afford an intermediate allylic alcohol as a single diastereomer. 
As you might expect, the C-14 stereocenter served to direct the 

approach of the hydride reagent to make this reaction stereoselec¬ 

tive. With an alcohol unveiled in the desired configuration, subse¬ 
quent acetylation then provided 98 in 97 % overall yield from 120, 
setting the stage for the anticipated Ferrier rearrangement26/stereo- 

selective alkylation sequence that would hopefully lead to the 

desired dihydropyran ring system of swinholide A (1). Pleasingly, 
this conjecture proved accurate, as the initial exposure of 98 to 

Ti(0/-Pr)2Cl2 and the indicated silyl-protected enol ether in toluene 

at —42°C initiated a Ferrier rearrangement along the lines traced 
by the mechanistic arrows shown to afford an oxonium intermedi¬ 

ate. Once this species had adopted its most stable conformation, 
subsequent formation of a titanium chelate to the alkylating 

agent (i. e. 121) then enabled the delivery of the needed functional 
group through a chair-like transition state to afford 95 as a single 
stereoisomer in 85 % yield. 

* Although the yield for this transformation was modest (61 %), the result is 
unrepresentative of its general effectiveness; the Paterson group has demonstrated 
on several other substrates that it more typically constitutes a high-yielding method 
to access such systems.27 
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CH2CI2, -78 °C, 20 min 

2. K2CQ3, MeOH, 25 °C, 5.5 h 

3. Dess-Martin periodinane 
CH2CI2, 25 °C, 1 h 

(87% overall) 

Me 

Scheme 13. Asymmetric synthesis of key building block 88. 
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Me 

88 

Me 

With this critical operation accomplished, the desired aldehyde 

building block (88) was nearly complete, with the only main objec¬ 

tive of the projected route not yet accomplished being a substrate- 

controlled aldol reaction to install one more stereogenic center 

onto 95. As mentioned above, achieving this goal did not rest on 

the power of a boron-controlled aldol reaction, but, instead, on a 
Mukaiyama addition using 96 and proceeding through an open tran¬ 

sition state.25 Thus, in an effort to make this reaction stereoselective, 

initial experiments employed several different titanium-based Lewis 
acid catalysts with the intention of chelating the aldehyde and pyran 

ring oxygen atoms of 95, hoping to rigidify the substrate and 

thereby enhance the probability for stereocontrol. Unfortunately, 

all such Lewis acids led to substrate decomposition rather than to 
a productive union. As a result, the only real possibility for the 

Paterson group to proceed forward was to attempt the reaction in 
the absence of substrate chelation, a risky proposition as usually 

only modest control is observed in such aldol reactions. Amazingly, 
in this case a catalytic amount of BF3*OEt2 in a 9:1 mixture of 

CH2C12 and Et20 at —78°C smoothly afforded a 4:1 ratio of the 
desired product (93) and its C-7 epimer in 85 % yield. The exqui¬ 
site selectivity for this step can be rationalized through a transition 

state such as 122 in which the overriding feature for its outcome is 

minimization of its dipole moment by placing the aldehyde and 
pyran oxygen atoms diametrically opposed to one another. This 

model was first proposed by the Evans group to account for the 
similar formation of 1,3-anti products from related substrates.34 

Yet, while it serves as a reasonable explanation, dipole effects can¬ 
not constitute the only controlling feature because modification of 

the side chain at C-14 to a smaller group led to far lower levels of 
stereocontrol. Thus, the size of this tether must play at least a sup¬ 

porting role in the asymmetry of this Mukaiyama aldol reaction. 
From the standpoint of this total synthesis, however, it was grati¬ 

fying that the reaction did proceed in the desired sense to afford 
93 as the predominant product. As such, only four more operations 

were required to complete 88, which, as shown in Scheme 13, speak 

for themselves based on their conventional and high-yielding 
nature. 

With the two key aldehydes finally in hand (i. e. 88 and 89), 
explorations could now begin at effecting their merger into a pro¬ 
tected form of preswinholide A (i. e. 85, cf. Scheme 9) by attaching 

them sequentially to a butanone spacer through aldol reactions or 

related chemistry. Although in theory this objective could be met 

by using either aldehyde first, model studies suggested that the 
initial merger of 89 with a butanone equivalent in the form of an 

allylsilane,35 followed by a subsequent aldol union with 88, 

would be the more promising approach in practice. As shown in 

Scheme 14, these preliminary explorations seemed to point the 

way for the correct path to 85, as the merger of 89 with the anion 

derived from the loss of the TMS group in the indicated allylsilane 

reagent gave rise to 124 in an impressive yield of 94% with 95 % 
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Me 

Me Me Me 

Me 

TMS Me 

TiCI4, CH2CI2, 
-90 °C, 30 min '' 

(94%) 
(95% ds) 
Sakurai reaction 

Me 

Me 1.03, CH2CI2/ 
MeOH, -78 °C; 
Me2S, -78—>25 °C 

2. pmbcxxci3 
n 
NH 

TfOH, Et20, 
20 °C, 1 h 

Me 

Scheme 14. First strategy to complete preswinholide A (3): preparation of intermediate 125. 

diastereoselectivity.* Of course, the high levels of asymmetry 
observed in this titanium-mediated reaction, more commonly 

known as the Sakurai reaction,36 were not overly surprising since 
the product was predicted by the standard Felkin—Ahn addition 

model as shown in the inset box in Scheme 14. As we shall see, 
while this addition followed conventional wisdom regarding transi¬ 

tion states, the second merger using an aldol reaction to complete 

85, unfortunately, would not. 
After 124 had been converted into 125 (Scheme 14) through an 

ozonolysis reaction and an alcohol protection step, the Paterson 

group then transformed this ketone into a Z boron enolate (126, 

see column figure) expecting that its subsequent reaction with 88 
would afford the 1,2-syn-disposed aldol product 128. Indeed, this 

reaction did provide primarily syn products as one would anticipate 
based on the Zimmerman-Traxler models shown in Scheme 1. Dis¬ 

appointingly, the desired syn product (128) was the minor adduct, as 

* Initial investigations sought to add boron enolates of butanone directly to 89; 
however, as often occurs with chiral aldehydes, diastereoselectivity was poor. 
Since the attachment of chiral ligands to the boron enolate failed to change this 
outcome, the Paterson group turned to reactions that proceeded through acyclic 

stereocontrol. 

128 
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almost five times as much of its alternate syn diastereomer (127) 
resulted instead. Although this result was clearly a consequence 

of structural features within the substrates, hope for the strategy 

was not completely lost because a chiral ligand on a similar 

Z boron enolate could perhaps override that bias and thereby reverse 

this deleterious result. Sadly, while several experiments along these 

lines revealed that the selectivity could be improved to an equimolar 

mixture of the two syn products, it occurred at a prohibitively high 

cost in that the maximum yield of 128 was 18%. How, then, does 

one progress forward? 
The Paterson group concluded that if Z boron enolates derived 

from 125 (i. e. 126) gave poor stereoselectivity, perhaps an E 

boron enolate formed from this same ketone could lead to a 1,2- 
anti aldol product bearing the incorrect stereochemistry for the 

C-15 center of swinholide A (1). This material could then be con¬ 

verted into the desired adduct following the aldol coupling step by 
inverting that stereocenter. As shown in Scheme 15, this alternative 

approach did provide a better pathway as the desired 1,2-anti adduct 

(130) was formed predominantly in a 1.5:1 mixture with its diaste¬ 
reomer (131) upon reaction of intermediate 129 with aldehyde 88, 
along with trace amounts of 1,2-syn products. Although not a 
resounding success, this result constituted the best achieved up to 

that point and the reaction proceeded in excellent yield (83 %). 

Thus, the group decided to press forward once they had separated 
130 from the other stereoisomers produced by this coupling. Pleas¬ 

ingly, 130 could be advanced smoothly to key target 85 (see 
Scheme 16) over five steps, with the key transformations being 

two substrate-controlled reductions of ketone intermediates to create 
properly formatted C-15 and C-17 stereocenters, thereby correcting 

the original aldol outcome. Within this effective sequence, however, 
there is one operation worthy of some additional commentary, and 

that is the formation of the /?-methoxyphenyl acetal in 132 by expos¬ 
ing the initial alcohol product from catecholborane reduction of 130 
to DDQ under anhydrous conditions. Although a relatively uncon¬ 

ventional technique to create these protecting groups, it is used on 
occasion in the synthesis of complex molecules (another example 

will be encountered in Chapter 13 on the CP-molecules). As 
shown in the neighboring column figures, the transformation begins 

with the formation of a benzylic cation as accomplished by the for¬ 

mation of a charge-transfer complex between the reagent and the 
substrate. This event activates the latter for the shown cyclization, 

which completes the assembly of the acetal.37 

At this point, with a protected form (85) of preswinholide A in 

hand, the opportunity existed to examine the final steps envisioned 

to complete the total synthesis of swinholide A (1). While enticing, 
the Paterson group elected to pursue two other objectives before 

tackling these final operations. First, to prove the stereochemical 

outcome of all the preceding steps, they converted 85 into 

preswinholide A (3) using the three operations defined in 

Scheme 16, and, in the process, intersected two synthetic conjugates 
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Scheme 15. First approach towards preswinholide A (3): final aldol coupling. 

of preswinholide A (3) generated by the Kitagawa group from the 
naturally derived material. With the data sets for these two deriva¬ 

tives as well as preswinholide A in harmony, these researchers 
then decided to direct their attention towards improving the material 

throughput of their sequence to 85. As you can readily ascertain by 

our discussion thus far, the main problem with all approaches devel¬ 
oped towards this key fragment centered on an inability to use 88 

effectively in an asymmetric aldol reaction. Accordingly, the 
Paterson group expected that a reasonable starting point to find an 

improved route would be to abandon this particular method of 

coupling. More specifically, since 89 appeared highly suitable for 

participating in diastereoselective additions under Felkin-Ahn con¬ 
trol (cf. Scheme 14), perhaps an ideal sequence would be to attach 

the four-carbon unit to 88 first through a different series of reac¬ 

tions, and then to merge 89 with this advanced fragment through 

a Mukaiyama-type aldol reaction. 



60 3 Swinholide A 

Me Me 

1. Dess-Martin [O] 
2. LiAIH(Of-Bu)3, Et20, 

THF, 0 °C, 0.5 h; 
-20 °C, 18 h 

3. MeOTf, 2,6-lutidine, 
50 °C, 4.25 h w 

(46% overall) 

Me 

Scheme 16. Completion of preswinholide A (3). 

As shown in Scheme 17, this alternate approach to 85 worked 
beautifully. Thus, adopting an alternate asymmetric reaction as a 

means to attach the butanone-like spacer to 88, this aldehyde was 

exposed to the indicated (+)-Ipc-derived crotylboration reagent38 

in an event that afforded 133 with complete diastereoselectivity. 

Subsequent methylation of the newly formed alcohol followed by 
a Wacker oxidation step then served to create methyl ketone 134. 
With these steps completing the synthesis of the required four- 

carbon spacer in 44 % overall yield, the substrate was then treated 

with LiHMDS and TMSC1 to generate a silyl enol ether (135) in 
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Me,, 

1. MeOTf, 2,6-lutidine, 
65 °C, 2.5 h 

2. PdCI2 (cat.), CuCI, 
02, DMF/H20 (7:1), 
25 °C, 72 h 

(74% overall) 
Wacker 
oxidation 

Me 

(91% overall 
from 134) 

Mukaiyama aldol 
reaction, ^ 

BF3-OEt2, 
CH2CI2, 
-78 °C, 30 min 

Me 

OMe 86 (88% overall) oMe 85 

Scheme 17. Second approach to merge the main building blocks (88 and 89). 
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Me 

preparation for a Mukaiyama aldol reaction with 89. Of course, 

since the projected reaction would involve an open transition 

state similar to that which enabled the Sakurai reaction employed 
earlier to proceed with high diastereoselectivity (cf. Scheme 14), 

the expectation was that the remaining stereocenters of 85 would 

finally be formed selectively. Pleasingly, this aspiration was met 
as 86 was formed with complete diastereocontrol and in 91 % over¬ 

all yield from 134 using BF3*OEt2 as the Lewis acid catalyst to 
accelerate the reaction and initiate the cleavage of the silyl enol 

ether in 135. As such, the complete carbon backbone of 

preswinholide A (3) had finally been generated through a route 

with excellent stereoselectivity, leaving just a few finishing touches 

to complete the synthesis of key precursor 85. Those events 
involved a 1,3-syn reduction by the sequential reaction of 86 

with (n-Bu)2BOMe at -78 °C, LiBH4, and H202, followed by a 

CSA-promoted installation of the desired PMP acetal protecting 
group using a more conventional source for such a group than 

encountered earlier, namely the dimethoxy acetal of anisaldehyde. 

The time had finally come to test the viability of the projected 
regioselective esterification/macrolactonization steps needed to 

complete the target molecule (1). Seeking now to generate the requi¬ 
site coupling partners for these operations from 85, the Paterson 

group treated a portion of their sample of this intermediate with pyr¬ 
idine-buffered HF’py in THF, a step that provided diol 136 in 94 % 

yield (Scheme 18). The remainder of 85 was exposed to NaOH in 

aqueous methanol at 60 °C to generate the free C-l carboxylic 
acid of 137. With the stage now set to attempt the first key esterifi¬ 
cation, carboxylic acid 137 was converted into its Yamaguchi mixed 

anhydride upon reaction with 2,4,6-trichlorobenzoyl chloride39 in 

toluene at ambient temperature, and then a solution of 136 and 
4-DMAP was added to this intermediate. Following warming to 

60 °C and 3 hours of subsequent stirring, the desired regioisomeric 
ester was obtained as the predominant product in a 2:1 ratio with 

139, the C-23 linked compound shown in the column figure. 

Because alternate reaction protocols did not serve to improve this 
distribution of products,* once 139 had been chromatographically 

separated from 138, this undesired compound was converted almost 
quantitatively back into the two starting materials simply by cleav¬ 

ing its newly formed ester linkage through treatment with KoC03 in 
MeOH. 

Having accomplished one merger, only a final macrolactoni- 

zation now stood in the way of a completed synthesis of 
swinholide A (1). Before that step could be executed, however, 

the protecting groups guarding oxygen functions at C-l and 

C-21' in 138 had to be removed. Although such operations are 

usually cursory events, the complexity of swinholide A (1) 

* In fact, some protocols using modified coupling reagents, such as DCC, led to 

a complete reversal in selectivity, favoring the C-23-linked product 139. 
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OMe OMe 

136 

Scheme 18. Initial coupling of monomeric preswinholide A building blocks. 
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OMe 

141 

rendered them quite challenging. For example, all attempts to 

cleave the methyl ester from 138 led instead to cleavage of the 

ester bond that linked the two halves of the molecule. Fortunately, 

though, a solution to this problem was ultimately found as shown 

in Scheme 19 by first protecting the hydroxy group at C-23 of 138 
as a TBS ether in order to remove any opportunity for it to direct 

hydrolytic reagents to the ester bond that had to resist cleavage. 

Subsequent treatment of the TBS-protected variant of 138 with 
pyridine-buffered HF*py in THF served to remove the cyclic di- 

t-butylsilylene group protecting the hydroxyl groups at C-21' 

and C-23' chemoselectively. A final hydrolysis with Ba(OH)2 in 
MeOH at ambient temperature over 4 days then resulted in the clea¬ 

vage of the C-l methyl ester without rupturing the essential ester 

linkage holding the two halves of the molecule together. As such, 

with these three operations discharged in 53 % overall yield, 

seco-acid 140 was now ready to be subjected to the action of 
an appropriate macrolactonization protocol. As indicated in 

Scheme 20, the Yamaguchi technique39 splendidly rose to the 
occasion as the correct 44-membered regioisomer was formed 

with a 5:1 preference over its only available alternative (141, 
see column figure) in an event that proceeded in 84 % yield. 

One should note, however, this exquisite outcome was solely the 

result of judicious selection of reaction conditions, as other 
macrolactonization protocols such as the Keck method using 

DCC40 afforded 141 (with cyclization at C-23') almost exclusively 
instead. Finally, deprotection of the three silyl ethers and the PMP 

acetals with aqueous HF in MeCN completed the assembly of 
swinholide A (1). Overall, this concise and beautifully orchestrated 

synthesis required a total of 38 steps, with only 28 operations in 
its longest linear sequence. 



3.3 Total Synthesis 65 

OMe 

(53% overall) 
1. TBSCI, Et3N, DMF, 4-DMAP, 80 °C 
2. HF-py, py, THF, 25 °C, 25 min 
3. Ba(0H)2-8H20, MeOH, 25 °C, 4 d 

OMe 

Scheme 19. Preparation of macrolactonization precursor 140. 
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OMe 

(42% overall) 
Yamaguchi 

macrolactoniza tion Et3N, toluene, 25 °C, 2.5 h; 
4-DMAP, 80 °C, 15 h 

2. HF, MeCN, 0 °C, 105 min 

Scheme 20. Final stages and completion of Paterson’s total synthesis of swinholide A (1). 
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3.4 Conclusion 

Although many of the syntheses presented in this book effectively 
illustrate the value of the aldol reaction to generate stereocenters, 

none affords a comparable demonstration of the true virtuosity of 

this transformation as does the Paterson synthesis of swinholide A 
(1). Indeed, the success of this convergent and highly inventive 

synthetic sequence relied on the execution of five completely differ¬ 

ent substrate- and reagent-based variants of the asymmetric aldol 
reaction to establish much of the stereochemical complexity of 

the target molecule. As such, these events effectively illustrate 
the benefits of this reaction for the construction of complex natural 

products and the presently advanced state of aldol methodology. By 

the same token, however, this synthesis also underscores the fact 
that there are still gaps in our current understanding of this power¬ 
ful transformation, as the stereochemical outcomes of some of the 

final aldol mergers seeking to generate preswinholide A (3) did 

not follow established trends. Only through continued exploration 
of the aldol reaction in such complex contexts can we ever hope 

to acquire the knowledge needed to render these couplings equally 

predictable. 
Finally, we cannot end this chapter without commenting on the 

concluding stages of the synthesis in which both regioselective 
esterification and macrolactonization were efficiently accomplished 
on unprotected intermediates. Although conventional wisdom 

always dictates against the execution of such a strategy when the 
potential for side reactions is high, the success of this particular 
sequence indicates that there are cases in which protecting groups 

can be avoided without any loss in productivity. The more we 

dare to explore such sequences, the more our efficiency in con¬ 

structing complex molecules will improve. 

3.5 Nicolaou’s Total Synthesis 
of Swinholide A (1) 

While the Paterson group was the first to synthesize swinholide A (1), 
their route did not constitute the only sequence that would ultimately 

prove capable of accessing this compound. Indeed, in 1996 the Nico- 

laou group at The Scripps Research Institute and the University of 
California, San Diego reported an equally effective pathway that is 

summarized in Schemes 21-24.41 As one might expect, this alternate 

route to 1 was based on a strategy in which monomeric pre¬ 
swinholide A-type building blocks were merged through a late- 

stage esterification/macrolactonization sequence. Moreover, many 

of the stereocenters on these pieces arose from asymmetric aldol re¬ 

actions. Apart from these broad similarities with the Paterson syn¬ 

thesis, all other elements of the synthetic plan were wholly unique. 
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Striving for convergence, the Nicolaou group elected to generate 

their key dimerization precursors through the union of two function¬ 

alized carbon chains, just as the Paterson group had accomplished 

during their synthesis. However, rather than rely on an aldol reac¬ 

tion to merge these fragments and concomitantly generate stereo¬ 

centers, these researchers instead projected that a dithiane coup¬ 
ling42 between 152 (see Scheme 21) and an appropriate electrophilic 

acceptor such as 157 (Scheme 22) could accomplish the same objec¬ 
tive without encoding any new chiral information. Although this lat¬ 

ter feature might appear inconsequential, as we already know from 

Ph02S 

OMe n-BuLi, 
OMe DMPU, 
OMe 

THF, -78 °C 
142 

Li® © Jp 

Ph02S'"''^^> 

OMe 
OMe 

OMe 

143 

S02Ph 

Me 

OBz 

149 Mukaiyama aldol 151 

Scheme 21. Nicolaou’s synthesis of advanced intermediate 152. 
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153 

Me 

-78 °C, 8 h 

Aldol (68%) 
reaction 1(3:1 d.r.) 

Scheme 22. Nicolaou’s synthesis of advanced building block 157. 

the discussion above, it proved quite difficult in some cases for the 
Paterson group to effect such unions with efficient stereocontrol for 

newly formed stereogenic centers. Accordingly, by adopting this 
alternate strategy the Nicolaou group avoided such potential com¬ 

plications in this case, since only its viability, was in question not 
its stereochemical outcome. 

Schemes 21 and 22 outline the key features of the synthetic routes 
that ultimately provided both of these key precursors (152 and 157) 
as single stereoisomers. For the eventual dithiane nucleophile (152, 
Scheme 21), the Nicolaou group set as its initial objective the homo- 
chiral assembly of its dihydropyran ring, a goal that was accom¬ 

plished through an inventive use of the Ghosez cyclization reaction.43 
In the event, treatment of phenylsulfone 142 with n-BuLi in the pre¬ 

sence of DMPU in THF at —78 °C afforded an intermediate nucleo¬ 

phile (143) capable of smoothly attacking the terminal position of 
epoxide 144 once the latter was introduced into the reaction flask. 

With this event giving rise to 145, the reaction was quenched with 

aqueous H2S04 in order to protonate the resultant alkoxide at C-13 
and convert the strategically positioned orthoester into an nucleophi¬ 

lic acceptor, operations that activated the substrate for a subsequent 
/7-TsOH-initiated ring closure which provided 147. Finally, the addi¬ 

tion of Et3N and DBU to the reaction medium induced the phenyl¬ 
sulfone within 147 to eliminate, completing the assembly of 148 in 

92% overall yield from 142. Having efficiently orchestrated this 

sequence, the remaining stereochemical complexity of the target 
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Me,. 

Me 

21 
OBn 

OBn 

154 

(152) was then installed through a vinylogous Mukaiyama aldol 

reaction in which titanium chelation ensured the proper facial addi¬ 

tion of the nucleophile derived from 150 to the aldehyde within 

149 as shown in the inset box in Scheme 21. This reaction is, of 

course, reminiscent of that used by the Paterson group to accomplish 

the same goal where their variant achieved similar Felkin—Ahn 

selectivity, except through an open transition state. 
The synthesis of the other building block, cyclic sulfone 157 

(Scheme 22), was far more direct, with the critical operation 

being the coupling of ketone 153 with aldehyde 154 through a tita¬ 

nium-mediated aldol reaction. This event gave rise to 156 in 68 % 
yield with 3:1 diastereoselectivity for its two new stereocenters, 

Me 

f-BuLi, HMPA, 
THF, -78 °C, 10 min; 

—-► 
11571, -78 °C, 10 min 
- (50%) 

(72% based on r.s.m.) 
Dithiane addition 

t 

Me 

Scheme 23. Nicolaou’s synthesis of key building blocks 159 and 160. 
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an outcome that can be rationalized by the shown transition state 
(155) in which the bulky substituents on the stereocenters adjacent 

to the aldehyde and the Z enolate are diametrically opposed to mini¬ 
mize steric interactions. This aldol reaction represents an example 

of a matched case between two chiral substrates leading to double 
asymmetric induction. 

Once 156 had been converted into 157, its merger with the 

dithiane fragment (152) to provide 158 was accomplished in 50% 

yield as shown in Scheme 23, with the attack of the lithiated species 

derived from 152 occurring exclusively at the C-18 position of 157. 
Accordingly, this transformation illustrates that one can view the 
five-membered cyclic sulfate within 157 as the synthetic equivalent 

of an epoxide. In fact, the cyclic sulfate was superior to this alter¬ 

nate electrophile, as attempts to use an epoxide in this dithiane addi¬ 
tion step met with complete failure. From 158, the two monomeric 
preswinholide A building blocks 159 and 160 bearing differentiable 

protecting groups on the alcohol functions at C-21 and C-23 were 

synthesized in short order, and then merged and elaborated into 
the final target through the sequence shown in Scheme 24. Since 
these steps mirror those of Paterson synthesis, no additional discus¬ 

sion is required, except to note that the bulk of a TBS-protected 
hydroxy group at C-23 did not prevent either the esterification or 

macrolactonization steps as conjectured earlier. However, the 
lower yields observed for these last operations highlight not only 
their superfluous nature, but also their deleterious effects. 

Me 
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160 159 

(38% overall) 
Yamaguchi 

esterification 
Et3N, toluene, 25 °C, 2 h; 

|r^9~|, 4-DMAP, 110 °C, 24 h 

2. Ba(OH)2, MeOH, 25 °C, 96 h 

OMe 

161 

(23% overall) 
1. Yamaguchi macrolactonization 
2. aq. HF, MeCN (0.0018 M), 0 °C, 2 h 

1: swinholide A 

Scheme 24. Final stages and completion of Nicolaou’s total synthesis of swinholide A (1). 
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Dynemicin A Key concepts: 

• Enediyne chemistry 

4.1 Introduction 

Although the molecular connectivities of certain natural products 
often serve to humble synthetic chemists by their sheer complexity, 
one should not assume that Nature assembles such compounds 
merely to show off its synthetic abilities. Rather, most secondary 
metabolites exist for some specific biochemical purpose, and, 
more often than not, their presence has conferred some form of evo¬ 
lutionary advantage to the producing organism that has enabled it to 
survive. This concept has important ramifications, because if we can 
determine both how and why Nature has evolved these molecules to 
achieve certain objectives, then we can likely unravel many of the 
mysteries of chemical biology and gain the insight needed to impart 
function to molecules of our own imagining.1 

Over the course of the past decade, one of the most important 
families of natural products that has helped to guide scientists in 
such directions is the cyclic enediynes, typified by the neocarzinos- 
tatin (2) and kedarcidin (3) chromophores and calicheamicin yl 
(4), a secondary metabolite presented in Chapter 30 of Classics I.2 
All of these compounds are potent antitumor agents with a shared 
mode of activity, namely the cleavage of single and double stranded 
DNA through a highly damaging diradical generated upon Bergman 
cycloaromatization of their enediyne motif.3 Intriguingly, while this 
feature is uniform, Nature has endowed each natural product with a 
uniquely engineered triggering device to set this critical event into 
motion. For example, neocarzinostatin (2) only undergoes the 
Bergman reaction after it has been selectively attacked by a sul¬ 
fur-based nucleophile at C-12, an event that leads to a rearran¬ 
gement of the 9-membered enediyne ring into an intermediate 

• Molecular design and 
chemical biology 

• Novel Diels-Alder 
strategies 

• Substrate-based 
stereocontrol 

2: neocarzinostatin chromophore 

Me. ^Me 
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cumulene.4 In contrast, calicheamicin yi (4) requires initial cleavage 
of its trisulfide to reveal a thiol, followed by intramolecular conju¬ 
gate addition of this newly unveiled motif toats neighboring enone 
in order to initiate the same cycloaromatization. As such, these 
divergent activation pathways provide highly valuable blueprints 
as to how latent reactivity can be loaded into a molecular architec¬ 
ture, hoping that it will be discharged only once it has reached its 
specific molecular target. 

The subject of this chapter is an unique member of the enediyne 
family, dynemicin A (1), which Nature has gifted with yet another 
ingenious method to spark the Bergman cycloaromatization reaction 
that confers its DNA-damaging activity. Dynemicin A was first iso¬ 
lated in the mid-1980s from the fermentation broth of Micromonos- 
pora chernisa, a bacterial colony found in a soil sample from the 
Gujarat State in India, and later characterized by scientists at the 
Bristol-Myers Pharmaceutical Company in Japan.5 Of course, a cur¬ 
sory examination of its molecular structure quickly reveals the basis 
for its membership into the enediyne class as it possesses a strained 
ten-membered ring containing a l,5-diyne-3-ene system. Despite 
sharing this requisite characteristic, however, dynemicin A (1) can 
reasonably be considered the “black sheep” of this family in that 
it is the only one which does not possess any carbohydrate units, 
a feature that confers upon it two major differences from its rela¬ 
tives. First, while the other enediynes possess a fair degree of 
sequence selectivity in their interactions with DNA, dynemicin A 
is far less discriminating.6 Second, while all of the other enediynes 
are positively charged at physiological pH since at least one of their 
sugars possesses an amine, the absence of this group and the pre¬ 
sence of a carboxylic acid in 1 renders it negatively charged. More¬ 
over, because 1 is the only enediyne that possesses an anthra- 
quinone chromophore, it is also the only member of the family 
that is brilliantly colored: violet in the solid state and deep blue 
in solution. 

Apart from its aesthetic properties, the anthraquinone unit is also 
believed to be the critical motif responsible for the preliminary 
events that convert dynemicin A (1) from a pro-drug into a highly 
active agent. As first proposed by Professor Martin Semmelhack 
at Princeton University, this portion is thought to be the initial con¬ 
tact point between this natural product and DNA as its planarity 
should facilitate its smooth intercalation into the minor groove.7,8 
Once there, the anthraquinone ring is reduced, presumably by a bio¬ 
molecule such as NADPH, leading to an activated substrate (5, 
Scheme 1) possessing phenols with electron pairs that are now 
free to assist in the intramolecular opening of its strategically posi¬ 
tioned epoxide. If this event occurs, then a highly reactive quinone 
methide (6) results which can subsequently be intercepted by a 
nucleophile such as the free amine in a guanine residue from the 
adjacent DNA sequence to provide 7. Alternatively, one could 
also invoke nitrogen participation within 5 to achieve this same out¬ 
come by initially forming 10 (see column figures), the tautomeric 
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Scheme 1. Proposed mechanism for the biological activity of dynemicin A. 

form of 6, in which the aromaticity of only one ring has been bro¬ 
ken. Irrespective of which of these pathways to 7 is accurate, the 
important feature is that once the nucleophile has added, the confor¬ 
mational disposition of the original enediyne motif in 1 has been 
greatly restructured such that the distance between the termini of 
the transannular alkyne functions is now significantly shorter. As 
a result, Bergman cyclization of 7 to 1,4-diradical intermediate 8 

proceeds quite readily, leading to DNA damage through the abstrac¬ 
tion of hydrogen atoms. 
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Due to the combination of this intriguing mechanism of biochem¬ 
ical reactivity, as well as its unique structural characteristics relative 
to other enediynes, many research groups have sought to synthesize 
dynemicin A (1) in the laboratory. As is typical of most molecules 
discussed in this book, however, such a task has ultimately proven 
far from trivial. At the heart of this issue is not the generation of the 
challenging structural features of dynemicin A (1) per se, but rather 
the development of reactions that can produce them on an architec¬ 
tural framework that becomes increasingly more unstable as each 
unit is incorporated. For example, the final natural product is 
quite sensitive above ambient temperature, difficult to isolate, and 
primed to participate in the sequence shown in Scheme 1. There¬ 
fore, the final steps of any synthetic enterprise, particularly protect¬ 
ing group manipulations, must be carefully tailored if one is to have 
any hope of isolating the synthetic natural product intact. Amaz¬ 
ingly, despite the numerous challenges posed by this target, both 
Professor Andrew G. Myers and members of his group at the Cali¬ 
fornia Institute of Technology (now at Harvard University)9 and a 
team lead by Professor Samuel J. Danishefsky at Columbia Univer¬ 
sity10 successfully developed sequences that delivered synthetic 
dynemicin A (1) in 1995. These highly instructive and creative 
total syntheses are the focus of the remainder of this chapter. 

4.2 Retro synthetic Analysis and Strategy 

4.2.1 Myers’ Synthetic Approach to Dynemicin A (1) 

Traditionally, one of the best places to commence a retrosynthetic 
analysis is to identify those portions of the target molecule that pos¬ 
sess the greatest chemical sensitivity and then remove them early on 
so that they will be present during a bare minimum of steps in the 
actual forward synthesis. Within the context of dynemicin A (1, 
Scheme 2), however, implementing this powerful strategy is rather 
challenging since a wealth of labile functionality exists that could 
be included in such a category. For example, as long as there is 
an epoxide in proximity to the enediyne motif, the propensity for 
nonproductive Bergman cyclization should be relatively high. 
Moreover, even if this activating ring is removed, the enediyne 
itself could still participate in the same event under the right 
circumstances. Equally problematic, the anthraquinone system on 
the other side of the molecule could likely prove to be just as 
capricious, since it is well documented that such motifs often 
instigate challenges due to their redox chemistry, even during the 
most “routine” of transformations. 

Thus, in order to select between these various options and formu¬ 
late a viable retrosynthetic analysis, the Myers group experimented 
with several model systems and carefully considered published 
studies toward related targets, such as calicheamicin yj (4), in 
order to get a qualitative feel for just how sensitive these different 
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Scheme 2. Myers’ retrosynthetic analysis of dynemicin A (1). 
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motifs might be. Information from both channels quickly pointed to 
the fact that the anthraquinone portion would likely cause the most 
“handling” challenges. Thus, this system was the first to be excised 
from dynemicin A (1), forecasting that it could be installed through 
an intermolecular Diels—Alder reaction between the imidoquinone 
form of the enediyne segment (12) and a reactive diene such as iso- 
benzofuran 13.lla If this cycloaddition could prove successful, then 
the event defined in Scheme 2 would provide 11, a compound sepa¬ 
rated from the natural product by only a two-electron oxidation and 
global deprotections.* In addition to providing convergence, the 
selection of this transform also held promise for the generation of 
dynemicin analogues since other dienes could be employed in the 
same step, thereby leading to compounds with different DE-ring 
functionalization. Access to such structural variants would, of 
course, be of considerable value for experimental validation of 
the activity picture shown in Scheme 1, and could perhaps lead to 
the identification of compounds with a potency equivalent to that 
of 1, but with superior stability. Despite these enticing features, 
reducing this seemingly simple strategy to practice was far from 
assured. Although there are several reports of Diels—Alder reac¬ 
tions between isobenzofurans and quinones, the first of which 
was reported in a total synthesis by Andrew Kende in 1977,llb no 
precedent existed for the use of a diene with the exact substitution 
pattern of 13. In fact, isobenzofurans with a related 1,3,4,7-substi¬ 
tution pattern are unstable above — 20 °C and unreactive towards 
all dienophiles at that temperature, suggesting that compounds 
such as 13 with 1,4,7-substitution might behave similarly.12 Irre¬ 
spective of these issues, the strategy was still deemed worthy of 
pursuit because its successful implementation would productively 
extend the already expansive frontiers of the Diels—Alder reaction, 
and, perhaps more importantly, would rapidly complete the final 
elements of the dynemicin architecture.13 

With the DE system removed, the remaining operations shown in 
Scheme 2 sought to break the enediyne-containing fragment (12) 
down into starting materials of reasonable simplicity. Thus, in pre¬ 
paration for disconnections that would ultimately- excise the ene¬ 
diyne motif from the central core, the vinylogous carbonic acid 
ester in ring A was retrosynthetically modified to a C-6 ketone as 
expressed in 14, anticipating that its enolization would enable the 
insertion of the needed carboxylic acid through the capture of car¬ 
bon dioxide. In addition to this alteration, the imidoquinone C- 
ring of 12 was also converted into its reduced form, with the resul¬ 
tant free amine protected as an allyl carbamate (Alloc). This parti¬ 
cular protecting group was selected from numerous conceivable 
alternatives based on the belief that it could engage the amine’s 

* One should note that although the Diels—Alder product (11) is drawn with both 
facial- and regioselectivity for the addition of the isobenzofuran diene, no such 
control was required as all stereochemical information in this segment of the mole¬ 
cule would be erased upon completion of the symmetrical anthraquinone within 1. 
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lone pair of electrons by resonance, thus preventing the epoxide 
lysis cascade that would lead to immediate Bergman cyclization 
(i. e. 5—>10—>7—>8). Although this electron-withdrawing property 
is inherent to all carbamates, the group selected also had to possess 
the capability for facile removal since the same deliterious cascade 
could be induced during the deprotection step if the conditions were 
either too strongly acidic or basic. Thus, because allyl carbamates 
are readily and chemoselectively excised under neutral conditions 
with palladium, this group appeared to be the ideal choice to meet 
this criterion (at least on paper). 

Having implemented these minor, but crucial, adjustments, the C-7 
arm of the 10-membered ring was then detached from 14, which 
led back to 15 as a new subgoal structure, forecasting that this 
C—C bond could be forged during the actual synthesis by the attack 
of a metallated acetylide onto a suitable group at this position. 
Potential choices in this regard could be a leaving group formed 
from an alcohol, such as a mesylate or tosylate, or, more indirectly, 
a ketone, whose employment would then require a subsequent 
deoxygenation step to remove the tertiary alcohol that would result 
from successful ring closure. Next, following removal of the endo- 
cyclic epoxide to a precursor olefin and subsequent retro-aromatiza- 
tion of the B-ring to form a quinoline system, the remaining bond 
connecting the enediyne fragment to the dynemicin core was then 
removed as alkynyl Grignard reagent 16, ultimately revealing 17. 
The adoption of this sequence was based on precedent established 
by Yamaguchi, who demonstrated that alkynyl Grignard reagents 
can add smoothly adjacent to the nitrogen atom in pyridine rings 
following their activation as N-acylpyridinium intermediates.14 
Accordingly, it was anticipated that the same 1,2-selectivity 
would arise here once 17 had been converted into an appropriate 
A-acylquinolium. While this is a reasonable assumption, the larger 
issue surrounding the viability of this strategy was the stereoselec¬ 
tivity of the addition because it required the approach of the 
Grignard nucleophile (16) syn to the adjacent methyl group at 
C-4. With little question, this proposition was a tenuous one 
based on the typical role played by such groups in directing the 
approach of external reagents. However, since there is a wealth of 
Lewis basic functionality within 17, perhaps some form of chela¬ 
tion could modify the typical conformation of the A-ring to 
bias the addition of 16 in the desired sense by eroding the impact 
of the methyl group at C-4. Equally conceivable, if the same type 
of complex could be formed on the a-face of the substrate and 
was of suitable size, then it could serve as a blocking group 
capable of overriding any steric influence of the methyl group on 
the opposite side of the molecule. As such, there was a reasonable 
measure of hope that this critical process could be implemented dur¬ 
ing the forward synthesis, although conventional wisdom would 
seem to dictate otherwise. 

Having removed the enediyne portion of the molecule, only a few 
modifications remained to complete this retrosynthetic analysis. 
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First, the alcohol group at C-7 within 17 was disconnected to an 
enol ether, now counting on the methyl group at C-4 within 18 to 
direct an epoxidation reaction that would establish this stereogenic 
center during the synthesis. It was envisioned that the quinoline ring 
of 17 could be derived from the oxidized form (18). Although this 
latter modification might seem slightly odd, as quinoline ring sys¬ 
tems are relatively common entities and could certainly constitute 
viable starting materials, its implementation enabled the identifica¬ 
tion of a highly convergent approach for the construction of this 
projected target. As shown, if the newly installed amide linkage 
within 18 was fragmented, then the resultant bicyclic system 
could be broken in half to fragments of commensurate size through 
one of many metal-mediated coupling transforms such as a Suzuki 
reaction between boronic acid 21 and vinyl triflate 20. As such, 
the task of synthesizing dynemicin A (1) has been reduced to 
the assembly of two relatively simple building blocks. Critical for 
the viability of the entire strategy, however, was finding a means 
to access stereochemically pure 20 since its stereogenic center 
was projected to play a leading role in orchestrating the installation 
of the other stereocenters of dynemicin A. Although we will leave a 
discussion of how this problem might be handled for the actual 
synthesis, we should note at this juncture that the chiral menthol 
moiety planted in 20 was expected to serve as an auxiliary to 
help accomplish this objective. 

4.2.2 Danishefsky’s Synthetic Approach to Dynemicin A (1) 

In assessing plausible synthetic sequences that could access 
dynemicin A (1, Scheme 3), the Danishefsky group came to simi¬ 
lar conclusions as the Myers group regarding the stability of the 
most nefarious elements of this target, and disconnected the 
anthraquinone system first from a modified form of the target 
molecule (22) through an intermolecular Diels—Alder reaction.10 
While the same general type of dienophile was anticipated for 
this event as in the Myers analysis, namely imidoquinone 23, 
the diene projected in this instance was 24, a member of the 
class of Diels—Alder participants accessible by deprotonating the 
methylene unit of an appropriately formatted homophthalic anhy¬ 
dride (see column figure). Apart from their demonstrated ability 
to readily engage a wealth of dienophiles such as quinones, as 
first shown by Tamura,15 these 4Ti-electron components are highly 
valuable due to their predisposition to lose a molecule of C02 fol¬ 
lowing successful cycloaddition, ultimately affording a ketone pro¬ 
duct. Here, that benefit translated into a Diels—Alder adduct (22) 
separated from the complete anthraquinone system of 1 merely by 
deprotections and an oxidation reaction. As with the Diels—Alder 
reaction mentioned in the preceding section, the only uncertainty 
involved with this enticing approach was the lack of any precedent 
for the successful use of a diene with the exact substitution pattern 
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of 24. Thus, once again, new ground for the Diels—Alder reaction 
in complex molecule synthesis would be paved if the event could 
be implemented. 

Assuming that this reaction could be accomplished, the imidoqui- 
none system within 23 was then reduced to its aromatized congener 
(25), necessitating the selection of a suitable protecting group for 
the resultant amine to attenuate its nucleophilicity based on the con¬ 
siderations discussed earlier. In this case, though, rather than attach 
an Alloc group, these researchers instead appended a 2-(trimethyl- 
silyl)ethoxy carbonyl (Teoc) group to this subtarget. This choice 
was partially based on the group’s successful experiences in remov¬ 
ing this protecting group from other unstable molecules.16 More 
compelling, however, was the knowledge that Teoc groups can be 
cleaved by virtually any fluoride source through the mechanism 
shown in the neighboring column. Thus, rather than needing to 
rely on a single set of conditions to remove this group near the 
end of the sequence, multiple options with varying levels of acidity 
or basicity could be screened, thereby markedly increasing the 
chances for success. 

With this operation implemented, attention could now be turned 
towards disconnecting the enediyne portion of the 10-membered 
ring. For this purpose, the Danishefsky group considered two dis¬ 
tinct sequences that could potentially be enlisted to achieve this 
goal. The first was similar to that discussed above, and the second, 
which is shown in Scheme 3, projected a double Stille coupling of 
cis-1,2-distannylethene with a dihalogenated precursor such as 26. 
This event is reminiscent of the tandem Stille coupling employed 
by the Nicolaou group in the final step of their total synthesis of 
rapamycin (see Chapter 31 in Classics I) to complete the central 
macrocycle of that target.17 In that context, however, a relatively 
flexible 29-membered macrocyclic ring was constructed, whereas 
in this case the desired product was a highly strained medium¬ 
sized system. As such, the proposed reaction possessed a signifi¬ 
cantly more positive AS term than the Nicolaou precedent, indicat¬ 
ing that the barrier for its accomplishment was much higher. Despite 
this challenge, the novelty of the idea dictated that it had to be tried. 
Accordingly, to enhance the likelihood of success, the Danishefsky 
group left the juncture for inserting the epoxide shown in 26 as an 
open question, since a substrate bearing a C3-C8 double bond 
instead might be better conformationally disposed to enable the 
insertion of the olefinic bridge. Apart from this element of flexibil¬ 
ity, additional expressions of this same general strategy existed in 
that interpolative couplings could also be attempted with intermedi¬ 
ates such as 27, projecting a tandem palladium-mediated Sonoga- 
shira reaction18 with a dihalogenated alkene (a reaction discussed 
at length in Chapter 31 of Classics I) instead of a double Stille 
coupling. 

Unfortunately, synthesizing the test compounds for any of these 
reactions also constituted a formidable endeavor, since it meant 
that a route had to be identified that could provide substrates with 
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three groups syn to each other (the methyl group at C-4 and both the 
alkyne functions at C-2 and C-7). This problem is much the same as 
that encountered during the Myers analysis of their planned inser¬ 
tion of the entire enediyne motif through a nucleophilic addition; 
in this case, the Danishefsky group projected a similar solution, 
but with a creative twist. Since both the C-4 and C-7 centers within 
either 26 or 27 are in the same ring, one could reasonably anticipate 
that attempts to excise either of these chiral elements individually 
would not prove particularly fruitful in facilitating the installation 
of the others. Thus, based on this conjecture, a more productive 
entry might be to find a way to insert the alkyne group stereoselec- 
tively at C-2 in the presence of the other two stereogenic centers. Of 
course, a Yamaguchi-type acetylide addition would be the ideal 
reaction to append such a group onto a suitable substrate. As we 
already know from the discussion above, the requisite approach tra¬ 
jectory of such a nucleophile may be impossible to accomplish, par¬ 
ticularly with a precursor such as 28 in which there are two groups 
blocking that side of the molecule instead of just one! Yet, since it 
had already been forecasted that the vinylogous carboxylic acid in 
the A-ring of 1 could be fashioned from a diol precursor, if that 
diol was formed on the a-face as drawn in 27, then perhaps this 
motif could be used to counterbalance the effect of the C-4 and 
C-7 centers in directing acetylide approach. For example, if these 
alcohols were engaged with a large protecting group, such as the 
diphenyl acetal shown in 28, then the steric bulk of this entire 
motif could potentially favor approach from the (3-face. 

Assuming that this Yamaguchi alkynylation could indeed be 
brought about, the requisite diol-based directing group in 28 
could arise from a facially selective dihydroxylation of a precursor 
alkene (29) governed by the resident stereogenic centers. With the 
identification of this subgoal structure, a means to generate the 
remaining stereochemical elements then became obvious since 
they all are part of a six-membered ring bearing an element of unsa¬ 
turation, thus soliciting the possibility of a Diels-Alder reaction for 
their installation. However, while the recognition of this transform 
was of critical importance for the final elements of this strategy, 
several additional modifications of 29 were required before this 
powerful disconnection could be applied (as it is virtually impossi¬ 
ble to prepare a diene system directly from a quinoline). Accord¬ 
ingly, the B-ring portion of this aromatic ring was disconnected to 
quinone aldehyde 30, anticipating that amine capture of its aldehyde 
could then enable ring closure onto the adjacent ketone of the qui¬ 
none during the synthesis.19 While effecting this structural modifi¬ 
cation may seem far from obvious, its projection was critical in 
that it enabled the identification of 31 as a material that could con¬ 
stitute a viable precursor for this new goal structure (30), a target 
that was finally amenable to a Diels-Alder-based retrosynthetic 
disconnection. Thus, retrosynthetic cleavage of the six-membered 
ring within 31 at the indicated junctions led to 32 as a suitable 
substrate from which to start synthetic investigations towards 
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dynemicin A (1). One should note, however, that while 32 should 

willingly participate in an endo selective union to establish the 

two critical centers in 31 marked with an asterisk, they could 

only be set in a relative sense since 32 is achiral. 

II TBS 

MgBr 

16 

Me 

17 

4.3 Total Synthesis 

4.3.1 Myers’ Total Synthesis of Dynemicin A (1) 

We begin our discussion of this total synthesis with those steps that 

were required to access the precursor for the enediyne Grignard 

reagent 16, namely 36 (Scheme 4).9 As alluded to in both 

Chapters 30 and 31 of Classics /, such building blocks are typi¬ 
cally generated by using the Sonogashira variant18 of the 

Stephens-Castro reaction,20 or, as more commonly and simply 
named, the Sonogashira reaction, to forge the bonds between their 

central olefin and alkyne arms. Indeed, this pattern was replicated 

here with the sequential use of this transformation starting with 
the union of 33 and TMS-acetylene promoted by catalytic Cul 

and Pd(PPh3)2Cl2, followed by reaction of the resultant product 

(34) with TBS-acetylene in the presence of catalytic Cul and 
Pd(PPh3)4. With these operations affording 35 in 61 % overall 

yield, final treatment with K2C03 in MeOH led to the desired sub¬ 
strate (36) by selective excision of the TMS protecting group. As 

such, with only one of the two alkyne termini unblocked, the con¬ 
version of 36 into the eventual Grignard nucleophile (16) was 

now anticipated to be relatively simple. Before we can discuss 
that transformation in more detail, however, we must first present 

the synthesis of its projected coupling partner, quinoline 17. 
As mentioned during the planning stages, it was anticipated that 

most of the complexity of this fragment could arise from the initial 
union of arylboronic acid 21 and vinyl triflate 20 (see Scheme 2). 

Since the first of these preliminary targets was one step away 
from a known compound,9 the Myers group only needed to concern 

themselves with developing a sequence to synthesize the second 
(20). Based on the pattern of functionality within this building 

block, particularly its lone stereocenter, they anticipated that an 

effective starting point would be to synthesize a cyclohexane-1,3- 

=—TMS 

33 

Cul, n-PrNH2, 

Pd(PPh3)2CI2 (cat.), 
Et20, 25 °C, 3 h 

(80%) 
TMS 
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Cul, n-PrNH2, 

Pd(PPh3)4 (cat.), 
Et20, 0—>25 °C 

(76%) 
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MeOH, 

25 °C, 1 h 
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36 

Scheme 4. Myers’ synthesis of enediyne fragment 36. 
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Me 

Scheme 5. Myers’ synthesis of intermediate 20. 

dione system such as 40 (Scheme 5) since it could likely be elabo¬ 
rated to 20 through sequential, functionalizing enolizations. Equally 
enticing was the prospect that this initial target (40) could be formed 

in a single step through a one-pot double condensation by merging a 
p-ketoester monoanion (derived from a material such as 37) in a 
Michael reaction with an a,P-unsaturated ester (such as 38) fol¬ 

lowed by a Dieckmann cyclization, a transformation first described 
in 1899 by von Schilling and Vorltinder.21 While simply stated, the 

challenge resided in finding a method to make this powerful trans¬ 
formation proceed with some form of stereoselectivity, an objective 
that had not been previously demonstrated. Accordingly, the Myers 
group reasoned that if they appended a chiral auxiliary such as a 

menthyl group to the somewhat remote carboxylic acid position 
of the requisite P-ketoester starting material (37), then perhaps its 

reaction with 38 would proceed in a biased manner. Unfortunately, 
initial experiments using r-BuOK in refluxing f-BuOH revealed that 

this conjecture was not to be the case, as both 40 and its diastereo- 

meric partner 39 were generated in equimolar ratios. The desired 
product (40) could, however, be selectively crystallized from this 

mixture in 36% yield. Thus, the menthyl auxiliary served merely 
as a resolving agent in this process, facilitating the isolation of 

the desired product.* Although not quite as selective as originally 

anticipated, the ease of this reaction (which could provide hundreds 
of grams of 40) was more than sufficient to enable the synthesis to 

* One should note that several other chiral auxiliaries were appended to the 
P-ketoester starting material and some did lead to modest diastereoselectivity 
(-1.5:1). However, none of these products crystallized as readily, leaving the 
initially developed chemistry with 37 as the most practical route to 40. 
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OMe 

proceed. Accordingly, the sterically more accessible of its two enol 

tautomers was then preferentially captured upon stirring with 

MeOH in the presence of 10-camphorsulfonic acid (CSA), affording 

41 in a 4:1 ratio with its regioisomeric product (42) in 71 % com¬ 

bined yield. Once again, the desired compound (41) could be iso¬ 

lated selectively through crystallization. With pure 41 in hand, 

final treatment with NaH to remove its only labile proton, followed 

by trapping of the resultant enolate with Tf20, completed the assem¬ 

bly of 20 in 95 % yield. 
Seeking now to test the Suzuki reaction which was meant to join 

this intermediate (20) with boronic acid 21, these two compounds 

were stirred with catalytic Pd(PPh3)4 and Na2C03 in 1,4-dioxane at 
100 °C. As predicted, the desired bicyclic adduct (19, Scheme 6) 

was generated in 90 % yield.22 The final ring of the tricyclic 

ABC domain of dynemicin A was then formed in a single opera- 
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Scheme 6. Myers’ synthesis of intermediate 17. 
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tion by heating this compound in 4-chlorophenol at 180°C, con¬ 

ditions that accomplished both deprotection of the t-butylcarba- 
mate (Boc) group as well as intramolecular amidation to form 18.23 

The facility of this reaction is particularly remarkable, considering 

that strongly acidic conditions (such as TFA in CH2C12) are typi¬ 

cally required to cleave Boc groups. In this case, though, the 4- 
chlorophenol solvent accomplished the same task since its phenol 

proton behaved as a Bronsted acid, leading to an unusually mild 
set of reaction conditions that ensured that the acid-labile enol 

ether functional group within the product survived. Despite its mild¬ 

ness, the reaction also gave rise to a minor by-product in the form of 
menthyl quinolyl ether 43, a compound presumably formed through 

a condensation reaction between the deprotected amine and the 
carbonyl group. Fortunately, this material did not have to be dis¬ 

carded, as 5 hours of additional heating in refluxing 4-chlorophenol 
funneled it into the desired product (18) almost quantitatively. 

With the B-ring installed, the format of 18 now needed to be 

adjusted to that of 17 in order to prepare the ground for the eventual 
merger of the enediyne bridge. Thus, the initial operations focused 
on generating the required quinoline ring system, starting with the 
conversion of 18 into 44 as effected in 85 % yield with the addition 

of 2 equivalents of Tf20 and 4 equivalents of 2-chloropyridine in 

CH2C12 at —78°C followed by slow warming to ambient tem¬ 
perature. Although this transformation is relatively routine, one 
should take note that it was accomplished without using 2,6-di-t- 

butylpyridine, the relatively expensive base typically employed to 
accomplish such reactions. Thus, the conclusion that can be 
drawn from this insightful protocol is that 2-chloropyridine 
possesses a similar activity profile to this bulkier base (weak 

basicity and inactivity towards triflic anhydride) and might con¬ 
stitute a cheaper alternative for it in a host of other common trans¬ 

formations. 
Pressing forward, 44 was then subjected to the action of mCPBA 

in MeOH at elevated temperature, hoping that its lone stereocenter 
could guide the approach of this epoxidation reagent to the desired 
face and that the reaction conditions would lead to concurrent epox¬ 

ide opening to afford a dimethoxy ketal at C-6. As expected, this 

conjecture proved to be correct, with 45 formed as the major prod¬ 
uct, along with only a minor amount of the alternative, (3-disposed 
C-7 alcohol isomer. Significantly, one should appreciate that the 

epoxide opening only proceeded as it did due to the ability of the 

methoxy group at C-6 in the starting material to promote facile 
epoxide opening. In contrast, had MeOH alone effected epoxide 

lysis through external SN2 attack, it undoubtedly would have 
attacked the C-7 position exclusively because this site is sterically 

less encumbered and, perhaps more importantly, more activated 

since it is adjacent to an aromatic system. However, since the sub¬ 
strate had been carefully designed, the reaction proceeded smoothly 

in the desired manner, enabling the synthesis of 17 to then be com¬ 

pleted by the initial removal of the triflate from the aromatic system 
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of 45 using catalytic Pd(PPh3)4 in 1,4-dioxane at 100 °C with formic 
acid as a hydride source,24 followed by exchange of the phenolic 
methyl ether for a TBS ether over two steps. This final protecting 
group exchange was deemed to be critical for the viability of the ter¬ 
minating steps of the projected synthesis since the harsh conditions 
typically required for methyl ether deprotection were expected to be 
too severe for the survival of an advanced dynemicin substrate (vide 
infra). In this case, the transformation was readily accomplished on 
this, far simpler, intermediate. 

Having reached this staging area, forays began in the hopes of 
installing the enediyne bridge onto the existing scaffold, starting with 
the stereo- and regioselective merger of 16 (formed by heating 36 

with EtMgBr at 50 °C in THF) with 17 through a Yamaguchi-type14 
acetylide addition. Unfortunately, initial probes quickly revealed 
that although the reactant did add at the desired position (C-2), its 
approach occurred almost exclusively from the undesired face as 
shown in the column figures to afford 47. As mentioned during 
the planning stages, one potential tactic to overcome this seemingly 
inherent, and certainly expected, bias was to chelate the numerous 
Lewis basic sites within 17, such as the alcohol at C-7 and its adja¬ 
cent methyl ethers. Gratifyingly, this strategy proved capable of 
directing 16 to the desired (3-face. In the event, 17 (see Scheme 7) 
was initially stirred with EtMgBr in THF at 0 °C, presumably lead¬ 
ing to the conformation of the A-ring shown in 48 in which the 
magnesium counterion of the intermediate alkoxide engaged the 
oxygen atom of either one or both methoxy groups. Following cool¬ 
ing of the reaction mixture to -78 °C, both allyl chloroformate and 
16 were then added, leading initially to A-acylquinolium species 
48. With the substrate appropriately activated and the methyl 
group in a pseudoequatorial position, 16 then approached the 
least hindered face (cis to the methyl group at C-4) along the 
typical Burgi-Dunitz trajectory, leading to the formation of 49 

in 89% yield with better than 25:1 (3/a selectivity. As evidence 
for the role of chelation in this event, when the alcohol group at 
C-7 in the starting material was protected as a silyl ether, application 
of the same reaction conditions led to the predominant approach of 
16 from the undesired a-face. 

With this critical reaction beautifully orchestrated, all efforts 
could now be directed towards closing the final juncture of the 
10-membered enediyne ring, a requirement whose implementation 
was projected to involve the addition of an acetylide ion to a suit¬ 
able group at C-7. However, since this operation would ultimately 
lead to the excision of the alcohol function at C-7, it was decided 
to use this motif productively for one additional operation before 
attempting its displacement, namely directing the formation of the 
central C3-C8 endocyclic epoxide. Thus, 49 was treated with 
raCPBA in buffered CH2C12 at 0 °C, giving rise to 50 in 88 % 
yield with complete facial selectivity for the drawn product. Next, 
treatment of 50 with TB AF in THF at 0 °C, followed by silyl repro¬ 
tection of the phenolic position under standard conditions (TBSC1, 
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Scheme 7. Myers’ elaboration of 17 into 14. 

imid, DMF) provided 15 in which the free acetylene could now be 

converted into a nucleophile. 
The main question at this advanced stage was what group at C-7 

within 15 would enable the final ring closure to occur. Initial opera¬ 
tions logically sought to generate a leaving group at this position 

such as the mesylate in 54 (see column figure on next page). How¬ 

ever, upon exposure of this compound to base in order to form the 
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requisite acetylide, no addition was observed. This outcome was not 

altogether surprising given that acetylide ions are generally poor 

participants in nucleophilic displacement reactions. However, 

there is one major exception to this reactivity trend, and that consti¬ 
tutes the opening of Lewis acid activated epoxides.25 Accordingly, 

this idea was attempted next following the construction of a suitable 

substrate such as 56 (see column figure). Unfortunately, this inter¬ 
mediate also failed to undergo the desired addition, suggesting to 

the Myers group that perhaps a C-7 ketone electrophile should be 

employed instead to rescue the strategy, even though this decision 

meant that an additional deoxygenation step would have to be per¬ 

formed following ring closure. Fortunately, they could derive some 
measure of comfort that this alternative sequence would succeed 

because the Nicolaou group had previously accomplished the 

same set of operations in several dynemicin model systems.26 More¬ 
over, a similar addition was employed to complete the enediyne ring 

system of calicheamicin yi as discussed in Chapter 30 of Classics I. 
Thus, armed with these precedents, the alcohol group at C-7 in 15 
(see Scheme 7) was converted into a ketone (51) through a Swern 

oxidation, and, upon treatment of this adduct with KHDMS to 

form an acetylide in the presence of CeCl3 in THF at —78 °C, the 
desired addition was observed at last, affording 52 in an impressive 

94% yield! With the long-coveted 10-membered enediyne ring 
finally formed, the Myers group now needed to excise the superflu¬ 
ous hydroxy group at C-7, a requirement which they anticipated 

could be met using the Barton—McCombie radical-based deoxy¬ 

genation protocol.27 Thus, following the conversion of 52 into a 
C-6 ketone intermediate, this new compound was treated with 

l,l'-thiocarbonyldiimidazole in the hopes of generating the requi¬ 
site thiohydroxamate ester substrate to implement this step; instead, 

an alternative product (53) was formed due to an intramolecular 
rearrangement instigated by the adjacent C-6 ketone. While this 

reaction was unintended, it ultimately afforded no inherent pro¬ 
blems since this substrate still smoothly participated in the standard 

Barton—McCombie reaction (n-Bu3SnH, AIBN, toluene, 70 °C), 
fragmenting in the desired direction to provide 14 bearing a hydro¬ 

gen atom at C-7 in near quantitative yield. 

Having reached this advanced stage, 14 was separated from the 
desired imidoquinone target (12) by only the accomplishment of 

two objectives: properly formatting its A-ring and effecting the oxi¬ 

dation of its C-ring to an imidoquinone without inducing the cas¬ 
cade reaction that would lead to Bergman cycloaromatization of 

the enediyne bridge. The former of these requirements was 

attempted first, and, in fact, proved to be one of the most challeng¬ 

ing transformations to effect. The difficulty resided in installing 

the carboxylic acid group at C-5, a requirement that projected the 
selective formation of an enolate from the C-6 ketone followed by 

capture of the resultant anion with carbon dioxide. At first, a host 

of bases failed in this purpose, leading only to extensive decompo¬ 

sition. Fortunately, examination of enough conditions eventually led 
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to a glimmer of hope as a protocol developed by Rathke and co¬ 

workers (MgBr2 and Et3N in CH3CN at ambient temperature 

under an atmosphere of C02) gave rise to traces of enol acid 58.28 

Subsequent optimization of this reaction was accomplished by con¬ 
verting the relatively unstable 58 directly into its more resilient enol 

ether congener (59) through sequential reaction with t-BuOK and 

methyl triflate, ultimately enabling a reproducible yield of 54 % 
for this key sequence. 

With the A-ring appropriately decorated through a set of reactions 

that could advance sufficient amounts of material, it was now time 
to effect the final conversions needed to reach imidoquinone 12. 
Thus, in order to set the stage for the oxidation event that would 
eventually accomplish this objective, the phenolic TBS ether within 

59 was deprotected upon exposure to 3HF’Et3N in CH3CN at ambi¬ 

ent temperature and the free carboxylic acid was protected as a 
TIPS ester to afford 60 in 63 % overall yield. Having left the 
ABC tricycle fully protected except for its phenol, subsequent treat¬ 

ment with iodosylbenzene in MeOH29 then effected its smooth oxi¬ 

dation to 61 in 89 % yield, leading to a quinone ring engaged as a 
hemiaminal since the Alloc group had not yet been deprotected. 
Thus, this result might lead one to wonder why the Alloc group 

had not been removed first from 60 before attempting this oxida- 
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Scheme 8. Myers’ synthesis of advanced intermediate 12. 
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61 

TMSO 

tion, as the final imidoquinone target (12) should have been formed 
directly. The answer is that by having installed an extraneous, but 
strategically positioned, methoxy group onto 61, subsequent Alloc 
deprotection was expected to force the resultant free amine to com¬ 
mit its lone pair of electrons in displacing this group, thereby 
accomplishing the formation of the imidoquinone (12) in the 
same operation. If correct, this mechanism ensured that the final 
product would be formed without any opportunity for the nitrogen 
to initiate the epoxide-opening cascade discussed previously 
(5—>10—>7). Indeed, this insightful design proceeded exactly as 
envisioned, as 12 was generated in 78% yield from 61 following 
standard Alloc cleavage with n-Bu3SnH and catalytic Pd(PPh3)2Cl2. 

At this point, all that remained to complete the targeted natural 
product (1) was the attachment of the anthraquinone system, 
which, as discussed above, projected a Diels—Alder reaction with 
an isobenzofuran (i. e. 13). Thus, a synthesis of its precursor, phtha- 
lide 67, was developed as shown in Scheme 9.30 Since most of these 
transformations are relatively routine, we will not describe them in 
any detail here, except to note that the ability to incorporate several 
different protecting groups for the phenol functions at different 
stages of the synthesis (cf. 62, 63, 67) was a critical element for 
the completion of dynemicin A (1). As we shall see, only 67 ulti¬ 
mately proved capable of both participating in the desired 
Diels-Alder reaction and being elaborated to the complete DE 
anthraquinone system. 

Thus, pressing forward with the final stages of the total synthesis, 
67 (Scheme 10) was smoothly converted into the required isobenzo¬ 
furan diene system (13) upon sequential treatment with KHMDS in 
THF at —78°C and TMSCl*Et3N. Since this diene was not espe- 
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Scheme 10. Final stages and completion of Myers’ total synthesis of dynemicin A (1). 

daily stable, its Diels-Alder partner, imidoquinone 12, was added 
directly to the reaction solution at -20 °C; subsequent warming to 

55 °C over the course of 5 minutes enabled the desired [4+2] reac¬ 
tion leading to 11 to proceed. Because this product (11) also proved 

difficult to isolate, it was treated in the same reaction vessel with an 
oxidant and a silyl cleaving agent to induce the remaining opera¬ 
tions needed to complete 1. Numerous protocols had to be explored 

to find conditions capable of efficiently accomplishing all these 

objectives, but eventually it was discovered that Mn02 and 
3HF-Et3N in THF were the ideal combination,31 leading first to 

the excision of the phenolic TMS groups in 11 to generate an 
E-ring quinone (i. e. 68), followed by cleavage of the remaining 
TMS group, rearrangement, and oxidation to afford the first syn¬ 

thetic sample of dynemicin A (1) in 40% overall yield from 67. 

Overall, the stereoselective route to dynemicin A developed by 

the Myers group was highly creative, and, impressively, very con¬ 
cise as only 24 steps were involved in its longest linear sequence. 

Before concluding this section, however, two features of the final 

one-pot sequence shown in Scheme 10 are worthy of further com¬ 

mentary. First, the final reaction time converting 11 into 1 had to 



96 4 Dynemicin A 

69: R = TMS 

3HF-Et3N, I 
silica gel, MeCN X 

71 

be carefully limited to only 9 minutes since dynemicin A (1) 

began to decompose immediately upon its formation in solution. 

Second, the ability to first cleave the phenolic TMS groups from 

11 in order to provide the quinone E-ring of 68 was essential 

for the completion of the synthesis. For example, if a compound 

such as 69 (see column figures) bearing alternate E-ring protection 

was exposed to related deprotection conditions, leading to the 

initial opening of its central D-ring since its TMS group was 

more labile, no oxidation reagent could be found that was then 

capable of converting the resultant product (70) into the full 

anthraquinone system (71). Thus, the facile deprotection of the 
phenolic TMS ethers in the presence of the TMS-protected alcohol 

on the D-ring was the single feature that saved this sequence to 

dynemicin A; otherwise, it would likely have met with failure in 
its final step. 

4.3.2 Danishefsky’s Total Synthesis of Dynemicin A (1) 

Synthetic efforts towards dynemicin A (1) in the Columbia Univer¬ 

sity laboratories began with attempts to prepare the ABC system of 

28, a compound whose two stereocenters were expected to arise 
from a Diels—Alder reaction.10 Accordingly, the initial operations 
sought to convert the commercially available benzaldehyde 72 

(Scheme 11) into the projected precursor for this key event, 

aldehyde 32. As shown, this compound did not prove overly 
challenging to access, since following the alkylation of 72 with 

sorbyl bromide using K2C03 in acetone, a subsequent Horner- 
Wadsworth-Emmons olefination provided the ester analogue (73) 

of this target in 91 % yield. From here, only a standard two-step 
reduction/oxidation sequence was needed to complete 32. With 
the stage now set to examine the critical [4+2] cycloaddition, 32 

was then dissolved in CH2C12 and, following its activation with a 

Lewis acid (ZnCl2), converted slowly into the desired Diels-Alder 
product (31) in 60% yield. As one would expect, this event pro¬ 
ceeded with complete endo selectivity since the dienophile has a 

conjugating substituent. Interestingly, the same reaction could also 

be conducted simply through thermal activation by heating 32 in 
refluxing benzene, leading to a superior yield of 31, but, as is 

often typical of Diels—Alder reactions conducted without Lewis 
acids, reduced endo/exo selectivity (3:1). Accordingly, the Lewis 

acid catalyzed procedure was adopted to advance material into the 

next phases of the program since it provided the desired product 
more cleanly. 

Having generated the two critical stereocenters of the initial target 
(i. e. 28), the next set of operations sought to effect the conversion 

of this Diels-Alder cycloadduct (31) into a quinoline-bearing inter¬ 
mediate such as 75. Although the connection between 31 and 75 

may not seem clear, in fact, all that was required to meet this goal 

was the sequential opening and closing of the B-ring within 31. 
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Scheme 11. Danishefsky’s synthesis of intermediate 28. 

Thus, in the first operation, 31 was treated with ceric ammonium 
nitrate (CAN) in aqueous MeCN to effect the oxidative conversion 

of its C-ring into a quinone, an event attended by the concomitant 
scission of its B-ring to afford a hydroxymethyl function in the pro¬ 
duct (30). However, since a residual aldehyde from the Diels-Alder 

reaction was present on the same side of the A-ring as this newly 

generated alcohol, the isolated product was not 30, but instead 
was lactol 74. Although this latter ring closure was not critical for 

the operations ultimately needed to reach 28, it did serve to protect 

the oxidized substrate (30) from the action of excess CAN. For 
example, only decomposition resulted when the exo Diels-Alder 

variant of 31 was subjected to the same conditions, presumably 
because the hydroxymethyl function that was produced in this 

case could not form a lactol since its aldehyde partner was on the 

opposite side of the molecule. 
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Me 

75 

HO Me 

H 

Ring B was then reclosed to provide a quinoline system (75) in 

89 % yield by treating 74 with NH4OAc and HOAc for 30 minutes 

at 100 °C. Mechanistically, this outcome can be rationalized as cap¬ 

ture of the aldehyde by ammonia within the open lactol congener of 

74 (i. e. 30) as an imine, affording a reactive handle capable of con¬ 

densing onto the C-ring quinone to afford the fully aromatized qui¬ 

noline product. As such, two of the stereocenters originally formed 

in 31 have successfully migrated to their final positions, and, with 

the needed aromatic ring now formed, only three operations 

remained before 28 was complete: 1) silyl protection of both the 
free phenol and the alcohol at C-7 under standard conditions 

(TBSC1, imid, CH2C12), 2) a facially selective dihydroxylation gov¬ 

erned by the C-4 and C-7 stereocenters, and 3) capture of the resul¬ 
tant diol as a diphenyl acetal under strongly acidic conditions fol¬ 

lowed by silyl reprotection of the free phenol liberated during this 

step. With these events accomplished in a combined yield of 
81%, efforts could now be directed towards installing the third, 

and final, stereocenter onto this advanced compound in order to 

enable investigations of the couplings envisioned for the completion 

of the enediyne bridge in dynemicin A. 
Thus, hoping that the newly incorporated diphenyl acetal protect¬ 

ing group within 28 could sterically block the a-face of the mole¬ 

cule, an effect potentially reinforced through Ti-stacking interactions 
with the quinone system (illustrated by the redrawn version of this 

compound in Scheme 12), this substrate was subjected to a typical 
Yamaguchi acetylide addition protocol.14 Pleasingly, the alkynyl 

nucleophile smoothly engaged the intermediate Wacylquinolium 
species generated upon initial reaction with allyl chloroformate in 

THF at —20 °C, providing 77 in 80 % yield with complete selectiv¬ 
ity for the desired product. Thus, with all three necessary stereocen¬ 

ters set, an alkyne moiety now had to be installed at C-7 from the 
resident protected alcohol to set the stage for the bridging couplings 
at the heart of the approach. Accordingly, the TBS group appended 

to the primary alcohol at this position in 77 was chemoselectively 
excised upon carefully monitored exposure to HC1 in THF in the 
presence of two other silyl groups. Such selective removal in the 

presence of what one might anticipate would be a more labile phe¬ 

nolic silyl group was due to the use of acidic conditions rather than 
fluoride, as the phenol oxygen is less Lewis basic due to resonance. 

The resultant deprotected alcohol was then oxidized under Swern 
conditions to afford 78 in 86 % overall yield. With an aldehyde 

unveiled off C-7, a subsequent Corey—Fuchs homologation32 com¬ 
pleted the alkyne in 62 % overall yield. A few minor protecting 
group manipulations then converted 79 into 80, a substrate amen¬ 

able for attempts to insert the olefinic linker that would finalize 
the l,5-diyne-3-ene motif of dynemicin A (1). 

Unfortunately, initial probes of Sonogashira-type reactions18 on 

substrates related to 80 led to no material in which the enediyne 
bridge had been fashioned, suggesting that perhaps the terminal 

alkynes possessed too poor a conformational disposition for the 
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Scheme 12. Danishefsky’s elaboration of 28 into diacetylene 80. 

event to succeed. But, as mentioned above, it had been forecasted 
that the presence of the C3-C8 epoxide would provide a series of 
additional test substrates that might possess a different, and poten¬ 

tially more favorable, conformation. Indeed, molecular modeling 
suggested that such a compound might constitute a superior sub¬ 

strate for ring closure, as the formation of a constrained ring at 
this position appeared to bring the termini of the two alkyne groups 
closer together. Thus, following the exchange of the Alloc group for 

Teoc protection (to facilitate the final stages of the synthesis) and 

cleavage of both acetate groups with NH3 in MeOH, the central 
C3-C8 double bond was then epoxidized with raCPBA in CH2C12 

as shown in Scheme 13. Unfortunately, once again 27 and related 

substrates failed to participate in a tandem Sonagashira reaction, 
suggesting recourse to a double Stille coupling reaction as the 

only remaining strategy to bring this compelling design to fruition. 
Remarkably, this strategy worked. Following the conversion of 27 
into 26 with A-iodosuccinamide (NIS) in the presence of catalytic 
AgN03, reaction with cA-l,2-distannylethene as promoted by 

Pd(PPh3)4 in DMF at 75 °C led to the desired product (83) in 

81 % yield! Two features of this amazing reaction that completed 

the quintessential structural motif of dynemicin A (1) are worthy 

...OH 

"OH 
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Scheme 13. Danishefsky’s synthesis of advanced intermediate 23. 
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of note. First, the reaction had to be conducted at a relatively low 
dilution (0.05 m) to minimize intermolecular dimerization, and, 
second, in the absence of the central epoxide motif (i. e. a C3-C8 
double bond instead), Stille coupling failed to proceed in the desired 
direction. Thus, this latter finding serves as an excellent example of 
how subtle conformational effects can play a deciding role in the 
success or failure of a given synthetic operation. 

Having now reached this advanced staging area after much toil, 
the completion of the targeted imidoquinone (23) was nearly within 
reach, needing only the conversion of the A-ring within 83 to that of 
the target molecule and the successful oxidation of its C-ring with¬ 
out triggering Bergman cycloaromatization. The first of these 
requirements was accomplished along similar lines as in the 
Myers synthesis. Accordingly, following selective protection of 
the more accessible alcohol function at C-5 as a triflate group 
with Tf20 and catalytic amounts of pyridine in CH2C12 at —20 °C, 
the remaining free alcohol was then oxidized to a ketone (84) in 
90% overall yield using Dess—Martin periodinane. A final reduc¬ 
tion with CrCl2 then excised the triflate,33 leading to 85 in which 
the needed carboxylic acid could be inserted by enolization and sub¬ 
sequent capture with C02. Once again, Rathke’s conditions28 proved 
to be the only means capable of accomplishing this task, and follow¬ 
ing treatment of the crude carboxylic acid with MOMC1 to trap it as a 
methoxymethyl ester, a final reaction with diazomethane (CH2N2) in 
MeOH then converted the enol into its methyl ether derivative (25) 
in 43 % overall yield. At this point, the Teoc group appended to the 
amine and the phenolic TBS group had to be cleaved, and then the 
resultant product had to be quickly and mildly converted into an 
imidoquinone (i. e. 23). Under optimized conditions, these require¬ 
ments were met in 60 % yield by treatment of 25 with TBAF in THF 
at 0 °C to afford the transient 86, followed by immediate reaction 
with PhI(OAc)2 at 0 °C. 

With the complete imidoquinone building block finally in hand, 
the Danishefsky group had only to identify a route to the Tamura- 
type homophthalic anhydride15 in order to create the diene system 
(cf. Scheme 3) that would hopefully permit the incorporation of 
the still-missing anthraquinone. The target for this endeavor was 
95 (see Scheme 14), which upon deprotonation was expected to 
afford the reactive 47T-component needed for the projected 
Diels-Alder reaction (i. e. 24). Although numerous sequences 
exist to synthesize such relatively simple fragments, the 
Danishefsky group elected to develop a unique sequence that 
ultimately accomplished its construction in a highly creative and 
concise manner. Because the key precursor to a cyclic anhydride 
is typically a dicarboxylic acid such as 93, these operations com¬ 
menced with a very powerful, but relatively under-utilized transfor¬ 
mation that proved capable of converting 87 directly into a diester 
analogue of that target, 92, in a single step.34 In the event, treatment 
of 87 with lithium tetramethylpiperidide (LiTMP) in THF at —78 °C 
presumably led to the initial formation of benzyne intermediate 88, 
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Scheme 14. Danishefsky’s synthesis of homophthalic anhydride 95. 

23 

which was then engaged by the anion of dimethyl malonate (also 

present in solution) to initiate a series of conversions that concluded 
with the formation of 92 in 71 % yield. One should note, however, 

that the mechanism shown in this scheme has been presented only to 
provide a reasonable picture as to how this reaction might proceed; 

no experiments seeking to verify its accuracy have yet been per¬ 

formed. Irrespective of this mechanistic uncertainty, it was clear 

that with 92 in hand only two operations remained to complete 
95. First, both methyl esters were saponified using KOH in aqueous 

methanol, and the resultant dicarboxylic acid product (93) 
underwent cyclodehydration in near quantitative yield in the 
presence of ethyl 2-(trimethysilyl)ethynyl ether (TMSEE)35 in 

CH2C12 at 0 °C. 

Having accomplished the synthesis of both coupling partners, the 

final steps of the projected total synthesis of dynemicin A (1) were 

explored immediately, starting, of course, with the merger of the DE 

subunit with the enediyne-containing tricycle 23. Thus, as shown in 

Scheme 15, the homophthalic anhydride (95) was treated with 
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LiHMDS in THF at 0°C for 35 minutes, leading to a bright yellow 

solution which presumably reflected the successful formation of 

diene 24. Following this event, the imidoquinone dienophile (23) 
was then added to the flask. After 35 minutes of additional stirring 

at 0 °C, the reaction mixture was treated with PhI(OCOCF3)2, hop¬ 

ing that if Diels—Alder cycloaddition and expulsion of C02 had 
proceeded as planned to generate 22, this unstable intermediate 

would then be successfully converted into anthracenol 97. Admir¬ 

ably, these conditions accomplished that goal, leading to the assem- 

I air, hv, THF, 20 h 

98 

MgBr2, Et20, 

0—>25 °C, 10 h 
(15% overall 

from 95) 

Scheme 15. Final stages and completion of Danishefsky’s total synthesis of dynemicin A (1). 
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97 

98 

bly of the anticipated product (97) and thus leaving only an oxida¬ 

tion and global deprotection to complete dynemicin A (1). Follow¬ 

ing a fair amount of reaction scouting, these terminating events 

were ultimately accomplished by first exposing 97 to daylight 

under aerobic conditions, followed by treatment of the resultant 

anthraquinone (98) with MgBr2 in Et20.36 Overall, synthetic 

dynemicin A (1) was obtained in a combined yield of 15% for 

the four operations that started from 95. While this numerical out¬ 

come might seem low, it was not due to any inefficiency in the reac¬ 

tions themselves, but rather reflects the instability of several of the 

intermediates as well as the difficulty in purifying and isolating 1 
from the final deprotection step. Thus, the accomplishment of this 

second total synthesis of dynemicin A (1) over the course of 33 syn¬ 

thetic operations is unquestionably an impressive achievement that 
required both ingenuity and keen experimental skill, particularly in 

its finale. 

4.4 Conclusion 

MOMO 

MOMO 

95 

In this chapter, we have witnessed two highly effective sequences 
capable of delivering dynemicin A (1) despite the numerous syn¬ 

thetic challenges presented by its many sensitive motifs. Key to 
the success of each approach was the implementation of a bold stra¬ 

tegy to generate the strained 10-membered enediyne system effec¬ 
tively and the development of novel extensions of the Diels—Alder 

reaction to append rings that could be quickly elaborated to the 
anthraquinone subunit. Of equal importance to these major com¬ 

plexity-building steps was the judicious selection and modification 
of reaction conditions for several operations that would likely be tri¬ 

vial on more conventional targets, but constituted formidable tasks 

here due to the subtle and unique intricacies of dynemicin A. 
Beyond the contributions that each synthesis has conferred upon 

the general body of fundamental knowledge in the realm of syn¬ 
thetic chemistry, these research programs have also greatly 
impacted our appreciation for the unique mode of biological activity 

of dynemicin A. Indeed, both the Myers and Danishefsky groups 

utilized their developed sequences to generate a host of synthetic 
analogues whose subsequent examination has revealed the veracity 

of the postulated mode of action defined in Scheme 1 as well as 

provided other interesting insights.9,1°-37 Hopefully, further studies 

within the enediyne class, combined with the identification of 

other methods capable of priming a molecule to enable it to interact 
with a specific target, will eventually provide enough information 

to enable chemists to design compounds that can selectively 

engage any biomolecule. Although accomplishing this goal 

might seem fanciful in light of our present capabilities, research 

programs such as these have brought its potential attainment closer 

to reality. 
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4.5 Schreiber’s Synthesis of Tri-O-Methyl 
Dynemicin A Methyl Ester 

Although the Myers and Danishefsky groups were the first to com¬ 

plete total syntheses of dynemicin A (1), the core architecture of the 

entire natural product had, in fact, been completed several months 
earlier by Professor Stuart L. Schreiber and his group at Yale Univer¬ 

sity (now at Harvard University).38 All that separated the advanced 

structure synthesized by these researchers (107, Scheme 16) from 
the final target were three phenolic methyl ethers, which, unfortu¬ 

nately, proved resilient to cleavage. As such, the developed route 
cannot constitute a total synthesis in the strict sense of the defini¬ 

tion. However, based on our discussion above, the accomplishment 
of even this advanced compound is certainly laudable, and, for this 

reason, this work is included here because it provides an alternative 
and especially creative solution for the construction of the key 

architectural elements of dynemicin A. 
The critical transformation that these researchers sought to 

accomplish was the formation of the 10-membered enediyne ring 
and the A-ring in a single step, rather than the appendage of the 
enediyne motif onto an already established tricyclic system as 

both the Myers and Danishefsky groups had done. Thus, they 
forecasted that an initial macrolactonization between the free acid 

and alcohol motifs in 99 could lead to 100, an intermediate pro¬ 
grammed for a transannular Diels—Alder reaction that could pro¬ 

vide 101 in the same step. As shown, this strategy was indeed 

reduced to practice with the formation of 101 in 50 % yield follow¬ 
ing the exposure of 99 to the standard Yamaguchi macrolactoniza¬ 
tion conditions (2,4,6-trichlorobenzoyl chloride, Et3N, PyBroP®) 

at ambient temperature over 13 hours. The remarkable facility of 
this amazing sequence is likely due to the inferred excellent proxi¬ 

mity and alignment of the diene in relation to the macrocyclic die- 
nophile, enforced by the unique structural characteristics of the ene¬ 

diyne system, combined with a low energy of activation. Signifi¬ 
cantly, in the absence of the macrolactone, 99 itself could not be 

induced to participate in an intramolecular [4+2] cycloaddition 
even though it possesses both a diene and dienophile. Accordingly, 

transannular activation, accomplished by initial macrocycle for¬ 
mation, clearly represented the crucial facet for the success of this 

conversion.39 
With this advanced structure (101) in hand, subsequent adjust¬ 

ment of its A-ring functionality to 102 enabled the anthraquinone 

portion to be attached not through a Diels-Alder reaction, but 

instead through an interesting Friedel—Crafts alkylation using 103 
and activated with AgOTf. Methyl capture by the enol function 

within this product using K2C03 and Mel in acetone then completed 

the assembly of 104 in 57 % yield, enabling subsequent conversion 

into 107 over the course of several steps. For certain, the Schreiber 

107 

99 
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Scheme 16. Schreiber’s synthesis of tri-O-methyl dynemicin A methyl ester (107). 
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group developed a highly inventive route to attain this advanced 

structure, affording powerful testimony to the creative sequences 

that the modern repertoire of synthetic transformations can accom¬ 
plish when cleverly orchestrated. By the same token, this work also 

reveals the uncompromising nature of total synthesis in that a 

simple protecting group can single-handedly block the completion 

of a given target molecule. 
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E. J. Corey (1996) 

Ecteinascidin 743 

5.1 Introduction 

Anyone who has been fortunate enough to go diving in tropical 
waters has no doubt been entranced by the bright and wondrous 

assortment of colors found in many of the native sponges and cor¬ 
als. Unfortunately, such beautiful pigmentation also renders these 
stationary, soft-bodied organisms as highly attractive (and obvious) 

targets for marine predators. As a result, evolutionary pressure has 
endowed these species with an elaborate series of chemical defense 
systems in order to facilitate their survival, most of which rely on 

several highly toxic compounds meant to kill any creature that 
ingests them. While such natural selection has served its intended 

purpose quite effectively up to this point, a fortunate by-product 
for humanity is the ability of these secondary metabolites to often 

interact selectively with elements of the cellular machinery in pre¬ 
viously unknown ways, thereby pointing to new chemotherapeutic 

approaches. 
Such was the case with a collection of natural products obtained in 

1969 from the crude aqueous ethanol extracts of the tunicate Ectein- 

ascidia turbinata.1 Not only did this mixture of compounds display 
impressive in vitro cytotoxicity against a variety of cancer cell lines 

in the picomolar to low nanomolar range, but they were the most 
potent marine-based antitumor agents screened between 1972 and 

1980 by the National Cancer Institute in the United States.2 Unfor¬ 

tunately, for nearly two decades following these studies, all attempts 

to isolate the specific molecular entities responsible for such 

impressive biological activity proved fruitless as the active compo¬ 
nents decomposed irrespective of how they were handled. Follow¬ 

ing the development of new chromatographic technology, however, 

Key concepts: 

• Pictet-Spengler 
condensations 

• Quinone methides 

• Mannich annulation 

• Curtius rearrangement 

• Biomimetic synthesis 
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1: ecteinascidin 743, R1 = Me, R2 = OH 
2: ecteinascidin 729, R1 = H, R2 = OH 
3: ecteinascidin 745, R1 = Me, R2 = H 
4: ecteinascidin 770, R1 = Me, R2 = CN 

OMe 

5: saframycin A, R1 = H, R2 = CN 
6: saframycin B, R1 = H, R2 = H 
7: saframycin C, R1 = OMe, R2 = H 
8: saframycin S, R1 = H, R2 = OH 

Scheme 1. Structures of selected members of the ecteinascidin (1-4) and saframycin (5-8) families of 
natural products. 

tetrahydroisoquinoline 

Professor Kenneth Rinehart and his co-workers from the University 
of Illinois at Urbana-Champaign were able to obtain minute (sub¬ 

milligram) quantities of the active constituents in 1986, and, after 
they were subjected to exhaustive NMR spectroscopic and X-ray 

crystallographic studies, their complete structures (such as 1 -4, 
Scheme 1) were finally unveiled to the world in 1990.3 Of these, 
ecteinascidin 743 (1) was the most potent as well as the most abun¬ 

dant. 
Although the amazing structural constitution of the ecteinascidins 

was unprecedented at the time of their characterization, as is simi¬ 

larly true today, these natural products can, in fact, be classified 

within a large family of secondary metabolites that are unified by 

the presence of several tetrahydroisoquinoline-type subunits (see 
column figure).4 In particular, ecteinascidin 743 (1) and its relatives 

(2-4) bear significant structural homology to the well-known safra¬ 
mycin family of antitumor antibiotics (5-8, Scheme 1), differing 

primarily in the oxidation state of their terminal rings in the central 
pentacyclic array as well as in the degree of functionalization at C-4, 

which in the case of the ecteinascidins constitutes the attachment 

point for a ten-membered macrolactone bearing a sulfur atom and 

an additional tetrahydroisoquinoline system.3 Indeed, while these 
two major disparities render the ecteinascidins far more imposing 

as synthetic targets, the core motifs that are shared by these families 

of compounds lead to the same mode of antitumor activity based on 
DNA alkylation within the minor groove. 

As several studies have indicated, it is the presence of either a 
nitrile or a hydroxy group at C-21 in close proximity to a nitrogen 

atom that is critical for the biological activity of each of these nat¬ 

ural products.6,7 If these particular functional groups are activated 
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Scheme 2. Postulated mechanisms of cytotoxic action initiated by saframycin A (5). 

through an event such as protonation, as shown in Scheme 2 using 

the nitrile within saframycin A (5) as a representative model, the 

neighboring nitrogen atom in 9 is suitably disposed to expel the 
newly generated leaving group to afford iminium 10. This reactive 

species could then be trapped reversibly by water (to form 11) or, if 

formed in the nucleus, by the free amine of a guanine residue in 

DNA.6 Alternatively, if saframycin A (5) is reduced to its hydro- 
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quinone form 12 before being engaged by the genetic material, the 

resultant free phenol could lead to fission of the nitrogen-bearing 

ring in combination with cyanide expulsion through the defined 

mechanistic pathway to afford a highly reactive o-quinone methide 
(13). A guanine residue within DNA could then either attack this 

entity directly or its alternate iminium form (14), thereby leading 
to the formation of a new covalent bond at C-21.7 Irrespective of 

which mechanistic scenario prevails, this alkylation event alone is 

insufficient to induce apoptosis since the formation of a diamino 

aminal is subject to thermal reversion. When bound, though, any 

saframycin or ecteinascidin in its hydroquinone form can reduce 
molecular oxygen to superoxide, thereby generating Nature’s dead¬ 

liest of bullets, the hydroxyl radical, which immediately leads to 
cellular death by rupturing the backbone of DNA. Accordingly, 
this paradigm demonstrates yet another example of a unique trigger¬ 

ing system developed by Nature to achieve specific cytotoxic activ¬ 

ity, much in the style of the enediyne antitumor antibiotics such as 

calicheamicin yi (Chapter 30, Classics I) and dynemicin A (Chapter 
4, Classics II). One should note, however, that gene-based profiling 
studies suggest that ecteinascidin 743 (1) may exhibit additional 

modes of cellular intervention; any additional molecular target(s) 

currently remain unknown.8 
Because the general model for cytotoxic behavior as defined in 

Scheme 2 constitutes a unique and potentially effective strategy 
for cancer chemotherapy, ecteinascidin 743 (1) was viewed as an 

extremely promising clinical candidate in the early 1990s. Indeed, 
initial studies with animals heightened this appraisal as 
ecteinascidin 743 (1) proved so efficacious that it was anticipated 

that human subjects would require only 5 mg of this natural product 

to experience curative effects for several forms of cancer. Although 
this amount of compound may seem trivial, particularly when com¬ 

pared with typical doses for other anticancer agents, the prospects 
for obtaining sufficient material to enable advanced clinical trials 

involving hundreds of patients unfortunately seemed relatively 
bleak due to both the scarcity of the marine source and the severe 

challenge of isolating the natural product from the available sponge 
supply (1 g of ecteinascidin 743 requires 1 ton of sponge). In 1996, 

however, Professor E. J. Corey and his associates at Harvard Uni¬ 

versity provided a solution to this supply problem by developing 
an ingenious and highly efficient laboratory synthesis of this for¬ 

midable synthetic target9 which has subsequently enabled its 

large-scale preparation.10 In this chapter, we will examine this 

instructive total synthesis of ecteinascidin 743 (1) in its optimized 
form,11 an achievement whose success ultimately derived from the 

recognition of several subtle, but crucial, synthetic clues provided 

by Nature. 
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5.2 Retrosynthetic Analysis and Strategy 

Although the formidable architecture of ecteinascidin 743 (1) 
encompasses a host of complicated problems that are certain to 

challenge the prowess of any synthetic practitioner, Nature’s likely 

synthesis of this natural product suggests several potential retrosyn¬ 
thetic avenues to render this target more manageable.12 As shown in 

Scheme 3, the biosynthesis of ecteinascidin 743 (1) can be pre¬ 

sumed to commence through the dehydrative dimerization of two 
tyrosine (16) units to afford the symmetric bisamide 17. Subsequent 

reduction of this intermediate to an unstable bismethanolamine (18) 
would then enable the construction of the “right-hand” tetrahydroi- 

soquinoline subunit in 19 through a Mannich annulation. In this 

event, one of the newly generated hydroxy groups in 18 is activated 
as a leaving group either through protic or enzymatic assistance, and 
then expelled by an adjacent nitrogen atom to afford an incipient 

iminium ion which is then engaged by the electron-rich aromatic 
core. Apart from forging this critical domain, however, this step 

also serves to desymmetrize the growing molecule as only one aro¬ 
matic ring within 18 participates in the reaction. Next, a facile Pic¬ 

tet—Spengler cyclization between 19 and an appropriate aldehyde (a 
reaction that we will discuss in more detail shortly) would complete 
the second tetrahydroisoquinoline subunit within the core of the 

ecteinascidins, leaving only incorporation of the ten-membered lac¬ 
tone to establish the entire gross molecular skeleton of this family of 

natural products. In principle, this final objective could be achieved 
if 20 were oxidized to its reactive quinone methide congener 21, the 
same type of intermediate that was invoked earlier in Scheme 2 as 

an electrophilic species that could be engaged by DNA. In this 
case, however, the quinone methide is intercepted by a nucleophilic 
sulfur atom appended to a tetrahydroisoquinoline system, leading to 

the incorporation of the third and final such unit as expressed in 22. 
Subsequent assembly of the ten-membered lactone ring using func¬ 

tionality derived from the R group at C-l and adjustment of the oxi¬ 
dation and substitution patterns on each of the three aromatic rings 

would then complete the biosynthesis of the ecteinascidins.9 
While executing a chemical synthesis directly patterned on this 

attractive biogenetic scheme would be highly challenging (as it 

would be hard to garner control of selective conversions such as 
17 into 19 which are easily executed with enzymes), several of 

the key ring forming steps establish a useful framework for how 
one might consider generating these motifs in the laboratory. 

Indeed, it was with these general operations in mind that the 

Corey group developed their synthetic blueprint towards 
ecteinascidin 743 (1). The initial disconnections are shown in 

Scheme 4. 
Anticipating that the central pentacyclic core of ecteinascidin 743 

(1) would need to be constructed prior to the formation of either the 

ten-membered lactone (ring F) or its appended tetrahydroisoquino- 

OH 

OH 
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Scheme 3. Postulated biosynthesis of the ecteinascidins. 



5.2 Retrosynthetic Analysis and Strategy 115 

Chemoselective 
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Esterification 

Allyl02CHN 
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Quinone methide 
capture 
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28 

Scheme 4. Retrosynthetic analysis of ecteinascidin 743 (1): initial stages. 
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HO 

MeO 
NH2 

23 

line system (rings G and H), all the opening simplifications sought 

to excise these structural segments to reveal such a polycyclic sub¬ 
goal structure. Accordingly, the GH tetrahydroisoquinoline motif of 

1 was cleaved first at the indicated bonds to reveal a ketone within 

the ten-membered ring of 24, forecasting that a Pictet—Spengler 

cyclization between this intermediate and amine 23 could success¬ 

fully forge this domain in the late-stages of the synthesis. In general, 

this transformation constitutes one of the most typical methods to 
fashion such ring systems and proceeds through the mechanism 

defined in Scheme 5: after the formation of an imine (32), protona¬ 

tion leads to an electrophilic species (33), which can then be cap¬ 

tured through a Mannich cyclization to afford the desired product 
35 via 34.13 The only drawback to this powerful reaction is the 

requirement that the aromatic ring must carry activating substituents 

at appropiate positions in order to provide suitable electronic char¬ 
acter for annulation to occur as aromaticity is destroyed during this 

event. Since the tyrosine system required for the synthesis of this 

tetrahydroisoquinoline system in ecteinascidin 743 (1) contains 
such electron-donating substituents at two sites, the success of 

this ring-forming process would virtually seem assured and might 

Mannich > 
reaction < 

Based on inductive effects, 
EWG's at C-2 and C-4 

hinder reaction, while EDG's 
at C-3 and C-5 significantly 

accelerate the reaction 

Scheme 5. The Pictet-Spengler reaction (a) and proposed mechanism (b). EDG = electron-donating 
group, EWG = electron-withdrawing group. 
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even proceed under exceedingly mild conditions during the actual 

synthesis. 
The major issue clouding this initial disconnection, however, was 

not the formation of the tetrahydroisoquinoline system itself, but 

whether or not the spiro linkage at the C-l' position would be gen¬ 

erated in a stereocontrolled manner. Based on the mechanism of the 
Pictet—Spengler reaction defined in Scheme 5, though, there was 

reason to believe that such stereoselectivity could be achieved. 
While the cationic cyclohexadiene system in 34 is likely to con¬ 

stitute a fleeting intermediate since there is a strong driving force 

to restore its aromaticity to form either 33 or 35, it is conceivable 
that this species would be dramatically stabilized if it were stacked 

above the electron-rich A-ring in 24 (Scheme 4). As a result, such 

an interaction would direct the orientation of the isoquinoline sys¬ 
tem in the direction required for the asymmetric generation of the 

C-l' quaternary center. Even if all of the material did not cyclize 
immediately along these lines, since all the steps in the Pictet- 

Spengler reaction are reversible, as long as the overall event is 
under thermodynamic control then the preferred spiro linkage 
should result exclusively because a n-stacked product is more stable 

than one that lacks this secondary interaction. A second contribut¬ 
ing feature for such selectivity derives from steric interactions, in 

that the alternate spiro linkage would afford a product in which 
the G- and E-rings and their substituents would be far more crowded 

than in the desired adduct. 
Assuming success in this late-stage operation in terms of stereose¬ 

lectivity, the only other disconnection separating 1 from 24 was 
modification of the hydroxy group at C-21 to a nitrile function. 

Along the lines of Scheme 2, it appeared reasonable to the Corey 

group that suitable activation of this group in 24, followed by 
imine formation as would occur through the participation of the 
nitrogen atom of the adjacent ring, could then lead to the free alco¬ 
hol of ecteinascidin 743 (1) through attack of nucleophilic water 

from the more accessible, convex face. In this regard, the nitrile 
group in 24 could be considered simply as a masked form of this 

motif to be carried through several steps of the synthesis. 
Having excised the G- and H-rings, the opportunity now seemed 

ripe to disconnect the far more formidable ten-membered F-ring 
along the lines of the biosynthetic hypothesis defined above in 
Scheme 3 in which a sulfur nucleophile engaged an intermediate 

quinone methide. While easily stated, successful application of 

this strategy to a laboratory synthesis would undoubtedly require 

the development of an inventive and chemoselective protocol in 
order to form such a reactive intermediate. In this vein, the Corey 

group anticipated that if a compound such as 26 could be synthe¬ 

sized, then the C-10 hydroxy group within it could be eliminated 
under suitable conditions to afford o-quinone methide 25, a species 

which could then be engaged by a sulfur atom tethered through C-l 

to form 24 in a stereospecific manner. Since the nucleophilic thio- 

late would likely have to be protected throughout the course of 

117 
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OMe 

27 

the sequence leading to 26, however, this nucleophile would need to 

be generated in the same step as the o-quinone methide for this 

approach to prove successful. Accordingly, as basic conditions 

could be envisioned to lead to the elimination of the C-10 hydroxy 

group, the 9-fluorenyl protecting group was selected at this stage for 

the thiol group, since it too is base-sensitive due to double benzylic 

activation (as shown in the cleavage mechanism in the neighboring 
column).14 Overall, this sequence certainly constitutes a challenging 

set of operations that would likely require significant empirical 

investigation to effect. If successful, the cascade would fashion 

this critical motif in a highly efficient manner. Before continuing 

with this analysis, one should also note that although the ketone 
in 24 has been converted into the stable ,/V-allyloxycarbonyl in 25 
and 26, these groups are synthetically equivalent since deprotection 

of the Alloc group, followed by an oxidative transamination reaction 

with imine formation and hydrolysis, would afford a ketone. 
While this initial spate of disconnections has removed a challeng¬ 

ing subset of the formidable structural elements of the ecteinascidin 

architecture, the remaining motifs within 26, including five rings 
and six stereocenters, are still quite daunting. However, following 
several modifications (excision of the ester side chain, removal of 

the C-10 hydroxy group, adjustment of the C-21 nitrile to a precur¬ 

sor ketone, and conversion of the E-ring methyl group into a 
hydroxy group), a more manageable pentacyclic array (27) resulted 

which seemed primed for a series of highly productive disconnec¬ 

tions based on the biosynthetic hypothesis discussed above. In 
this regard, it would seem reasonable to presume that the D-ring 
in 27 could be disassembled directly at this juncture to intermediate 

30 by counting on a Mannich-type bisannulation event to forge this 

motif during the synthesis.15 Although this transformation is remi¬ 
niscent of the conversion of 17 into 19 mentioned earlier (cf. 
Scheme 3), the true brilliance of the design in this context rested 

in the recognition that the unstable aminal intermediate needed to 

ultimately generate a reactive iminium electrophile (28) for eventual 
cyclization could be masked as a lactol (30). Thus, upon acidic 

hydrolysis of this motif at the appropriate juncture- in the synthesis, 
aldehyde 29 should be revealed which could form a hemiaminal 

with the adjacent N-12 amine and thereby initiate the cascade 

sequence envisioned for the synthesis of 27. 
Having reached this new intermediate, lactol 30 (see Scheme 6) 

could, of course, be derived from its corresponding lactone (36) 
through a controlled reduction, providing a new subgoal structure 

whose amide linkage could then be retrosynthetically dissected 
into two major fragments: amine 37 and carboxylic acid 38. Exploi¬ 

tation of another Pictet—Spengler disconnection, this time in the 

intramolecular sense, would then afford 39 from tetrahydroisoqui- 

noline 37 (in which the requisite aldehyde has been masked as a 

dimethyl acetal in 39). In the forward direction, this ring-forming 

process should lead to the stereoselective formation of the C-l 

stereogenic center, assuming that 39 was homochiral. 
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Scheme 6. Retrosynthetic analysis of ecteinascidin 743 (1): final stages. 

Thus, based on these final simplifications, the synthesis of 

ecteinascidin 743 (1) has been reduced to the creation of two build¬ 

ing blocks of relatively similar complexity (38 and 39), each bear¬ 
ing only one stereogenic center and a protected amine. In principle, 

the latter elements could result in both fragments from the asym- 
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BnO O 

OMe 

BnO O 

OMe 

metric hydrogenation of an alkene (present in intermediates 40 and 

41) and a Curtius rearrangement of an acyl azide derived from a pre¬ 

cursor carboxylic acid (42 and 43), events with ample prece¬ 

dent.16,17 

5.3 Total Synthesis 

Our discussion of the Corey group’s total synthesis of ecteinascidin 

743 (1) begins with efforts directed towards the expedient assembly 

of the right-hand building block, E-ring 38. In order to explore the 

overall feasibility of the key steps envisioned for the construction of 
this piece as mentioned above, namely a Curtius rearrangement to 

install the amide portion and an asymmetric hydrogenation to estab¬ 
lish its lone stereocenter, a synthesis of a,P-unsaturated acid 43 was 

required first. As indicated in Scheme 7, this initial objective pro¬ 

vided no difficulties as it was smoothly met in just four operations 
from the commercially available methyl ester 44. Silylation of both 

free phenols (TBSC1, Et3N, 4-DMAP) was followed by reduction of 
the methyl ester with DIBAL-H to the corresponding primary alco¬ 

hol and oxidation with PDC to generate aldehyde 45 in near quan¬ 

titative yield. Subsequent condensation of this product 45 with 
monomethyl malonate then completed the synthesis of 43 in 92 % 

yield as a mixture of E and Z isomers (1:1) around the newly formed 

double bond. 
At first glance, the generation of both stereoisomers of 43 follow¬ 

ing this reaction would seem inherently deleterious to the overall 

efficiency of this synthetic sequence, as the eventual asymmetric 
hydrogenation of this alkene would require complete stereochemi¬ 

cal fidelity of this motif to provide any enantiomeric excess. As 
such, these isomers would need to be separated before pressing for¬ 

ward with the synthesis. Following sufficient analysis, however, the 
Corey group realized that this situation could be corrected without 

any such travail through a successful Curtius rearrangement in the 

next synthetic operation, as that event could offer- the opportunity 
for productive isomerization. This conjecture fortunately proved 

accurate. Upon heating both isomers of 43 with diphenylphosphoryl 

azide (DPPA)18 in toluene at 70 °C for 2 hours (during which time 
the intermediate acyl azide 46 underwent pyrolysis to isocyanide 

47 by expulsion of nitrogen), followed by trapping with benzyl 

alcohol, amide (Z)-50 was generated as a single isomer with respect 
to the geometry around the central C—C double bond. The reason 

for this fortunate result, however, is not obvious from the defined 

mechanistic picture in Scheme 7 and is worthy of some additional 
comment. 

As has been demonstrated through countless examples of this 

rearrangement process in chemical synthesis,17 the migration reac¬ 
tion that converts an intermediate such as 46 into 47 always pro¬ 

ceeds with retention of stereochemical configuration. Thus, follow- 
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Scheme 7. Synthesis of building block 38. 
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Rh[(COD)-(R,R)-DIPAMP]+BF4' 

ing the formation of both isocyanide 47 and its E isomer (49, see 

column figure), these adducts must have isomerized exclusively 

to 47 after their generation in order for all Qf the material to have 
siphoned towards 50. As shown in the adjoining column figures, 

this transformation could have occurred through the thermally pro¬ 

moted isomerization of intermediates 48a and 48b, assuming that 

47 is the thermodynamically favored entity by several kcal/mol. 

Because 48a and 48b can rotate around the indicated axis and 

both 47 and 49 will seek to adopt a planar orientation such that 

maximal conjugation of their many unsaturated elements can be 

achieved, this assertion would appear to be valid as in a Z orienta¬ 

tion (i. e. 47) the isocyanide group can readily point its bulk away 
from any substituent on the aromatic ring. The alternative possibi¬ 

lity (49) would incur a significant penalty through the indicated 

steric interaction. As a result, the initial mixture of 47 and 49 
must have equilibrated along this pathway exclusively to 47, 
thereby leading to the desired product upon the addition of benzyl 

alcohol. Overall, this general solution utilizing the inherent topol¬ 
ogy of the substrate to effect a selective Curtius rearrangement 

was unprecedented before the advent of this synthesis and clearly 
stands out as a useful method for the stereospecific synthesis of 

such compounds. 
With amide 50 successfully in hand as a single isomer, asym¬ 

metric hydrogenation using the famous Monsanto catalyst 
[Rh{(COD)-(/?,/?)-DIPAMP}]+BF4 proceeded as previously estab¬ 

lished by Kagan and co-workers on related substrates16 under 
three atmospheres of hydrogen to provide 51 in quantitative yield 

and with an impressive 96 % ee. Having now executed the key 
operations for the synthesis of this fragment, carboxylic acid 38 
was then completed in short order through hydrogenative removal 
of the benzyloxy carbonyl protecting group using 10% Pd/C, fol¬ 

lowed by reprotection of the resultant free amine as an allyl carba¬ 

mate (AllylOCOCl, py, 25 °C) and hydrolysis of the methyl ester.19 
These events proceeded in greater than 90 % overall yield. 

Having discussed the complete synthesis of one of the two main 
building blocks, we can now turn our attention to the preparation 

of the slightly more complex fragment 39 based on a plan that pre¬ 

dominantly mirrored that for 38. Accordingly, the first critical 

operation was a condensation reaction between an aldehyde inter¬ 
mediate and a malonate derivative (see Scheme 9) to generate a 

new alkene for eventual asymmetric hydrogenation; the synthesis 

of the aryl aldehyde needed for this operation, compound 58, is deli¬ 
neated in Scheme 8 starting with the methoxymethyl (MOM)-pro- 

tected 53. Although all that fundamentally separated this starting 

material and the desired product was the incorporation of additional 

functionality on the aromatic ring, in order to achieve this objective 

the Corey group needed to apply synthetic technology capable of 
engendering the requisite site selectivity. In this regard, the inclu¬ 

sion of the MOM protecting group within 53 was far from random 

in that its presence could be utilized productively to direct the 
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Scheme 8. Synthesis of aryl building block 58. 

specific location of lithiation, which would enable the controlled 

introduction of these motifs upon the subsequent addition of the 
appropriate electrophiles. This strategy indeed proved productive, 

as upon initial treatment of 53 with 3 equivalents of rc-BuLi in 
the presence of tetramethylethylenediamine in hexane at 0 °C over 
4 hours, lithiation occurred exclusively at the most hindered site 

on the aromatic ring (to give 54) since this species could benefit 
from maximal coordination with the available oxygen atoms. With 

the addition of Mel and subsequent warming to ambient tempera¬ 
ture, 55 was then generated in 87 % yield. A second iteration of 
this sequence, this time with selective lithiation at the unsubstituted 

position adjacent to the MOM-protected phenol (56), completed the 
assembly of aldehyde 57 following the reaction of this intermediate 

with DMF, a well-known formyl cation equivalent. Having accom¬ 

plished its role as a lithiation director, the MOM group was no 
longer required for the remainder of the projected synthesis of ectei- 

nascidin 743 (1), and, as such, was excised at this juncture with 
methanesulfonic acid in CH2C12 at 0 °C and replaced with a benzyl 

group under standard conditions to afford 58 in 86 % overall yield. 

Following the synthesis of allyl 2,2-dimethoxyethyl malonate 
(60) from 59 (Scheme 9), aldehyde 58 was condensed with this 

intermediate in the presence of AcOH and pyrrolidine in benzene 

to provide a,(3-unsaturated intermediate 61 in near quantitative 

yield as a mixture of E and Z isomers. As before, the generation 
of a mixture of isomers at this point in the synthesis was ultimately 
of no consequence, as directly after selective cleavage of the allyl 

protecting group with Pd(PPh3)4 in buffered media (Et3N*HCOOH), 

Curtius rearrangement of the resultant carboxylic acid (42) afforded 

o o 
X X 
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Scheme 9. Synthesis of key intermediate 39. 

OMe 

Cbz-protected amine 40 in 87 % overall yield from 61, and as a sin¬ 

gle stereoisomer, through the same isomerization pathway presented 
in the context of Scheme 7. Asymmetric hydrogenation of the lone 

C—C double bond in this intermediate using the identical asym¬ 
metric catalyst system encountered earlier then completed the 

assembly of 39 in 97 % yield and with 96 % ee. 

With an eye towards merging this half of the molecule with the 
already synthesized “right-hand” portion (38), compound 39 first 

had to be converted into the tricyclic lactone 37, a task for which 

an intramolecular Pictet—Spengler reaction was deemed to be 

ideal. As shown in Scheme 10, this objective was smoothly met 
upon initial BF3,OEt2-mediated cleavage of the dimethyl acetal, fol¬ 

lowed by cyclization of the resultant aldehyde (62) to the tetrahy- 

droisoquinoline ring system of 63 in 73 % overall yield over the 

course of 18 hours in CH2C12 through the action of BF3’OEt2 in 

the presence of 4-A molecular sieves. As expected, 63 was gener¬ 

ated as a single diastereomer. Subsequent cleavage of the Cbz 

group guarding the nitrogen atom under standard hydrogenation 
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conditions then completed the preparative steps required before the 
critical reactions at the heart of the overall strategy could be explored. 

Thus, at this juncture, the previously parallel nature of the syn¬ 
thesis converged into a single linear sequence as the two key frag¬ 
ments (37 and 38) were smoothly merged through a peptide bond¬ 
forming event by adding a solution of the acylating reagent obtained 
from 38, l-hydroxy-7-azabenzotriazole (HOAt), 2-chloro-l,3- 
dimethylimidazolidinium hexafluorophosphate (CIP), and Et3N 
dropwise at 0°C to amino lactone 37 in THF.20 With the desired 
adduct (36) in hand, the opportunity to test the Mannich sequence 
envisaged for the construction of the second tetrahydroisoquinoline 
system was nearly reached, merely requiring some initial adjust¬ 
ment of the functionality within 36 to form 30 through relatively 
standard chemistry: a) protection of the free phenol as an allyl 
ether; b) selective reduction of the lactone to the lactol with 
1.1 equivalents of LiAlH2(OEt)2 (freshly prepared by the addition 
of 1 equivalent of ethyl acetate to a solution of LiAlH4 in diethyl 
ether at 0°C and stirring for 2 hours);21 and c) cleavage of the 
two silyl ethers on the aromatic E-ring using excess KF in 
MeOH. Before moving forward, however, one should note that 
although the reducing agent employed in the second operation 
might seem relatively esoteric, it proved critical for material 
throughput (92 % for this step) as more conventional reductants, 
such as DIBAL-H in toluene and triisopropylbutyl aluminum in 
Et20, afforded the desired lactol in yields of only 41 and 73%, 
respectively. 

With all the desired motifs now in place, probes of the Mannich 
annulation step commenced in earnest. Most pleasingly, careful 
exposure of lactol 30 to 0.6 m trifluoromethanesulfonic acid and cat¬ 
alytic t-butylhydroxytoluene (BHT, a radical scavenger) in a solvent 
mixture comprised of water and trifluoroethanol (3:2) at 45 °C for 
7 hours led to its anticipated conversion into 27. As discussed ear¬ 
lier, this most productive event can be rationalized through the 
mechanistic picture shown in Scheme 10 in which a series of equi¬ 
libria initiated by acid catalysis led to initial opening of lactol 30 to 
afford intermediate 29; the strategically tethered aldehyde was then 
engaged by the secondary alloc-protected amine to form the 
unstable aminal 64, whose hydroxy group was subsequently elimi¬ 
nated through proton capture leading to the iminium species 28 
required for eventual Mannich annulation to 27. The last five 
steps shown in Scheme 10, which effected the union of the two 
major building blocks and established all the rings within the 
ecteinascidin 743 core, proceeded in an impressive overall yield 
of 57 %, a result that constitutes an average yield of 92 % per step. 

Having now appended both tetrahydroisoquinoline systems onto 
the central C-ring piperazine, the only major synthetic objective 
remaining to complete the total synthesis of ecteinascidin 743 (1) 
was the formation of the ten-membered macrocyclic F-ring lactone 
through the envisioned biomimetic o-quinone methide capture. 
Before this operation could be explored, however, several func- 
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tional group manipulations of 27 were required, most of which are 

delineated in Scheme 11. First, having served its purpose as a means 
to link the major building blocks together in the initial creation of 

36 (cf. Scheme 10), the C-21 carbonyl functionality was no longer 

needed and, thus, was converted into a nitrile (i.e. 65) in 87 % yield 
through initial formation of an aminal, as effected with LiAl- 

H2(OEt)2, followed by acid-catalyzed elimination and cyanide cap¬ 

ture. As before, this particular reducing reagent proved uniquely 
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Scheme 11. Elaboration of intermediate 27 to 69. 
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suitable for the controlled, partial reduction of the synthetic inter¬ 

mediate. As such, despite the fact that LiAlH2(OEt)2 has been 

employed quite rarely in complex molecule synthesis, its high 
level of success in two operations within the ecteinascidin context 

seems to indicate that it is a reducing agent worth examining 

when more conventional hydride sources fail. 
With the C-21 hydroxy group of ecteinascidin 743 installed in a 

masked form, the functionality in the aromatic E-ring now had to 

be adjusted to fit that of the final target. For example, although 

the incorporation of phenols at both the C-16 and C-18 positions 

facilitated the formation of 27 through the biomimetic Mannich 
sequence by providing a C2-symmetric E-ring prior to cyclization, 

the cost of this benefit was the requirement that the C-16 phenol 

would subsequently have to be selectively converted into a methyl 

group to match ecteinascidin 743 (1). Based on the gross architec¬ 
ture of 65, however, such an objective was not considered challeng¬ 

ing at this stage, since the Mannich annulation placed the C-18 phe¬ 
nol in a highly hindered environment, thereby making the C-16 

hydroxy group far more accessible. Indeed, upon subsequent treat¬ 
ment of 65 with the McMurry—Hendrickson reagent (Tf2NPh)22 in 

the presence of Et3N and 4-DMAP, this position was selectively 

converted into an aryl triflate in anticipation of an eventual Stille 
coupling reaction with Me4Sn to convert this new motif into the 

requisite methyl group of 1. Before this modification was pursued, 
however, several additional structural alterations (particularly pro¬ 

tecting group manipulations) were executed first. Thus, treatment 
of the C-16 triflate congener of 65 with TBSC1 afforded protection 

of both the remaining E-ring phenol and the primary alcohol 
appended at C-l. Subsequent exposure to KF led to selective clea¬ 

vage of the lone aryl silyl group, enabling its conversion into a 
MOM ether in the final operation leading to 66. With these events 

proceeding in 65 % yield overall, a fully orthogonal collection of 
protecting groups had been installed onto the ecteinascidin core. 

Next, the two allyl groups in 66 were cleaved upon exposure to 

n-Bu3SnH and catalytic PdCl2(PPh3)2 in acidified media, affording 
the free C-5 phenol and N-12 amine. Reductive amination using for¬ 
malin (a source of formaldehyde) and NaCNBH3 then provided 

a methyl substituent on this newly unveiled amine to complete 
the assembly of 67. With all of this preparative work accomplished, 

it was now time to install the C-16 methyl substituent, and, as 
alluded to earlier, a Stille reaction between triflate 67 and Me4Sn 

mediated by PdCl2(PPh3)2, LiCl, AcOH, and M-methyl-2-pyrrolidi- 
none (NMP) at 80 °C indeed rose to this challenge to afford 68 in 
94% yield. 

At this stage, all that remained before attempts at o-quinone 

methide generation to allow the formation of the ten-membered 
F-ring could begin was: 1) site-selective oxidation of the A-ring phe¬ 

nol in 68 to provide a C-10 leaving group, and 2) incorporation of a 

side chain bearing a protected thiol group at C-l. As shown in the 

final operation presented in Scheme 11, the first of these objectives 
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was smoothly met upon exposure of 68 to benzeneselenenic anhy¬ 

dride in CH2C12, an event which afforded 69 in 82 % yield as a single 

stereoisomer with reagent approach controlled by the C-l and C-3 
stereocenters. The exquisite site selectivity of this reaction can be 

rationalized by assuming that, although oxidation could potentially 

have occurred at either C-10 or C-6, the electronic properties of 
the ring (particularly the overriding power of the C-7 phenol as a 

para director) led to the observed product; had there been no such 

C-7 substituent, oxidation at C-6 would have been equally likely 

and a mixture of this product and 69 would probably have resulted.23 
With this critical preparative operation out of the way, efforts 

were now directed towards appending the thiolate side chain. As 
shown in Scheme 12, only two steps were required to achieve 

this objective, namely TBAF-mediated deprotection of the silyl 
protecting group in 69 followed by a simple esterification between 

the resultant alcohol and cysteine derivative 70 in the presence of 
EDC and HOBt. These events afforded 26 in 83 % yield, provid¬ 

ing an intermediate with the full complement of functionality 
needed to test o-quinone methide formation and subsequent thio¬ 

late capture. How, though, could the C-10 hydroxy group be 
induced to eliminate under mild conditions on such a complex 
intermediate? Although far from a simple problem, the Corey 

group anticipated that by forming a Swern-type intermediate, 
such as o-dimethylsulfonium 71, the subsequent addition of a suit¬ 

able base could then afford o-quinone methide 72 through the indi¬ 

cated mechanism. 
At first, unfortunately, this strategy was met with frustration as 

attempts to form 71 by the typical Swern combination of oxalyl 
chloride and DMSO led to several by-products resulting from parti¬ 

cipation of the displaced chloride ion from the initial reaction of 
these two reagents. When the source of the Swern reagent was 
switched to Tf20 and DMSO, however, the addition of the species 

thus formed at —40 °C, followed by subsequent stirring for 45 min¬ 
utes, resulted in no such decomposition, presumably because of the 

presence of a softer, non-nucleophilic counterion. Assuming then 
that 71 had indeed been generated, Htinig’s base was then added 

at that temperature, followed by warming to 0 °C to effect the neces¬ 

sary elimination to o-quinone methide 72. Following a quench of 
any residual Swern reagent with t-BuOH, t-butyltetramethyl guani¬ 

dine (73, Barton’s base)24 was added to unmask the thiolate by 
cleaving the 9-fluorenyl group through the process delineated ear¬ 

lier to afford 25, which then cyclized in situ to the ten-membered 

ring of ecteinascidin 743 (1). A trap of the resultant phenolate as 
its corresponding acetate then completed this amazing one-pot cas¬ 

cade sequence to 74. Overall, this series of transformations pro¬ 

ceeded in 79 % yield from 26, thus constituting an average yield 

of 94 % for each step. 
With most elements of ecteinascidin 743 (1) now in place, only a 

few steps remained before the total synthesis would hopefully 

be successfully concluded. Thus, following deallylation of 74 

OMe 

HOzC 

OMe 
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Tf20, DMSO, -40 °C 

Scheme 12. Key quinone methide capture cascade sequence to advanced intermediate 74. 

(Scheme 13) under similar conditions to those discussed earlier 

(cf. Scheme 11) to liberate a-amino lactone 75, subsequent 

transamination using the methiodide of pyridine-4-carboxaldehyde, 

DBU, and DMF in CH2C12 served to unveil a-keto lactone 24 in 

70% yield, presumably through the defined mechanism. With this 

critical motif in place, all that now remained was to incorporate 
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Scheme 13. Final stages and completion of ecteinascidin 743 (1). 

the final tetrahydroisoquinoline system through a diastereoselective 

Pictet-Spengler condensation. Most gratifyingly, this event indeed 
proved stereoselective upon reaction of 24 with amine 23 in the 

presence of silica gel, affording 77 in 82 % yield. The target mole¬ 

cule 1 was then completed in 77 % yield through TFA-assisted clea¬ 

vage of the MOM ether in a solvent mixture of H20 and THF and 
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subsequent exchange of the nitrile group at C-21 for an alcohol 

through hydrolytic capture of an iminium intermediate generated 

upon exposure to AgN03. Overall, only thirty steps were required 

in the longest linear sequence to construct this structurally impres¬ 

sive natural product, twenty of which occurred after the merger of 

the two main building blocks. 

5.4 Conclusion 

OMe 

As we have witnessed over the course of the last several pages, Pro¬ 

fessor E.J. Corey and his research group developed a number of 

ingenious reaction protocols and instructive cascade sequences to 

successfully handle critical aspects of the numerous synthetic pro¬ 
blems posed by ecteinascidin 743 (I).9,11 Among these, the intramo¬ 
lecular Mannich bisannulation event (which established the bridge 

between the aromatic E-ring and the piperazine ring), the execution 

of two impressive Pictet—Spengler reactions to stereoselectively 
create tetrahydroisoquinoline systems, and the quinone methide 

capture process (which fashioned the ten-membered F-ring lactone 

of 1) stand out as especially noteworthy achievements. With little 
question, each of these highly successful conversions was character¬ 
ized by a masterful understanding of the inherent topology and 

innate reactivity of the molecule. The manner in which these trans¬ 

formations were influenced by subtle clues provided by Nature, 
so as to appear biomimetic, constitutes the forefront of current 

synthetic prowess. 
More globally, the execution of the entire synthesis is a beautiful 

case study in the judicious selection of reagents and careful adapta¬ 
tion and optimization of conventional reaction protocols to maxi¬ 

mize yields, leading to numerous unique discoveries and improve¬ 
ments that have greatly expanded our fundamental understanding of 

organic chemistry. As a result of these endeavors, the efficiency of 

the developed route now serves as the basis for the current indus¬ 
trial preparation of ecteinascidin 743 (1) which provides sufficient 

quantities of material to pursue advanced clinical trials.10 More¬ 
over, the modular nature of the final sequence has enabled the pre¬ 

paration of several ecteinascidin analogues whose screening has 

established a fuller understanding of structure—activity relation¬ 
ships for this important class of antitumor agents and has led to 

the identification of a simplified analog, phthalascidin 650 (78, col¬ 

umn figure), with equal potency and greater inherent stability than 

the parent natural product.8,25 In due course, more sophisticated 
testing will reveal the true potential of this new pharmaceutical can¬ 

didate in the treatment of cancer. At present, one can be certain that 

the wealth of discoveries that has resulted from this research pro¬ 

gram is profound. Without a doubt, the state of chemical synthesis 

would be advanced considerably if all such endeavors were equally 
successful. 
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5.5 Fukuyama's Total Synthesis 
of Ecteinascidin 743 (1) 

In 2002, another impressive total synthesis of ecteinascidin 743 (1) 
was completed by Professor Tohru Fukuyama and several of his co¬ 

workers at the University of Tokyo.26 A collection of the most 

instructive transformations from this insightful approach, based in 
part on previous efforts targeting members of the saframycins 

(cf. Scheme l),5 are presented in Schemes 14 and 15. 
At the core of this strategy was the development of a set of trans¬ 

formations to forge the tetrahydroisoquinoline ring systems within 

the central pentacyclic array of ecteinascidin 743 (1) using a 
nonbiomimetic approach (i. e. annulations other than those of the 

Mannich or Pictet—Spengler type). This objective was ultimately 
achieved through a successful Heck reaction which converted 

iodide 84 (Scheme 15) into the bridged piperazine ring system in 
85 in 83 % yield, and subsequent spontaneous phenol—aldehyde 

Scheme 14. Fukuyama’s approach to ecteinascidin 743 (1): an Ugi multicomponent condensation to 
fashion advanced intermediate 83. 
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cyclization of 86 to 87 induced by hydrogenolytic cleavage of a 

benzyl protecting group. Although these reactions are notable for 

providing an alternate solution for the synthesis of these motifs, 
the events leading up to this sequence are also significant in that 

the Fukuyama group was inspired to execute one of the most 

impressive examples to date of a multicomponent reaction in the 

context of a total synthesis endeavor with their efficient one-pot 

construction of 83 (Scheme 14). This event, in which an amine 

(79), a carboxylic acid (80), an aldehyde (81), and an isocyanate 

(82) were coupled together in 90 % yield, is commonly known as 

the Ugi reaction and has been employed to prepare a-amino acid 

derivatives since its discovery in 1959.27 
As shown in the mechanistic scheme in the box in Scheme 14, this 

highly efficient and atom-economic process proceeds through a 
complex series of consecutive first- and second-order reactions in 

which the reactive centers of the carboxylic acid and the imine inter¬ 

mediates switch the site of their reactivity several times. Interest¬ 
ingly, although all the steps involving the amine, aldehyde, and car¬ 

boxylic acid components are reversible (thereby suggesting that 
numerous reaction pathways are available), few side products are 

typically observed from these reactions as the steps involving the 
isocyanide are highly exothermic and, therefore, irreversible. In 

this vein, as long as the isocyanide behaves within a fairly large 
reactivity window established by the inductive, mesomeric, and 

steric qualities of its appended functionality, the predictable Ugi 

product will be formed bearing one new C—C bond, a stereocenter, 
and several heteroatom—carbon linkages. The overall yield of this 

product, however, can often be greatly influenced by the choice 
of reaction solvent and the concentration of the reagents, particu¬ 

larly the isocyanide component. Indeed, in this example, the reac¬ 
tion required 1.5 equivalents of 82 in order to obtain optimal 

throughput, although equimolar amounts of all reactants should, 
in principle, be sufficient. 

Following these steps which fashioned the complete pentacyclic 
core of ecteinascidin 743 (1), the conversion of 87 (Scheme 15) 

into 88 then set the stage for the acid-catalyzed event that estab¬ 

lished the ten-membered F-ring macrolactone (89). Although the 
mechanism of this reaction has not been specifically delineated by 

these researchers, it is reasonable to presume that treatment with 

TFA led to the formation of an intermediate o-quinone methide 
through phenolic-assisted expulsion of a protonated C-4 leaving 

group within 88, thereby providing an electrophilic species that 

was then engaged by the pendant thiol. With the core motifs in 
place following this step, the remainder of the sequence from 89 
to ecteinascidin 743 (1) mirrored the general approach established 

in the Corey group’s pioneering synthesis.9 
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OMe OMe 
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Troc = 2,2,2-trichloroethoxycarbonyl 

OMe 
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Scheme 15. Key features of Fukuyama’s total synthesis of ecteinascidin 743 (1). 
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Resinifera toxin 

6.1 Introduction 

If you have ever gone to a restaurant featuring cuisine from Mexico, 

China, or any other of a host of cultures from the warmer regions of 
the globe that use chili peppers in their preparations, you have no 
doubt experienced a hot, numbing sensation in your mouth upon 

tasting one of the many tempting dishes offered on the menu. The 
reason for this often painful experience is a compound within 

these peppers known as capsaicin (3, Scheme 1), whose relatively 
simple molecular structure superficially conceals the complex 
chain of biochemical events that its presence initiates. Once in the 

mouth, capsaicin binds to an integral membrane protein receptor 
found in certain primary afferent sensory neurons, leading to the 

opening of a cation-selective channel that permits sodium and cal¬ 
cium ions to enter the neuron. This event is the critical requirement 
for membrane depolarization (i. e. neuronal excitation), dispatching 

a signal to processing centers in both the spinal cord and the brain 
which is registered as a perception of pain. Consequently, a series of 

inflammatory responses is then initiated to modulate this negative 

sensation.1 
With prolonged or repeated exposure to capsaicin (3), however, 

one will eventually become insensitive to its effects as excessive 
cation influx leads to death of the neurons. It is for this reason 

that people can cultivate a tolerance for spicy food over time, 
enabling some to have the ability to eat peppers so hot that their 

mere smell would make the eyes of those less accustomed water 

profusely. The perhaps more significant feature is this desensitiza¬ 

tion suggests that capsaicin could serve as an analgesic to mitigate 
the pain and inflammation associated with several disorders such as 

P.A.Wender (1997) 

Key concepts: 

• 1,3-Dipolar 
cycloadditions 

• Zirconium-mediated 
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Scheme 1. The molecular architectures of resiniferatoxin and its structural homologues phorbol (2) and 
capsaicin (3). 
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A physician (right) oversees collection 

of Euphorbium latex by an attendant, as shown 

in a manuscript dated 1244. Courtesy of the 

Freer Gallery of Art, Smithsonian Institution. 

homovanillyl group 

arthritis, diabetic neuropathy, and sympathetic dystrophy.2 Indeed, 

over the course of the past several decades capsaicin has been 
used to desensitize neurons throughout the body. Unfortunately, 

topical application of this natural product usually leads to severe 
irritation, making it a difficult medicine for patients to tolerate irre¬ 

spective of its eventual beneficial effects for pain reduction. 
Despite these specific problems with capsaicin, however, the gen¬ 

eral concept behind using such an analgesic holds great medical 
promise, and Nature has thankfully provided humanity with several 

additional compounds possessing similar modes of activity, but with 
far fewer negative side effects. Foremost among these is a thousand¬ 

fold more potent analog of capsaicin (3) obtained from the latex of 
the flowering cactus Euphorbia resinifera? Originally named resi¬ 

niferatoxin (1, Scheme 1) upon its full structural elucidation in 

1975,4 this compound has, in fact, been utilized in the medical treat¬ 
ment of pain for close to two thousand years, as documented by 

sources such as the illuminated Arabic manuscript in the adjoining 

column. As the molecular connectivities of this natural product 

reveal, the biological activity of resiniferatoxin is predicated (at 
least in part) on the presence of the homovanillyl side chain also 

found in capsaicin (3), enabling its recognition by the same neuro¬ 

nal receptors.5 Intriguingly, although the remainder of the architec¬ 
ture of resiniferatoxin bears striking similarities to a class of com¬ 

pounds typified by phorbol (2), the most potent tumor promoters 

currently known in the literature, resiniferatoxin (1) shares none 
of their co-carcinogenic properties.6 



6.2 Retrosynthetic Analysis and Strategy 

In light of the promising medical potential of resiniferatoxin, syn¬ 

thetic chemists have long sought to develop a viable laboratory pre¬ 

paration of this natural product, both to produce the isolate in mean¬ 

ingful quantities and to enable the synthesis of analogs in order to 
probe the structural features beyond the homovanillyl side chain 

that confer its unique activity profile. As any student of total synth¬ 

esis can readily ascertain, however, resiniferatoxin (1) provides a 
particularly challenging synthetic problem through its complicated 

collection of stereochemical elements, especially the contiguous 

array of five stereocenters on ring C and the trans-fused nature of 
both the AB- and BC-ring junctions. In addition, resiniferatoxin 

(D possesses an orthoester motif, a relatively rare functional 
group in secondary metabolites due to their typical chemical lability 

(particularly under acidic conditions). Undoubtedly, to conquer 
such a conglomeration of complexity housed within a compact 

architecture in a controlled and efficient manner requires the identi¬ 

fication of a novel synthetic strategy bolstered by a supply of 
powerful synthetic transformations. In this chapter, we will analyze 
just such a sequence as developed by Professor Paul Wender and his 
co-workers at Stanford University based on an insightful blending 

of classical and modern synthetic reactions.7 

6.2 Retrosynthetic Analysis and Strategy 

While many complex molecular targets offer a seemingly limitless 

array of potential disconnections, by contrast several elements 
within the architecture of resiniferatoxin appear to prescribe a 

defined sequence of simplifications, at least in the initial stages. 
First, as alluded to above, because several studies have revealed 

that the homovanillyl side chain of resiniferatoxin (1, Scheme 2) 
is at least partially responsible for the irritant/analgesic properties 

of this natural product,5 it would seem prudent to leave its incor¬ 
poration until the final stages of the synthesis in order to minimize 
the degree to which possibly active intermediates would have to be 

handled. As such, cleavage of this motif through the indicated ester 
linkage would then provide advanced intermediate 5 (appropriately 

modified with protecting groups) as a new subgoal structure. A sec¬ 

ond requisite decision would then be to rupture the potentially sen¬ 
sitive orthoester within 5 to afford 6, for which one could anticipate 

an acid-catalyzed union between the C-9 and C-13 alcohol groups 

and the carbonyl function of the appended phenylacetic acid side 
chain to create this motif during the synthesis. To obtain this new 

target (6), one could then envision the late-stage introduction of 

this portion of the molecule through an esterification reaction at 

the free C-14 hydroxy group of 7. 
At this juncture, however, any further retrosynthetic simplifica¬ 

tions are far from defined by synthetic necessity. As such, the 

Wender group’s most critical insight regarding the resiniferatoxin 

139 
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Scheme 2. Wender’s retrosynthetic analysis of resiniferatoxin (1): initial stages. 

architecture was that the C-9 alcohol and the B-ring unsaturation in 

6 could arise from a ring-opening elimination of a precursor (7) 
bearing a C6—C9 oxido bridge. Upon initial inspection, the intro¬ 
duction of this motif might seem counterintuitive as an element of 

retrosynthetic analysis because it creates a more complex synthetic 

target with two new rings in addition to the central tricycle of resi¬ 

niferatoxin (1). As we shall see, this adjustment was deemed to be 
absolutely necessary from a strategic standpoint in that it would 

serve as a means of not only protecting the eventual C-9 hydroxy 

group throughout the synthesis, but also rigidifying an otherwise 
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highly flexible seven-membered ring to enable the selective intro¬ 

duction of some of its stereochemical information through sub¬ 

strate-controlled operations. Moreover, the presence of this bridge 
also facilitated the recognition of an insightful disconnection 
based on a 1,3-dipolar cycloaddition, which we shall encounter 

shortly. 

Before the inherent value of this decision will become readily 

apparent, however, several additional retrosynthetic adjustments 
would first have to be implemented. Accordingly, 7 was modified 

to 8 under the following assumptions: 1) a nucleophile could be 

induced to stereoselectively engage its C-13 ketone in order to 
install the isopropenyl side chain, 2) the enone system in the 

A-ring of 7 could be fashioned from a cyclopentane precursor, 

and 3) ozonolytic cleavage of the C—C double bond in 8 could 
lead to the C-3 ketone in 7. Once again, the latter element of retro¬ 

synthetic analysis might seem somewhat mysterious at first glance 

because it resulted in a more complicated precursor; however, this 
operation (combined with the alteration of the A-ring alkene) was 

critical in that it suggested that the A-ring in 8 could be the product 
of a transition-metal-mediated enyne cyclization of a precursor such 

as 9. 
As only one of many effective annulation methods currently 

known in the literature, this general transformation was first discov¬ 

ered by Pauson and co-workers in the early 1970s using cobalt8 and 
then extended to group 4 elements such as titanium and zirconium 

by Nugent and co-workers at DuPont and Negishi and co-workers 
at Purdue University.9 As exemplified in Scheme 3 using this latter 
series of initiators, the reaction proceeds through the initial forma¬ 

tion of a metallocene (12) upon the addition of a reagent such as 
(n-Bu)2ZrCp2 to the alkyne (effected by reductive elimination of 

the n-butyl ligands), followed by intramolecular carbometallation 
to form a new metallocycle (13). A subsequent reaction quench 
under acidic conditions would then provide 14 as a single olefin 

isomer, potentially with controlled relative stereochemistry at the 

starred carbon due to the reversible nature of the conversion of 12 
into 13 (if the substrate has a thermodynamic preference). 

Significantly, although this particular method of work-up affords 
the general product needed for the projected synthesis of resini- 

Scheme 3. The mechanism of zirconium-mediated enyne ring closure. 
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OAc feratoxin (8, Scheme 2), the intermediate metallocycle 13 can also 

be converted into a number of additionally useful products such 
as cyclopentenones through a Pauson—Khand-type carbonylation 

using carbon monoxide.10 The only major cause for concern with 
this ring-forming reaction is that terminal alkynes cannot be 

employed because the acidity of their hydrogen atoms will shut 

down productive reaction pathways; accordingly, the Wender 
group incorporated a phenyl substituent on the appended alkyne 

in 9 to overcome this obstacle for the proposed conversion. As a 

final element of analysis, it should be noted that, although the 

desired product from this enyne cyclization event (8) is drawn as 
a single C-2 stereoisomer, such stereoselectivity is not necessary 

since this site will need to eventually become part of a A2,3 alkene 

to match the functional requirements of resiniferatoxin (1). 
With the A-ring effectively disassembled through this strategy, the 

trans disposition of the vicinal C-10 and C-4 carbon chains on the 
seven-membered B-ring in 9 now seemed ripe for removal through 

sequential, stereocontrolled addition reactions to an a,P-unsaturated 

intermediate such as 10. In this regard, the previously installed 
oxido bridge would need to play a crucial role for the overall suc- 

Scheme 4. Wender’s retrosynthetic analysis of resiniferatoxin (1): final stages. 
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cess of this strategy during the synthesis by rigidifying the B-ring, 

as initial Michael addition of a vinyl group to 10 would have to be 
followed by selective proton capture from the face syn to the oxygen 

bridge. Assuming that these requirements could indeed be met, then 

1,2-addition of an acetylenic nucleophile, followed by silyl capture 
of the resultant alkoxide, would complete the diastereoselective 

assembly of 9 from 10. 
Following this spate of disconnections, one of the rings from the 

central tricyclic core of resiniferatoxin (1) and two of its perplexing 

stereocenters have been successfully excised. Several challenging 

elements still remained for consideration. As shown in Scheme 4, 
though, if the exocyclic C-C double bond of the a,(3-unsaturated 

system in 10 were modified to an endocyclic variant (15), then 
the majority of the remaining complexity could be dealt with in 

one fell swoop as this new adduct could conceivably result from 

an intramolecular 1,3-dipolar cycloaddition of an alkene and a 
tethered 3-oxidopyrylium motif (16). This compound, in turn, 

could be obtained from pyranone 17. 
As you have surely noted, several examples of 1,3-dipolar 

cycloaddition reactions have been discussed throughout the course 

of the Classics series due to the amazing library of products that 

result from their employment.11 Among the 1,3-dipoles typically 
employed in these events, of which a representative collection is 
shown in Scheme 5, oxidopyrylium species (whose resonance 

form is a carbonyl ylide) constitute a relatively unexplored tool 

a © 

^ J 
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\ / 
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X = electron-withdrawing group 
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Scheme 5. The dipolar cycloaddition reaction (a) and general classes of 1,3-dipoles (b). 
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for natural product synthesis,12 as this dipole has been studied only 

intermittently over the past four decades in any context.13 
What is known, however, is these reactive intermediates can be 

generated quite effectively from starting materials such as 23 
upon treatment with base through the mechanism defined in 

Scheme 6a. Following the addition of an appropriate dipolarophile, 

the formed 3-oxidopyrylium (25a and its resonance form 25b) can 
then engage in a productive cycloaddition to forge a bridged bicyc- 

lic product 26 with a seven-membered ring; depending on the way 

in which the participant atoms are counted, this event can be for¬ 
mally considered either as a [3+2] or a higher-order [5+2] cycload¬ 

dition reaction. Overall, while this transformation has proven effec- 

a 

23 24 25a J 

t 

steps 

AcO 

1,3-Dipolar I (92o/o) 

cycloaddition lK ' 

OAc 

OTBS 

Scheme 6. The mechanism of oxidopyrylium formation (a) and its application (b) to the total synthesis of 
phorbol (2). (Wender, 1989)14 
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tive in intermolecular contexts, intramolecular reactions (as sug¬ 

gested in the proposed conversion of 17 into 15, cf. Scheme 4) in 

fact proceed far more smoothly since, apart from the obvious entro- 

pic features, there is also less opportunity for non-productive dimer¬ 
ization or intramolecular cyclization reactions of the intermediate 

carbonyl ylide.12 
However, the major issue shadowing the application of this reac¬ 

tion in the resiniferatoxin context was not its inherent plausibility, 

but whether or not the event would prove stereoselective, given 

that the conversion of 17 into 15 would have to proceed in an 

exo manner and with complete facial selectivity.* The first of 
these requirements was essentially assured by the intramolecular 

nature of the reaction, since achieving an endo transition state 

would be nearly impossible with a four-atom tether. In addition, 
no groups within the reactant were capable of providing the neces¬ 
sary secondary orbital interaction that would favor such a transition 

state. The second objective would require the adoption of a single 

transition state for the cycloaddition, an outcome which the Wender 
group expected would occur based on their 1989 total synthesis of 
phorbol (2, Scheme 6b) where a similar oxidopyrylium-based 1,3- 

dipolar cycloaddition was applied with great success.14 Following 

the synthesis of racemic 27 (with the indicated relative stereochem¬ 
istry), the addition of DBU at ambient temperature in CH2C12 
afforded a stereoselective synthesis of 29 in 92 % yield. The exqui¬ 

site nature of this reaction course can be rationalized by assuming 
that 28 constitutes the favored orientation for this reaction in 
which the substituents are situated in a pseudochair fashion such 

that the C-ll methyl group is equatorially disposed, leading to a 
facially selective addition ordained to proceed in exo fashion. Simi¬ 

larly, in the proposed event converting 17 into 15 (see Scheme 4), 
the C-ll methyl group in conjunction with the C-13 acetate should 
lead to the predominance of the indicated chair-like reactive confor¬ 

mation 16 which would similarly afford the desired exo product. 

Thus, if successful, this critical event would concurrently form 
both the B- and C-rings of resiniferatoxin (1) and establish the abso¬ 
lute configuration of its C-8 and C-9 stereocenters (assuming a 

homochiral synthesis of 17). 
From 17, the remaining retrosynthetic disconnections to readily 

available starting materials are relatively easy to deduce. First, 

syntheses of pyranones such as 17 are known to be possible through 
oxidative ring expansion of furan intermediates such as 18 mediated 

by a range of electrophilic species like dimethyldioxirane (DMDO), 
mCBPA, and A-bromosuccinimide.15 In turn, the bond between the 

furan ring and the adjacent hydroxy-substituted carbon atom could 

then be retrosynthetically cleaved to lithiated species 1916 and its 

OBn 

OAc 

* In the parlance of 1,3-dipolar cycloadditions of this type, the endo isomer is 
readily identified as that in which the substituents on the dipolarophile end up 
anti to the oxido bridge. Accordingly, the exo isomer is the one in which these sub¬ 
stituents are syn to the resultant oxygen bridge. 
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Me> 

OTBS 

19 

OBn 

electrophilic lactone counterpart 20.17 Both these intermediates are 

known entities available through literature routes, the latter of 
which could be derived from the simple prochiral starting material 

22. 

6.3 Total Synthesis 

Our discussion of the Wender group’s synthesis of resiniferatoxin 

(1) begins with the efforts targeting the critical lactone precursor 

20, which was known to be accessible from the divinyl alcohol 22 
through several different established sequences, as mentioned 

earlier.17a,b Thus, while the majority of the initial steps of this syn¬ 

thetic enterprise are directly patterned from these preparations, the 

highly instructive nature of some of the transformations merits 
their full discussion here. First, as shown in Scheme 7, a method 

was needed to fashion monoepoxide 30 from 22 as this new motif 
would constitute an electrophile critical for the construction of the 

remainder of lactone 20. As indicated, this objective was indeed 
accomplished in 51 % yield and in 98 % ee upon application of a 

standard Sharpless asymmetric epoxidation (SAE) protocol over 

the course of 135 hours at —15°C.18 The high enantiomeric purity 
observed in this reaction, however, is far from just the result of a 

simple asymmetric epoxidation reaction, as the process actually cou¬ 
ples stereocontrolled synthesis with an in situ kinetic resolution.19 

As mentioned in Chapter 19 of the first volume of Classics in 
Total Synthesis, an important feature of the SAE reaction is that it 

imparts a high degree of facial selectivity in the epoxidation 
event, but yet can also be influenced by any preexisting stereoche¬ 

mical information in the substrate. Both of these characteristics 
proved critical in the success of the transformation defined in 

OH OH 

OH 

22 

Fast 
(51%) * 

(98% ee) 

(-)-DIPT, 
Ti(0/-Pr)4, 
f-BuOOH, 
-15 °C, 135 h 

Slow 

30: desired 
enantiomer 

Slow 

Mismatched 

Kinetic 
resolution 

Fast 
-»- 
Matched 

r>^<i o ^o 
32 

OH 

[>^<1 
o ^O 

31: undesired 
enantiomer 

32 

Scheme 7. Use of the Sharpless asymmetric epoxidation reaction to achieve the synthesis of hydroxy 
epoxide 30 through kinetically controlled enantiomeric enrichment. 
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Scheme 7. As one can readily deduce, substrate 22 is itself achiral, 

yet possesses a prostereogenic center (the central hydroxy-substi¬ 

tuted carbon atom) flanked by two enantiotopic vinyl ligands. 

Based on the inherent preferences of the SAE reaction with the 
minus form of the diisopropyl tartrate ligand, the desired enantio¬ 

mer 30 was formed preferentially (as it constitutes the “matched” 
case), in the opening stages of the reaction along with a small 

amount of the undesired epoxide 31. If one were to stop the reaction 
at this point, however, the separation of these two compounds 

would be quite cumbersome, requiring chiral HPLC or the attach¬ 

ment of some type of chiral auxiliary onto the free hydroxy group 
to create a mixture of diastereomers that would be more easily 

separable. Fortunately, both 30 and 31 bear another vinyl ligand, 
and thus there is the potential for a second epoxidation reaction to 

occur. In this case, though, the presence of stereochemical informa¬ 

tion within 30 and 31 now biases the reaction with this reagent com¬ 
bination such that 31 is the facially matched substrate (and hence a 

willing participant in another SAE reaction) while 30 is mis¬ 
matched. As a result, there is a differential reaction rate at which 
the undesired enantiomer is converted quickly into the bisepoxide 

32 while the majority of the desired monoepoxide 30 reacts very 

slowly, thus remaining behind. As such, this event constitutes a 
second kinetic resolution that transforms all of the undesired enan¬ 

tiomer into the now easily separable bisepoxide 32. 
With this chiral material (30) successfully synthesized, all the 

necessary stereochemical elements were now in place to enable 
the incorporation of the remaining stereocenters of resiniferatoxin 

(1) in an entirely guided manner through substrate-controlled 
events. Thus, proceeding forward with the execution of the syn¬ 

thesis, protection of the free alcohol in 30 (Scheme 8) under 
standard conditions provided the corresponding benzyl ether (21). 

OH NaH, BnBr, 
n-Bu4NI, THF, 

OBn OBn 

BF3 0Et2, Eto 
THF, -78 °C, 2 h 

EtO -——Li 

OH 

31 21 
33 

p-TsOH, CH2CI2) Ketene 
25 °C, 2 h yf formation 

OBn 

20 35 34 

Scheme 8. Synthesis of lactone 20. 
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OEt 

OBn 

34 

OBn 

35 

OBn 

Subsequent addition of an alkynyl borane derived from the initial 

reaction of lithium ethoxyacetylide and BF3*OEt2 led to site-selec¬ 

tive nucleophilic lysis of the epoxide within 21 to afford 33. 
Although a lithium acetylide itself should be capable of effecting 

this same event (typically at an elevated temperature), the conver¬ 

sion of this nucleophile into an alkynyl borane enabled the reaction 
to proceed under milder conditions with complete regioselectivity, a 

result that can be rationalized by assuming initial coordination of the 
reagent to the epoxide (see column figure), thus activating the oxi- 

rane for selective intramolecular delivery of the acetylide. I7d’e With 

this event smoothly executed, subsequent treatment of 33 with p- 

TsOH in CH2C12 at ambient temperature then provided lactone 35 
in 81 % overall yield for these two steps via ketene 34. The synthesis 

of the key building block 20 was then completed, in 61 % yield, 
through the initial formation of the enolate of 35 with LDA at 

-78 °C in THF, followed by a facially selective alkylation upon 
the addition of Mel, presumably guided by the existing stereocen¬ 

ters. Since these stereogenic centers are relatively remote from the 
reactive site, the overall stereoinduction for this process was only 
modest (7:1 diastereomeric ratio in favor of the drawn product), 

but more than sufficient for such a functionalized intermediate.I7a,b 

Having executed an efficient and stereocontrolled synthesis of this 
lactone, the stage was now set to begin exploration of the more chal¬ 
lenging steps envisioned for the construction of resiniferatoxin (1). 

The first such operation was a stereoselective intramolecular 1,3- 

dipolar cycloaddition of a reactive 3-oxidopyrylium and a tethered 
alkene. In order to explore the viability of this transformation, how¬ 

ever, lactone 20 first had to be converted into the key precursor for 
this event, namely pyranone 17. As shown in Scheme 9, this 

requirement did not prove especially challenging to meet. Follow¬ 
ing the formation of the furanyl lithium species 19, prepared by 

treating the known 3616 with n-BuLi at —78°C and subsequently 

stirring the reaction mixture at 0 °C for 30 minutes, the slow addi¬ 
tion of this nucleophile to a solution of lactone 20 in THF at 

—78°C led to the smooth formation of ketone 37 in 98% yield 
over the course of 8 hours. The free C-13 hydroxy group which 

had just been unveiled through this addition process was then pro¬ 

tected as its corresponding acetate by the action of acetyl chloride 
and pyridine in CH2C12 at 0°C. Subsequent reduction of the C-10 

ketone with NaBH4 (a conversion whose nonselective nature was 

of no consequence, vide infra) then provided 18 in 97% overall 
yield, setting the stage for the crucial oxidative ring expansion 

needed to ultimately convert this adduct into 17. 

As alluded to in the previous section, this general operation can 
readily be effected by electrophilic reagents such as peracids.15 

Indeed, upon portionwise exposure of 18 to mCPBA in THF at 

0°C, followed by gradual warming to ambient temperature over 

the course of 12 hours, intermediate 41 was formed quantitatively 

as a mixture of four diastereomers. Such a lack of stereoselectivity 

was not inherently problematic as all the chiral information within 
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OTBS 

36 

n-BuLi, 
THF, -78 °C, 

1 h; 0 °C * 
30 min 

OBn 

Scheme 9. Elaboration of 20 to pyranone 17. 

the six-membered ring of compound 41 would be destroyed upon 
successful oxidopyrylium formation. Critical, though, was that the 

reaction proceeded to provide only one general butenolide structure 

since this outcome ensured that only one oxidopyrylium would 
eventually be formed from this intermediate.* With this operation 

out of the way, a final acetylation of the free hydroxy group to pre¬ 
pare the required leaving group to form an oxidopyrylium species 

then completed the assembly of 17 in 96% yield. 
Having progressed to this stage, the opportunity to explore the 

intramolecular 1,3-dipolar cycloaddition strategy previously fore¬ 

casted to establish both the B- and C-rings of resiniferatoxin and 

* Actually, although hydroxy-assisted delivery of the peracid to the indicated 
C-C double bond of 38 ensured the formation of 41, addition of oxygen to the 
other olefin would afford a degenerate pathway to the same product. 
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much of their complement of stereocenters was now at hand. Fortu¬ 

nately, along the lines of precedent established during the total 

synthesis of phorbol by the Wender group,14 the dropwise addition 

of DBU over the course of 1 hour to 17 (Scheme 10) in refluxing 

acetonitrile led to the smooth formation of 15 in 84% yield. As 

anticipated, the reaction proceeded with complete exo and facial 

selectivity to provide 15 as a single stereoisomer, and can arguably 

be contended to be the most impressive example of this class of 1,3- 

dipolar cycloaddition process yet executed in the context of a nat¬ 

ural product total synthesis. 
At this juncture, before the A-ring could be merged onto this scaf¬ 

fold to complete the entire tricyclic array of the target molecule, the 

a,|3-unsaturated system of 15 had to be converted into the alternate 

enone variant 10 to enable what would hopefully be the stereocon- 

trolled addition of the necessary carbon chains to form this A-ring 
system. This requirement was met in just five steps. First, the alkene 

OAc OAc 

1,3-Dipolar 
cycloaddition 

(84%) 
T 

42 15 15: exo adduct 

(93% 1 ■ Ph3P=CH2, THF, 78 °C, 3 h 
overall) v 2. AcCI, py, 0-^25 °C, 3.5 h 

OAc OAc OAc 

Scheme 10. Elaboration of 17 into bicyclic intermediate 10 through a sequence featuring a 1,3-dipolar 
cycloaddition. 
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in 15 was chemoselectively hydrogenated in near quantitative yield 
(99 %) with catalytic 10 % Pd/C in EtOAc at ambient temperature to 
afford 42; intriguingly, no lysis of the benzyl ether was observed 
under these conditions. Next, the C-10 ketone was readily olefi- 
nated with the ylide derived from methylenetriphenylphosphonium 
bromide (formed with r-BuOK), leading to concomitant cleavage of 
the C-13 acetate group in the same pot. Following reprotection of 
this position using acetyl chloride to afford 43, an allylic oxidation 
was then performed with Se02 and r-BuOOH in CH2C12 to provide 
44 in 86 % combined yield over these three steps. Subsequent oxi¬ 
dation with Mn02 then completed the assembly of 10 in 92 % yield. 
Before pressing forward, a few additional comments regarding the 
penultimate transformation in Scheme 10 are in order. Although 
there are several reagent systems capable of effecting allylic oxida¬ 
tions, the combination of a peroxide and catalytic Se02 comprises 
one of the most effective (and therefore most common) mediators 
for this process, in which Se02 serves as the actual oxidant and 
the peroxide reoxidizes the Se(OH)2 by-product from successful 
oxidation.20 Moreover, although the transformation of 43 into 44 
does not indicate that site selectivity is possible for this oxidation 
process because the C-9 center in 43 is fully substituted, sele¬ 
nium-mediated oxidations do follow a well-defined set of reactivity 
rules when multiple oxidation products are possible. In this regard, 
numerous precedents21 have revealed the following: a) oxidation 
always occurs at the more substituted end of the alkene, b) the reac¬ 
tivity order generally proceeds with trisubstituted olefins as 
CH2>CH3>CH while for unsymmetrical 1,1-disubstituted alkenes 
(e. g. 43) as CH>CH2>CH3, and c) when any double bond is within 
a ring, oxidation also occurs within the ring. 

Returning to the synthesis, the formation of enone 10 now pro¬ 
vided the opportunity to explore the value of the C6—C9 oxido 
bridge in restricting the conformational freedom of the seven-mem- 
bered B-ring, as it was time to add carbon nucleophiles to pave the 
way for A-ring annulation. Fortunately, as expected based on mole¬ 
cular modeling, the addition of vinyl cuprate (formed by the reac¬ 
tion of CuCN with vinyllithium) in Et20 at — 78 °C to 10 led to 
the formation of 46 as a single stereoisomer in 96% yield, with 
selective proton capture of the incipient intermediate (45) occurring 
on the face syn to its oxygen bridge (Scheme 11). With this stereo¬ 
center secured, the approach trajectory of the second nucleophilic 
addition at C-4 was all but assured. Indeed, the addition of lithium 
phenylacetylide occurred from the desired a-face to provide an 
intermediate alkoxide, which was quenched with 7V-methyl-./V-(tri- 
methylsilyl)trifluoroacetamide (MSTFA, a source of TMS groups 
often used when elimination is possible)22 to provide 9 in 43 % 
yield. Since the majority of the remaining material balance from 
this step was the free C-4 hydroxy congener (47, see column figure) 
of 9, following chromatographic separation of the two products 47 
was then treated with a more standard silylating source (TMSC1) to 
bolster the overall yield of 9 to 76 % from 46. 

OAc 
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OAc OAc 

Scheme 11. Conversion of enone 10 into advanced intermediate 51 through zirconium-mediated enyne 
ring closure. 

With an alkyne and alkene successfully appended to the growing 
resiniferatoxin skeleton, the correct motifs were in place to attempt 

the construction of the A-ring through a metal-mediated enyne ring 

closure. Despite the large number of examples of this process in 
chemical synthesis,8-10 9 represented one of the most complicated 

substrates ever subjected to it. Testament to the powerful nature 

of the conversion, though, 9 was smoothly transformed into 49 in 

90% yield upon treatment with Cp2Zr(n-Bu)2 (formed in situ by 
initially reacting Cp2ZrCl2 with 2 equivalents of n-BuLi)9d followed 

by an AcOH quench of the zirconocene intermediate (48). The latter 

process both installed the desired hydrogen atoms in 49 and led to 

cleavage of the C-13 acetate group. It is also important to note that 
although 49 is drawn as a single C-2 stereoisomer in Scheme 11, 

the exact disposition of the methyl group was not established; 

given that this position will eventually need to be converted into 
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a Cl— C2 olefin, its stereochemical arrangement was, in fact, of no 

consequence as discussed earlier. 
Having now secured all three of the central rings of resinifera- 

toxin, only a few elements of the target remained to be handled. 
One of these, the formation of a C-13 quaternary center, was 

ready to be contended with at this juncture due to the fortuitous 

loss of the protecting group at that site during the previous opera¬ 
tion. Thus, TPAP-mediated oxidation23 of the hydroxy group at C- 

13 was followed by the facially selective addition of isopropenyl- 
magnesium bromide to this newly formed ketone in THF at 0°C, 

affording 50 in 71 % yield. At this stage, the C-3 alkene that 

resulted from enyne cyclization was no longer needed. Since a 
ketone exists in this site in the target molecule, ozonolytic cleavage 

of this motif was attempted and proceeded smoothly, accompanied 

by cleavage of the isopropenyl side chain to a methyl ketone. 
Although this lack of chemoselectivity was unfortunate, its occur¬ 
rence was unsurprising in that the isopropenyl olefin within 50 is 

quite accessible. While one could thus envision switching the 
order of ozonolysis with the addition of the isopropenyl nucleo¬ 

phile, inherently there is no reason to believe that such a nucleophi¬ 
lic addition would prove wholly chemoselective on a bisketone 

intermediate. Moreover, whereas the side products derived from 
C-3 addition through such a sequence could never be recycled, 
the formation of a bisketone in this ozonolytic step from 50 was 

acceptable in that selective olefination of the carbonyl appended 
to the C-14 side chain could conceivably recreate the isopropenyl 
motif of resiniferatoxin (1). This operation would have to await sev¬ 

eral other transformations, though, and the first event executed at 
this point was simple debenzylation using 20% Pd(OH)2/C in a 

5:1 mixture of EtOAc and MeOH which completed the assembly 

of 51 in 63 % overall yield from 50. 
Having completed its role in facilitating the stereoselective assem¬ 

bly of the A-ring, the C6-C9 oxido bridge was now ripe for disas¬ 
sembly, and, therefore, means were next sought to excise it through 

a ring-opening reaction to afford a free C-9 alcohol. Accordingly, as 
shown in Scheme 12, following protection of the vicinal alcohols in 

51 as a cyclic carbonate by using triphosgene, subsequent selective 
lysis of the lone TBS group in the presence of a TMS group with 
49 % aqueous HF in MeCN at 0 °C afforded 52 in 87 % yield. 

Although conventional wisdom would seem to dictate that such 

selectivity should be impossible to achieve, the uniquely hindered 
nature of the C-4 position is the most plausible explanation for 

the survival of the TMS group from this necessary, but serendi¬ 

pitous, conversion. With only one silyl group removed, the newly 
unveiled C-20 alcohol was then converted into an iodide via an 

intermediate triflate to provide a leaving group for the anticipated 
elimination reaction. This transformation was effected following 

precedent24 established in the realm of carbohydrates using Rieke® 

zinc, a highly reactive form of zinc powder formed by reducing one 

of its metal salts in ethereal or hydrocarbon solvents with alkali 
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Orthoester 
formation 

(46%) 

HCI04, MeOH, 
25 °C, 1.5 h 

Scheme 12. Synthesis of advanced intermediate 61 from 51. 

metals as reducing agents,25 in which after successful insertion of 

this reagent into the C-20 iodide to form an organozinc species, 

spontaneous elimination led to 53 in 88 % overall yield for these 

two steps. As an aside, metals prepared by the Rieke process 
(e. g. zinc and magnesium) are highly effective for the formation 

of metallated reagents at very low temperatures. Moreover, as can 

be gleaned from this example, one of their most useful characteris¬ 

tics is their compatibility with a wide variety of functional groups 
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such as chlorides, nitriles, esters, amides, ethers, sulfides, and 

ketones.25 
At this juncture, just a few functional group manipulations sepa¬ 

rated 53 from resiniferatoxin (1). As we shall see, though, the com¬ 

plexity of the target molecule rendered these modifications far from 

trivial. First, having unveiled the C-9 alcohol it was now necessary 
to modify the B-ring to create endocyclic unsaturation and to rein¬ 

stall the hydroxy group at C-20 that had been lost in the previous 

series of events. Accordingly, the repeated application of Se02 
and r-BuOOH to effect an allylic oxidation proved fruitful, since 

it afforded a new functional handle in 54. Unfortunately, despite 
careful tweaking of the reaction conditions to achieve a 61 % 

yield, the oxidation lacked complete site-selectivity in that the 
remainder of the material balance was alcohol 55 (see column 

figure, 38 % yield), a product which could not be recycled. This 
result is not that surprising given that the selectivity rules detined 

earlier indicate no predilection for the generation of 54 over 55, 
with only the latent differences in steric accessibility enabling the 

preferential formation of the desired product in this case. 
Anticipating now that C-20 functionality could be incorporated 

through an SN2' reaction, the freshly installed alcohol was con¬ 

verted into a chloride leaving group with SOCl2 in Et20 at 0°C. 
This C-7 motif then obligingly departed in the desired sense in 
77 % overall yield upon the addition of KOBz and AgOBz in 
MeCN in the presence of 18-crown-6. With the B-ring now structur¬ 

ally sound, it was then deemed prudent to fashion the unique ortho¬ 
ester of the target molecule. Following cleavage of the carbonate 

group in 56, the more accessible secondary C-14 hydroxy group 
was engaged in an esterification reaction with 57, a reactive 

mixed anhydride of phenylacetic acid formed through its reaction 
with Yamaguchi’s acid chloride (2,4,6-trichlorobenzoyl chloride), 

to afford ester 58 in 54 % overall yield.26 Subsequent treatment of 
58 with HC104 in MeOH at 25 °C for 1.5 hours then initiated 

orthoester assembly to provide 59 in 46 % yield. 
Since these events established the last of the ring systems of resi¬ 

niferatoxin, only two major obstacles remained before the tricyclic 

core of 1 would be complete: the formation of an enone in ring A 
and the conversion of the C-14 methyl ketone into an isopropenyl 

group. The latter task was tackled first, but proved rather challeng¬ 
ing to achieve. Attempted olefination of this ketone within 59 
under a variety of conventional conditions, such as Wittig olefina¬ 

tion or the powerful Tebbe or Nysted variants, failed to deliver 
the desired product in useful quantities for the synthesis to proceed. 
Fortunately, application of a Peterson olefination protocol provided 

a workable entry into these final steps.27 Thus, the addition of tri- 

methylsilylmethyl lithium to 59 afforded 60 (in which the C-20 

benzoate ester was also cleaved). Subsequent addition of 49 % aqu¬ 
eous HF served both to activate the resultant tertiary hydroxy func¬ 

tion as a leaving group and to cleave the C—Si bond, resulting in a 

syn elimination reaction leading to olefin formation. Reintroduction 
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of the benzoate ester then completed the assembly of 61 in 83 % 

overall yield for these two steps. With this task complete, efforts 

now turned to creating the A-ring enone. Accordingly, as shown 

in Scheme 13, the C-3 ketone of 61 was converted into its TMS- 

protected enol tautomer 62 through the action of DABCO and 

DABCO = 1,4-diazobicyclo[2.2.2]octane U2CO3, LiBr, DMF, I /q-io/ v 
150 °C, 10 min ' 

Scheme 13. Final stages and completion of the total synthesis of resiniferatoxin (1). 
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4-DMAP in CH3CN over the course of 36 hours, once again using 

MSTFA as a source of the silyl protecting group. This conversion 
then paved the way for nucleophilic capture of bromine, supplied 

by A-bromosuccinimide (NBS) in THF, to afford 63. Subsequent 
elimination of this newly minted motif, induced by Li2C03 and 

LiBr in DMF at 150 °C, then completed the assembly of a,(3-unsatu- 

rated ketone 5 in 93 % yield. 
Fully synthetic resiniferatoxin (1) was nearly at hand, needing 

only introduction of the homovanillyl side chain before final victory 

could be declared. Fortunately, this task proved relatively simple to 
accomplish. Following excision of the previously stubborn TMS 

group appended to the C-4 alcohol in 5 using TBAF in THF and 

benzoate ester cleavage as accomplished by Ba(OH)2 in MeOH to 
generate 65, the addition of the homovanillyl side chain as its 
Yamaguchi mixed anhydride (66) proceeded in 75 % yield to furnish 

67. With all the requisite structural features now in place, merely an 
acetate group remained to be excised. Following exposure of 67 to 

pyrrolidine in CH2C12 at ambient temperature, this cursory task was 
smoothly accomplished in 89 % yield. The synthesis of resinifera¬ 
toxin (1) was finally complete! Overall, the developed route 
required a total of 44 operations, the majority of which proceeded, 

impressively, in better than 90 % yield. 

6.4 Conclusion 

As is true of most contemporary efforts in target-oriented synthesis, 
the successful route to resiniferatoxin (1) described in this chapter 

was derived from a well-orchestrated amalgamation of classical 
transformations with state-of-the-art modern synthetic technologies. 
Within this typical framework, though, perhaps the more significant 

feature was the deft use of the complexity of the natural product to 

extend the scope of many of these reactions by demonstrating their 
virtuosity in highly functionalized settings. In this regard, the intra¬ 
molecular 1,3-dipolar cycloaddition of a 3-oxidopyrylium ylide 

with a tethered alkene, which stereoselectively established the 
BC-ring system, and the subsequent zirconium-mediated enyne 

cyclization to complete the A-ring are exemplary for their smooth 
execution in the presence of multiple, highly sensitive functional 

groups. Both these transformations arguably constitute the most 
impressive examples of their implementation in the context of nat¬ 

ural product synthesis. 
In addition to these fundamental contributions, the developed 

synthesis is also noteworthy for its careful command of stereochem¬ 

istry throughout its prosecution, as achieved by the combination of 
asymmetric reactions and exquisite understanding of the inherent 

topology of the molecule to introduce new stereogenic centers 
through substrate-controlled events. In particular, the use of an 

oxido bridge during the majority of the route to ensure conforma- 
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tional control over an otherwise flexible seven-membered ring is a 

particularly inventive and effective strategy for the creation of 

new stereochemical elements within the general confines of cyclic 

stereocontrol. Beyond these instructive features, because resinifera¬ 

toxin (1) constitutes a promising therapy to modulate pain, the syn¬ 

thetic route developed in the Wender laboratories also paves the 

way for future studies in chemical biology by enabling the synthesis 

of structurally modified analogs, an area in which few investiga¬ 

tions have been performed to date,28 but which clearly is an impor¬ 

tant avenue for further pursuit. 
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1: R = H, epothilone A 
2: R = Me, epothilone B K. C. Nicolaou (1997) 

Epothilones A and B 

7.1 Introduction 

The past few years have witnessed an exponential level of growth in 
our comprehension of the complex biochemical machinery that 

underlies numerous diseases such as cancer and AIDS, due primar¬ 
ily to advances in the areas of molecular and cellular biology. 
Although such knowledge has afforded numerous new biological 

targets for potential intervention by exogenous pharmaceutical 
agents, developing compounds to selectively perturb these biomole¬ 
cules has proven challenging. This unfortunate state of affairs is cer¬ 

tainly not due to a lack of effort or an inability on the part of che¬ 
mists to construct diverse molecular structures. Rather, it reflects 

the inherent difficulty in anticipating the key molecular motifs 
that may prove critical for achieving a specific and/or unique inter¬ 

action with a particular protein or gene sequence. Fortunately, Nat¬ 
ure frequently provides essential clues to overcome such barriers in 

the form of novel molecular architectures in its natural products. 
Classic examples of such breakthroughs would, of course, include 

salicylic acid (later to become aspirin)1 and penicillin,2 molecules 
whose structures and mode of action have clearly shaped subse¬ 

quent developments in the fields of pain relief and infectious dis¬ 

ease. 
In the domain of cancer therapy, Nature has been an especially 

generous benefactor. The first volume of Classics in Total Synthesis 
describes two signature events in this regard: first, the isolation of 

Taxol™, an agent which induces apoptosis in dividing cells by 
effecting tubulin polymerization, and second, the discovery of the 

enediyne class of antitumor antibiotics such as calicheamicin y\ 
which effect lethal, double-strand cuts on DNA through the forma- 
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tion of damaging benzenoid diradicals.3 In both cases, the natural 

product stimulated a renaissance in cancer research and chemother¬ 

apy by providing strong support for certain mechanisms of interven¬ 

tion, leading not only to the development of clinically used antican¬ 

cer agents, but also to a plethora of new knowledge in chemistry, 

biology, and medicine. Unfortunately, neither these natural products 

nor their analogues constitute the long sought and likely mythical 

“magic bullet” capable of treating all forms of cancer. As such, addi¬ 
tional compound classes possessing unprecedented chemical biol¬ 

ogy profiles will be required for some time to come in order to con¬ 

tinue to advance the state of cancer treatment. 
Thankfully, in the early 1980s Nature once again gifted humanity 

with another lead in the form of epothilones A and B (1 and 2, 
respectively), polyketides first isolated from the culture extract of 

the cellulose-degraded myxobacterium Sorangium cellulosum 

strain So ce90 found in soil collected from the banks of the Zambesi 
River in South Africa.4 The potential role of these agents in cancer 

chemotherapy, however, initially remained latent as early studies by 

Hofle, Reichenbach, and their collaborators at the Gesellchaft fur 
Biotechnologische Forschung (GBF) in Germany sought primarily 

to explore their role as potential pesticides based on their unique 
and narrow spectrum of antifungal activity.5 This situation changed 

when scientists from Merck in the United States independently iso¬ 
lated epothilones A and B and made the remarkable discovery that 

these compounds kill tumor cells with extremely high efficiency.6 

Indeed, these agents have IC50 values in the low nanomolar range 
that rival, and in some cases exceed, those of Taxol™ in the major¬ 

ity of the cell lines used in a typical first round anticancer activity 
screen. More significantly, ensuing studies revealed that these nat¬ 

ural products kill cells by the same mode of action as Taxol™ 
and that they exhibit remarkable efficacy against several Taxol™- 

resistant tumor cell lines, thereby leading to the expectation that 
they could be developed into highly valuable new weapons for 

the treatment of cancer. Accordingly, the disclosure of this promis¬ 

ing pharmacological behavior in the patent literature, coupled with 
the release of the complete structural assignment of the epothilones 

in the July issue of Angewandte Chemie in 1996,5b prompted 
numerous researchers from academic institutions and the pharma¬ 

ceutical industry to embark immediately on research programs 
directed toward their total syntheses. 

Testament to the urgency of finding new anticancer agents and the 

skill of synthetic chemists, in late 1996 the first total synthesis of 

epothilone A was accomplished by Danishefsky and co-workers at 
Columbia University,7 followed shortly by independent total synth¬ 

eses from the Nicolaou8 and Schinzer9 laboratories. Since then, over 

twenty additional and often highly insightful and creative routes to 

these agents have been reported by these and other synthetic che¬ 

mists from around the world.10 Taken collectively, these accom¬ 

plishments embody a particularly accurate barometer of the current 

state of chemical synthesis, as the epothilones have served as a 
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premier stage upon which to demonstrate the efficacy of new syn¬ 
thetic methodology in such diverse fields as asymmetric catalysis, 
metal-mediated couplings, macrocycle-forming reactions, enzy¬ 
matic synthesis, and antibody catalysis. Beyond these fundamental 
and far-reaching applications, these syntheses have also provided 
diverse classes of structural analogues in quantities sufficient to 
enable more thorough investigations of the epothilones’ chemical 
biology and pharmacology, including advanced clinical trials. 

Rather than delve comprehensively into this voluminous body of 
work, a task which has already been accomplished successfully in 
several review articles,10 we have opted in this chapter for a more 
selective and instructive focus based on analyzing only those strate¬ 
gies towards the epothilones that applied the olefin metathesis reac¬ 
tion as a key C—C bond-forming step. Indeed, this group of trans¬ 
formations perhaps constitutes the most important addition to the 
repertoire of synthetically useful reactions during the last decade, 
as it has substantially broadened and even altered the way in 
which we currently think about retro synthetic analysis and synthetic 
strategy in general.11 Because of the emerging importance of the 
olefin metathesis reaction in chemical synthesis, a topic which is 
unchartered territory in this series, we felt that a brief history of 
its evolution and a sampling of some of its applications in the 
synthesis of complex molecules would be appropriate and instruc¬ 
tive. 

7.1.1 Olefin Metathesis: A Brief History 

Derived from the Greek words meta (change) and thesis (position), 
olefin metathesis, like ionic metathesis, is the exchange of the parts 
of two substances, AB + CD —> AC + BD, where the reactants are 
olefins. Scheme la provides an illustration of such a reaction 
between two terminal alkenes and indicates that metal carbenes 
initiate such exchange reactions. Unlike other transformations 
which rearrange C-C double bonds, such as the Diels-Alder reac¬ 
tion or the Cope rearrangement, olefin metathesis is generally 
thought to involve a more complex series of steps than a single peri- 
cyclic process. As shown in Scheme lb, in the opening step a metal- 
based carbene species (the catalyst) adds to an olefinic substrate 
through what constitutes a formal [2+2] process to afford a metal- 
locyclobutane intermediate. A retro [2+2] cycloaddition in the 
opposite direction then effects the loss of an olefin, in this case 
ethylene, leading to the formation of a new metal carbene species 
which can then add to another olefin molecule to generate a new 
metallocycle. This intermediate then breaks down into a new 
olefinic product, concomitantly regenerating the starting metal 
carbene catalyst, which, in turn, re-enters the cycle to effect further 
conversion. 

The wealth of synthetic transformations that can be accomplished 
when this reaction is applied to appropriate substrates is astonish- 
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a 

+ 

b 

R J 

R 

Scheme 1. The olefin metathesis reaction: generalized process (a) 
and mechanism (b). Note: although not specifically defined on this 
scheme, it is important to recognize that each of these steps is 
reversible. 

ing. Consider, for example, the possible metathesis reactions avail¬ 
able to a diolefinic substrate such as 3 (Scheme 2) in which the 
terminal double bonds are united by a chain, possibly including a 
heteroatom. Upon exposure of 3 to an appropriate metal carbene 
catalyst, one would expect initial insertion to lead to 4 (with regio- 
selectivity governed primarily by the substitution pattern of the ole¬ 
fin, particularly at the terminal position, favoring less-substituted 
alkenes). Complex 4 is a reactive species that can then engage in 
several divergent metathesis reactions based on the specific experi¬ 
mental conditions employed and the properties of the original sub¬ 
strate (3). If the starting diolefin is present in sufficiently high con¬ 
centrations, then a likely outcome would be for the metal carbene 4 
derived from 3 to react with an additional molecule of 3 in an inter- 
molecular reaction, affording a new product 6 (n = 2) and ethylene. 
Repetition of this sequence with the incorporation of additional 
monomeric units of 3 until catalysis stops would then be termed 
acyclic-diene metathesis polymerization (ADMET). Alternatively, 
with an appropriate chain between the double bonds, 4 can engage 
in an intramolecular olefin metathesis process to afford a ring- 
closed adduct 5. The latter reaction, more commonly referred to 
as ring-closing metathesis (RCM), can effect the formation of 
both conventional rings (5-, 6-, and 7-membered) as well as macro- 
cyclic systems, and is a favored pathway over ADMET when the 
reaction is performed under high dilution conditions. In general, 
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Scheme 2. Versions of the olefin metathesis reaction. 
RCM = ring-closing metathesis, ROM = ring-opening metathesis, 
ADMET = acyclic-diene metathesis polymerization, 
ROMP = ring-opening metathesis polymerization. 

however, whether or not a product such as 5 is isolated at the end of 
the reaction depends greatly on its thermodynamic stability. For 
instance, if the formation of an endocyclic olefin leads to a highly 
strained ring system (such as a 4- or 8-membered ring), then rever¬ 
sible ring-opening metathesis (ROM) would lead back to the start¬ 
ing carbene 4, eventually funneling all of the material into the 
ADMET pathway to afford 6 rather than 5. A corollary to this dis¬ 
cussion would be to start a metathesis reaction with a strained cyclic 
ring system such as cyclobutene (5, n = 0), which could then 
undergo ring-opening metathesis followed by insertion of the new 
carbene into another molecule of 5 in a new ring-opening metathesis 
event, ultimately leading to polymer 6. This route from cyclic 
olefins to polymers has been dubbed with the acronym ROMP 
(ring-opening metathesis polymerization). 

Although our discussion thus far has proceeded only in general 
terms, soon to be clarified with actual substrates, we often become 
too focused on the practical applications of a reaction at the expense 
of an appreciation for the extensive effort and insightful moments 
that honed the transformation into the sharp synthetic tool we cur¬ 
rently take for granted. Indeed, despite the fact that the overall pic¬ 
ture of the olefin metathesis reaction presented in the preceding 
paragraphs suggests that the synthetic community has a lucid under¬ 
standing of the transformation, it took decades of fundamental 
research before such clarity was attained. So, although we will 
engage in examples of metathesis shortly, we felt that it would be 
appropriate to highlight first some of the key events in the storied 
evolution of the olefin metathesis timeline that have led to our 
current picture of the reaction. 
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Like many tales of reaction discovery and development in organic 
synthesis during the 20th century, the opening chapter of the olefin 
metathesis reaction began in the industrial sector, from which a ser¬ 
ies of patents reported a number of novel processes whose underpin¬ 
ning mechanisms were not understood. Among these proprietary 
documents was a report filed in 1957 by Eleuterio which described 
the formation of a new class of unsaturated polymers from the 
highly strained bicyclic starting material norbornene upon the addi¬ 
tion of molybdenum oxide on alumina combined with lithium alu¬ 
minum hydride.12 In the same year as the disclosure of this unex¬ 
plainable ring-opening process,* another patent application claimed 
an additional and seemingly novel transformation with olefins, 
namely the disproportionation (or double-bond scrambling) of 
alkenes, as evidenced by the conversion of propene into ethene 
and butene upon treatment with a mixture of triisobutylaluminum 
and molybdenum oxide on alumina.13,14 Although we now recog¬ 
nize that the polymerization of cyclic alkenes to polyalkenemers 
and the disproportionation of acyclic alkenes are the same reaction, 
it took nearly a decade before this crucial connection was first made 
by Calderon and co-workers at the Goodyear Tire and Rubber Com¬ 
pany.15 It was also these authors who christened olefin disproportio¬ 
nation and ring-opening polymerization as “olefin metathesis.” 
Despite having a new name, however, the underlying mechanism 
of the process remained a mystery. Consequently, the search for 
new reagents to effect the reaction essentially constituted alchemy 
with one distinction: successfully identified systems did turn 
alkenes into gold in the form of commercially valuable polymers 
possessing unique physical and chemical properties. 

In the confusion that characterizes poorly understood science, 
several “running” mechanistic hypotheses were in existence during 
this early period of olefin metathesis explorations. At first, these 
proposals questioned whether olefin metathesis exchanged alkyl 
or alkylidene (alkyl carbene) groups.16 Eventually, Mol and Cal¬ 
deron initiated a series of experiments between 1968 and 1972 
using isotopically labeled alkenes which demonstrated conclusively 
that the groups that were interchanged by olefin-metathesis were 
alkylidenes.156,17 The mechanism by which this interchange 
occurred, particularly in terms of the role played by the metal spe¬ 
cies, remained conjecture. Some early thoughts, shown in Scheme 3, 
included pathways along which [2+2] cycloadditions gave cyclobu¬ 
tanes coordinated to metals18 and pathways in which metals and ole¬ 
fins combined to give metallocyclopentane intermediates.19 While 

* Interestingly, this same norbornene polymer had been patented two years ear¬ 
lier by Anderson and Merckling at DuPont using a mixture of titanium compounds 
as the metathesis initiator (see: U. S. Patent 2,721,189, 1955; [Chem. Abst. 1956, 
50, 14596]). At the time, however, they did not realize that this polymer was unsa¬ 
turated, a result that would not be disclosed until much later: W. L. Truett, D. R. 
Johnson, I.M. Robinson, B. A. Montague, J. Am. Chem. Soc. 1960, 82, 2337. 



7.1 Introduction 167 

a 
MM MM 

b 

R 

Scheme 3. Early mechanistic conjectures for the olefin metathesis reaction: original pairwise exchange 
proposal (a) and a metallocyclopentane alternative (b). 

these hypotheses accounted for the transformation, they eluded 
experimental support. 

Amazingly, the event most critical to elucidating the mechanism 
of the olefin metathesis reaction and engendering its development 
into a useful synthetic transformation had occurred long before ole¬ 
fin metathesis even had a name through the preparation of the first 
isolable metal carbenes by E. O. Fischer and A. Maasbol in 1964.20 
The connection between these species and metathesis, however, did 
not come until 1970 when two researchers in France, Y. Chauvin 
and J. Herisson, suggested that metal carbenes were the metal-car¬ 
rying participants in olefin metathesis.21 The essence of their con¬ 
ception is the picture in Scheme lb: metathesis is the result of 
metal-based carbenes adding first to alkenes to form metallocyclo- 
butane-like adducts, followed by the subtraction of different metal 
carbenes and new olefin products. Although this postulate could 
explain the products formed by metathesis reactions, the weakness 
of this proposal was that it could not be reconciled with the product 
distributions obtained from certain reactions, especially metathesis 
between cyclic olefins and terminal alkenes, which resulted in non- 
statistical ratios of the three possible products favoring the cross¬ 
adduct (a result that could be explained by the alternatives in 
Scheme 3). Thus, this mechanistic scheme was treated with a certain 
(and understandable) level of skepticism by the chemical commu¬ 
nity. Indeed, during the next four years not even one chemist openly 
supported it in the literature. Some researchers concluded that this 
scheme must be incorrect due to the problem stated above,223 
while others were willing to accept that it was no more likely 
than alternative alkylidene exchange pathways such as those in 
Scheme 3.22b~e 

It would not be long before enlightenment was achieved as defi¬ 
nitive evidence for the original Chauvin proposal came in late 1974 
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and early 1975. First, C. P. Casey and T. J. Burkhardt at the Univer¬ 
sity of Wisconsin, Madison demonstrated that an alkylidene could 
be transferred from an olefin to an isolated metal carbene to form 
a new metal carbene, the fundamental step in the hypothesis of 
Chauvin and Herisson.23 However, the essential requirement for a 
correct mechanism is the absence of contradictory evidence. Shortly 
after Casey and Burkhardt’s report appeared, T. J. Katz and co-work¬ 
ers at Columbia University began to clear the fog surrounding the 
metal carbene mechanism by reporting a series of kinetics experi¬ 
ments which explained how the postulate of Chauvin could account 
for the product ratios obtained in reactions between cycloalkenes 
and terminal alkenes, thus reconciling empirical evidence obtained 
in the absence of kinetic data that had previously seemed incongru- 
ent. Katz also demonstrated that the related reactions of cyclo¬ 
alkenes with internal alkenes (as shown in the experiment in 
Scheme 4a) initially give products other than those expected accord¬ 
ing to the proposals in Scheme 3, but in accordance with Chauvin’s 
postulate.24 Just a few weeks later, R. H. Grubbs (then at Michigan 
State University, now at the California Institute of Technology) 
reported similar experiments showing that such anomalous products 
were among the isotopically labeled ethenes resulting from metath¬ 
esis reactions to form cyclohexene, as shown in Scheme 4b.23 

With a singular mechanistic picture for olefin metathesis in hand, 
the transformation could be approached far more rationally, espe¬ 
cially in terms of developing new reagents capable of effecting 

Ci 2 

ch3ch=chch3 

C4 

c3h7ch=chc3h7 

C8 

/ \=chch3 

/=CHC3H7 

'14 

Mo[(C6H5)3P]2CI2(NO)2, 
Me3AI2Cl3 

/ sK=chc3h7 

\^_/=chc3h7 

Cl6 

+ ch3ch=chc3h7 

C6 

WCI6-n-BuLi 
-► 

ch2 
II + 
ch2 

cd2 ch2 
II +11 
cd2 cd2 

Scheme 4. Validation for the Chauvin mechanism: kinetics studies by Katz (a) and isotopic-labeling 
studies by Grubbs (b). 
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the reaction. In this regard, an important implication of the mechan¬ 
ism proposed by Chauvin is isolable metal carbenes alone, without 
the added Lewis acid co-catalysts as employed before, should 
induce olefins to undergo metathesis. While a seemingly obvious 
statement today, in 1975 (when Katz first made this suggestion) 
there was no proof that metal carbenes alone were capable of initi¬ 
ating metathesis. In fact, several elegant experiments that might 
have provided such a demonstration did not.26 As such, the demon¬ 
stration by Katz and co-workers in 1976 that two single-component, 
well-defined tungsten carbenes (7 and 8, Scheme 5) without added 
coactivators could initiate olefin metathesis was a pivotal event.27 
Indeed, these catalysts induced both cyclic and acyclic olefins to 
metathesize with high degrees of regio- and stereospecificity, and, 
most importantly, afforded far fewer side reactions and more reli¬ 
able conversions than systems composed of combinations of transi¬ 
tion metals and Lewis acids. The significance of this finding is per¬ 
haps best summarized in a 1995 review article by Grubbs et al. in 
which it was noted that, “It is fair to say that the search for and dis¬ 
covery of single-component catalysts has initiated a new period in 
the evolution of olefin metathesis catalysis.”116 

Thus, from 1976 onwards, the use of multi-component catalyst 
systems gradually lost its prominence, and the field of olefin meta- 
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thesis entered into a rational phase of research that focused on 
elucidating the features necessary to design more active, single¬ 
component carbene initiators with greater functional group toler¬ 
ance. While this objective is simply stated, it took years of research 
to open avenues useful for the synthesis of complex molecules. An 
early success, at least in terms of generating a carbene catalyst for 
metathesis from a different transition metal, came with the disclo¬ 
sure by Tebbe and Parshall of their titanium reagent 9 (Scheme 5), 
which forms methylidene 10 in solution.28 Overall, however, this 
and related agents afforded no clear tactical advantage over the pre¬ 
viously disclosed tungsten carbenes, as their functional group toler¬ 
ance was, in fact, inferior. As indicated in the table in Scheme 5, the 
Tebbe reagent (9) reacts with almost all other functional groups in 
preference to olefins, accounting for why it is currently widely 
employed to methylenate carbonyl compounds, but is not a popular 
catalyst to initiate metathesis of complex molecules. 

The first critical and groundbreaking advance in catalyst design 
came nearly a decade after Katz’s initial tungsten carbenes, in the 
form of a family of molybdenum catalysts such as 11 (Scheme 5) 
which had far higher levels of metathesis activity than encountered 
previously.29 First identified by R. R. Schrock at the Massachusetts 
Institute of Technology, initial experimentation with 11 established 
that it could induce metathesis of both terminal and internal olefins 
and effect ROMP of low-strained cyclic monomers. Furthermore, 
these molybdenum catalysts could also effect RCM of sterically 
demanding and electron poor substrates, and had a higher level of 
functional group tolerance than had ever been observed before. 
As such, with the discovery of this system came the first string of 
reports describing olefin metathesis for general synthetic purposes 
other than polymer formation. Slowly, but surely, the reaction 
started to catch the attention of the wider synthetic community.30 
The perhaps singular, but significant, drawback of this catalyst 
family, like many of its early transition metal cousins, is its sensitiv¬ 
ity to both oxygen and moisture, as its metal center is highly oxo- 
philic. Therefore, both the preparation and handling of 11 require 
glove box techniques to establish inert atmospheres as well as 
rigorously purified, dried, and degassed solvents. When mani¬ 
pulated properly, however, molybdenum alkylidene 11 is an 
impressively powerful tool. 

By 1992, Grubbs and co-workers had discovered an alternative 
catalyst that overcame many of these shortcomings.31 Indeed, 
although ruthenium alkylidene 12 (Scheme 5) displays a lower 
metathesis activity than Schrock’s molybdenum systems, it impor¬ 
tantly demonstrated air stability and the ability to initiate metathesis 
in the presence of alcohols, water, and carboxylic acids. Thus, 12 
represents the first true catalyst for general bench top olefin meta¬ 
thesis reactions, and over time has been optimized to 13 
(Scheme 6), which has proven far easier to prepare than the parent 
structure 12 and constitutes the current “gold standard” with which 
all new catalyst systems are compared.32 Without question, this 
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Scheme 6. Recent developments in olefin metathesis catalysts. 

class of catalysts has opened up new vistas in synthetic applications, 
most notably in the total synthesis of complex natural products.11 As 
an interesting aside, one should note that, in general, the trend for 
metathesis activity of late-transition-metal catalysts such as 11 
can be correlated to the basicity of the attached ligands; in this 
regard, metathesis activity generally increases upon appending 
more electron-withdrawing ligands to the metal center. Application 
of this “rule” to ruthenium systems, however, proved inadequate as 
the most effective initiators, 12 and 13, have bulky and strongly 
basic (o-donating) phosphine ligands!113 

The practice of catalyst design (or redesign in some cases) con¬ 
tinues to be vibrant, and seldom does a month pass without the dis¬ 
closure of a new catalyst for metathesis applications. Many of these 
novel systems are inspired by, or at least derive from, efforts to 
facilitate the construction of highly functionalized, complex mole¬ 
cules. Given the established ability of metathesis to effect numerous 
transformations difficult to achieve otherwise, this trend is only 
likely to continue. Among the alternative catalysts, several of the 
more important systems complete the lineup in Scheme 6. First in 
this regard is a variant of 11 developed by Schrock and Hoveyda 
in which the molybdenum center is coordinated to a chiral deriva¬ 
tive of BINOL, creating a homochiral environment that can induce 
catalytic asymmetric olefin metathesis.33 As an important proof-of- 
principle, this catalyst has inspired others to search for alternative 
systems capable of inducing asymmetry in substrate classes that 
have proven recalcitrant with 14. 

Equally significant are the last two catalyst systems shown in 
Scheme 6. As mentioned above, strongly basic ligands promote 
the activity of ruthenium-based metathesis systems of the type 
defined by 13; as such, the discovery by Herrmann and co-workers 
in 1998 that a modified variant of 13 bearing more strongly a-donat- 
ing A-heterocyclic carbene ligands (15, Scheme 6) could initiate 
metathesis is quite important.34 Despite this potentially beneficial 
feature, however, the overall metathesis activity of 15 is only a 
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slight improvement over that of 13. This result reflects the fact that, 
in its active form, 13 has lost one of its PCy3 ligands by dissocia¬ 
tion,35 while in 15, because the A-heterocyclic carbenes are so 
strongly a-donating, they are far less labile (thus leading to a 
more sluggish initiator). On this basis, Grubbs and co-workers 
anticipated that a highly powerful catalyst for metathesis could 
result by combining the beneficial properties of 13 and 15 into a 
single system, 16 (Scheme 6), in which the lone phosphine ligand 
could dissociate, but the better a-donating imidazoline-type ligand 
would remain attached to the ruthenium core.36 Indeed, catalyst 
16 engenders metathesis with particularly high levels of activity, 
and even enables trisubstituted olefins to form by RCM in situations 
that would be impossible to effect with any of the earlier ruthenium- 
based catalysts.37 In addition, unlike catalysts 12 and 13 which are 
somewhat thermally unstable, carbene 16 is much longer-lived at 
elevated temperatures. In this regard, the bulky mesityl ligands 
likely shield the metal center from reaction with air, thus decreas¬ 
ing the rate of catalyst decomposition. The true power of catalyst 
16 is only now being fully explored, but early evidence suggests 
that its unique reactivity profile nicely complements that of 11 
and 13 and promises new applications in chemical synthesis 
(vide infra). 

7.1.2 Olefin Metathesis: Case Studies 

Having traversed some of the key events in the history of olefin 
metathesis, it is now appropriate to discuss some of the resultant 
fruits of that early labor in the form of practical applications in 
organic synthesis. Since the general reaction was born in the indus¬ 
trial sector, we felt it appropriate to commence with some examples 
of commercial processes. Among several of the profitable industrial 
procedures that benefit from olefin metathesis, one of the oldest is 
the Phillips triolefin process (Scheme 7a) which utilizes a molybde¬ 
num-based catalyst system to convert propene (17) into a mixture of 
2-butene (18) and ethene (19).38 These products are then used as 
monomers for polymer synthesis as well as for general use in petro¬ 
leum-related applications. The reverse reaction can also be 
employed to prepare propene for alternative uses. 

Apart from the synthesis of such simple compounds, far more 
complex entities in the form of high molecular weight polymers 
reflect the bulk of current metathesis applications. A representative 
example along these lines is the synthesis of the ring-opened 
metathesis polymer 22 of norbornene (20) which proceeds as 
shown in Scheme 7b.39 Over 45,000 tons of this polymer are pro¬ 
duced annually by this, so called, Norsorex process.lld Among dif¬ 
ferent potential precursors for ROMP, norbornene is particularly 
easy to convert into polymers because the metathesis relieves the 
strain of the ring system. Moreover, “living” norbornene polymer 
(with the carbene still in place as in 21) can become a scaffold 
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a) The Phillips triolefin process 

20 21 22 

Scheme 7. Industrial olefin metathesis applications: the Phillips triolefin process for the production of 
butene and ethene (a) and the Norsorex process for the ring-opening metathesis polymerization (ROMP) of 
norbornene (b). 

for block co-polymers if a second cyclic olefin is added after all the 
initial norbornene has reacted. Besides commercial utility, the ring¬ 
opening metathesis polymerization of norbornene is also important 
as it conventionally serves as the standard reaction for comparing 
the activities of new catalyst systems. One should also note that 
these industrial applications are the only arena in which mixed or 
heterogeneous metathesis catalyst systems are still employed, pri¬ 
marily because they cost little and the substrates to which they 
are applied lack functionality. 

Because our main focus lies in the realm of complex molecules, 
particularly natural products, for the remainder of this section we 
will limit our discussion to examples in this field. Based on the 
demonstrated power of olefin metathesis to effect ring closures, 
one of the earliest applications sought by synthetic chemists was 
the construction of macrocyclic systems. In principle, although ole¬ 
fin metathesis is reversible, and, therefore, under thermodynamic 
control, such ring closures should be possible because if RCM gen¬ 
erates two molecules from one (based on the evaporative loss of a 
molecule of ethene), then a large enough gain in entropy should 
result (despite the decrease in chain flexibility) to sufficiently 
drive the reaction forward. The initial proof-of-principle experi¬ 
ments were reported in 1980 in two separate publications that 
appeared almost simultaneously, first by D. Villemin and then by 
J. Tsuji and S. Hashiguchi, using simple terminal olefins that had 
their alkyl chains linked by an ester.40 Even though the then-avail¬ 
able catalyst systems prevented exploration of more functionalized 
systems, these authors reported the formation of 15-, 16-, 19-, and 
21-membered rings (albeit in modest yields). These experiments 
also established the need to perform RCM under high-dilution con- 
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ditions in order to limit material travelling down the undesired poly¬ 
merization pathway. 

By 1995, with the discovery of the potent Schrock initiator 11 and 
Grubbs’ catalysts 12 and 13, the level of functional group tolerance 
was finally at the point where the application of this ring-closure 
strategy to the synthesis of complex natural products was conceiv¬ 
able. Amir Hoveyda and co-workers at Boston College were the 
first to report a successful ring-closing metathesis reaction as part 
of the total synthesis of a complex molecule.41 Targeting the natural 
product Sch38516 (25, Scheme 8), a compound with activity 
against the influenza A virus, they anticipated that the trisubstituted 
olefinic compound 24 could result from a ring-closing metathesis 
reaction of 23. Indeed, after the construction of this test substrate 
through a route featuring glycosidation and amide bond formation, 
exposure of 23 to a 20 mol% loading of Schrock’s catalyst 11 in 
warm benzene (60 °C) effected the desired metathesis reaction, giv¬ 
ing 24 in 90 % yield. 

Several features of this reaction are worth further consideration. 
First, one should recognize that although the then-available ruthe¬ 
nium alkylidenes such as 12 and 13 have a level of functional 
group tolerance compatible with 23, their reactivity as metathesis 
catalysts has, in general, proven too low for them to effect the for¬ 
mation of macrocyclic trisubstituted olefins. Accordingly, at the 

Scheme 8. Application of ring-closing metathesis in the total synthesis of Sch38516 (25). 
(Hoveyda et al., 1996)41 
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time this work was performed, the Schrock catalyst 11 was uniquely 
suited for the transformation, although more recent additions to the 
ruthenium family (e. g. catalyst 16) have since proven competent in 
this regard. Moreover, attachment of the sugar portion onto 23 prior 
to effecting RCM was a critical element of the successful strategy, 
since, even though the same metathesis reaction worked with 
equal facility in the absence of the carbohydrate moiety, the resul¬ 
tant macrocyclic aglycon had such a low solubility in most organic 
media that subsequent glycosidation proved impossible to effect.41® 
Finally, the RCM approach was uniquely suited to deliver the tri- 
substituted olefin of 24 stereoselectively, as more classical synthetic 
approaches based upon macrolactamization suffered from initial 
ineffective formation of the C5—C6 bond. Indeed, with this region 
of the natural product devoid of additional stereocenters, all efforts 
to form this system through Wittig olefination chemistry proved to 
be both low-yielding and non-stereoselective. It is, however, 
equally instructive to point out here that although the metathesis 
reaction gave the proper geometry of the final olefin in this instance, 
not all reactions afford equal levels of stereocontrol (vide infra). 

An equally didactic example of ring-closing metathesis as a criti¬ 
cal design element resides in the approach of T. Muller and A. 
Fiirstner to tricolorin A (29) which targeted 28 for practical pur¬ 
poses since this compound had already been advanced to the natural 
product (Scheme 9).42 Although one could certainly construct the 
19-membered ring in 28 through macrolactonization, a reaction 
that is successful,43 Fiirstner’s strategy sought to employ RCM as 
a means to enable the formation of larger, more lipophilic backbones 
to explore the demonstrated antitumor activity of tricolorin A. As 
anticipated, once 26 was in hand, RCM proceeded smoothly upon 
application of only 5 mol% of initiator 13 in refluxing CH2C12, 
affording the desired system 27 as a mixture of E and Z isomers. 
As a further illustration of the importance of catalyst development 
to applications in synthesis, neither the free OH nor any other mem¬ 
ber of the functional group array on the disaccharide core interfered 
with the metathesis reaction; these groups would have hindered the 
reaction had either the tungsten or molybdenum systems discussed 
earlier been employed instead. 

More globally, when this work is considered in combination with 
additional RCM studies (many executed by Fiirstner and co-work¬ 
ers), a general trend is established which reveals that it is not neces¬ 
sarily the conformational predisposition of the original substrate or 
the ring size of the product that defines whether or not a given RCM 
reaction will be successful.44 Rather, the site of ring closure and its 
surroundings are pivotal. In this regard, the steric effects of substi¬ 
tuents neighboring the participating olefins and the presence of 
nearby polar functionalities provide the greatest degree of RCM 
predictability. In terms of this latter feature, it should be considered 
that once the carbene catalyst has added to one of the reacting ole¬ 
fins, a Lewis basic functional group within the substrate, such as a 
carbonyl, can form a chelate complex with the metal. If this moiety 
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Scheme 9. Ring-closing olefin metathesis in a formal total synthesis of tricolorin A (29). 
(Furstner et al., 1998)42 
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is sufficiently far from the reacting olefin, then this occurrence 
would likely facilitate RCM by reducing the chain mobility and, 
therefore, the entropy of the metathesis transition state 30 (column 
figure). Accordingly, this line of thought offers a reasonable 
hypothesis for the formation of diverse macrocyclic rings of various 
sizes with essentially equal facility. Conversely, if the same 
carbonyl is close to the reacting olefin, as in 31, then a highly stable 
complex due to coordination of the ester group to the proximal 
carbene moiety could result, shutting down metathesis completely. 
In this sense, the particular positioning of the reacting olefins for 
RCM in the tricolorin A context was certainly choreographed to 
take these considerations into account. 

As mentioned earlier, when metathesis reactions are performed on 
diolefinic substrates under more concentrated conditions, the predo¬ 
minant product is not a cyclic species, but instead a dimerized or, as 
more appropriately defined, a cross-metathesis adduct. For several 
years now, numerous researchers have been attempting to employ 
this variant of olefin metathesis to generate acyclic olefins by react¬ 
ing two different olefinic monomers, providing a transformation 
that might compete with more conventional approaches to these 
compounds such as Wittig olefination. Invariably, however, mix- 
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tures of products result, primarily due to competitive homodimeri¬ 

zation (i.e., self-metathesis) since one of the reacting olefins is 
likely to have greater metathesis activity than its partner. As an 

additional concern, the stereochemistry of the resultant heterodimer 
is often uncontrolled, and usually unpredictable. Without question, 

this area of research is one of the next frontiers of metathesis chem¬ 
istry, and some useful strides are being made through the design of 
new catalysts and a more thorough comprehension of substrate 

scope. In general, though, the process has yet to be applied in com¬ 

plex situations.45 
In stark contrast to this scenario, because the dimerization of a 

single monomer is quite facile, this process has been applied on 

several occasions for the synthesis of medicinal agents related to 

natural products. The dimerization of drugs constitutes a relatively 
new design strategy for enhancing biological activity and is based 
on the idea that once a dimer is delivered to the cellular target, 

the concentration of the bioactive molecule will be higher since 

effectively two molecules are present instead of one.46 Moreover, 
this dimerization approach can, in principle, afford a means to com¬ 
bat resistance developed to a particular drug by providing a new 

ligand predicated on a similar mode of action as the original 
agent, but which the bacterial machinery has not yet figured out 
how to circumvent. A signature example based on this concept is 

Schreiber’s synthesis of “FK1012,” the dimer of the natural product 
FK506 (32, Scheme 10), an established immunosuppressant.47 

OH 

OH 

Scheme 10. Dimerization of FK506 through olefin cross-metathesis. (Schreiber and Diver, 1997)47 
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Indeed, upon reaction of 32 with catalyst 13 at ambient temperature, 
the desired dimer 33 was formed by cross-metathesis in 58 % yield. 
Although the material return is modest, this result is still remarkable 
because there are so many seemingly deleterious coordinating func¬ 
tional groups near the terminal olefin, including two free hydroxy 
groups and a ketone. 

A more recent application of a similar dimerization-type approach 
to combat drug resistance was performed by Nicolaou and co-work¬ 
ers on vancomycin-like monomers 34 (Scheme 11, see Chapter 9 for 
a more comprehensive discussion of this significant natural prod¬ 
uct).48 Among several of the noteworthy features of the developed 
chemistry to reach 35 was the employment of a phase-transfer 
reagent (CI5H25NMe3Br) to encapsulate the ruthenium catalyst 13 
and enable it to carry out its function in aqueous media at 23 °C. 
Because these reaction parameters essentially constitute ambient 
conditions, it was decided to extend the initial homodimerization 
approach to include the selective formation of heterodimers by adding 
combinations of different substrates of type 34 in the presence of 
the biological target of vancomycin, a terminal D-Ala-D-Ala pep¬ 
tide subunit. Since it had already been established that two mono¬ 
mers of vancomycin could bind simultaneously (and reversibly) 
through hydrogen bonds with this target,49 this design assumed 
that those monomers within the collection of examined substrates 
which bound tightest to this peptide chain would be captured by 
cross-metathesis as a new dimer, thus leading to the formation of 
highly active antibacterial agents. Upon execution of this target- 
accelerated combinatorial strategy,50 also referred to as dynamic 
combinatorial screening, nonstatistical distributions of dimers 
were indeed formed, and, in each case, the compound with the 
greatest potency (based on synthesizing and testing all potential 
dimers separately) was the predominant product in each round of 
product formation. Significantly, several of the agents prepared in 
this fashion demonstrated not only enhanced activity relative to 
vancomycin, but also potency against several vancomycin-resistant 
bacterial strains. 

Apart from dimerization, a powerful olefin metathesis-based 
approach to complex molecular frameworks is the combination of 
a cross-metathesis process with a subsequent ring-closing meta¬ 
thesis event. Indeed, because these alternative metathesis pathways 
are promoted differentially based on substrate concentration, it is 
often possible to control which operation is effected upon a reactant 
that could participate in both pathways (such as a substrate posses¬ 
sing two terminal olefins). One of the most impressive examples of 
this concept resides in the route of Kakinuma and co-workers to the 
unique 36- and 72-membered macrocyclic membrane lipids found 
in archaebacteria (37 and 39, Scheme 12). The same starting mate¬ 
rial (36) was elaborated into both targets with the same metathesis 
initiator under different experimental conditions.51 In initial studies, 
36 was treated with ruthenium alkylidene 13 under high dilution 
conditions suitable for ring-closing metathesis in refluxing 
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Scheme 11. Dimerization of vancomycin derivatives through cross-metathesis. (Nicolaou et al., 2000)48 
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CH2C12, leading to the smooth formation of the 36-membered ring- 
closed product in 79% yield. Although this compound was pro¬ 
duced as a 7:1 mixture of E\Z isomers, this issue was ultimately 
of no consequence as subsequent hydrogenation removed the dou¬ 
ble bond and concurrently effected deprotection of the benzyl 
ether, completing the synthesis of the target natural product (37). 
Interestingly, a small amount of 38 was also obtained from the 
initial metathesis reaction, suggesting that if the same reaction 
was performed more slowly (i. e. at a lower temperature) and 
under more concentrated conditions, then this dimerized product 
might form preferentially. Indeed, upon application of a 20 mol % 
loading of catalyst 13 to 36 at a concentration of 108 mM in 
CH2C12 at 25 °C, these expectations were met through the exclu¬ 
sive formation of 38 in 81% yield (based on recovered starting 
material). Amazingly, neither 37 nor the 72-membered RCM dio- 
lefinic product corresponding to 39 were formed. Finally, upon 
reapplication of high dilution conditions for metathesis, 38 was 
induced to undergo the desired macroring-forming reaction, com¬ 
pleting the synthesis of the naturally occurring 72-membered 
ring 39 in 34 % overall yield after hydrogenation. This latter 
RCM reaction is especially remarkable, as unlike the paradigms 
defined above in the context of Sch38516 (Scheme 8) and 
tricolorin A (Scheme 9), there are no polar functionalities in 38 
which can facilitate the formation of an organized transition 
state that would bring the terminal olefins into close proximity 
and thus decrease the considerable entropic barrier associated 
with this highly flexible system. 

Although cross-metathesis and RCM were not combined produc¬ 
tively in a single operation in the preceding example, such a cascade 
sequence is possible, even though the precedent set above suggests 
that it would be challenging to find reaction conditions suitable to 
engender both events in the same flask in high yield. As proof-of- 
principle, we turn to an example taken from the realm of designed 
molecules established by M. R. Ghadiri and T. D. Clark at The 
Scripps Research Institute.52 As a general precept, when certain 
molecules are dissolved in appropriate solvents,- supramolecular 
arrays can form through self-organization of the individual mole¬ 
cules into larger regular assemblies as enforced by intermolecular 
forces such as hydrogen bonding.53 In the absence of some 
“permanent” chemical event, however, these aggregates exist only 
in solution and cannot be studied or manipulated outside the reac¬ 
tion flask. In this example, Clark and Ghadiri anticipated that 
such a supramolecular structure could be captured using an olefin 
metathesis strategy which combined cross-metathesis with a sub¬ 
sequent RCM event. As shown in Scheme 13, the dissolution of a 
flat macrocyclic peptide subunit containing two L-homoallylglycine 
residues in CDC13 was believed to lead to two interconverting 
hydrogen-bonded diastereomeric cylindrical ensembles, one of 
which is 40, reminiscent of the tertiary peptide structure of antipar¬ 
allel (3-sheets. Proof of this conjecture was obtained upon addition 
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Scheme 12. The olefin metathesis-based synthesis of the 36- and 72-membered macrocyclic membrane 
lipids found in archaebacteria 37 and 39. (Kakinuma et al., 1998)51 
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Scheme 13. Employing a H-bonding network to facilitate ring-closing 
metathesis and capture a supramolecular p-barrel peptidomimetic 
assembly. (Ghadiri and Clark, 1995)52 

of Grubbs’ catalyst (12), as this assembly was trapped as three 
inseparable diastereomeric products 41 in 65 % yield through the 
designed cascade sequence. Subsequent hydrogenation of the 
newly generated olefins then afforded a single (3-barrel peptidomi¬ 
metic. Had these hydrogen bonds not been present, it is likely 
that intramolecular RCM of cyclic peptide monomers or polymeri¬ 
zation would have occurred preferentially (assuming, of course, that 
catalyst function would not have been retarded by the numerous 
Lewis basic sites in a non-hydrogen-bonded substrate). 

Substrate preorganization, however, is not a necessary prerequi¬ 
site for a cross-metathesis/ring-closing metathesis cascade sequence 
to succeed. In this vein, a recent total synthesis of (—)- 
cylindrocyclophane A (45, Scheme 14a) by A. B. Smith and his 
group at the University of Pennsylvania is particularly instructive.54 
Having already synthesized this target through conventional, 
stepwise approaches, Smith and co-workers turned to the far more 
challenging, but inherently more tantalizing, prospect of effecting 
the synthesis of the [7,7]-paracyclophane structure comprising the 
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Scheme 14. Exploitation of the reversible nature of olefin metathesis to synthesize (-)-cylindrocyclophane 
A (45) based on thermodynamic product stability (a) and experimental validation of the reversible nature of 
the employed olefin metathesis reaction (b). (Smith et al., 2001 )54 

core of the natural product through a one-pot dimerization of two 
appropriately functionalized resorcinol monomers. More specifi¬ 
cally, it was anticipated that an initial olefin cross-metathesis reac¬ 
tion between two molecules of 42, followed by a productive ring¬ 
closing metathesis event, could afford the complete [7,7]-cyclo- 
phane skeleton 43 in a single operation. While this strategy is cer¬ 
tainly appealing on paper, several features of the design appear 
potentially troublesome. Specifically, instead of a [7,7]-cyclophane, 
one might ask whether the alternate possibility of forming the [8,6]- 
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isomeric product would occur if dimerization led first to an adduct 
such as 46 (Scheme 14b; note that the OTES groups of 42 are absent 
in this structure) by cross-metathesis, an entity which would be 
poised for subsequent intramolecular closure. Moreover, even if 
the initial dimerization proceeded as desired to an intermediate cap¬ 
able of forming the [7,7]-system, the degree to which olefin geome¬ 
try in the newly formed C4—C5 bond would influence the facility of 
the final RCM reaction could not predicted. 

Based on the fact that metathesis reactions are reversible, it was 
anticipated that exposure of 42 to a suitable alkylidene-based 
metathesis catalyst would funnel the material exclusively towards 
the (E,E)-isomer 43. This conjecture was supported by molecular 
modeling which revealed that this [7,7]-cyclophane was the most 
thermodynamically stable entity among all conceivable reaction 
products, including [8,6]-systems. As predicted, upon reaction of 
42 with a 34 mol % loading of the molybdenum catalyst 11 in 
benzene at ambient temperature, the designed sequence to the 
22-membered ring 43 was effected in an impressive 77 % yield 
after just 75 minutes of stirring, leaving only three routine opera¬ 
tions to reach the target molecule (45). As validation that the con¬ 
version of 42 into 43 proceeded through reversible olefin-meta¬ 
thesis events, treatment of related structures 46 bearing either 
E or Z geometry (with this C4-C5 olefin prepared through a Hor¬ 
ner—Wadsworth-Emmons reaction) smoothly led to the formation 
of [7,7]-cyclophane 47 rather than any [8,6]-product or [7,7]-iso- 
mers with alternative double-bond geometries. As an interesting 
digression, one should note that the drawing of structure 45 does 
not effectively convey the actual arrangement of this molecule in 
three-dimensional space as the aryl rings are, in fact, stacked, 
with a distance of only 7.65 A separating them. 

Without question, tandem sequences of the type we have just wit¬ 
nessed constitute powerful approaches to construct molecular com¬ 
plexity, although they do not encapsulate the full panoply of possi¬ 
ble metathesis-based cascade transformations. To be sure, this spe¬ 
cific area of reaction design has received a burgeoning level of 
attention in recent years, a trend that is likely to expand in the 
future, particularly in terms of combining metathesis with other 
reactions in the current synthetic repertoire. An early example of 
such a sequence can be found in a strategy established by the Nico- 
laou group which accomplished the formation of complex polyether 
frameworks representative of those possessed by diverse natural 
products such as brevetoxin B (see Chapter 37 in Classics I).55 
Thus, upon treatment of olefinic ester 48 (Scheme 15) with stoichio¬ 
metric amounts of the Tebbe reagent (9), the titanium carbene 10 
derived from this titanocene effected initial methylenation of the 
ester group to generate enol ether 49, as would be expected based 
on the established preference of this reagent to engage carbonyl 
functionalities before olefins. With excess Tebbe reagent in solu¬ 
tion, however, subsequent olefin metathesis between the newly gen¬ 
erated olefin and the neighboring alkene ensued, affording poly- 
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Scheme 15. Synthesis of complex polyether frameworks by tandem 
methylenation/olefin metathesis. (Nicolaou et al., 1996)55 

ether 50 in 61 % yield. Since the initial disclosure of this trans¬ 
formation, the developed technology has been applied to several 

of the ring systems embedded within the structure of the complex 
marine natural product maitotoxin.56 Beyond direct practical ap¬ 

plication, although the overall reaction is not catalytic with respect 

to the metal complex, it does illustrate the value of olefin 
metathesis in the synthesis of polyether-containing natural products, 

a strategy which has been utilized with great success on several 
occasions. Among these, the recent total synthesis of ciguatoxin 

CTX 3C by the Hirama group in which metathesis constituted the 

key transformation to form cyclic ethers of various sizes is note¬ 

worthy.57 
We are nearly at the end of our initial foray into metathesis chem¬ 

istry and we felt that it would be appropriate to close with two addi¬ 
tional cascade sequences, starting with a recent total synthesis of 

(-)-halosalin (54, Scheme 16) by S. Blechert and R. Stragies.58 

In the designed strategy to this target molecule, after a stereoselec¬ 

tive synthesis of homochiral 51, it was envisioned that this com¬ 
pound could be induced to form 52 directly with one of the avail- 



186 7 Epothilones A and B 

Me Me 

51 

PCy3 
I ,.CI 

TBAF, CH2CI2 
-78—>25 °C 

(78% 
overall) 

fl °H 1. H2, Pd/C 
- 0 OH 

'N'Tv ^ N 2. Na/Hg, MeOH, 
H H k2hpo4, A Ts H 
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Scheme 16. A domino olefin metathesis strategy for the synthesis of 
(-)-halosalin (54). (Blechert and Stragies, 1999)58 

able olefin metathesis catalyst systems through a ROM/RCM dom¬ 

ino sequence. As with all metathesis reactions, the ultimate distri¬ 

bution of products is predicated on the overall differences in 
enthalpy, and so it was anticipated that the depicted reaction should 

succeed based on the relative thermodynamic stability of unsatu¬ 
rated six-membered rings compared to their five-membered counter¬ 

parts. Most gratifyingly, upon application of only 5 mol % of ruthe¬ 
nium catalyst 13, the expected product 52 was obtained smoothly. 

After subsequent treatment with TBAF in situ to cleave the tempor¬ 
ary silicon tether, 53 was ultimately isolated from the reaction mix¬ 

ture in 78% yield. One should realize that whether ring-opening 

metathesis or carbene addition to a terminal olefin occurred first, 
these alternate scenarios in fact are degenerate pathways to the 

same product. The true strength of the approach in this context 

rests in the transfer of easily installed stereochemical information 
on a wholly carbon-based precursor to a heterocyclic product in 

which such chiral information would otherwise be challenging to 
encode with equal facility. 

As a final entry in this section, we felt it appropriate to turn to an 

example that perhaps reflects a likely focus of metathesis explora¬ 
tions in the future. While all of our preceding examples have illu¬ 

strated metathesis reactions exclusively of olefinic substrates, 

other unsaturated precursors can engage in productive metathesis 
events when suitably activated by appropriate metal-carbene com¬ 

plexes. One of these processes, the enyne metathesis reaction,59 is 

shown in Scheme 17. After insertion of the ruthenium alkylidene 
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Scheme 17. Use of a domino enyne ring-closing metathesis sequence for the construction of steroid-type 
polycycles. (Grubbs et al., 1998)60 

into the terminal (most reactive) double bond of 55, enyne meta- 
thesis/cyclization led, via 56, to intermediate 57 bearing a new 

carbene center. The latter species was now poised to initiate a series 
of reactions with the remaining three unsaturated sites, ultimately 
affording a complete steroid framework (58) in 70% overall 

yield.60 As such, each alkyne served as a metathesis relay point 
for subsequent cyclization. The efficiency of this particular enyne 

domino sequence, which was reported by the Grubbs group, 
bodes well for its future in complex molecule construction (exam¬ 

ples of which we will examine more closely in Chapter 16). Histori¬ 

cally, we should note that the first enyne metathesis reaction was 
carried out by Katz and Sivavec in 1985.61 The related alkyne 

metathesis process (which Katz also predicted could occur)24a will 

be encountered in due course (vide infra). 
Having discussed both the historical and practical aspects of the 

olefin metathesis reaction, we are now ready to embark on the 

journey at the heart of this chapter, namely the total synthesis of 

epothilone A (1). 
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7.2 Retro synthetic Analysis and Strategy 

Although epothilone A (1, Scheme 18) is a relatively small mole¬ 

cule in comparison to many of the targets that comprise chapters 

in this text, its molecular framework certainly offers a considerable 

challenge to the synthetic chemist based on its dense array of stereo¬ 

centers and potentially sensitive functional groupings. Characteris¬ 

tic features along these lines include a 16-membered macrolactone 

bearing a cis epoxide, two hydroxy groups, two secondary methyl 

groups, a gem-dimethyl-substituted carbon atom, as well as a side 
chain consisting of a trisubstituted double bond and a thiazole 

ring. Surely, these elements afford ample opportunities for the 

development of new synthetic strategies and methodologies in the 
context of any total synthesis endeavor with benefits likely spilling 
over into the general realm of organic synthesis. 

Beyond this beneficial feature, from a retrosynthetic perspective 
the epothilones are wonderful targets because they offer an impres¬ 

sive array of possible disconnections that could lead to successful 
strategies for sculpting the structural framework of this molecule. 

In terms of means by which to generate the macrocyclic system 

alone, numerous possibilities should come to mind, not the least 
of which is a macrolactonization or an aldol-based macroring-form¬ 
ing reaction. While both of these approaches have indeed proven 

quite effective in the hands of several investigators to reach 

epothilone A, our focus in this chapter will be on metathesis- 
based macrocyclization routes.10 As such, we shall examine in detail 
the first total synthesis of epothilone A (1) that used this strategy, as 

brought to fruition by Nicolaou and co-workers in 1997,8 and, in 

later sections, touch upon other equally instructive ring-closing 
metathesis approaches to this family of molecules. 

As with all well-conceived synthetic plans, the original Nicolaou 
retrosynthetic blueprint for epothilone A (1), shown in Scheme 18, 

sought a design that was flexible, as convergent as possible, and 

which aimed to test and develop new synthetic strategies and meth¬ 
ods. However, beyond these standard goals of modern synthetic 

engineering, because the epothilones are such important targets 

from the chemical biology and drug discovery perspectives, an 
additional design element included the ability to deliver as many 

structural variations as possible to explore structure-activity rela¬ 
tionships (SAR). Accordingly, unlike most synthetic plans in 

which the controlled installation of stereochemical elements is 

deemed of critical importance, obtaining mixtures of isomers 
along the route was viewed as an advantage since it would provide 

additional structural analogues which might show unique activity 

profiles relative to the parent natural product, and thereby shed 

light on the molecular basis of the biological activity of the epothi¬ 
lones. 

Guided by this set of construction principles, the first retrosyn¬ 

thetic simplification consisted of excising the C12-C13 epoxide 
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Scheme 18. Retrosynthetic analysis of epothilone A (1). 

oxygen atom, leading to olefin 59 as an advanced subtarget. 

Because 59 is also a member of the epothilone family (epothilone 
C), a successful synthetic route to this compound would thus afford 

access to two natural products, assuming that the epoxidation reac¬ 

tion required to complete epothilone A (1) could be achieved. While 
it was always envisioned that such an epoxidation could be effected, 
the more pressing concern of this strategy was whether this conver¬ 

sion would proceed with the requisite level of stereocontrol. For 

certain, the inherent molecular architecture of 59 would play a lead¬ 
ing role in this task, although its overall effect could not be antici¬ 

pated on the basis of first principles. Apart from this issue, as an 

additional element of challenge, this endeavor would also require 

the chemoselective engagement of the Cl2—C13 double bond in 
the presence of two oxidizable heteroatoms in the heterocyclic 

ring and the trisubstituted double bond of the thiazole side chain. 

Even though the latter double bond is certainly more hindered, 

the neighboring thiazole ring confers a reasonable degree of elec- 
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tron deficiency on this double bond, thereby activating it for reac¬ 

tion with nucleophilic epoxidation reagents to the extent that it 

might compete with the Cl2—C13 double bond. Overall, it was 

anticipated that one of the many epoxidation systems known in 

the literature could ultimately deliver the desired product during 

the forward synthesis. In the worst scenario, mixtures of epoxides 
would be formed that would hopefully be chromatographically 

separable, thereby affording isomeric epoxides as library members 

for subsequent biological assays. 
Having elected to pursue this initial course of action, it was then 

envisioned that the newly unveiled Cl2—C13 double bond of 59 
could arise from 60 through a ring-closing olefin metathesis reac¬ 
tion. Since these were the early days in the development of this 

reaction in complex contexts, however, at the outset of this research 

program several variables in the proposed transformation consti¬ 
tuted unexplored territory in the metathesis landscape. First, it 

was uncertain whether or not metathesis could proceed with the 

thiazole side chain attached, as the strongly Lewis basic nitrogen 
atom positioned in close proximity to one of the reacting double 

bonds might coordinate with the catalyst itself or with an alkylidene 
intermediate and thereby shunt effective reaction pathways in other 

directions. The free C-7 hydroxy moiety in 60, which was intention¬ 

ally left unprotected to minimize the number of protection/deprotec¬ 
tion steps in the overall sequence, might also be a source of compli¬ 
cations, despite precedent suggesting that such functionality was 

tolerated by some of the newer (at that time) ruthenium-based cat¬ 

alyst systems such as 13.62 On top of these serious concerns, even 
if the reaction proved successful, it was uncertain whether the 
stereochemical outcome would favor the Z olefin, as required for 

the natural products 59 and 1, or the undesired E isomer instead. 

When these troubling issues are considered collectively, the 
designed olefin metathesis strategy certainly seemed to promise 
an exciting undertaking that would hopefully extend (or, if 

unsuccessful, define) some of the frontiers of olefin metathesis in 
complex molecular contexts. 

At this juncture in the analysis, although the overall molecular 

complexity of 60 versus the original target molecule has not been 

greatly simplified in terms of number of atoms or stereocenters, 

the remaining design elements were relatively easy to deduce. 
Thus, striving for convergence, the retrosynthetic arrow now 

touched the ester linkage in 60, leading to carboxylic acid 62 and 
the much smaller thiazole side chain 61. Next, it was reasoned 

that the C-7 hydroxy group and its neighboring C-6 methyl group 

arranged in a syn fashion in 62 could result from a diastereoselec- 

tive aldol-type union of ketoacid 63 and aldehyde 64. One should 

note, however, that this key coupling was anticipated to proceed 

with relating not absolute stereocontrol. Since chiral aldehydes 
afford poor aldol stereoselection (cf. Chapter 3). Again, such a 

result was viewed favorably based on arguments of library 

construction for chemical biology studies. These final retrosynthetic 
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simplifications have afforded three fragments of roughly equal size 

and stereochemical complexity. As such, this plan certainly reduces 

the synthetic challenges associated with 1 to far smaller and more 
manageable fragments, and concurrently affords a simple means 

to generate analogues, especially of the C-15-linked side chain, 

which is designed to be incorporated near the end of the synthetic 
sequence. 

7.3 Total Synthesis 

7.3.1 Solution-Phase Synthesis of Epothilone A (1) 

Based on the retrosynthetic analysis presented above, the first criti¬ 

cal task on the way to testing the olefin metathesis-based strategy 
for the total synthesis of epothilone A (1) was the construction of 

the three key building blocks 61, 63, and 64. Focusing our attention 
first on the preparation of aldehyde 64, the Nicolaou group devel¬ 

oped several approaches to this building block based on asymmetric 
synthesis with chiral auxiliaries; one of these solutions is detailed in 
Scheme 19. 

In general, although face-selective alkylations of chiral enolates 
constitute one of the most important methods for asymmetric bond 

formation, particularly for the generation of acyclic stereocenters a 
to carbonyl groups, relatively few of the available protocols 

engender high-yielding and stereoselective reactions with non-acti- 
vated alkyl halides. A stark exception to this trend resides in the 
family of chiral sultam derivatives developed by Oppolzer and 
co-workers, e. g. 65, which have found widespread utility in 

organic synthesis.63 The power of this methodology is appropri¬ 

ately demonstrated here where exposure of 65 to NaHMDS in 
THF at —78 °C smoothly effected the formation of the chiral eno- 
late (Z)-67 whose structure is shown in the column figure. Upon 

addition of 5-iodo-l-pentene in the presence of HMPA, the enolate 

then selectively reacted with this unactivated primary alkyl iodide 
exclusively from the bottom face, with the alternative possibility 
effectively prevented by the gem-dimethyl substituents situated 

MU 

67 

1. LiAlH4 

2. TPAP, NMO H 
(57% from 65) 

O 

65 66 64 

Scheme 19. Synthesis of key building block 64. 
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at the apex of the [2.2. l]-bicyclic ring system. Accordingly, this 

auxiliary afforded 66 as a single stereoisomer in high yield. 

With success achieved in this initial step,.the electron-deficient 

chiral auxiliary was then smoothly excised with LiAlH4 in THF 

at —78°C, providing a primary alcohol which was oxidized with 

TPAP/NMO to complete the synthesis of the desired aldehyde 

64 in 57 % overall yield for the three steps. 
With the synthesis of one fragment accomplished, routes to the 

other two pieces, 61 and 63, were sought next. As shown in Scheme 

20, each of these syntheses was predicated on employing an asym¬ 

metric allylboration64 reaction as the key operation to fashion their 

stereogenic centers. Thus, dealing first with the optically active 
ketoacid 63, the synthesis of this building block began with a start¬ 

ing material derived from the chiral pool following an approach 

which anticipated the requisite carboxylic acid arising from the 
oxidation of an aldehyde precursor obtained through ozonolytic 

cleavage of a terminal double bond. To execute this strategy suc¬ 

cessfully, the asymmetric addition of an allyl chain onto this starting 

material was required first. This goal was admirably met upon the 
addition of H. C. Brown’s chiral (+)-Ipc2B(allyl) reagent65 to 68 
in Et20 at -100 °C, affording the desired allylated product with 

greater than 98 % ee (based on Mosher’s ester analysis method). 
With the required stereogenic center secured, the newly formed 

hydroxy group was then protected as its corresponding TBS ether 
with TBSOTf to provide 69 in 73 % overall yield after these two 

operations. Arrival at carboxylic acid 63 was finally accomplished, 

in 84 % yield, through the conventional manipulations of ozonolytic 
cleavage followed by oxidation of the resultant aldehyde with 

NaC102. 

1- (+)-lpc2B(allyl), 
Et2Q, -100 °C 

2. TBSOTf 
(73% overall) 

(>98% ee) 69 

1. O3, CH2CI2, 
-78 °C; PPh3 

2. NaCI02 
(84% overall) 

63 

lpc2B(allyl) = diisopinocampheylallylborane 

70 
(88% overall) 

(+)-lpc2B(allyl), 
Et2Q, -100 °C 

(96%) 
(>97% ee) 

OH 
61 

Scheme 20. Synthesis of key building blocks 63 and 61. 
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The remaining fragment, thiazole 61, was readily synthesized 

through the three-step protocol defined in the lower half of 

Scheme 20 starting with the known thiazole ester derivative 70.66 
In the opening operation, conversion of the ester into the corre¬ 

sponding aldehyde was achieved through a controlled DIBAL-H 

reduction at —78 °C employing CH2C12 as solvent, and was then fol¬ 
lowed by a stereoselective Wittig olefination with the stabilized 

ylide Ph3P=C(Me)CHO in benzene at 80 °C, ultimately providing 
the (£')-a,|3-unsaturated aldehyde 71 in 88 % overall yield. One 

should note that although the Wittig reagent itself possesses a reac¬ 
tive carbonyl function, the steric bulk of the triphenylphosphine 

portion of the ylide prevents self-condensation, thereby enabling 
this reagent to be utilized successfully. At this stage, the separation 

64 
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I 63 |, LDA, THF, 

-78^-40 °C; H0^7 

then I 64 |, 1 h 

(3:2 mix of diastereomers) 
Aldol reaction 

co2h 
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1 ...Cl 

ci'l \h CxX^ PCy3 
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isomer) 
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(98%) TFA, CH2CI2, 
10 °C, 3 h 

59: epothilone C 
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Scheme 21. Completion of the total synthesis of epothilone A (1). 
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73 

between 71 and 61 should be relatively obvious, merely requiring a 
stereoselective addition of (+)-Ipc2B(allyl). Indeed, upon addition 
of this borane to 71 in a mixture of Et20 and pentane at —100 °C, 
61 was obtained in 96 % yield and with greater than 97 % ee. 

With this preliminary phase of synthetic work accomplished, the 
more intriguing elements of the anticipated epothilone A synthesis 
could now begin in earnest. As shown in Scheme 21, the initial mer¬ 
ger of fragments 61, 63, and 64 into advanced intermediate 60 pro¬ 
ceeded quite smoothly. Treatment of 63 with 2.3 equivalents of 
LDA in THF at -78 °C with warming to -40 °C over one hour 
(to effect both deprotonation of the free acid and formation of the 
enolate) was followed by the addition of 1.6 equivalents of aldehyde 
64, leading to a facile aldol reaction which provided 62 and its 
C6—C1 syn diastereomer in a 3:2 ratio that favored the desired 
drawn product. This mixture was carried forward and the acid 
was esterified directly with the homoallylic thiazole alcohol 61 in 
the presence of DCC and 4-DMAP to afford, after chromatographic 
separation, pure 60 (in 52 % yield from 63) and its alternative syn 
disposed C6—C7 isomer (in 31 % yield from 63). 

Having reached this advanced intermediate, the stage was finally 
set to test the ring-closing olefin metathesis reaction that was the 
cornerstone of the overall strategy. Fortunately, virtually no reaction 
scouting was required to achieve success, as upon exposure of 60 to 
a 10 mol% loading of Grubbs’ ruthenium catalyst 13 in CH2C12 at 
ambient temperature macrocyclization to 72 was effected in 85 % 
yield after 20 hours of reaction. Overall, this impressive ring closure 
afforded a 1.2:1 mixture of Z.E isomers, separable through chroma¬ 
tography, with product identification ultimately achieved by com¬ 
paring the coupling constants of the C-12 and C-13 protons. Several 
features of this conversion are worthy of further commentary. First, 
although efforts to optimize Z:E selectivity through examination of 
alternative solvents and temperatures was not pursued exhaustively 
by these researchers (though some subtle variations in Z.E ratios 
were observed among those systems examined), early model studies 
firmly established that the specific array of functionality compris¬ 
ing the backbone of the eventual macrocyclic' system was far 
more influential than the solvent or temperature in dictating the 
Z.E ratio of the resultant olefinic products. For example, application 
of the same conditions as above to effect ring-closing metathesis of 
either 73 or 74 (see column figures), both possessing A2,3 unsatura¬ 
tion instead of the C-3 stereocenter present in the natural product, 
led exclusively to the undesired E isomer. The significance of this 
observation is elevated beyond the level of anecdotal evidence 
through the parallel studies of both the Danishefsky67 and Schin- 
zer68 groups in their more exhaustive explorations of the same 
ring-closing reaction (75 —> 76), as shown in Scheme 22. As the 
results of Danishefsky and co-workers suggest, merely altering 
the stereochemistry at C-3 from the a-disposition of the natural 
product to the opposite (3-orientation had a profound, but negative 
impact on the Z.E ratio. Similarly, modifying the C-5 ketone to 
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Investigator R X Y Solvent T(°C) t(h) Z/E Ratio Yield (%) 

TBS a-OTPS, (3-H a-OH CeH6 55 2 1:3 86 
TBS a-OTPS, (3-H a-OTES c6h6 55 2 1:5 80 

Danishefsky TBS a-OTPS, (3-H (3-0 H CeH6 55 2 1:9 81 
TBS 0 a-OTBS CeHg 55 2 5:3 86 

H 0 a-OH c6h6 55 2 1:2 65 
TBS 0 (3-OTBS c6h6 55 2 1:2 88 

Schinzer TBS O a-OTBS ch2ci2 25 16 1.7:1 94 

Scheme 22. Olefin metathesis studies exploring the stereoselectivity in the formation of the epothilone 
scaffold. 

any reduced congener dramatically eroded Z selectivity. The exam¬ 
ple from the Schinzer laboratories, when compared with the same 
substrate used by Danishefsky and co-workers, provides additional 
support that changing reaction parameters such as solvent, tempera¬ 
ture, or even metathesis catalyst leads only to a slightly altered ratio 
of olefinic products. Taken cohesively, these studies indicate that, 
while the controlled formation of the E olefin of the epothilone A 
macrocycle is a realistic goal, obtaining the Z olefin exclusively 
would appear to be impossible upon adherence to this strategy 
armed only with current metathesis technology. 

As mentioned earlier, however, mixtures of olefin isomers were 
acceptable for biological testing purposes, and since the Z and 
E isomers of 72 (Scheme 21) were separable by chromatography, 
pure (Z)-72 was advanced through the final stages needed to 
reach epothilone A (1). Thus, proceeding with the synthesis, the 
lone protecting group in 72 was cleaved by treatment with TFA in 
CH2C12 at 0 °C giving 59 in near-quantitative yield, leaving epoxi- 
dation as the only step remaining to complete the molecule. As 
anticipated, optimization was required before this reaction provided 
the desired stereoisomer with a reasonable degree of selectivity. 
Under the best conditions, treatment of 59 with 1,1,1-trifluorodi- 
methyldioxirane (generated in situ by reacting 1,1,1-trifluoroace- 
tone with OXONE®) afforded a 4.8:1.0 mixture of 1 and its 
C12—C13 stereoisomeric epoxide in 75% overall yield after just 59: epothilone C 
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one hour of stirring at 0°C in a 2:1 mixture of CH3CN and 
Na2EDTA. Alternatively, the use of the structurally related 
dimethyldioxirane (DMDO) furnished a 3:1 mixture in favor of 1 
under the same conditions, while employing raCPBA afforded a 
1:1 ratio of these epoxides and provided some epoxidation of the 
C16-C17 olefin. Remarkably, Danishefsky and co-workers have 
disclosed that a 16:1 ratio of epoxide isomers in favor of 1 can be 
formed in 49 % yield using DMDO in CH2C12 at —35 °C.67 

7.3.2 Solid-Phase Synthesis of Epothilone A (1) 

Although the preceding discussion has carried us through the origi¬ 
nal Nicolaou route to epothilone A (1), the story of the developed 
chemistry did not stop once the spectroscopic properties of the syn¬ 
thetic and natural material were shown to be identical. Indeed, sub¬ 
sequent work sought to apply this chemistry to generate large 
libraries of epothilone analogues for biological screening. One 
way this objective could potentially be implemented would be to 
substitute the three main building blocks in the original synthesis 
with ones bearing slightly altered functionality such as those 
defined in Scheme 23. If these fragments were joined in a combina¬ 
torial fashion, it would be possible to effect the construction of 45 
unique compounds (3 X 3 X 5) in principle, assuming that these 

Scheme 23. Representative examples of building blocks (77, 78, and 79), which could be employed to 
construct a library of epothilone A (1) analogues. 
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syntheses succeeded with equal proficiency. Moreover, if the aldol 
and metathesis steps proceeded with similar levels of stereocontrol, 
then four isomeric forms of each specific combination of three 
building blocks would be obtained, thus providing, in theory, a 
total of 180 compounds for testing. 

While one could certainly attempt to pursue such a library through 
parallel solution-phase synthesis, it would likely take several 
months to complete the project due primarily to the numerous and 
time-consuming purification steps that would undoubtedly be 
required. As such, the Nicolaou group sought an alternative method 
to achieve this set of objectives in a more timely and less exhausting 
manner by implementing a general strategy based on solid-phase 
chemistry,69 a technique pioneered by R. Bruce Merrifield in the 
1960s which garnered him a Nobel prize in 1984.70 

In his groundbreaking studies, Merrifield sought to fashion long 
chains of polypeptides in a universal manner from the readily 
available collections of amino acid building blocks. His key insight 
rested in the idea that by ligating one of the starting building 
blocks to a solid resin platform such as polystyrene (which pro¬ 
vides a large anchor that can be seen with the naked eye), reactions 
could be driven to completion using excess amounts of reagents, 
and then the purification of products could be performed simply 
by washing away excess reagents with appropriate solvents. As a 
result, laborious extraction and chromatographic separations were 
avoided, leading to enhanced yields in each step because material 
was not lost through these manipulations. Most impressively, the 
strategy worked well with the existing chemical methods that 
had been developed for conventional solution phase synthesis of 
peptides, and once a desired polypeptide chain had been synthe¬ 
sized, the product could then be cleaved from the bead-like poly¬ 
styrene resin through a simple chemical “deprotection.” Based on 
the success and speed of this approach, the high-throughput com¬ 
binatorial generation of libraries of peptides, and, shortly there¬ 
after, oligonucleotides, became a common enterprise and has 
since had a profound impact on chemistry, biology, and biotechnol- 

71 ogy. 
In more recent times, the solid-phase chemistry technique has 

been extended to the more general and vast field of chemical syn¬ 
thesis, and has gained considerable utility in library construction 
beyond conventional parallel synthesis protocols through an 
approach known as “split-and-pool,” or “split synthesis,” first intro¬ 
duced by Furka et al. in 19 8 8.72 The split-and-pool concept, which 
is shown in cartoon format in Scheme 24, is particularly powerful 
despite the relatively simple nature of the design. For the sake of 
argument, imagine that you wanted to synthesize a library of poly¬ 
peptides composed of three unique amino acid building blocks. 
Starting with a suitable amount of an appropriately functionalized 
resin, you first divide the solid support into three separate, but 
equal, pools (the split step) and then chemically append a different 
amino acid onto the resin in each pool (the introduction of diversity 



198 7 Epothilones A and B 

000 QOO 000 — — Sp//f 

t*. |a2 |a3 

999 999 999 ^- Introduction 
At At At a2a2a2 A3A3A3 of diversity 

Pool 

Common 
operation 

999 999 999 - Split 
At A2A3 Ai A2A3 At A2A3 

tA> |a2 fA3 

999 999 999 Introduction 
At A2A3 Ai A2A3 Ai A2A3 of diversity 
At At At a2a2a2 A3A3A3 

Ai A2A3 Ai A2A3 A-| A2A3 

A-] A-| A-| A2A2A2A3A3A3 

999999999 
Ai A2A3 Ai A2A3 A-| A2A3 
Ai ^ ^ A2 A2 A2 A3 A3 A3 

At At At At At At At At At 

WWW 
At A2A3 At A2A3AT A2A3 
At At At A2 A2A2 A3 A3A3 

|a2 

99WWW9 
At A2A3 At A2A3 At A2A3 
At At At A2 A2A2 A3 A3A3 

A2 A2 A2 A2 A2 A2 A2 A2 A2 

999999999 
At A2A3At A2A3At A2A3 

At At At A2 A2 A2 A3 A3 A3 

999999999 
At A2A3 At A2A3 At A2A3 

Ai At At A2 A2 A2 A3 A3 A3 

A3A3A3A3A3A3A3A3A3 

t 
At At At A2A1A1 A3 At At 

t t 
AtAtA2 A2A1A2 A3ATA2 At At A3 A2A1A3 A3 At A3 

Pool; perform 
-common 

operation 

Split 

Introduction 
of diversity 

AtA2At A2A2A1 A3A2At AtA2A2 A2A2A2 A3A2A2 AiA2A3 A2A2A3 A3A2A3 

At A3 At A2A3A1 A3A3AT A1A3A2 A2A3A2 A3A3A2 At A3 A3 A2A3A3 A3 A3 A3 

Cleave and 
deconvolute 

Scheme 24. The split-and-pool strategy for combinatorial synthesis. 
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step). Seeking now to add a second amino acid, you then recombine 
your resins into a single pool so that you can perform a common 
operation such as a deprotection step to reveal a free carboxylic 
acid. With the attached substrate now ready for coupling with the 
amino group of the second amino acid, you again divide your 
resin into three separate pools which results in an approximately 
equal distribution of resin carrying each of the individual amino 
acid building blocks used in the first step. Addition of a different 
amino acid to each pool then produces the complete array of all 
possible dipeptides. Repeating this set of operations one more 
time would then afford the entire collection of 27 tripeptide prod¬ 
ucts (3 X 3 X 3), entities which can be freed from the resin in 
a final cleavage step. Impressively, this method provides a power¬ 
ful solution to combinatorial library generation, with two major, 
but manageable, caveats. First, because each diversity step divides 
the resin into increasingly smaller portions, the amount of resin 
initially needed (where substrate loading is typically on the 
order of 0.5 to 1.0 mmol g-1 resin) to yield a sufficient amount 
of each product for screening (~1 to 5 mg) could become quite 
large and unwieldy to handle in early steps. Furthermore, in order 
to identify each of the final products cleaved from the resin at the 
end of this sequence, some sort of “tag” is needed, a label that can 
be read through a process known as “deconvolution”. While we 
will not discuss such deconvolution strategies in detail here (they 
can be found in appropriate primary and secondary sources),69,73 
suffice it to say that numerous solutions to this problem have been 
developed based on both chemical and nonchemical encoding 
techniques. 

The solid-phase synthesis of epothilone A (1) and analogues 
thereof by the Nicolaou group serves as a useful vehicle to illustrate 
the efficiency of this technique.74 To apply the power of Furka’s 
method to generate libraries of compounds related to this natural 
product, however, a solid-phase route would have to be established 
first since chemistry in solution cannot always be directly trans¬ 
ferred to the solid-phase. Towards this end, the Nicolaou group 
initially examined the general approach applied above in the solu¬ 
tion-phase total synthesis, altered only with the initial incorporation 
of a modified building block to enable attachment of the epothilone 
template to the solid support. As shown in Scheme 25, the synthesis 
began with the preparation of an appropriate resin, starting from 
chloromethylpolystyrene (80). Thus, hoping to eventually fashion 
an ylide-based reagent that could add to 82 to form the olefin 83 
which would ultimately constitute one of the alkenes in the meta¬ 
thesis reaction, 80 was first converted into 81 by conventional 
operations. Most gratifyingly, upon treatment of this new resin 
with NaHMDS, the first building block (82) of the synthesis 
was loaded onto the resin through a Wittig olefination, affording 
83 in >70 % yield (as determined by cleaving the product off 
some of the resin and measuring mass recovery). After the next 
two operations in which 83 was smoothly converted into 84, 
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T 

59: epothilone C 

Scheme 25. Solid-phase total synthesis of epothilone A (1). 
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namely HF*py-induced cleavage of the silyl ether and subsequent 
Swern oxidation of the resultant alcohol to the corresponding alde¬ 
hyde, the next piece (63) was incorporated, as before, through an 
aldol reaction promoted by LDA and ZnCl2. With a mixture of 
C-6 and C-7 stereoisomeric products obtained in a 1:1 ratio, the 
final building block 61 was then attached through the same esterifi¬ 
cation conditions, providing the key substrate 86 ready for the ole¬ 
fin metathesis step. 

Although success in this ring-closing metathesis reaction would, 
of course, provide the macrocyclic system needed to fashion the 
remainder of the natural product, the designed transformation had 
the potential of proving notable for other reasons. First, if success¬ 
ful, this ring closure would be accompanied by simultaneous trace¬ 
less release of the desired product from the resin, meaning that no 
remnants of the original tether which united the epothilone scaffold 
to the polystyrene support would remain. This outcome would be in 
contrast to that of most conventional approaches in which some sig¬ 
nature of the original tether usually endures, whether as a hydroxy 
group or as another functional handle.7;> More importantly, however, 
cleavage in this manner imparts a safety feature to this cyclorelease 
strategy: only material that is capable of undergoing metathesis will 
be freed from the resin. As a result, any precursor that had not 
reacted properly during a step leading to 86 would remain attached 
to the solid support, thereby ensuring that the products obtained 
from the metathesis step would not be contaminated with undesired 
by-products. 

The designed strategy worked remarkably well as, upon treatment 
of precursor 86 with the same ruthenium catalyst 13 under slightly 
longer reaction times than in solution, cyclorelease from the resin 
was indeed effected, leading to the free epothilone A macrocycles 
as the expected mixture of four products (including 72) in 52 % 
combined yield. These isomers could then be separated by high 
pressure liquid chromatography (HPLC), leaving only application 
of the same solution-phase steps of deprotection and epoxidation 
to provide the fully elaborated products. As such, a viable solid- 
phase synthesis of epothilone A had been developed to which the 
power of split-and-pool synthesis could now be applied. In this 
regard, one can consider steps such as the Wittig olefination with 
compounds of type 82 as an introduction of a diversity step, and 
subsequent operations such as the HF-py deprotection and Swern 
oxidation as pooled steps in terms of the picture described in 
Scheme 24. As matters transpired, upon incorporation of three 
sets of building blocks (of the types defined in Scheme 23), the 
strategy proved highly successful, affording a diverse set of struc¬ 
tural congeners of epothilone A.76 

Employing the above combinatorial strategy as well as conven¬ 
tional solution-based approaches, researchers around the world 
have synthesized hundreds of epothilone analogues. Their screening 
has established a strong foundation for an SAR profile. As summar¬ 
ized in Scheme 26, these studies reveal the inherent molecular 
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87 89: aza-epothilone B 
(Nicolaou) (Danishefsky, Bristol-Myers Squibb) 

88 
(Nicolaou) 

Scheme 26. Structure-activity relationships (SAR) for the epothilones and examples of novel analogues 
(87-90). 

architecture of the epothilones as more or less essential for biologi¬ 
cal activity, although there are a few isolated examples of alter¬ 
native stereochemistries being tolerated, such as compound 88. 
Some of the more interesting and active families of analogues 
include those in which the thiazole side chain has been modified, 
as in 87, and the aza-analogue of epothilone B (89, currently in 
clinical trials).103 
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7.3.3 Alternative Metathesis Approaches to the Epothilones 

Although the syntheses described above proved valuable in provid¬ 
ing numerous analogues for chemical biology studies on the epothi- 

lone class, they also left room for improvement. Specifically, the 
relatively poor Z:E ratios obtained in the ring-closing metathesis 

reactions in both the solution- and solid-phase approaches to 

epothilone A (1) by Nicolaou and co-workers, a result corroborated 
by the additional systems and reaction conditions probed by the 

groups of Danishefsky and Schinzer (cf. Scheme 22), certainly 
define a practical limitation of the olefin metathesis reaction step 

in delivering the natural geometry at the C12-C13 junction. The 

same general problem was encountered in Danishefsky’s route to 
epothilone B (2, Scheme 27) where an equimolar mixture of E 
and Z isomers still resulted despite the presence of an extra methyl 
group present at C-12 in 91 that could have potentially conferred 
greater selectivity in the olefin metathesis ring closure leading to 

92.77 Similar findings were later disclosed by Grieco and May in 
a related approach to epothilone B using the same highly active 

catalyst (11) employed by the Danishefsky group.78 
When such problems are encountered in synthesis, a golden 

opportunity exists to develop insightful and thought-provoking 
solutions. The recent successful metathesis-based approach by 

0-0 
DMDO 

1. HF-py 
2. DMDO, 

-50 °C f 

/)— 

(87% overall) 

203 

Scheme 27. Danishefsky’s total synthesis of epothilone B (2) using molybdenum olefin-metathesis 
catalyst 11,67 
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Fiirstner and co-workers to epothilone C (59, Scheme 28), and 

therefore formal total synthesis of epothilone A (1), is one such 

example.79 Over the course of the past five years, alkyne metathesis 
has become one of the most important extensions of the original ole¬ 

fin metathesis reaction for complex molecule construction.80 First 

conceived of as a synthetic possibility by Katz in 197524a and 
experimentally verified by Schrock through the development of 

an appropriate catalyst system in 1981,81 the alkyne metathesis 

reaction in the epothilone context was intended by Fiirstner to effect 

the formation of the C12-03 alkyne 95 from precursor 93. 

Assuming that such a rigid alkyne-containing macrocycle could 
be fashioned, its selective hydrogenation under Lindlar conditions 

(palladium on BaS04 poisoned with quinoline) would then be 

expected to afford the coveted Z isomer exclusively. Most pleas¬ 

ingly, this strategy proved rewarding as application of Fiirstner’s 
catalyst 94 (10 mol%)82 to 93 in a solvent mixture of toluene and 

CH2C12 at 80 °C smoothly gave the desired alkyne metathesis prod¬ 
uct 95 in 80% yield. With this adduct in hand, the anticipated 

hydrogenolysis and fluoride-induced deprotections of the TBS 
ethers proceeded without incident, ultimately leading to epothilone 

C (59) in 79 % yield as a single stereoisomer. 
In addition to this elegant reformulation of the metathesis strategy 

toward the epothilones, an equally intriguing and challenging 

1. H2, Lindlar cat. 
2. HF 

(79% overall) 

Scheme 28. Furstner’s total synthesis of epothilone C (59) using ring-closing alkyne metathesis with 
molybdenum-based catalyst 94.79 
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metathesis-based proposition was advanced by Danishefsky and co¬ 

workers during their early efforts towards epothilone B (2) based on 

the premise of effecting a macrocyclic ring closure not at the rela¬ 
tively obvious C12-C13 site, but instead at a remote, unfunction¬ 

alized domain of the molecule using a substrate such as 96. As deli¬ 

neated in Scheme 29, while such a strategy would most likely pro¬ 
vide a mixture of C9-C10 Z.E isomers in the resultant product (97), 
this result could then be obviated by subsequent hydrogenation. 
Unfortunately, application of a variety of catalysts selected from 

the then-available repertoire, including 11 and 13, to epoxide-bear¬ 

ing intermediate 96 failed to engender any productive metathesis, 
leading largely to polymerized and/or decomposed material. Several 

attempts with related structural congeners of this diolefinic starting 

material similarly failed. What is important to realize, however, is 
the overall approach was not suspect; rather, the right catalyst had 
not been developed at the time the original explorations were per¬ 

formed. The veracity of this statement was beautifully illustrated 

in 2002 when S. Sinha and J. Sun at The Scripps Research Institute 
revisited the same problem, this time employing the “second-gener¬ 

ation” ruthenium alkylidene 16.83 Most gratifyingly, upon exposing 
96 to 30 mol % of this catalyst in refluxing CH2C12, the previously 

recalcitrant ring-closing metathesis was smoothly brought about in 
an impressive 89 % yield after 48 hours. Subsequent hydrogenation 
of the resulting disubstituted olefin proceeded smoothly without 

1. H2, Pd/C, EtOH 
2. TFA, CH2CI2 | 

Scheme 29. Sinha’s successful execution of the Danishefsky approach to synthesize epothilone B (2) by 
effecting macrocyclization at C9-C10 through ring-closing metathesis.83 
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94 

competitive reduction of the Cl6—C17 alkene, and upon TFA- 
induced cleavage of the TBS ethers, the desired natural product 
(2) was obtained. 

While both this synthesis and the previous example by Fiirstner 
are certainly important for the epothilone field by providing stereo¬ 
specific constructions of 1 and 2, the perhaps more important fea¬ 
ture is their beautiful illustration of the synergistic relationship 
between catalyst design and subsequent application in complex 
molecule synthesis. Key to the success of each approach was the 
development of a catalyst system that could reduce these creative 
metathesis designs to practice. As the scope of 94 and 16 as metath¬ 
esis initiators is explored further, buttressed by the addition of more 
powerful catalysts than these systems, the range of metathesis-based 
applications in natural product synthesis should become even more 
spectacular. 

7.4 Conclusion 

Even though the numerous case studies of the olefin metathesis 
reaction defined in the beginning of this chapter are certainly illus¬ 
trative of the value of this transformation to construct complex 
molecular frameworks, the collection of epothilone syntheses 
described in the latter half perhaps offers a more comprehensive dis¬ 
play of the virtuosity of metathesis-based processes. In many ways, 
the relevance of metathesis to the epothilone story constitutes a 
defining moment in the history of olefin metathesis as the culmina¬ 
tion of years of fundamental research into a clear practical applica¬ 
tion with profound biomedical ramifications. Indeed, some of the 
naturally occurring epothilones as well as a number of their analo¬ 
gues obtained through chemical synthesis are currently undergoing 
advanced clinical trials, and, in due course, the true promise for the 
epothilone family of compounds as therapeutic agents will be 
revealed. 

Taking a more panoramic view of metathesis, as catalysts con¬ 
tinue to improve in their levels of selectivity and reactivity, there 
is little doubt that synthetic chemists will increasingly embrace 
this transformation as a standard element in their approaches to 
complex molecule construction. One should realize, however, that 
while we have emphasized the use of olefin metathesis in natural 
product synthesis in this chapter, this aspect reflects only a fraction 
of the wide utility and enormous potential of the transformation. 
Applications in the fabrication of designed molecules, a topic hinted 
at here through a singular example, may prove even more signifi¬ 
cant in future investigations. In many ways, although we strive to 
mimic Nature in her efficiency to synthesize organic molecules, 
through the olefin metathesis reaction we now have a tool for 
which Nature appears to have no direct rival. 
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J. D. Winkler (1998) 

S. F. Martin (1999) 

Manzamine A 

8.1 Introduction 

While our abilities as synthetic chemists have sharpened consider¬ 
ably over the past few decades to the point where the total synthesis 
of most natural products can be achieved with existing methodol¬ 
ogy, every so often a construct is isolated from Nature’s library of 
chemical diversity whose architecture defies conventional synthetic 
techniques. Whether it is their possession of a novel molecular 
motif or a particularly challenging array of stereochemical elements, 
these natural products serve as an engine that drives the general 
field of organic synthesis forward by forcing the practitioner to 
devise new synthetic methods and insightful strategies to effect 
their construction. 

In 1986, the first member of a family of such structures, 
manzamine A (1), was isolated from marine sponges of the Hali- 
clona and Pellina genera off the coast of Okinawa and fully charac¬ 
terized due to its attractive cytotoxicity profile in several prelimin¬ 
ary assays.1 While such biological activity suggests that investing 
time, money, and effort in an endeavor towards the total synthesis 
of 1 would likely provide eventual dividends in the fields of cancer 
research and chemical biology, the unique molecular architecture of 
this target would seem to guarantee an immediate and perhaps 
greater return in terms of fundamental method development in che¬ 
mical synthesis. Indeed, with an unprecedented pentacyclic core 
comprised of 13- and 8-membered rings attached to a central pyr- 
rolo[2,3-i]isoquinoline system and an array of five stereocenters, 
this molecule would appear to possess a level of complexity capable 
of thwarting any orthodox plan of attack to effect its assembly. To 
make matters worse, although several related structural congeners 

Key concepts: 

• Photoaddition/ 
fragmentation/ 
Mannich cyclizations 

• Ring-closing 
metathesis 

• Tandem Stille/Diels- 
Alder reactions 
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of 1, such as manzamine B (2, Scheme 1), were subsequently 
reported in the literature,2 for several years following their isolation 
there seemed to be no clear biogenetic route that could account for 
the construction of these compounds in Nature. As such, synthetic 
practitioners had few real clues to guide their design of potential 
schemes to 1. 

In 1992, however, this bleak situation began to brighten when 
Sir Jack Baldwin and his co-worker Roger Whitehead at the Uni¬ 
versity of Oxford advanced an intriguing biosynthetic hypothesis 
which could account, on paper, for the formation of the polycyclic 
framework of virtually all the manzamine alkaloids.3 In their ele¬ 
gant and insightful conception, which is shown in Scheme 1 for 
manzamine B (2), initial retrosynthetic excision of the (3-carboline 

Scheme 1. The Baldwin-Whitehead hypothesis for the biogenesis of manzamine B (2) and related 
alkaloids. 
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portion as the amino acid tryptophan (3) would lead back to alde¬ 

hyde 4, an intermediate that could then be simplified to 5 through 

the loss of a molecule of water and a redox exchange event. While 

these initial simplifications certainly seem reasonable on the basis 
of first principles, their validity is significantly enhanced by the 

fact that the reduced form of 5 and 6 has the same structure as 
the marine-derived natural product keramaphidin B (7). With the 

manzamine problem now redefined as the synthesis of 5, careful 

evaluation of this intermediate suggested that it could arise from 
an endo selective intramolecular Diels—Alder reaction of bishy- 

dropyridine salt 8. This compound, in turn, could be derived, 
via its tautomeric form 9, from the union of two molecules each 

of the symmetrical dialdehyde 10, acrolein (11), and ammonia.4 

As such, this analysis has uncovered a hidden symmetry in the 
architecture of the manzamine alkaloids that had previously 

escaped detection. 
While certainly appealing, the critical element required to estab¬ 

lish the validity of any biosynthetic hypothesis is substantive 

proof. In 1999, the Baldwin group obtained the first empirical 
evidence for their proposal by achieving a total synthesis of 
keramaphidin B (7) based on the intramolecular Diels—Alder reac¬ 

tion at the heart of their biogenetic scheme.5 As shown in Scheme 2, 
after preparing key intermediate 9 in just eight synthetic operations 
from phosphorane 12, dissolution of this compound in buffered 
aqueous methanol for one hour followed by treatment with 

NaBH4 at -78 °C provided a small, but detectable, amount of 
keramaphidin B (7), presumably through the intermediacy of 8 
and 5. Although the yield for the final steps is quite low, it is rea¬ 

sonable to assume that in Nature there is enzymatic assistance, 
either in the form of a “Diels-Alderase” or a species that merely 

encapsulates 8, which could greatly improve the outcome by limit¬ 
ing the conformational mobility of this reactive intermediate and/or 
directing its motifs into proper alignment for pericyclic reaction.6 

Such participation would appear to be crucial for the legitimacy 

of this biogenetic proposal, as in its absence the major reaction 
product observed by Baldwin and his co-workers was 15, the result 

of preferential reduction of both iminium ions in 9 instead of 

productive Diels-Alder cycloaddition. 
Although Baldwin and Whitehead’s perceptive biosynthetic 

hypothesis serves as a useful framework from which to develop a 

coherent synthetic approach towards manzamine A (1), other ele¬ 

gant solutions to the problems posed by this complex molecular 
architecture based on stepwise chemical synthesis are also conceiv¬ 

able. In this chapter, we shall focus in detail on two such construc¬ 
tions of manzamine A from the groups of Jeffrey Winkler at the 

University of Pennsylvania7 and Stephen Martin at the University 

of Texas, Austin.8 While both serve to illustrate the current state- 

of-the-art in methods for complex molecule construction through 
routes that effectively combine modern and classical reactions, per¬ 

haps the more significant feature of each approach resides in the 
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Scheme 2. Biomimetic total synthesis of keramaphidin B (7). (Baldwin et al., 1999)5 

successful development of a novel and instructive cascade sequence 

to handle the complex stereochemical requirements of the target’s 
central core. 

8.2 Retro synthetic Analysis and Strategy 

8.2.1 Winkler’s Synthetic Approach to Manzamine A (1) 

Apart from the biogenetic scheme described above, the only other 

useful piece of information that could direct the development of syn¬ 
thetic routes to manzamine A was provided by the Kobayashi group 

who demonstrated that the related natural product ircinal A (17, 
Scheme 3) could be converted into manzamine A (1) through initial 

condensation with tryptamine (16) and subsequent acid-induced 

Pictet-Spengler cyclization (see Chapter 5 for a discussion of 

this reaction), followed by DDQ-mediated oxidation to complete 
the fully aromatic (3-carboline system.9 Although this discovery 
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C02Me 

Epoxide formation/ 
ring opening 

V 
C02Me 

Retro-Mannich 
fragmentation 

V 

Scheme 3. Winkler’s retrosynthetic analysis of manzamine A (1). 
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C02Me 

C02Me 

certainly reduces manzamine A (1) to a smaller structure, ircinal A 

(17) still constitutes a formidable target endowed with all the chal¬ 

lenging elements of 1: five rings of various sizes and a daunting 

assortment of stereocenters, two of which are quaternary. 
Focusing their attention on this new goal structure, the Winkler 

group began their retrosynthetic analysis of 17 by fragmenting 

the 13-membered D-ring at the indicated bond, leading to a 
possible precursor such as 18. In the forward direction, it was 

anticipated that this macrocycle could be formed during the late 

stages of the synthesis through an SN2-type alkylation using the 

nucleophilic A-ring amine to displace a suitable leaving group, 

such as a tosylate. Although a reasonable proposal on paper, 
other researchers had reported failures in practice during their 

attempts to effect this conversion on simpler model systems,10 a 

result most likely due to the energetic penalty accessed upon 
achieving productive cyclization. However, because these studies 

were performed with alkyl tethers bearing only the C15—C16 

alkene of the final target molecule, it was envisioned that this 
strategy could prove feasible if this chain incorporated a far 
less flexible element of unsaturation in the form of an alkyne. Fol¬ 

lowing alkylation, partial hydrogenation with Lindlar’s catalyst 

could then complete the targeted structure (17) based on this 
initial disassembly. 

The next spate of disconnections sought to modify the functional¬ 
ity present in the B-ring of 18, starting with the recognition that the 

C-12 hydroxy group could potentially be installed stereoselectively 
from a precursor alkene such as 19 using a peroxide-based reagent 

to effect an epoxidation reaction, followed by a base-induced elim¬ 
ination to generate the CIO—Cl 1 alkene of manzamine A (1). This 

analysis assumed, of course, that the approach of the epoxidation 
reagent would occur exclusively from the convex face of the 

molecule, as enforced by the pre-existing array of stereocenters 
in 19, and that chemoselective engagement of the trisubstituted 

CIO—Cl 1 alkene could be achieved despite the presence of a 
second C—C double bond in the E-ring. From 19, modification 

of the Cll—C12 double bond to a precursor carbonyl (20), 
followed by excision of the ester group at C-10, then led to 21. 

Overall, although this latter sequence of modifications from 18 

did not dramatically simplify the manzamine problem, since four 
rings and five chiral centers still remained for consideration, 

these alterations were of critical importance in that 21 was iden¬ 

tified as an intermediate that could potentially be constructed 
directly from a far less complex compound, triene 26, through a 
unique cascade sequence. 

In the proposed set of events, it was envisioned that the strategi¬ 

cally positioned C-C double bonds in 26 could be induced to par¬ 

ticipate in a photochemically allowed [2+2] cycloaddition, thereby 
affording tetracyclic intermediate 25. Due to the particular spatial 

arrangement of the carbonyl group and the E-ring nitrogen atom 

in this strained product, this new compound was not expected to 
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prove isolable, but instead to spontaneously undergo a retro-Man- 

nich fragmentation that would afford ketoiminium intermediate 

24, an entity that would then likely cyclize in situ to aminal 23. 
Finally, it was anticipated that suitable adjustment of the reaction 

media (whether in terms of solvent, temperature, or pH) could 

then effect the conversion of 23 into 21, via 22, through a Mannich 
cyclization. If this appealing and highly elegant strategy could be 

put into practice, then this cascade sequence would achieve the con¬ 
comitant formation of two dissimilar rings and cast the complete 

ABCE tetracyclic core of manzamine A. Of equal significance, 

this approach would result in the orchestrated installation of four 
new stereocenters with absolute control as conducted by the stereo- 

genic center in the starting material 26. 
Achieving success in this daring endeavor, however, was far from 

guaranteed. Although the Winkler group, among others, has 
employed similar photoaddition/fragmentation/Mannich cyclization 

sequences to access diverse polycyclic architectures, the present 

context would pose the most rigorous test of the overall reaction 

process to date.11 Perhaps most troublesome was the fact that no 
precedent existed to suggest that tertiary vinylogous amides such 
as 26 could be employed in the initial [2+2] photoaddition neces¬ 

sary to set the cascade into motion. Indeed, all previous examples 
of this chemistry had relied exclusively on starting materials that 
contained secondary vinylogous amides, compounds well-prece- 

dented to participate in intramolecular [2+2] cyclizations because 
the hydrogen atom of the amide can provide internal hydrogen 

bonding to stabilize the excited state of the acyclic chromophore. 
Since a tertiary vinylogous amide lacks this critical hydrogen, the 
outcome of the overall sequence was potentially in jeopardy. 

Nevertheless, from a retrosynthetic perspective it seemed rela¬ 

tively easy to test this approach since it was envisioned that 26 
could arise from a Michael-type addition of the basic nitrogen 

atom in 27 to the a,(3-unsaturated system of alkyne 28. Based on 

this final disassembly, the manzamine problem has been dramati¬ 
cally simplified to the construction of two relatively simple building 
blocks with roughly equal numbers of carbon atoms. The only real 

issue left for the Winkler group to address was the stereoselective 
incorporation of the stereogenic center in 27, as this homochiral ele¬ 

ment was needed to dictate the installation of all remaining stereo¬ 

centers of the targeted structure. Fortunately, with numerous asym¬ 
metric reactions, as well as plentiful sources of enantiopure starting 

materials from the chiral pool, this requirement was not anticipated 

to be problematic. 

o 
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8.2.2 Martin’s Synthetic Approach to Manzamine A (1) 

Concurrent with the development of this set of disconnections for 

the synthesis of manzamine A (1), the Martin group established 

a similarly creative, but unique, blueprint for the construction of 

this challenging molecular architecture (which is delineated in 

Scheme 4). Taking advantage of the known conversion of 17 into 

1 established by Kobayashi and co-workers, the initial retrosyn- 

thetic disconnections of this strategy sought to disassemble the lar¬ 

ger 13- and 8-membered D- and E-rings from the pyrrolo-isoquino- 
line core of ircinal A (17). Instead of anticipating an alkylation 

strategy to fashion these domains during the synthesis, these 

researchers viewed the lone alkene bond in each ring as a signal 
to adopt two different ring-closing metathesis (RCM) reactions of 

suitable diolefinic precursors as a means to construct them. Thus, 

setting this insight into motion, the E-ring olefin was retrosyntheti- 
cally cleaved first, leading to 29 in which one of the terminal olefin 

chains could conceivably be appended just prior to metathesis 

through an amide coupling reaction, with the other alkene already 
present as an inherent part of the core structure. Following some 

additional, but subtle, modifications of protecting groups, a second 
RCM-based disconnection of the D-ring in 29 then led to triene 30. 

As the examples of ring-closing metathesis encountered during our 
discussion of the epothilones in Chapter 7 demonstrate, this C—C 

bond-forming transformation is unquestionably a powerful method 

to fashion both medium-sized as well as macrocyclic rings on a 
diverse collection of substrates, including natural products.12 While 
these precedents were certainly encouraging for the likely realization 

of the projected ring closures in the present context, the Martin group 

could draw an additional measure of comfort from the successful 
metathesis-based formation of both the 8- and 13-membered rings 

of manzamine during model studies (carried out by their group and 
by Pandit and co-workers).8c’13 If experience is any guide, however, 

one must always remember a fundamental tenet of total synthesis 
endeavors: “model is model, and real is real,” meaning that since 

model systems never fully mirror the actual test substrate, surprises 
are a frequent occurrence. For example, in the projected metathesis 

reaction from 30 to forge the D-ring in 29, an additional C-C double 

bond is present which could react with either of the peripheral alkenes 
to provide two additional ring-closed products. Although metathesis 

in these cases would result in 11- and 9-membered rings, less-favored 

products since they possess far lower flexibility and greater transan- 
nular steric repulsions than the desired product, the possibility of 

their formation cannot be entirely excluded. Apart from these alterna¬ 

tive intramolecular metathesis pathways, a perhaps more pressing 
issue is the opportunity that the extra alkene in 30 could provide 

for nonproductive polymerization, even under high dilution condi¬ 

tions, should the formation of the 13-membered ring prove to be rela¬ 
tively sluggish. 
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Scheme 4. Martin’s retrosynthetic analysis of manzamine A (1). 
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33 

Of a more global concern was the fact that these model studies did 
not fully probe the complete array of polar functionality in the pro¬ 
posed substrates for ring-closing metathesis. For example, the unpro¬ 
tected C-12 hydroxy group in 29, the carbamate protecting group in 
30, and the tertiary amine in both 29 and 30 are of importance as 
potential Lewis basic sites that could deleteriously coordinate 
with the catalyst, thereby shutting down the desired metathesis. 
Although polar functional groups can facilitate the formation of 
macrocyclic rings through RCM by bringing the reactive groups 
together as discussed in Chapter 7 on the epothilones, their particu¬ 
lar positioning within 29 and 30 could prove problematic. Fortu¬ 
nately, the family of ruthenium alkylidene metathesis catalysts 
introduced by Robert Grubbs and co-workers at the California Insti¬ 
tute of Technology had a demonstrated track-record of tolerating 
these groups in examples that separately carried such functional¬ 
ity,14 although the effect of their combination into one substrate 
had never been examined. Should this family of catalysts fail in 
the projected ring-closures, then entirely new classes of alkylidenes 
with superior reactivity profiles would have to be developed to exe¬ 
cute the strategy as no other system in the available repertoire of 
catalysts (circa 1995 — 1998) could handle the functional group com¬ 
plexity of these substrates. Thus, considering these issues collec¬ 
tively, the projected metathesis reactions certainly seemed to pro¬ 
mise a stringent test of the process that would greatly extend the 
frontiers of its utility in complex molecule synthesis if success 
could be achieved. 

Assuming that these operations could indeed be effected, then two 
rings have been retrosynthetically excised from the manzamine 
core. Despite this simplification, however, a relatively formidable 
target (30) still remained as all five stereocenters at the heart of 
the manzamine architecture had yet to be touched. The next few 
retrosynthetic modifications sought to rectify this situation. First, 
following lysis of the carbamate protecting group in 30, the alkyl 
chain at C-12 was cleaved to reveal a,P-unsaturated ketone 31 in 
its wake. During the actual synthesis, it was anticipated that the 
addition of a suitable alkyl nucleophile to the C-12 electrophilic 
center in 31 would proceed with excellent stereoselectivity as the 
available array of stereochemical elements (particularly the C-9 
and C-13 stereocenters) would properly direct the approach of 
this reactant towards the desired face of the molecule. Next, follow¬ 
ing a series of relatively minor modifications of functional and pro¬ 
tecting groups that transformed 31 into 33 (which included convert¬ 
ing the A-ring amine into the corresponding amide and excising the 
C-12 carbonyl group), the Martin group arrived at an intermediate 
that suggested a means of dealing with all the remaining stereoche¬ 
mical complexity in one fell swoop. Indeed, with a stereochemically 
rich six-membered ring bearing a single element of unsaturation, an 
intramolecular Diels-Alder reaction would appear to be an obvious 
retrosynthetic transform to apply to 33. Accordingly, in the syn¬ 
thetic direction a successful [4+2] cyclization of 34 in an endo fash- 
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ion (with respect to the five-membered ring) would lead to installa¬ 

tion of the requisite B-ring C—C double bond destined to become 
the CIO—Cll alkene function of manzamine A (1). In addition, 

this reaction would concurrently establish three new stereocenters, 

assuming that the lone, but somewhat distal, chiral center in 34 

could sufficiently bias the facial presentation of the dienophile to 
the diene in the transition state for the intended cycloaddition. 

While the power of the Diels-Alder reaction has been applied in 
countless ways to enable the synthesis of complex molecules,63 the 

present context would in fact constitute relatively unchartered terri¬ 
tory for the transformation. Not only was precedent for amide- 

linked intramolecular Diels-Alder reactions sparse,15 but the 
designed sequence additionally required the incorporation of an 

E olefin in the diene, a motif that is often difficult to construct. In 

addition, with the use of a dienophile that is formally a vinylogous 
imide and the presence of an ester group on the diene system 

(required to eventually create the (3-carboline system of 1), the 
stage would appear to be set for an inverse-electron-demand 
Diels—Alder cycloaddition (see Chapter 2 for a discussion of this 

reaction),16 a relatively challenging reaction to achieve in an all-car¬ 
bon context such as 34. Although these elements afforded a high 

level of challenge, the Martin group further increased the difficulty 
by anticipating that the diene system in 34 could be fashioned in the 

same operation as the Diels-Alder reaction through a Pd-mediated 
coupling, such as the Stille reaction of vinyl halide 35 with vinyl tri- 
n-butyltin, since both of these transformations could be promoted 

thermally.17 This unprecedented domino sequence is certainly entic¬ 
ing on paper; if it could prove successful in the laboratory, then it 
would enable early access to the complete ABC portion of the man¬ 

zamine core. 
With the essential elements of the complex manzamine architec¬ 

ture now handled through this designed cascade, a final disconnec¬ 
tion of the amide linkage in 35 revealed amine 36 and acid chloride 

derivative 37 as the subtargets needed to commence a serious drive 
towards 1. Thus, as in the Winkler analysis, the synthetic sequence 
would rely on the creation of a single stereocenter in these building 

blocks with high fidelity, that is, the defined stereogenic center in 

37, to ensure a stereoselective synthesis overall. Interestingly, the 
center chosen for this purpose in both analyses is the same carbon 

atom in the final product (C-34). As we shall see, however, the 
methods employed in the two approaches to incorporate this stereo¬ 

center proved to be far different. 

Br 

Br 

COCI 
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8.3 Total Synthesis 

8.3.1 Winkler’s Total Synthesis of Manzamine A (1) 

Synthetic studies towards manzamine A (1) commenced with 

exploration of routes to the essential building block 27 containing 
the final A32,33 E-ring alkene bond, starting with commercially 

available pyridine-3-methanol (38).7b As shown in Scheme 5, pre¬ 

liminary efforts sought to convert this material into a suitably 

functionalized six-membered ring (40), which could ultimately be 

employed as the electrophile in an alkylation reaction with a chiral 

enolate to generate the lone stereocenter in 27 critical to the execu¬ 
tion of the entire strategy. As such, following initial quaternization 

of the pyridine nitrogen atom with benzyl bromide to form an N- 
benzylated salt, treatment with NaBH4 effected facile double reduc¬ 

tion to the corresponding tetrahydropyridine. This intermediate was 

then converted into 39 in 50 to 60 % yield by directly exchanging 
the benzyl protecting group with a methyl carbamate. In this event, 

the slow introduction of methyl chloroformate to a solution of the 

benzylamine in benzene and NaHC03 at room temperature led to 
the initial addition of the carbamate to the amine, effecting quater¬ 

nization of the nitrogen atom attended by the concomitant release 
of chloride anion; upon heating the solution at reflux, the liberated 
chloride ion then attacked the benzylic position (see column fig¬ 

ure), leading to the release of benzyl chloride and the formation 

of the desired carbamate (39) over the course of 16 hours. Signifi¬ 
cantly, although these conditions could conceivably have led to side 

products since the hydroxy group in 38 was left unprotected, no 
such difficulties were encountered. Having formed the key ele¬ 

ments of this initial fragment, final modifications to reach 40 
proved relatively easy to achieve. First, the methyl carbamate 

was exchanged for a r-butyl carbamate (Boc) protecting group in 
a two-step operation involving KOH-mediated cleavage of the 

methyl carbamate accompanied by subsequent treatment with 

(Boc)20. These events were then followed by conversion of the 
alcohol into the corresponding bromide under standard conditions 

(Br2, Ph3P, imidazole), leading to the formation of 40 in 83 % over¬ 
all yield from 39. 

With this piece synthesized, the opportunity to install the stereo- 

genic center in 27 selectively through a diastereoselective alkylation 
reaction was now at hand. For this purpose, the Winkler group 

decided to enlist a widely applicable and useful method developed 

by Andrew Myers and co-workers at Harvard University for the 

synthesis of a-amino acids in which pseudoephedrine glycinamide 

(41), an inexpensive and commercially available material, serves 
as a chiral auxiliary capable of controlling the selectivity of nucleo¬ 

phile addition.18 Indeed, this synthetic technology proved highly 

efficacious as treatment of 41 with two equivalents of LDA in the 

presence of LiCl in THF at -78 °C, followed by the slow addition 
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Scheme 5. Winkler’s synthesis of key intermediate 27. 

of 40 at 0°C, led to the desired alkylation product 42 in high 
diastereomeric purity (>99 % after recrystallization). Importantly, 

one should note that in this event the addition of base at -78 °C 

first deprotonated both the alcohol and the free amine in 41; warm¬ 

ing the solution to 0 °C and stirring for a short period of time prior 
to the addition of 40 then effected equilibration of the N,0-dianion 

to the corresponding Z enolate through C to N proton transfer, lead¬ 
ing to the observed C-alkylated product once 40 was introduced to 

the reaction vessel. Following isolation, in the next synthetic opera¬ 

tion the free amine was directly protected under standard conditions 

with allyl chloroformate to afford 42 in 87 % overall yield. 
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Having successfully choreographed the installation of the new 

stereogenic center in 42 in a highly stereocontrolled manner, the 

pseudoephedrine auxiliary had served its intended purpose and, 

with its mission now complete, its presence was no longer required. 

As such, it was cleanly extruded at this stage with NaOH to provide 

an intermediate carboxylic acid that was directly converted into a 

Weinreb amide (43) in 71 % yield with the intention of eventually 
generating an aliphatic aldehyde. As mentioned in the chapter on 

cytovaricin in Classics /, amides cannot typically be converted 

into a carbonyl product such as an aldehyde or ketone upon reaction 

with a lithium-based nucleophile since the resultant adduct is more 
nucleophilic than the starting amide. Weinreb amides, however, 

represent a special class of compounds which upon addition of a 

nucleophile form a coordinated tetrahedral intermediate that is 

stable at low temperatures and only breaks down upon work-up. 
Thus, treatment of 43 with LiAlH4 led to the controlled addition 

of a single equivalent of hydride, smoothly generating aldehyde 
44 upon quenching the reaction with water. Next, a cA-selective 

Wittig olefination with the ylide derived from 45 (using KHMDS 

as base) provided 46 in 75 % yield. In the final sequence of steps 
leading to 27, the silyl-protected alcohol was converted into the cor¬ 

responding tosylate (47) to provide a leaving group for an SN2 dis¬ 
placement to complete the 8-membered E-ring of manzamine A. 

Once a nitrogen nucleophile was generated from 47 upon treatment 
with NaH in refluxing THF, this objective was effected in 82 % 
yield. Last, the allyloxycarbonyl (Alloc) protecting group was 
easily removed upon exposure to catalytic Pd(PPh3)4 and dimedone 

in THF at ambient temperature to afford the coveted building block 
27 in 90 % yield. Although the overall sequence to 27 required a 

total of 14 linear steps, which might seem lengthy for a molecule 
containing only one element of chirality, it is important to note 

that in many of these operations time-consuming chromatographic 
purifications were avoided with the crude product carried forward 

directly to the next transformation. Most of the steps, in fact, con¬ 
stituted protecting group manipulations to reach 40, thus perhaps 

emphasizing a weakness in modern synthesis in terms of the manner 
in which the whims of protecting groups can often dictate the length 

of synthetic routes. In general, however, the operations proceeded in 

quite high yield, and, as a result, multigram quantities of 27 could 
readily be processed to facilitate the synthetic explorations neces¬ 
sary to complete the total synthesis of manzamine A. 

The preparation of the other essential building block needed to 
carry out the critical aspects of the synthetic plan, acetylenic ketone 

28, was achieved in two steps in 74 % overall yield from the known 

methyl 10-hydroxy-5-decynoate (49)19 through initial conversion of 
the ester into the corresponding Weinreb amide (50), followed by 

the controlled addition of a single equivalent of ethynylmagnesium 
bromide as shown in Scheme 6. 

With both 27 and 28 in hand, these fragments were smoothly 

joined in a Michael addition simply by stirring at ambient tempera- 
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Scheme 6. Winkler’s synthesis of building block 28. 

ture in CH2C12 to afford key intermediate 26 (Scheme 7) in near 
quantitative yield (99 %), thereby setting the stage for the key cas¬ 
cade sequence of reactions (photoaddition/fragmentation/Mannich 

closure) which lay at the heart of this synthetic enterprise. Despite 
the previously mentioned lack of precedent for tertiary vinylogous 

amide participation in [2+2] cycloadditions, exposure of an aceto¬ 

nitrile solution of 26 to ultraviolet light for 6 hours smoothly led 
to the formation of aminal 23, presumably through the sequence dis¬ 
cussed earlier with initial photoaddition followed by the retro-Man- 

nich fragmentation of 25 and intramolecular nucleophilic attack of 
the enolate at the iminium site of intermediate 24. Upon treatment 
of 23 with AcOH in pyridine at reflux over 4 hours, conversion 

into 22 followed by Mannich ring closure completed the synthesis 

of tetracycle 21 in 20 % overall yield from 26, accounting for an 
average yield of 60 % per step in this series of events. As expected, 
21 was produced as a single stereoisomer, presumably due to the 
overwhelming influence of the lone C-34 stereocenter in 26 in 

directing the formation of the resultant stereogenic centers during 
this elegant cascade sequence. One should note that although the 

stereochemistry at C-12 is not defined in Scheme 7, a single stereo¬ 
chemical arrangement resulted at this site, but was not assigned at 

this stage of the synthesis since it would need to be destroyed during 
subsequent operations to match the functional requirements of 
manzamine A (1). Moreover, one should recognize that although 

the fully substituted amide proved amenable to the cascade 

sequence, the success of the strategy was highly context dependent. 
For example, efforts to effect the same set of reactions with a sub¬ 

strate bearing an alkyl tether destined to become the D-ring (51, see 

column figure) failed despite numerous attempts.75 
Having achieved the critical designed sequence of reactions, all 

that essentially remained for the Winkler group to complete their 
total synthesis was to elaborate the A- and B-rings in 21 to include 

the final array of functionality present in manzamine A (1). Towards 

this end, the free hydroxy group of the C-12-tethered alkyne chain 

was protected as a TBS ether to afford 52 in 87 % yield. A methyl 
ester was then installed on the B-ring at C-10 using LiHMDS in the 

presence of HMPA at -78 °C to generate the kinetic enolate from 

o 

o 
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Scheme 7. Winkler’s synthesis of advanced intermediate 20. 

52, which was immediately quenched with methyl cyanoformate 
(Mander’s reagent). As one would expect, approach of this electro¬ 
phile occurred from the more accessible convex face of the AB ring 
system, providing 20 with the absolute stereochemistry shown. 
Since this center would be destroyed later in the synthetic sequence, 
however, the selectivity of this operation was actually of no conse¬ 
quence. 

The next set of operations sought to establish the final format of 
the C-12 stereocenter bearing a hydroxy group, since it was the 
only element of chirality not controlled by the cascade sequence. 
Thus, the C-ll ketone in 20 (Scheme 8) was reduced using 
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DBU, C6H6, A 

Scheme 8. Completion of Winkler’s synthesis of manzamine A (1). 

NaBH4, with conversion of the resultant alcohol into the cor¬ 
responding mesylate (53) proceeding in 88 % yield. This newly 
installed leaving group was then immediately eliminated upon treat¬ 
ment with DBU at room temperature in benzene, affording a 1.5:1 
mixture of the a,(3- and (3,y-unsaturated esters 54 and 19, with the 
minor isomer being the desired compound for the envisioned epox- 
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idation/ring-opening sequence to install the final C-12 alcohol as 

discussed earlier. Fortunately, despite this unfavorable ratio of 

reaction products, the conversion of 54 into 19 could be achieved 

directly in quantitative yield using more forcing reaction condi¬ 

tions (DBU, benzene, A). Next, treatment of 19 with mCPBA 

effected the generation of the desired C11 — C12 epoxide, 

which upon exposure to NaOMe entered into an elimination reac¬ 
tion through initial deprotonation adjacent to the ester at C-10 to 

provide alcohol 55 with the desired stereochemistry at C-12 in 

72% overall yield. An alternate synthesis of 55 from 19 was also 

achieved by selenation at the C-10 position to provide 56 (column 
figure), followed by hydrogen peroxide-assisted oxidation and a 

3,3-sigmatropic rearrangement. However, this sequence afforded 

55 in only 37 % yield and was abandoned in light of the higher 

efficiency of the route illustrated in Scheme 8. 
At this juncture, the only remaining obstacle was the preparation 

of the 13-membered D-ring of manzamine A, a task which the 

Winkler group envisioned could best be achieved through A-alkyla- 
tion of the A-ring amine. As such, the silyl ether moiety in 55 was 

converted into the corresponding tosylate through the conventional 
operations of initial TBAF-mediated desilylation followed by treat¬ 

ment with /?-TsCl, thereby providing a leaving group suitable for the 
projected SN2 displacement. Gratifyingly, after TFA-mediated clea¬ 

vage of the Boc protecting group, treatment of 18 with Hiinig’s base 
led to the desired 13-membered ring. Experimentally, one should 

note that this cyclization reaction was performed under high dilu¬ 

tion conditions (0.001 m) to minimize the opportunity for polymer¬ 
ization through intermolecular addition. Lindlar reduction of the 
alkyne then selectively afforded the desired Cl5— C16 Z alkene 

57 in 84 % yield for the two steps. As hinted at previously, the 

presence of the C15—C16 triple bond for this key sequence proved 
critical since attempts to employ the alkene equivalent of 18 led 

to a disappointing 12% yield of the desired macrocyclic product. 
Clearly, the comparison of the yield for the alkene with that for 

the alkyne tether implicates the importance of restricting entropic 
freedom in achieving a successful reaction in this- context. 

With all five rings of manzamine A now formed, 57 was then con¬ 

verted into ircinal A (17) in just two steps: full reduction of the ester 
to a primary alcohol followed by Dess-Martin oxidation. As such, 

the first total synthesis of this secondary metabolite was complete. 
Finally, following the procedure of Kobayashi and co-workers,9 

17 was then transformed into manzamine A (1) in 50% overall 

yield upon Pictet—Spengler cyclization with tryptamine (16) in 
the presence of TFA to afford the natural product manzamine D 

(58), followed by DDQ-mediated oxidation. This elegant sequence 

provided synthetic manzamine A (1) in a total of 31 linear steps, 
with just 17 of these operations occurring after the union of building 
blocks 27 and 28. 

57 
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8.3.2 Martin’s Total Synthesis of Manzamine A (1) 

As a prerequisite to testing the critical elements of their designed 

strategy towards manzamine A (1), the Martin group initially 

needed to develop synthetic routes for their projected building 

blocks 36 and 37. Fortunately, both proved relatively easy to 
acquire. Focusing our attention first on amine 36, the synthesis 

of this compound began as shown in Scheme 9 by elaborating 
commercially available 5-amino-1-pentanol (59) in anticipation 

of an eventual Wittig reaction to fashion the trisubstituted alkene 

stereoselectively.8 Thus, following initial protection of both the 
amine and alcohol functionalities in 59 using standard protocols, 

treatment of 60 with acrolein in the presence of acid led to conju¬ 

gate addition, generating Wittig olefination precursor 61 in 69 % 
overall yield from 59. Subsequent exposure of this aldehyde to 

stabilized ylide 62 in CH2C12 then led smoothly to trisubstituted 
alkene 63, predominantly as the anticipated Z isomer (84 %) 
with only a small amount of the chromatographically separable 
E isomer obtained (7 %). The overall selectivity of this conversion 

(12:1) should serve as a reminder that for almost half a century the 
Wittig reaction has proven to be one of the most powerful and 

reliable methods for the regio- and stereocontrolled synthesis of 
C—C double bonds; with several modifications to the original 
reaction conditions, particularly as developed by Schlosser and 

Still,20 both cis- and mrms-disubstituted or trisubstituted olefins 
can be synthesized in high stereochemical fidelity essentially at 

will. 
Having now secured the most challenging structural element of 

this fragment, the Boc protecting group in 63 was then removed 

upon treatment with TMSOTf in the presence of 2,6-lutidine, with 
subsequent exposure to p-TsOH in MeOH completing the synthesis 
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Scheme 9. Martin’s synthesis of key intermediate 36. 
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of 36 by affording this key building block as a crystalline tosylate 

salt in 85 % yield.21 Before moving forward, this final deprotection 

step is worthy of some additional comment. As you probably 

already know, the particular value of the Boc protecting group 
relative to all other carbamate alternatives resides in its stability 

to a wide range of basic reaction conditions (since the bulk of 

the r-butyl group prevents nucleophilic lysis) and its relative lability 

when exposed to TFA or acids of similar strengths. However, for 

substrates that are acid sensitive such as silyl ether 63, which 
would suffer Si—O bond cleavage, more selective means of Boc 

deprotection are required for the power of this protecting group to 

be fully realized. In this regard, the discovery that Boc groups 
can be removed merely through exposure to a silyl triflate constitu¬ 

tes a particularly effective solution to this problem, as the reaction 
conditions avoid the use of a protic acid. As shown in the figures 

in the neighboring column, the power of this deprotection method 
lies in the fact that the silyl triflate serves to convert the Boc 

group into an A-silyloxycarbonyl compound, a species that can be 
viewed as a masked form of the extremely unstable A-carboxylate 

ion. Indeed, when TMSOTf is employed in the reaction (as used 

in the conversion of 63 into 36), the resultant silyloxycarbonyl sys¬ 
tem 64 (column figure) proves to be so labile that it cleaves in situ 
due to adventitious water or upon standard aqueous work-up, lead¬ 
ing directly to the desired free amine with the concomitant loss of 

carbon dioxide and trimethylsilanol. We shall encounter this meth¬ 
odology again with another acid-sensitive substrate during our dis¬ 

cussions of vancomycin (Chapter 9). 

Returning now to the synthesis, carboxylic acid derivative 37 was 
accessed in just four operations as shown in Scheme 10, starting 

with commercially available (R)-5-(methoxycarbonyl)-2-pyrroli- 
dinone (65). Initial manipulation of this substrate into 66 was 

achieved in 71 % overall yield upon complete reduction of the 
methyl ester with LiBH4, followed by protection of the resultant pri¬ 

mary alcohol as a TBDPS ether and the lactam nitrogen atom as its 
Boc carbamate using conventional protocols. With this material in 

hand, the synthesis of 37 was then completed through a highly effi¬ 
cient one-pot operation. In the event, a carboxylic acid was first 

installed at the desired site a to the amide by treating 66 with 

Me02C 

1. 
2. 

LiBH4, THF 
TBDPSCI 

3. (Boc)20 
(71% overall) TBDPSO n Boc 

LiHMDS; then C02; 
then NaBH4, HCI, EtOH; 

then Na2C03 
(95%) TBDPSO 

CoPNa® 

OH 

65 66 37 

Scheme 10. Martin’s synthesis of key intermediate 37. 
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LiHMDS at —78 °C in THF and quenching the resultant anion with 

C02. Upon completion of this preliminary conversion, acidification 

of the reaction media followed by the addition of NaBH4 at 0°C 
effected the reduction of the amide carbonyl to complete the func¬ 

tional group array of the desired building block (37). Finally, treat¬ 

ment with Na2C03 afforded the final product in a crystalline form 

suitable for long-term storage. One should note that this final 
event of the sequence was critical, as the free acid variant of 37 suf¬ 

fered from facile decarboxylation upon standing. 

With the synthesis of both 36 and 37 achieved, exploration of the 
most challenging transformations in the projected synthesis of 

manzamine A could now begin in earnest. As shown in 
Scheme 11, initial efforts in this direction proceeded admirably as 

these building blocks were readily joined to form amide 35 upon 
reaction of 37 first with oxalyl chloride, to generate the correspond¬ 

ing acid chloride, followed by the slow addition of 36 as its free 
base. Having forged this important union, the stage was finally 

set to examine the viability of the critical domino Stille/ 
Diels—Alder sequence that was anticipated to deliver the ABC 

core in a stereoselective manner. The cascade sequence proceeded 
exactly as planned, as upon reaction of 35 with vinyl tri-n-butyltin 

in the presence of catalytic Pd(PPh3)4 in refluxing toluene over the 
course of 30 hours, the desired cycloadduct 33 was produced in 
68% yield as a single stereoisomer! The level of success in this 

reaction (both in terms of yield and stereocontrol) is remarkable 
not only because of the numerous challenges which potentially 

could have clouded its progress as discussed earlier, but also 
because it was the first notable example in which a Stille coupling 
reaction and a [4+2] cycloaddition had been marshaled into a cas¬ 

cade sequence for a total synthesis endeavor. 
With many of the key structural elements of manzamine A now in 

place, all that remained for the Martin group was to effect some 
slight adjustments of the resident set of functional groups in 33 
and then decorate their modified core with suitable olefin chains 
to explore the sequential metathesis reactions envisioned for the 

construction of the two remaining rings of the final target. Towards 
this end, in anticipation of adding a tethered alkene at C-12 through 

nucleophilic addition, the allylic methylene group in 33 first had to 
be oxidized to the corresponding a,|3-unsaturated system (67). 
Although there are numerous reagent combinations which can effect 

this general type of conversion, the only tenable synthetic solution 
in this context proved to be a modified variant of the standard Cr03 

oxidation developed by Corey and Fleet,22 and later modified by 
Salmond,23 in which 33 was stirred with an excess of both Cr03 

(20 equiv) and 3,5-dimethylpyrazole (30 equiv) in CH2C12 at 

room temperature for 2 days. These conditions provided 67 in 

63 % overall yield (80 % based on recovered starting material). Sev¬ 
eral features of this transformation are worthy of comment. First, 

although several different roles for the 3,5-dimethylpyrazole in 

this reaction have been invoked, all concur that this reagent helps 
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Scheme 11. Martin’s synthesis of advanced intermediate 30. 

to solubilize the Cr03 and that a 1:1 complex between Cr03 and the 

pyrazole is the active oxidant in the process. Although this state¬ 

ment would suggest that only a stoichiometric amount of 3,5- 
dimethylpyrazole would be required to execute the reaction 

smoothly, in this case additional pyrazole was added to minimize 

the formation of imide by-products arising from concomitant oxida¬ 

tion of the methylene units adjacent to the A-ring amide; in fact, 

Cr03/3,5-dimethylpyrazole is one of the few reagent combinations 

known that can effect this relatively challenging transformation.24 

Finally, while the mechanistic details of the oxidation remain to 
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be fully clarified, current evidence suggests that the reaction pro¬ 

ceeds through an ene-type addition to the olefin. 
Having effected the conversion of 33 into 67, it was now time to 

install the olefin side chains to test the metathesis reactions 

projected for the assembly of the remaining ring systems of 

manzamine A. As such, the silyl ethers were simultaneously cleaved 
upon exposure to HC1, with subsequent Swern oxidation [DMSO, 

(COCl)2, Et3N] affording dialdehyde 68. This intermediate was 
then readily olefinated in tandem fashion using methylene triphenyl- 

phosphorane, generated under lithium-free conditions, to produce 

diene 32 in 47 % yield from 67. Care in these conditions was critical, 
as alternative bases and solvents (such as n-BuLi/THF and NaH/ 

DMSO) led to incomplete methylenation of the C-33 aldehyde as 

well as some olefination of the C-12 ketone. Next, global reduction 
of the carbonyl groups, including full reduction of the A-ring amide 
to the corresponding amine, was effected with excess DIBAL-H. 

Subsequent chemoselective re-oxidation of the two allylic alcohols 

upon treatment with Dess—Martin periodinane then completed the 
synthesis of diene 69 in 53 % overall yield. Finally, following selec¬ 
tive protection of the newly-formed aldehyde as its corresponding 

dimethyl acetal through a standard technique, the remaining tethered 

olefin was installed in 55 % yield to provide 30 through the stereo¬ 
selective 1,2-addition of 4-butenyllithium to the a,|3-unsaturated 

ketone. In this transformation, the C-12 alkoxide generated through 
the addition process engaged the proximal Boc protecting group to 
form a new cyclic carbamate with the expulsion of t-butoxide. 

Although we previously mentioned the reluctance of Boc groups 
to be attacked by nucleophilic reagents, this final cyclization is not 

contradictory to that analysis because that discussion only applies 
to intermolecular situations. Indeed, as this example illustrates, the 

hard nucleophile used for the alkylation did not touch the suitably 
electrophilic Boc group (an intermolecular reaction); only when a 

new nucleophile was generated within 69 was the Boc group 

engaged.25 
Beyond this unique feature of chemical reactivity, a few addi¬ 

tional words about 4-butenyllithium are in order before continuing 

our discussion of the synthesis. As we have seen on numerous occa¬ 
sions, alkenyl- and aryllithium species are easily generated through 
lithium—halogen exchange using a base such as n-BuFi, typically in 

just a few minutes at low temperature. The same principle does not 

hold true for the preparation of primary alkyllithium species such 
as 4-butenyllithium. Prior to 1990, a typical preparation of these 

reagents relied upon reacting lithium metal directly with a suitable 

alkyl halide, conversions which typically took several days to com¬ 
plete at ambient temperature and that often resulted in the formation 

of significant amounts of undesired side products through processes 

such as (3-elimination or SN2-based dimerizations between success¬ 

fully lithiated compound and starting material. As such, applica¬ 
tions for these species in synthesis were, in general, limited due 

to the challenges imposed in executing their preparation. In 1990, 
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however, these problems were circumvented when Negishi and 

co-workers discovered that primary alkyl iodides (but not 

bromides or chlorides) could be converted .cleanly into the corre¬ 

sponding alkyllithium species without any side products upon treat¬ 

ment with 2 equivalents of r-BuLi in Et20 at —78 °C for 30 minutes, 

followed by slow warming to ambient temperature over an addi¬ 

tional hour.26 The amount of i-BuLi is critical to ensure complete 

lithiation as the f-BuI that is produced from successful exchange 

with the first equivalent of base will then undergo P-elimination 

through a reaction with the remaining t-BuLi; in the absence of 
the second equivalent, the less basic alkyllithium species can per¬ 

form the same task. One should also realize that alkyl bromides 

react through a different mechanistic pathway with t-BuLi (single¬ 

electron transfer) and are not universally successful, whereas chlor¬ 
ides are entirely inert to the reaction conditions. As a final note, the 

choice of Et20 as solvent is critical for the success of the technique, 

not only for its general compatibility with f-BuLi, but also because 
of how it affects the aggregation state of the generated alkyllithium 

nucleophiles. 
Returning now to the synthesis, with triene 30 synthesized, the 

necessary groundwork had been laid to examine the first ring-clos¬ 

ing metathesis reaction. Gratifyingly, following exposure of 30 
(Scheme 12) to a 13 mol% loading of the ruthenium alkylidene 

initiator 7027 in CH2C12 under high dilution conditions (0.005 m) 

to minimize polymerization, RCM to the anticipated 13-membered 

E-ring was smoothly achieved after 3 hours at reflux, ultimately 
affording an 8:1 mixture of ZIE isomers which were separable by 

column chromatography. The desired Z olefin 71 was isolated in 

67 % yield, and, importantly, no alternative products corresponding 
to the formation of 9- or 11-membered rings were identified. Inter¬ 

estingly, previous model studies of this catalyst system (70) on sub¬ 
strates related to this transformation indicated that both of the ter¬ 

tiary amines required protonation prior to RCM in order to prevent 
them from acting as Lewis bases capable of bonding to the metal 

center of the catalyst and thereby shutting down the productive 
reaction pathway, but this precaution proved unnecessary for 

successful conversion in this case. Additionally, while the model 

studies by Pandit and co-workers to form the D-ring by metathesis 
similarly demonstrated Z selectivity,13 one should realize that these 

fortunate results are relatively unique to the manzamine context as 

most RCM-based macrocyclizations provide products with predo¬ 
minantly E geometry.28 

With success in this endeavor, only one more ring remained 

before the entire manzamine architecture would be in hand. Thus, 
pressing forward to test the final ring-closing metathesis step 

which would hopefully solve this problem, base-induced cleavage 

of the cyclic carbamate was followed by A-acylation with 5-hexe- 

noic acid chloride to afford 29 in 75 % overall yield. While the 

smooth nature of these conversions was satisfying, a perhaps 

more exciting, but unanticipated, finding was that 29 was crystal- 
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Scheme 12. Completion of Martin’s synthesis of manzamine A (1). 

line. As a result, the Martin group could use X-ray crystallographic 
analysis to confirm beyond all doubt that the stereochemical out¬ 

come of the crucial Stille/Diels—Alder sequence as well as the 
first olefin metathesis reaction had occurred exactly as NMR spec¬ 

troscopic data had suggested. 
Up to this point, the overall sequence had proceeded with few 

major synthetic hurdles which proved unyielding to sufficient 

experimentation. Unfortunately, this pattern was about to be broken. 
Despite the ease with which the 8-membered azocene E-ring was 

fashioned by metathesis in model studies related to the manzamine 
problem, the conversion of 29 into 72 occurred under optimized 

conditions (110 mol% of 70, 0.004 m in C6H6, A, 30 minutes) in 

a modest yield of only 26 %, with the final product isolated after 
acid-catalyzed removal of the dimethyl acetal protecting group. 

This result is likely the product of alternative metathesis pathways 
available due to the proximal olefin in the 13-membered D-ring 

and not some other inherent polar functional group in the test sub¬ 

strate. Indeed, protection of the free hydroxy group as well as 



236 8 Manzamine A 

PCy3 

70 

protonation of the amines in 29 proved no more beneficial in this 

metathesis reaction. 
Although one could certainly consider the yield in this key con¬ 

version disappointing, one must keep in mind that at the time that 

this work was completed (and even today) this ring-closing meta¬ 

thesis reaction represented one of the most complicated and highly 

functionalized settings in which such a transformation had ever 

been attempted. Accordingly, the fact that any measure of success 
was obtained has helped to demonstrate the power and versatility 

of RCM reactions for complex molecule construction, and has 

served as an inspiration for other researchers to apply the transfor¬ 

mation as part of their synthetic strategies to access complicated 

molecular architectures. Moreover, with the disclosure of several 

novel classes of metathesis catalysts with even higher levels of 
activity than 70 since the publication of this work (some of which 

were discussed in Chapter 7), a screening of these reagents today 
might provide a far more impressive yield of 72 from 29, should 

the problem ever be revisited. 
Nevertheless, with success in this final metathesis reaction, the 

skeletal architecture of manzamine A (1) had virtually been com¬ 

pleted. All that remained were some cursory finishing touches, 
namely concomitant reduction of the D-ring amide and the alde¬ 

hyde, followed by reoxidation of the resultant primary alcohol to 

provide the aldehyde function of ircinal A (17). With these opera¬ 
tions proceeding without incident in 56 % overall yield, the Martin 

group had successfully completed the second total synthesis of this 
natural product (17). As a final synthetic exercise, 17 was then 
converted into manzamine A (1) through the sequence developed 

by the Kobayashi group.9 In total, only 24 synthetic operations 

from commercially available materials were required to complete 
manzamine A (1) by this approach, with the longest linear sequence 

consisting of just 21 steps. 

8.4 Conclusion 

During a 1965 lecture describing a successful total synthesis of the 

natural product colchicine, R. B. Woodward eloquently formulated 

the fundamental appeal of endeavors in total synthesis when he 

noted that 
... although the specific objective in synthetic work is 

defined with unique precision, the manner of reaching it 

most emphatically is not. It would be possible to synthesize 
a molecule ... in countless different ways, no one of which 

would resemble any other except in its outcome. Much of 

the charm and fascination of this kind of work lies in the 

free reign which the imagination may be permitted in 

planning the adventure, as well as in executing it.29 
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While several chapters in this text offer powerful testimony to sup¬ 

port these assertions, the total syntheses of manzamine A developed 
by the Winkler and Martin research groups perhaps best encapsulate 

the meaning of these remarks. Indeed, although certain concepts 
were mirrored in both of these syntheses, such as the development 

of a novel cascade sequence to synthesize the pyrrolo-isoquinoline 
core based on only one stereocenter to guide the absolute stereo¬ 

chemistry of the final product, no single aspect of the execution 

proved similar. Such creativity is witness both to the ingenuity 

and ability of the synthetic practitioners who performed this 
research, as well as to the wealth of transformations in our current 

synthetic arsenal which can be combined in many novel ways. 
Without question, each of these concise and elegant syntheses sets 

an impressively high standard for future synthetic efforts targeting 
members of this growing class of important natural products, 

though it would seem almost certain that the potential for funda¬ 
mental discoveries from synthetic endeavors toward the manzamine 

alkaloids is far from exhausted.30 

References 

1. a) R. Sakai, T. Higa, C. W. Jefford, G. Bernardinelli, 

J. Am. Chem. Soc. 1986, 108, 6404; b) H. Nakamura, 

S. Deng, J. Kobayashi, Y. Ohizumi, Y. Tomotake, T. 

Matsuzaki, Y. Hirata, Tetrahedron Lett. 1987, 28, 621. 

2. a) M. Tsuda, J. Kobayashi, Heterocycles 1997, 46, 

765; b) T. Ichiba, R. Sakai, S. Kohmoto, G. Saucy, 

T. Higa, Tetrahedron Lett. 1988, 29, 3083. 

3. J.E. Baldwin, R.C. Whitehead, Tetrahedron Lett. 

1992, 33, 2059. 

4. A modified form of the Baldwin—Whitehead hypo¬ 

thesis has also been proposed to explain the origins 

of a number of structurally related natural products, 

though the experimental evidence supporting this alter¬ 

native has not been advanced to an intermediate as 

complex as keramaphidin B: a) K. Jakubowicz, K. B. 

Abdeljelil, M. Herdemann, M.-T. Martin, A. Gateau- 

Olesker, A. A1 Mourabit, C. Marazano, B.C. Das, 

J. Org. Chem. 1999, 64, 7381; b) M. Herdemann, 

A. Al-Mourabit, M.-T. Martin, C. Marazano, J. Org. 

Chem. 2002, 67, 1890. 

5. a) J. E. Baldwin, T. D. W. Claridge, A. J. Culshaw, F. A. 

Heupel, V. Lee, D.R. Spring, R.C. Whitehead, R.J. 

Boughtflower, I.M. Mutton, R. J. Upton, Angew. 

Chem. 1998, 110, 2806; Angew. Chem. Int. Ed. 1998, 

37, 2661; b) J.E. Baldwin, T.D.W. Claridge, A.J. 

Culshaw, F. A. Heupel, V. Lee, D.R. Spring, R.C. 

Whitehead, Chem. Eur. J. 1999, 5, 3154. 

6. The existence of “Diels-Alderases” has been debated 

for some time in relation to several natural products, 

and, although often assumed, evidence remains incon¬ 

clusive. For commentary on this issue, see: a) K. C. 

Nicolaou, S. A. Snyder, T. Montagnon, G. Vassiliko- 

giannakis, Angew. Chem. 2002, 114, 1742; Angew. 

Chem. Int. Ed. 2002, 41, 1668; b) G. Pohnert, Chem- 

BioChem 2001, 2, 873; c) S. Laschat, Angew. Chem. 

1996, 108, 313; Angew. Chem. Int. Ed. Engl. 1996, 

35, 289. For perhaps the best (and singular) example 

of a true Diels-Alderase to date, see: K. Auclair, 

A. Sutherland, J. Kennedy, D.J. Witter, J. P. Van den 

Heever, C. R. Hutchinson, J. C. Vederas, J. Am. 

Chem. Soc. 2000, 122, 11519. 

7. a) J. D. Winkler, J.M. Axten, J. Am. Chem. Soc. 1998, 

120, 6425. For earlier model studies by the Winkler 

group, see: b) J. D. Winkler, J. Axten, A. H. Hammach, 

Y.-S. Kwak, U. Lengweiler, M. J. Lucero, K. N. Houk, 

Tetrahedron 1998, 54, 7045; c) J. D. Winkler, J. Stel- 

mach, M. G. Siegel, N. Haddad, J. M. Axten, W. P. 

Dailey, Isr. J. Chem. 1997, 37, 47; d) J.D. Winkler, 

M. G. Siegel, J. E. Stelmach, Tetrahedron Lett. 1993, 

34, 6509. 

8. a) S.F. Martin, J.M. Humphrey, A. Ali, M. C. Hillier, 

J. Am. Chem. Soc. 1999, 121, 866; b) J.M. Humphrey, 

Y. Liao, A. Ali, T. Rein, Y.-L. Wong, H.-J. Chen, A. K. 

Courtney, S.F. Martin, J. Am. Chem. Soc. 2002, 124, 

8584. For earlier model studies by the Martin group, 

see: c) S.F. Martin, H.-J. Chen, A. K. Courtney, 

Y. Liao, M. Patzel, M.N. Ramser, A. S. Wagman, 

Tetrahedron 1996, 52, 7251; d) S.F. Martin, Y. Liao, 

Y. Wong, T. Rein, Tetrahedron Lett. 1994, 35, 691; 

e) S.F. Martin, T. Rein, Y. Liao, Tetrahedron Lett. 

1991, 32, 6481. 

9. K. Kondo, H. Shigemori, Y. Kikuchi, M. Ishibashi, 

T. Sasaki, J. Kobayashi, J. Org. Chem. 1992, 57, 

2480. 



238 8 Manzamine A 

10. D. de Oliveira Imbroisi, N. S. Simpkins, J. Chem. Soc., 

Perkin Trans 1 1991, 1815. 
11. For an excellent review on the use of this type of cas¬ 

cade sequence towards the total synthesis of natural 
products, see: J. D. Winkler, C. Mazur Bowen, F. 
Liotta, Chem. Rev. 1995, 95, 2003. 

12. For recent reviews on olefin metathesis, see: a) T. M. 
Trnka, R.H. Grubbs, Acc. Chem. Res. 2001, 34, 18; 
b) A. Fiirstner, Angew. Chem. 2000, 112, 3140; 
Angew. Chem. Int. Ed. 2000, 39, 3012; c) R.H. 
Grubbs, S. Chang, Tetrahedron 1998, 54, 4413; d) 
M. Schuster, S. Blechert, Angew. Chem. 1997, 109, 

2124; Angew. Chem. Int. Ed. Engl. 1997, 36, 2036; 
e) R.H. Grubbs, S.J. Miller, G.C. Fu, Acc. Chem. 

Res. 1995, 28, 446. 
13. B.C. Borer, S. Deerenberg, H. Bieraugel, U. K. Pandit, 

Tetrahedron Lett. 1994, 35, 3191. 
14. G.C. Fu, S.T. Nguyen, R.H. Grubbs, J. Am. Chem. 

Soc. 1993, 115, 9856. 
15. For examples of such Diels—Alder reactions, see: a) 

G. A. Kraus, J. Raggon, P. J. Thomas, D. Bougie, Tet¬ 

rahedron Lett. 1988, 29, 5605; b) M.E. Kuehne, W. G. 
Bornmann, W. G. Earley, I. Marko, J. Org. Chem. 

1986, 51, 2913; c) D. J. Morgans, G. Stork, Tetrahe¬ 

dron Lett. 1979, 20, 1959. 
16. For selected reviews of inverse-electron-demand 

Diels-Alder reactions, see: a) S. Jayakumar, M. P. S. 
Ishar, M. P. Mahajan, Tetrahedron 2002, 58, 379; b) 
M. Behforouz, M. Ahmadian, Tetrahedron 2000, 56, 

5259; c) D.L. Boger, Chemtracts: Org. Chem. 1996, 
149; d) D.L. Boger, J. Heterocycl. Chem. 1996, 33, 

1519; e) D.L. Boger in Comprehensive Organic 

Synthesis, Vol. 5 (Ed.: B. Trost), Pergamon, Oxford, 
1991, pp. 451-512; f) D.L. Boger, Chem. Rev. 1986, 
86, 781; g) S.M. Weinreb, Acc. Chem. Res. 1985, 
18, 16; h) D.L. Boger, Tetrahedron 1983, 39, 2869. 

17. For reviews of cascade-based sequences, including 
those incorporating the Diels—Alder reaction, see: a) 
R.A. Bunce, Tetrahedron 1995, 51, 13103; b) K.C. 
Nicolaou, T. Montagnon, S.A. Snyder, Chem. Com- 

mun. 2003, 551. 
18. A.G. Myers, J. L. Gleason, T. Yoon, J. Am. Chem. 

Soc. 1995, 117, 8488. 

19. W. Nowak, H. Gerlach, Liebigs Ann. Chem. 1993, 153. 
20. a) M. Schlosser, K. F. Christmann, Angew. Chem. 

1966, 78, 115; Angew. Chem. Int. Ed. Engl. 1966, 5, 
126; b) M. Schlosser, G: Muller, K. F. Christmann, 
Angew. Chem. 1966, 78, 677; Angew. Chem. Int. Ed. 

Engl. 1966, 5, 667; c) C. Sreekumar, K. P. Darst, 
W. C. Still, J. Org. Chem. 1980, 45, 4260. 

21. M. Sakaitani, Y. Ohfune, J. Org. Chem. 1990, 55, 870. 
22. E. J. Corey, G.W. J. Fleet, Tetrahedron Lett. 1973, 14, 

4499. 
23. W. G. Salmond, M.A. Barta, J.L. Havens, J Org. 

Chem. 1978, 43, 2057. 
24. G. Blay, L. Cardona, B. Garcia, C.L. Garcia, J.R. 

Pedro, Tetrahedron Lett. 1997, 38, 8257. 
25. For an excellent discussion of this topic, see: C. 

Agami, F. Couty, Tetrahedron 2002, 58, 2701. 
26. E. Negishi, D. R. Swanson, C.J. Rousset, J. Org. 

Chem. 1990, 55, 5406. For the application of t-BuLi 
in the synthesis of aryl- and alkenyllithiums, see: a) 
E.J. Corey, D.J. Beames, J. Am. Chem. Soc. 1972, 
94, 7210; b) D. Seebach, H. Neumann, Chem. Ber. 

1974, 107, 847. 
27. a) P. Schwab, M.B. France, J.W. Ziller, R.H. Grubbs, 

Angew. Chem. 1995, 107, 2179; Angew. Chem. Int. 

Ed. Engl. 1995, 34, 2039; b) P. Schwab, R. H. Grubbs, 
J. W. Ziller, J. Am. Chem. Soc. 1996, 118, 100. 

28. For examples and discussion of this concept, see: A. 
Fiirstner, T. Dierkes, O. R. Thiel, G. Blanda, Chem. 

Eur. J. 2001, 7, 5286 and references cited therein. 
29. R.B. Woodward, Harvey Lecture Ser. 1963-1964, 59, 

31. 
30. For excellent reviews summarizing the synthetic 

efforts of other groups toward the manzamines up to 
the time of the publication of these total syntheses, 
see: a) N. Matzanke, R.J. Gregg, S.M. Weinreb, 
Org. Prep. Proc. Int. 1998, 30, 1; b) E. Magnier, Y. 
Langlois, Tetrahedron 1998, 54, 6201; c) M. Tsuda, 
J. Kobayashi, Heterocycles 1997, 46, 765. Additional 
manzamine alkaloids continue to be identified, provid¬ 
ing new targets for synthetic explorations: K. A. El 
Sayed, M. Kelly, U. A. K. Kara, K. K. H. Ang, I. Kat- 
suyama, D. C. Dunbar, A. A. Khan, M. T. Hamann, 
J. Am. Chem. Soc. 2001, 123, 1804. 



9 
K. C. Nicolaou (1998) 

D.A. Evans (1998) 

Vancomycin 

9.1 Introduction 

Sir Alexander Fleming’s discovery of penicillin in 1928 initiated a 

revolution in the practice of medical care by affording the first 
weapon that could effectively combat several deadly strains of bac¬ 
teria, but mankind’s war with bacteria is far from over. In fact, its 

ending may never be reached due to the laws of evolutionary pres¬ 
sure.1 Because bacteria are armed with rapid growth cycles, and 

thus the means to mutate in a relatively short period of time, 
those colonies that survived the lethal force of penicillin have 
since developed into stronger and more potent bacterial strains cap¬ 

able of wreaking even greater havoc on human health than their 
predecessors. The only real means available for mankind to combat 

these threats is the deployment of new antibacterial agents posses¬ 
sing greater activity and novel modes of action; fortunately, the 

past several decades have witnessed the development of several 
such classes of antibiotics. However, none of these therapeutics has 

proven capable of killing all bacteria and each of these additional 
weapons will eventually become obsolete as those microbes that 

survive will develop the ability to better evade and resist their 

potency in subsequent rounds of attack. The magnitude and severity 
of this problem is perhaps underscored best by the fact that for some 

of the most lethal strains of bacteria currently facing humanity, we 

have merely a single line of chemical defense, which, if broken, 

could prove catastrophic. 
The main subject of this chapter is one of these remaining stalwart 

defenses, an antibiotic known as vancomycin (1), which constitutes 

the only agent presently capable of combating deadly methicillin- 

resistant strains of Staphylococcus aureus.2 This structurally com- 

Key concepts: 

• Bacterial resistance 

• Atropisomerism 

• Sharpless asymmetric 
aminohydroxylation (AA) 

• Cyclic bisaryl ether 
construction 

• Amino acid synthesis 

• Peptide synthesis 
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Figure 1. Mechanism of action 
for vancomycin (1) and other 
glycopeptide antibiotics. 

Staphylococcus aureus 
Courtesy of Laetitia Benard 
(GRAM EA 2656 and UMR 6634) 

plex natural product was first isolated in 1956 by scientists at Eli 

Lilly from the fermentation broth of the actinomycete Streptomyces 

orientalis (later reclassified as Nocardia orientalis and finally as 
Amycolatopsis orientalis), a microbe found in a soil sample taken 

from the jungles of Borneo. Although this isolate was initially 

assigned the lackluster name of 05865, this trivial designation 

was quickly dropped in favor of its current and more appropriate 

title as a derivative of the verb “to vanquish” since it proved capable 

of killing every strain of Staphylococcus and other Gram-positive 

bacteria thrown at it during preliminary screens. Due to this 
impressive spectrum of bactericidal efficacy, vancomycin was 

approved for clinical use just two years after its discovery. In the 
ensuing decades, it has become one of the most valuable antibiotics 

in our current arsenal and has unquestionably saved countless 

lives.2 
Similar to many other antibiotics, the potency of vancomycin 

derives from its ability to interfere with an essential biochemical 

process needed for bacteria to survive, namely cell wall biosyn¬ 

thesis. As you might already know, these cell walls are composed 
of a combination of sugars and proteins that are carefully inter¬ 
woven to create a framework capable of maintaining the structural 

integrity of the bacterium. However, since the cell wall exists in a 

constant state of flux between its formation and disassembly, this 
structural domain constitutes an excellent point for antibiotic inter¬ 

vention in that these agents can shift the balance towards decon¬ 

struction, and, thus, bacterial death through membrane lysis. As 
shown in Figure 1, vancomycin achieves this result by binding to 
the protein portion of the growing peptidoglycan, an event that pre¬ 

vents transglycosidases from polymerizing the carbohydrate units 
needed to form the backbone of the cell wall. The reason for the par¬ 

ticular effectiveness of vancomycin is the strength of its molecular 
recognition for this peptide chain, which, as we know from the pio¬ 

neering studies of Dudley Williams and his collaborators, is the pro¬ 
duct of a series of five well-defined hydrogen bonds with the term¬ 

inal L-Lys-D-Ala-D-Ala sequence of these building blocks (see 

Scheme l).3 
Unfortunately, such specificity also implies that bacteria need 

only make a few minor structural modifications to thwart this anti¬ 

biotic. This conjecture is proving dangerously true with several 
recent reports, many from Christopher Walsh’s group at the Harvard 

University Medical School, describing the existence of Staphylo¬ 
coccus aureus strains unimpeded by vancomycin, whose sole differ¬ 

ence from susceptible bacteria is the exchange of their terminal d- 

alanine residues for L-lactates.4 Because of this one simple change, 
vancomycin can now form only four hydrogen bonds with this new 

target sequence because a hydrogen bond donor (an NH) has been 

replaced with an acceptor (an O). While this result reflects the 

loss of just 20% of vancomycin’s noncovalent interactions, it 
leads to a weakening of its binding strength (and thus its potency) 
by a factor of 1000. 
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Scheme 1. The hydrogen-bond network between vancomycin and its biological target L-Lys-D-Ala-D-Ala 
and the development of resistance to vancomycin. 

In response to this ingenious mode of bacterial defiance, chemists 

are continuing their search for new families of antibiotics, but they 
are also seeking to modify vancomycin (1) at the molecular level 
with the hope of restoring its efficacy against these new resistant 

strains.5 To achieve this latter objective, access to a synthetic 
route for this natural product would unquestionably be beneficial 

in the efforts to introduce such structural adjustments. However, 

just as bacteria are proving resilient to the mode of action of vanco¬ 
mycin, its highly complex structure has similarly frustrated prodi¬ 
gious efforts to accomplish its total synthesis ever since its complete 

molecular constitution was disclosed in the early 1980s.6 At the 

heart of this challenge (see Scheme 2) is an unparalleled conglom¬ 
eration of sensitive functional groups and overall stereochemical 

complexity that includes a (3-linked glycoside, an amide bond in a 
non-natural s-cis configuration, and 18 stereogenic centers (9 of 

which reside on the aglycon portion). While the stereoselective for¬ 
mation of such features is a standard problem in any target-oriented 

endeavor, this general issue takes on a slightly different tinge with 

vancomycin as three of its seven amino acid subunits are arylgly- 

cines, building blocks whose lone stereogenic centers are readily 
epimerized upon exposure to base. Thus, once any of these amino 

acids has been installed into a synthetic intermediate en route to 

vancomycin (1), the remaining (and likely lengthy) sequence to 

HO 

Nine-fold 
more epimerizable 

o o 
vs. u„XA- nh2 

Me 

glycine 

HO 

Ph 

phenylglycine 
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complete the target must be specially tailored in terms of both pro¬ 

tecting groups and general reaction conditions to prevent their race- 

mization. 
Beyond this fundamental concern, each of the three major macro- 

cyclic subunits of vancomycin (two 16-membered and one 12-mem- 

bered) possesses an additional element of stereochemical complex¬ 

ity in that they can each exist in two distinct and enantiotopic forms 

due to restricted rotation around their biaryl axes (as indicated in 

Scheme 2 with circular arrows on these linkages). This phenomenon 
is known as atropisomerism, and is most typically observed in com¬ 

pounds of type 3 (see column figures) in which at least three of the 

sites assigned with the letters A to D are occupied by a group other 

than hydrogen (as occurs along the AB biaryl linkage of vancomy¬ 
cin). Atropisomerism can also exist in constrained systems such as 

the bisaryl ethers found in the two 16-membered rings of vancomy¬ 

cin, as long as both enantiomers are isolable and each possesses a 
half-life of longer than 1000 seconds (according to Oki’s arbitrarily 

assigned definition for atropisomerism).7 In fact, the ability of 
highly substituted biaryl systems to exist as distinct and long- 

lived atropisomers is the basis for many of the most important 
asymmetric reactions in chemical synthesis that enlist ligands 

such as BINOL (6) or BINAP (7), since their axial chirality confers 
asymmetry to the transition states involved in these events.8 

The only real technique available to convert one atropisomeric 
form into another (i. e. 3 into 5) is the application of sufficient ther¬ 

mal activation to overcome the rotational energy barrier between 
the two, which, depending on the system, can require 30—40 kcal/ 

mol. Importantly, an atropisomer exposed to these conditions will 
exist as an equimolar mixture of both possible atropisomeric 

Scheme 2. Array of synthetic challenges in vancomycin. 
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forms unless there is an inherent reason for a thermodynamic 
preference. Thus, just like stereocenters, unless an atropisomer is 

generated enantiospecifically from the outset, chances are generally 
low that a mixture can be converted into a single atropisomeric 

form. Unfortunately, although we currently possess a collection 

of powerful transformations such as Suzuki or Stille couplings 

to fashion the systems that often exist as atropisomers, we have 
not yet developed sufficient methodology capable of selectively 

creating a single atropisomer. As a representative example of this 
conundrum, consider the total synthesis of the anti-HIV agents 

michellamines A and B (11 and 12) by Bringmann and co-workers 
in which a tandem Suzuki reaction between bisaryl triflate 8 and 

2 equivalents of boronic acid 9 was employed to fashion the com¬ 

plete skeletal framework of the target molecules (Scheme 3).9 This 
step, while highly convergent, lacked complete atropselectivity in 
that following two deprotection operations, 11 and 12 were 

obtained in a ratio of 1:2.5. Since both final atropisomeric products 
were natural products, the general absence of atropselectivity in this 

synthesis was acceptable, and even beneficial, from a tactical stand¬ 
point. For vancomycin, however, for which only a single atropiso- 

Me OBn 

Scheme 3. The challenges imposed by atropisomers in the total synthesis of natural products 
as evidenced by Bringmann’s route to the michellamines (11 and 12). 
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meric form out of eight total possibilities reflects the conforma¬ 

tional disposition of the natural product, such a lack of control in 

generating any of the three atropisomerie axes of vancomycin 
would be inherently deleterious to the elegance and efficiency of 

the overall synthetic sequence. 
Fortunately, this issue, along with all the other challenges dis¬ 

cussed above, was successfully addressed in 1998 and 1999 with 

the first chemical synthesis of vancomycin (1) by the Nicolaou 

group at The Scripps Research Institute,10,11 and its aglycon (13, 
see column figure) by David Evans and his co-workers at Harvard 
University.12,13 For the remainder of this chapter, we will analyze 

these unique and insightful solutions in detail, each of which 

required the investment of several years in basic research to develop 

the special synthetic strategies and tactics that were ultimately 
called upon to tackle the most nefarious architectural elements of 

vancomycin. 

9.2 Retro synthetic Analysis and Strategy 

9.2.1 Nicolaou’s Synthetic Approach to Vancomycin (1) 

and the Vancomycin Aglycon (13) 

Because the Nicolaou group sought to achieve a total synthesis of 

both vancomycin (1) and its aglycon (13), the initial operations of 
their retrosynthetic analysis logically excised both carbohydrate 

units from 1 as two separate building blocks (14 and 15), leaving 
behind a protected form of the aglycon core (16, see Scheme 4). 

However, while these glycosidic bonds are readily cleaved on 
paper, finding the means to construct them selectively in their nat¬ 

ural anomeric orientation is far from simple in reality, as glycosida- 
tion reactions often lack complete selectivity.14 Although techniques 

exist to deliver a- or (3-disposed products preferentially, secondary 

effects such as the steric bulk of protecting groups on both the 
donor and acceptor components can dramatically, and unpredicta- 

bly, diminish such control. In this regard, finding a method to gen¬ 
erate the P-directed linkage between the glucose-derived building 

block and the protected aglycon was anticipated to prove particu¬ 

larly challenging based on the poor nucleophilicity and sterically 
hindered nature of the phenol acceptor. Based on the proven 

strength of trichloroacetimidate donors15 to afford p-linked carbohy¬ 

drates in numerous contexts (see Chapter 10 for a discussion of this 

technique), it was anticipated that such a carbohydrate (15) could 
be merged successfully, and selectively, onto the aglycon. If 

this approach failed, then other glycosidation techniques capable 

of achieving P-selectivity, such as the Kahne-Crich sulfoxide 

method,16 could then be examined. Once a means was identified 

to fashion the desired P-anomer, the other carbohydrate unit, L-van- 
cosamine, could be merged to complete the vancomycin skeleton 

through one of the many a-directing anomeric substituents such 
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Scheme 4. Nicolaou’s retrosynthetic analysis of vancomycin (1): initial stages. 
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as the fluoride in 14.17 Alternatively, and more convergently, the 
entire glycosidic domain of vancomycin could also conceivably 

be appended in block fashion to the aglycon, thus affording addi¬ 

tional design flexibility in the final stages of the total synthesis of 

vancomycin (1). 
Regardless of which of these options was implemented, the global 

(and substantial) protecting group array would then need to be 

excised in order to arrive at the target molecule (1). Accordingly, 

each of the protecting groups attached to 14, 15, and 16 was judi¬ 

ciously chosen at this stage based on the assumption that certain 

means of deprotection would destroy the sensitive functionality in 

the vancomycin core. For example, the selected groups avoided 
obviously problematic choices such as numerous benzyl ethers, 
whose removal through hydrogenation would likely lead to loss 

of the aryl chlorides, and groups requiring cleavage by strong 
bases, reagents which could also racemize the arylglycines. In par¬ 

ticular, however, one should note two unique aspects of the protect¬ 
ing groups appended onto aglycon 16. The first is the use of a Ddm 

(4,4'-dimethoxydiphenylmethyl) group to mask the primary amide 
group of vancomycin. Although this motif might appear to be an 

obscure selection, it is one of the few protecting groups capable 

of reliably guarding primary amides against a wealth of reaction 
conditions.18 Thus, it was envisioned that this group would prove 

robust enough to survive the numerous synthetic steps needed to 
reach 16, but could be cleaved smoothly at the end of the synthesis 

upon exposure to a Lewis acid in the presence of EtSH (conditions 
that would also hopefully rupture all the phenolic methyl ethers on 

the A- and B-rings). The second critical protecting group feature is 
the conversion of the C-58 carboxylic acid into a protected second¬ 

ary alcohol, a choice one might question because if an ester was 

employed instead, fewer steps would be required in the final stages 
of the synthesis to adjust it to its final format. However, because this 

motif is part of the most accessible arylglycine in the entire vanco¬ 
mycin skeleton, such protection would only enhance the likelihood 

of racemizing the adjacent C-26 proton. In contrast to this scenario, 
a less activated primary alcohol would markedly increase the pKa 

value of this benzylic proton, and thus raise the bar for the strength 
of base needed to induce its epimerization. 

Even with these initial operations implemented, a formidable syn¬ 

thetic target (16) still remained for consideration whose size would 

inherently appear to provide a host of options for reasonable retro- 

synthetic disconnections. Yet, if one were to view each of the three 
macrocycles within 16 as a distinct synthetic problem, then the 

plethora of conceivable sequences could be better organized by 

addressing two main questions: how and in what order to form 
each macrocycle. Accordingly, since the AB and C-O-D macro¬ 

cycles are merged together, and thus would appear to possess a 
greater bulk of the challenges in the synthesis of the aglycon, it 

seemed prudent to disassemble the D-O-E macrocycle first. Still, 
the question remained as to how this general approach could be 
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implemented best. Based on a series of model studies performed by 

the Nicolaou group in combination with progress toward vancomy¬ 

cin (1) and other glycopeptide antibiotics reported by several other 

researchers,211 the optimal answer to this query appeared to be 
initial peptide formation between the carboxylic acid in a tripeptide 

such as 18 and the free amine of an advanced AB/C-O-D system 

(17), followed by macrocyclization through bisaryl ether formation 
to complete the 16-membered D-O-E ring. While the first of these 

reactions was almost all but assured for the forward synthesis 

based on the powerful arsenal of peptide-forming reagents,19 the 
second requirement left several different possibilities open, each 

with unique advantages and disadvantages. 
As shown in Scheme 5 a, one of the most powerful methods to 

form bisaryl ethers is nitro-group activated nucleophilic aromatic 

substitution (SNAr). Indeed, as indicated by the model studies exe¬ 
cuted by Beugelmans, Zhu, and co-workers (19^2120 and 
23—>2421), this reaction can proceed smoothly and in high yield 

to afford bisaryl ether systems pertinent to vancomycin (1). Equally 
significant, although a base is required to effect this macrocycliza¬ 

tion, the conditions are mild enough such that no epimerization of 
the C-36 arylglycine center was observed in either case. Since a 

nitro group is employed to drive the reaction, as a consequence 
this motif must then be exchanged following macrocyclization 
through a Sandmeyer reaction to incorporate the final chlorine sub¬ 

stituents of the C- and/or E-rings. While this requirement is not pro¬ 
blematic, the larger issue brought into stark relief by these examples 

is the potential for this method of ring closure to provide atropselec- 
tivity. Unfortunately, the cyclization of 19 resulted in an equimolar 
mixture of both atropisomeric products, while the impressive tan¬ 

dem macrocyclization of 23 placed the nitro groups in their non-nat¬ 
ural configuration in both 16-membered ring systems. While each of 

these results was discouraging, as the first was nonselective and the 
second could not possibly lead to vancomycin (1), the latter did 

indicate that the formation of a single atropisomer through bisaryl 

ether closure was possible. 
Apart from this powerful approach, a more “biomimetically” 

inspired bisaryl ether macrocyclization would rely on an oxidative 

coupling reaction between a halogenated phenol donor and an 
aryl halide acceptor mediated by a reagent such as thallium(III) 

nitrate.22 Although this activator provides quite mild reaction condi¬ 

tions, the major handicap incurred by adopting this method is the 
requirement that the donor must possess a 2,6-dihalogenation pat¬ 

tern for proper activation. As such, one of these halogens must be 
removed selectively following cyclization to afford ring systems 

relevant to vancomycin. As Yamamura has illustrated with a crea¬ 

tive solution, however, this potential weakness can be overcome 

by using a mixed halogenated substrate (25) for the macrocycliza¬ 
tion step, followed by hydrogenative removal of the more labile 

bromine atom to generate a monochlorinated product (atropisomers 

28 and 29).23 As an alternative cyclization technique, one could also 

Cl 

19 
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a. Nitro-group activated SNAr 

21: X = H, Y = N02 
22: X = N02, Y = H 

no2 

OMe 
NH 
l 
Boc 

b. Oxidative coupling 

25 26: X = Br, Y = Cl 
27: X = Cl, Y = Br 

28: X = H, Y = Cl 
29: X = Cl, Y = H 

Scheme 5. Methods of synthesizing cyclic bisaryl ethers. 

employ a copper-catalyzed Ullmann-type coupling reaction to form 

the bisaryl ethers of vancomycin. Dale Boger and his group at The 

Scripps Research Institute first demonstrated the feasibility of this 

general approach through the conversion of model system 30 into 

31 in 59% yield.24 However, successful macrocyclization in this 

case was attended, to a minor extent, by glycine epimerization 

(~5 %), a problematic result because this amino acid is nine times 
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c. Classical Ullmann reaction applied to bisaryl ether synthesis 

NaH (3 equiv), 
CuBr-Me2S, 

py, A ^ 

(59%) 
(5% epimerization 
of alanine residue) 

(Boger et al.)24 

d. Triazene-driven bisaryl ether synthesis 

31 

Scheme 5. Continued. 

less activated than an arylglycine for racemization. As such, condi¬ 

tions milder than those employed in this example would most likely 
be needed to implement this strategy effectively in vancomycin¬ 

relevant systems in order to achieve acceptable stereocontrol. 
While each of these three methods for bisaryl ether synthesis 

(among several others) could potentially be applied in the macrocy- 

clization step needed to construct the D-O-E system, the Nicolaou 

group decided instead to develop their own means to form such sys¬ 

tems using a triazene moiety on the aromatic acceptor to drive the 
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ring closure (see Scheme 5d).25 This approach was predicated on the 
idea that since this motif would likely constitute an electron sink, 
the addition of an appropriate metal cation to the reaction mixture, 
such as copper, could bring about an organized transition state for 
macrocyclization like the one shown in intermediate 33, and, conse¬ 
quently, a smooth cyclization. As illustrated by the transformation 
of 32 into D-O-E model system 35, this process works quite effec¬ 
tively. Furthermore, once cyclization has been effected, treatment 
with aqueous acid can convert the triazene directly into the D- 
ring phenol needed for vancomycin (1) or its aglycon (13). Inciden¬ 
tally, it is worth noting that the reactivity order for halide displace¬ 
ment on the acceptor ring with this methodology is I>Br^S>Cl>F, 
which is the same as that for oxidative cyclizations and Ullmann 
couplings, but opposite to o-nitro-activated SNAr in which inductive 
effects lead to a reversal of that order. 

Assuming, then, that this latter technique could be enlisted to 
form the D-O-E system in a fully elaborated vancomycin system, 
intermediate 17 (see Scheme 4) was equipped with a triazene 
group and an o-bromide substituent on its D-ring. As indicated by 
the model studies in Scheme 5d, however, the main question for 
the success of this strategy was not the ring-closure itself, but 
whether or not the event would prove atropselective. Since this 
result would likely be dictated both by reaction kinetics as well as 
by the three-dimensional configuration of the substrate, there was 
no real means by which to anticipate its outcome in the absence 
of empirical data. However, this analysis postulated that the confor¬ 
mational bias of an atropisomerically pure AB/C-O-D system might 
help to direct ring-closure preferentially such that the E-ring chlor¬ 
ine substituent would reside in its desired orientation. Should this 
conjecture prove inaccurate and a mixture of D-O-E atropisomers 
result instead, then hopefully thermal equilibration could correct 
this situation and funnel material into its natural disposition (16), 
assuming it is the thermodynamically most stable atropisomer and 
the application of heat would not racemize the other two atropiso- 
meric axes. 

With the assembly of vancomycin now reduced to the construc¬ 
tion of two advanced subtargets, 17 and tripeptide 18, the Nicolaou 
group first sought to tackle retrosynthetically the larger and far more 
challenging of these two goal structures, AB/C-O-D intermediate 17 
(see Scheme 6). Once again viewing each macrocycle within this 
target structure as a separate synthetic problem, in principle, either 
of these large rings could be fashioned first, with the second then 
built upon it with the functionalities of its properly decorated sub¬ 
structure. Apart from simplicity, such a strategy would also serve 
a tactical purpose in that the rigidity of the first macrocyclic ring 
would likely facilitate the formation of the second by decreasing 
the entropic freedom of the reactive motifs needed for macrocycli¬ 
zation, bringing them into a favorable conformation for a productive 
union. To best take advantage of this idea, it was decided first to 
open the AB macrocycle, since a 12-membered ring is far more 
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Scheme 6. Nicolaou’s retrosynthetic analysis of AB/C-O-D fragment 17. 
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o 

strained and thus more challenging to create than a 16-membered 
ring. Accordingly, the retrosynthetic sword cut the AB system in 
17 at its most accessible amide linkage, leaving a masked amino 
acid surrogate in its wake (36). Although there are reactions other 
than lactamization that could potentially effect AB macrocycle for¬ 
mation, such as a Suzuki or Stille reaction between appropriately 
functionalized A- and B-rings, the failure of these latter strategies 
in model systems led to the selection of the present course of action. 
In addition, one should also note that upon successful formation of 
the AB macrocycle (17) during the actual synthesis it was assumed 
that the s-cis orientation of the C-39/N-40 amide would result 
directly since it constituted the conformationally most stable form 
within this 12-membered ring. 

Once the AB macrocycle was ruptured, the C-O-D bisaryl linkage 
in 36 was then unlocked to afford 37, once again forecasting the use 
of a triazene-driven cyclization to create this macrocyclic subunit in 
the forward synthesis. Fortunately, with these major elements 
decided, the remaining simplifications needed to reach building 
blocks of reasonable size and complexity were relatively easy to 
deduce. First, the D-ring was excised from 37 as carboxylic acid 
38, leaving behind protected amine 39 which could be further sim¬ 
plified through another peptide-band transform to afford C-ring P- 
hydroxy tyrosine 40 and AB biaryl system 41. In turn, 41 was 
then projected to arise from a Suzuki reaction between an aryl bor- 
onate (42) and a highly activated aryl halide (43). Of course, as 
alluded to earlier, reactions such as this one are quite effective in 
forming biaryl systems in a racemic form. As we know, though, 
41 would need to be formed atropselectively for the sake of an effi¬ 
cient total synthesis of vancomycin. Since both 42 and 43 possess 
stereocenters, this analysis assumed there might be an inherent ther¬ 
modynamic preference for the desired atropisomer; if not, then 
potentially an asymmetric Suzuki reaction could be developed to 
afford 41 selectively. The viability of these hypotheses would 
have to await empirical investigation. 

With one major target fully disassembled into four components of 
reasonable size, simplification of the remaining piece, tripeptide 18, 
was then achieved in just a few retrosynthetic operations, starting 
with the removal of its lone aryl chlorine substituent to afford 44 
as delineated in Scheme 7. Subsequent removal of one peptide 
building block (45) from this fragment then revealed dipeptide 
46, whose amide group could then be dissected into amine 47 and 
carboxylic acid 48. 

Overall, this general retrosynthetic analysis as defined in 
Schemes 4, 6, and 7 has afforded a highly convergent synthetic 
plan for vancomycin (1) requiring the stereospecific creation of 
two functionalized carbohydrates and seven amino acid building 
blocks of varying complexity. With little question, many of their 
stereocenters could derive from commercially available members 
of the chiral pool. For some of the more complex of these frag¬ 
ments, the Nicolaou group envisioned that a series of asymmetric 
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Scheme 7. Nicolaou’s retrosynthetic analysis of tripeptide 18. 

reactions, especially those developed by K. Barry Sharpless, could 
prove quite valuable in fashioning their stereochemical arrange¬ 
ments from achiral starting materials. Of particular concern was 
the task of efficiently fashioning the adjacent amino alcohol motifs 
within the two P-hydroxy tyrosine pieces (building blocks 40 and 
47), since traditional routes to such compounds are lengthy due to 
their reliance on multiple protecting group manipulations. Fortu¬ 
nately, in 1996, Sharpless unveiled a new asymmetric reaction, an 
osmium-catalyzed aminohydroxylation (AA), which looked as if 
it could prove especially valuable in creating these building blocks 
more expeditiously.26,27 

As shown in Scheme 8, the Sharpless AA reaction enables the 
stereospecific delivery of a protected nitrogen (either as a sulfona¬ 
mide or as a carbamate) and an alcohol to the same side of a double 
bond in a single step, governed by the same facial selectivity rules 
as the Sharpless asymmetric dihydroxylation (AD) reaction dis¬ 
cussed extensively in Chapter 35 of Classics 7.28 Although experi¬ 
ence has revealed that this reaction is not as general as the venerable 
Sharpless AD, it works particularly well for those substrates that 
would be needed in the vancomycin context as indicated by the gen¬ 
eralized entries in Scheme 8. While typical AA conditions in the 
presence of the standard PHAL ligand lead to products in which 
the protected nitrogen atom is a to the phenyl ring, the alternate 
regioselectivity (which is required for vancomycin) can be obtained 
merely by exchanging this motif for a quinone ligand, such as 

Cl 

40 
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a. Sulfonamide variant 

(dhq)2phal’ 

• Enantio- and regio- 
selection depends on 
both R group and solvent 
mixture employed 

b. Carbamate variant 

(DHQ)2PHAL 

• Easier to deprotect 
than sulfonamides 

• Reduced 
enantioselectivities 
for f-butyl carbamates 

RO 

o 
X^ci 

N 
I 
Na 

K20s02(0H)4 
(DHQ)2AQN ’ 

• Use of AQN ligand 
switches regioselection 
for drawn product on the 
order of 3:1 to 4:1 

* Enantioselectivities 
typically not as high 
for these products 

Scheme 8. The Sharpless asymmetric aminohydroxylation (AA) reaction. 

AQN.29 Although this variant of the catalytic AA reaction usually 
affords 1,2-amino alcohol products with decreased enantio- 
selectivity relative to those reactions using PHAL, it is currently 
one of the most concise solutions for the stereospecific synthesis 
of (3-hydroxy tyrosines. 
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9.2.2 Evans’Synthetic Approach 

to the Vancomycin Aglycon (13) 

Although complementary in some minor respects to that of the 

Nicolaou analysis, the synthetic approach developed by Evans’ 
group to vancomycin aglycon (13) sought quite unique solutions 

to its numerous synthetic challenges, particularly in regard to the 
order and method of forming each macrocycle. In the initial stages, 

these researchers similarly excised the D-O-E macrocycle from the 

central framework, anticipating the use of a nitro-activated SNAr 
macrocyclization rather than a triazene-driven reaction to create 

its bisaryl ether, thus leading to advanced intermediates 49 and 50 
as new goal structures (see Scheme 9). The selection of this method 

of cyclization was predicated upon both the successes delineated in 
Scheme 5 as well as their own productive experiences with this 

reaction in their 1997 total synthesis of orienticin C aglycon (55, 
vancomycin aglycon minus the aryl chlorine atoms),30 the first 

member of this class of glycopeptide antibiotics to be synthesized 
in the laboratory. As mentioned earlier, by adopting this strategy, 

a Sandmeyer reaction would then be required to convert the nitro 
group (in what would hopefully be the correct D-O-E atropisomer) 

into an aryl chloride. Apart from these design elements, as we 
already know from the discussion above, an equally important con¬ 
sideration at this stage was the selection of an appropriate protecting 

group array to respond tactically to critical aspects of the chemically 
sensitive functional groups of vancomycin. While general aspects of 
the groups appended in this manner onto both 49 and 50 mirror the 

rationales mentioned in the Nicolaou analysis, one critical feature of 
this approach, the conversion of the C-58 carboxylic acid into a 

methyl amide, is worthy of additional commentary. As has been 
demonstrated in numerous contexts, such protection effectively 
deactivates the carboxylic acid, thereby assuring that the neighbor¬ 

ing proton at C-26 would not be overly acidic and thus prone to epi- 
merization during the synthetic sequence.31 Moreover, the robust¬ 

ness of this amide to multifarious reaction conditions could almost 

guarantee its survival in the steps leading up to 13; the price for this 
behavior was the relatively vigorous conditions that would be 

required to dismantle it on a highly functionalized substrate at the 
end of the sequence. Based on several studies carried out in their 

laboratories, the Evans group hoped that this potential problem 
could be circumvented by first appending an electron-withdrawing 

group onto its free secondary position (such as a nitrosamide, see 

the adjoining column), since the resultant product would be more 
susceptible to nucleophilic lysis.32’33 To implement this strategy suc¬ 

cessfully, however, the C-58 methyl amide would have to be 
engaged preferentially by a nitrosating reagent in the presence of 

a host of primary and secondary amides. 
Having dissected vancomycin aglycon (13) into two major pieces, 

the simpler of these, tripeptide 50 (Scheme 9), was then discon¬ 

nected into three peptide building blocks (52, 53, and 54) through 
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Nitro-activated S^Ar 

Scheme 9. Evans’ retrosynthetic analysis of vancomycin (1): initial stages. 

two different amide bond formation transforms, leaving the more 
challenging AB/C-O-D system (49) for further consideration. As 

shown in Scheme 10, this fragment was evaluated along quite 

unique lines relative to that presented earlier in Scheme 6. Rather 

than open the AB macrocycle first, the Evans group decided to 
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61 

Scheme 10. Evans’ retrosynthetic analysis of AB/C-O-D fragment 49. 
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49 

59 

cleave the bisaryl ether bridging the C- and D-rings based on the 

same logic described above; namely, the presence of one macro¬ 
cycle could facilitate both the formation as well as the atrop- 

selectivity of the second. Assuming that a nitro-directed SNAr pro¬ 

cess could achieve this objective in the actual synthesis, thus pro¬ 

viding 57 as a retrosynthetic precursor for 49, a method was then 

needed to form the challenging 12-membered AB macrocycle. 

Fortunately, the Evans group had already established that this ring 

system could be created in model systems through an oxidative cou¬ 

pling of the A- and B-rings in an intermediate such as 59 (bearing 
an extra oxygen substituent on the B-ring to drive the reaction).I3cd 

They had also observed, however, that this reaction afforded pro¬ 

ducts in which the non-natural biaryl atropisomer resulted almost 
exclusively, as indicated by the unique structures for this system 

in both 56 and 57. Hopefully, this unintended result could be 

adjusted to the desired atropisomeric form (49) after C-O-D macro¬ 
cycle formation through excision of the extraneous O substituent on 

the B-ring, followed by thermal equilibration. Before continuing 

with our discussion of this approach, one should note that the 
C-ring in 57 possesses a chlorine atom in addition to the needed 

nitro-directing group. This feature was based on knowledge gar¬ 
nered from model studies that the ring closure of such systems 

always placed the nitro substituent in the wrong atropisomeric 
orientation, as similarly observed in the conversion of 23 into 24 
(cf. Scheme 5) by Beugelmans and Zhu,21 thus making the incor¬ 
poration of a properly disposed chlorine atom otherwise impossible. 

As a result of this modification, following the formation of 56 from 

an intermediate such as 57 (hopefully as a single atropisomer), a 
Sandmeyer reaction could then be drafted to reduce the nitro 
group to a hydrogen atom. 

From 57, the remaining disconnections constituted merely a series 

of amide cleavages, ultimately providing four amino acid building 
blocks: 58, 60, 62, and 63. Thus, a convergent strategy towards 

the vancomycin aglycon (13) has again been reduced to the creation 
of seven subtargets of reasonable size, leaving only the requirement 

to find methodology capable of effecting their stereoselective synth¬ 
esis. Rather than rely on asymmetric reactions developed by the 

Sharpless group to achieve this objective, this approach anticipated 

that application of technology developed in-house, namely the 

Evans chiral oxazolidinone technology (which was discussed at 
some length in the cytovaricin chapter in Classics I),34 could be pro¬ 

ductively employed to generate several of these pieces enantioselec- 

tively. The rest would derive from commercially available amino 
acids. 

Before we begin our discussion of how these two distinct strate¬ 
gies were reduced to practice, it is important to reiterate that both 

required considerable model system exploration and general strat¬ 

egy feasibility studies before they reached their full maturation as 

expressed here.11,13 While space constraints severely limit the 

degree to which we can touch upon these instructive investigations, 
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we strongly recommend a careful reading of the primary literature10' 

13 as well as several review articles2,5 to gain a fuller appreciation of 

the truly evolutionary nature of these research programs. 

9.3 Total Synthesis 

9.3.1 Nicolaou’s Total Synthesis of the 

Vancomycin Aglycon (13) 

Similar to most endeavors in natural product total synthesis, the 
Nicolaou group began their studies towards the vancomycin agly¬ 

con (13) with building block construction to set the foundation 

that would hopefully enable the facile construction of the molecular 
architecture of the target through the designed sequence.10 While 
the synthetic routes to such pieces are typically presented in a 

perfunctory manner in communications and even in full papers, 
such a delivery fails to reflect the significant investment in research 

time that is often required to access these preliminary targets. 
Indeed, each of the four aryl building blocks (38, 40, 42, and 43) 
envisioned for the construction of the AB/C-O-D subunit (17) pre¬ 
sented its own unique set of challenges that prevented any target 

from proving wholly pedestrian to synthesize, and, in some cases, 
required several months of investigation. The final, optimized 
sequences to these pieces are delineated in Schemes 11 — 14, and, 

for lack of a better selection criterion, we will discuss these frag¬ 
ments in alphabetical order according to their ring designations 

within vancomycin (1). 
Accordingly, first for our consideration is the A-ring boronic 

acid 42 (Scheme 11), a fragment whose synthesis logically 
began from commercially available 3,5-dimethoxybenzaldehyde 

(64) since this material already possessed the desired phenolic 
protecting groups for the envisioned sequence. The price for this 

convenience was finding the means by which to install a lone 
stereogenic center on this substrate in order to elaborate it to 
42. Fortunately, this requirement could be met through initial 

Wittig homologation using the ylide derived from methylenetri- 
phenylphosphonium bromide to generate a styrene intermediate, 

1. Ph2P=CH2, 
THF, -10 °C 
-► 
2. AD-mix-|3, 

f-BuOH/H20 
(84% overall) 

(96% ee) 65 

1. (n-Bu)2SnO, 
toluene, 110 °C; 
BnBr, TBAI, 70 °C 
-----► 

2. n-BuLi (2.2 equiv), 
C6H6, 0—>25 °C, 2 h; 
B(OMe)3, THF, -78->25 °C 

(49% overall) 

Scheme 11. Nicolaou’s synthesis of A-ring amino acid building block 42. 
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(3-face 
"HO OH" 

a-face 

Figure 2. Mnemonic device for 
the Sharpless AD of olefins. 

followed by a Sharpless AD reaction28 with the commercial AD- 
mix-(3, which gave rise to diol 65 in 84 % overall yield and 
96 % ee. The exquisite stereocontrol effected by this latter reac¬ 
tion reflects the well-documented tenet that styrenes are the best 
substrates for the Sharpless AD protocol in terms of both catalytic 
activity and enantioselectivity, with a rationale for the observed 
facial selectivity provided in Figure 2 (once again, see 
Chapter 35 of Classics 1 for further discussion). At this stage, 
only two operations separated this intermediate (65) from the 
final building block (42). First, the more accessible terminal alco¬ 
hol was selectively engaged as a benzyl ether by using tin acetal 
methodology (see Chapter 10 for a discussion of this technique), 
leaving behind an unprotected benzylic alcohol that could be 
used productively in the next step to direct the site of lithiation 
to complete the desired boronic acid.35 Indeed, treatment of this 
intermediate with 2.2 equivalents of n-BuLi, followed by a quench 
of the resultant dilithiated species with freshly distilled B(OMe)3 
at —78°C and an eventual acidic workup provided the A-ring 
building block (42) in 49 % overall yield.36 

The synthesis of the B-ring arylglycine (43) was somewhat more 
straightforward, with the lone stereocenter of this piece obtained 
from the chiral pool in the form of (D)-4-hydroxyphenylglycine 
(66) as shown in Scheme 12. As such, only a few functional 
group manipulations were required to properly adjust this material 
to its requisite format, starting with esterification of the carboxylic 
acid with MeOH, promoted by the Lewis acidic additive TMSC1. 
Subsequent protection of the free amine in the resultant product 
as a t-butyl carbamate (Boc) under standard conditions then accom¬ 
plished the synthesis of 67 in 93 % yield, leaving only phenolic pro¬ 
tection and selective iodination to complete 43. These operations 
were smoothly executed in 84 % overall yield through initial methy- 
lation of the phenolic residue in 67 using Mel and K2C03 in DMF, 
followed by CF3COOAg-accelerated iodination in CHC13. Although 
the silver salt employed in this final step is relatively expensive, its 
use was critical in order to ensure complete iodination; “cheaper” 
protocols (such as Nal, NaOH, and NaOCl in MeOH) on phenol 67 

0 0 0 

Jl ,nh2 1. MeOH, .. JL ..NHBoc 
MeO y 

1. Mel, K2C03, 
,, _ JL ..NHBoc 
MeO y 

TMSCI, (fS 25 °C, 15 h irS DMF, 25 °C 
2. Boc20, 2.12, CF3COOa£ 

OH 
k2co3 T 

OH 
CHCI3, 25 °C 

OMe (93% overall) (84% overall) 

66 67 43 

Scheme 12. Nicolaou’s synthesis of B-ring amino acid building block 43. 
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failed to reach completion, leaving behind unhalogenated starting 

material that could not be readily separated from its iodinated coun¬ 

terpart. 

With the syntheses of these two fragments discussed, we now turn 
our attention to the highly challenging (3-hydroxy tyrosine amino 

acid building block 40 (Scheme 13), a compound whose 1,2-amino 
alcohol motif possesses a syn-(S,R) configuration. As mentioned 

earlier, it was anticipated that both these stereogenic centers 
might arise in a single operation from a cinnamate derivative 

through application of a Sharpless AA reaction. To test this conjec¬ 
ture, /7-hydroxybenzaldehyde (68) was first benzylated and then 

homologated through a Horner—Wadsworth—Emmons (HWE) reac¬ 

tion to provide the needed olefinic test substrate (69). Most gratify- 
ingly, this intermediate smoothly entered into the desired AA path¬ 

way to afford Cbz-protected amino alcohol 70 as the desired regio- 
isomer in 45 % yield and 87 % ee. Although the overall yield for this 

event might seem modest at first glance, one should consider that an 
alternative sequence using an equally enantioselective transforma¬ 

tion on substrate 69, namely Sharpless AD, required three addi¬ 
tional synthetic operations before 70 was obtained.37 As such, the 
concise nature of the AA approach (both in terms of steps as well 

as time invested) was certainly worth its material return. From 70, 
completion of the C-ring fragment (40) required silylation of the 

benzylic alcohol, hydrogenative removal of both the phenolic ben¬ 
zyl and Cbz groups, and, finally, phenol-directed monochlorination 

of the aromatic ring as effected with S02C12 in Et20/CH2C12 (1:10) 
at 0°C. Overall, these three steps proceeded without incident in a 

combined yield of 76 %. 

1. BnBr, K2CO3, 
Kl, DMF, 25 °C 

2. KOH, 

vy- 
OEt O 

.OEt 
OEt 

OBn 

OEt 

69 

NaOH, f-BuOCI, 
BnOCONH2, 

(DHQD)2AQN 
K20s02(0H)4, ^ 

n-PrOH/H20 (1:1), 
25°C,12 h 

(45%, 87% ee) 

OBn 

OEt 

'NHCbz 

70 
(93% overall) 

Cl 

TBSOTf, 2,6-lutidine, 
CH2CI2, 0 °C, 30 min 

(98%) 

71 

Scheme 13. Nicolaou’s synthesis of C-ring amino acid building block 40. 
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Br- 

TBSO. 

Br- 

TBSO. 

Finally, we turn to the remaining fragment required to implement 

the critical elements of the strategy envisioned for the construction 
of the AB/C-O-D macrocyclic system, the D-ring aryltriazene 38. 
As delineated in Scheme 14, this piece ultimately required the 

greatest number of linear steps to acquire among these building 

blocks; despite its length, each operation of the route was high- 
yielding, with the Sharpless AD reaction once again productively 

encoding chiral information. The sequence began with esterification 

of p-aminobenzoic acid 73 by way of an intermediate acid chloride 

1. SOCI2; MeOH, 
65 °C, 2 h 

2. Br2, AcOH 
25 °C, 2 h 
(98% overall) 

Ph3P, 
DEAD, DPPA, 
THF, 0 °C, 2 h 

(79%) 

Ph3P, H20, 
THF, 60 °C, 3 h 

Boc20, Et3N, 

CH2CI2, 25 °C 
(74% from 78) 

Q 

1. LiAIH4, 
THF, 0 °C, 2 h 

2. NaN02, 6 M HCI, 
AcOH/H2Q(1:1), 

0 °C, 30 min; 
KOH, pyrrolidine 
(71% overall) 

75 
1. PCC, CH2CI2 
2. Ph3P=CH2, 

THF, -20 °C if 
(86% 

overall) 

Q 

79 80 38 

Scheme 14. Nicolaou’s synthesis of D-ring amino acid building block 38. 
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generated through initial reaction with SOCl2. A subsequent tandem 
bromination then afforded 2,6-dibromide 74 in near quantitative 
yield for these two steps. At this stage of the projected route to 
38, it was deemed prudent to convert the aromatic amine into the 
triazene motif, whose ultimate role would be to engender the forma¬ 
tion of both bisaryl ether macrocycles within the vancomycin agly- 
con (13). Thus, once the ester in 74 was fully reduced to a primary 
alcohol with LiAlH4, the free amine of the resultant product was 
then diazotized using NaN02 and HC1 (6 m) in a mixture of AcOH/ 
H20 (1:1) at 0°C. When the resulting diazonium salt was treated 
with nucleophilic pyrrolidine in basified media, triazene 75 was 
obtained in 71 % overall yield from 74. With this critical function¬ 
ality in place, the next objective was to install the stereocenter of the 
targeted building block through a Sharpless AD reaction. Accord¬ 
ingly, the benzylic alcohol in 75 was oxidized to an aldehyde 
with PCC and then converted into a styrene (76) upon successful 
Wittig olefination. As expected, this substrate (76) was smoothly 
dihydroxylated with AD-mix-a in a 1:1 mixture of t-BuOH and 
H20 at ambient temperature over the course of 6 hours, providing 
the desired enantiomer in 95 % yield and 95 % ee. From this 
intermediate, merely a few functional group modifications were 
required to complete the target (38); since these operations 
proceeded uneventfully over the course of six additional steps 
using conventional protocols, they do not require any additional 
commentary. 

Once all these building blocks were in hand, effort was immedi¬ 
ately focused on effecting their union according to the plan deli¬ 
neated in Scheme 6. The first task was to find conditions capable 
of forming the AB biaryl axis through a Suzuki reaction. Fortu¬ 
nately, little reaction scouting was required to achieve success as 
treatment of 42 and 43 (see Scheme 15) with Pd(PPh3)4 and 
Na2C03 at 90 °C in a solvent combination of toluene, MeOFl, 
and H20 (10:1:0.5) provided a mixture of both atropisomeric 
Suzuki products (81 and 41) in 84% combined yield. As hoped, 
the desired atropisomer (41) was formed preferentially in a 2:1 
ratio, and could be separated from 81 through standard column 
chromatography. 

With this adduct secured, a preliminary staging area had been 
reached from which to begin the explorations aimed at merging 
the remaining building blocks. The first operation from this beach¬ 
head was the conversion of the benzylic alcohol group in 41 (see 
Scheme 16) into an azide upon reaction with DPPA (diphenyl- 
phosphoryl azide) using a standard Mitsunobu protocol.38 Not 
only did this step provide the needed inversion of stereochemistry 
at this site, but it also incorporated a masked handle for an eventual 
amine that could be carried for several operations before being 
unveiled. Subsequent lysis of the methyl ester in this intermediate 
then afforded carboxylic acid 82, a compound poised for a coupling 
reaction with the C-ring amine building block (40) to further extend 
the ever-growing vancomycin scaffold. As indicated in Scheme 16, 

263 
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41 

Scheme 15. Nicolaou’s construction of the AB-biaryl system (41) through a Suzuki reaction. 
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this event proceeded smoothly in 87 % yield over the course of 12 

hours at low temperature (—10 °C) in THF using the common 
amide-bond generating reagents EDC (for peptide coupling) and 

HOAt (an additive to prevent racemization of epimerizable centers). 
In order to append the final building block onto 83, a technique was 

now required to excise its lone Boc protecting group to provide the 
requisite free amine. Although simply stated, standard protic acid 

conditions to effect this cleavage (i. e. TFA) could not be employed 
in this instance since the presence of other acid-sensitive groups all 

but assured that the deprotection would not be wholly chemoselec- 
tive. Fortunately, an alternative and milder protocol using the Lewis 

acidic TMSOTf and 2,6-lutidine rose to the challenge, affording the 
desired product (39) in 90 % yield. Since this methodology is dis¬ 

cussed at some length in Chapter 8, we will not comment any 

further on its value at this point, except to note that a mechanism 
to account for its effectiveness is provided in the adjacent column.39 

With a free amine now revealed in 39, the final building block (38) 
was then smoothly merged to provide 37 in 90 % yield, again using 
EDC and HOAt to govern the union. 

Having stitched together the four aryl building blocks, all that 

essentially remained from 37 to complete the AB/C-O-D fragment 

were two macrocyclization events. The first of these closures, the 
formation of the C-O-D bisaryl ether system, was mildly effected 

through treatment of this compound with CuBr*Me2S and K2C03 

in a mixture of pyridine and MeCN at 82 °C. Unfortunately, this 

macrocyclization failed to afford any atropselectivity in that both 

36 and 84 were obtained in a 1:1 ratio in 67% combined yield. 
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Cl 

EDC, HOAt, THF, 
-30-^-10 °C, 12 h 

40 

(87%) 

Cl Cl 

o 
Cl n'' N 

N 
I 

CuBr-Me2S, 

K2C03, py, 
MeCN, 82 °C 

(67%) 
(1:1 mixture of 
atropisomers) 

Triazene-driven 
bisaryl ether synthesis 

Scheme 16. Nicolaou’s formation of the C-O-D ring system (36) of vancomycin. 
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Following chromatographic separation of these products, several 

experiments were initiated with the objective of funneling 84 into 

the mainstream of the vancomycin synthesis, but no effective solu¬ 

tion to achieve this goal could be found. As a result, the group had 

to press forward despite this outcome, meaning that half of the care¬ 

fully crafted material had to be discarded at this stage. While disap¬ 

pointing, there was a ray of light on the horizon since the initial for¬ 

mation of the C-O-D ring system greatly facilitated the macrocycli- 

zation of the AB ring. Indeed, following modification of 36 into 85 
through three conventional steps as shown in Scheme 17, macrolac- 
tamization to complete the 12-membered AB system proceeded in 

86% yield through the action of pentafluorophenyl diphenylpho- 

sphinate (FDPP)40 and /-Pr2NEt in DMF at ambient temperature. 

Scheme 17. Nicolaou’s completion of the AB/C-O-D system of vancomycin (17). 
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Compared to the yields observed in several other macrolactamiza- 
tions leading to 12-membered rings, including vancomycin model 
systems, this result is particularly admirable.41 With the entire 
AB/C-O-D skeleton in place following the formation of 86, only 
two operations were required to complete 17, namely silyl reprotec¬ 
tion of the C-22 alcohol (which was deprotected in the first step in 
Scheme 17 to enable subsequent methyl ester hydrolysis as the latter 
motif was otherwise too sterically shielded) and TMSOTf-induced 
Boc cleavage. These transformations proceeded in 82% overall 
yield. 

Although achieving the synthesis of this advanced intermediate 
was certainly pleasing, before final victory could be declared it 
still remained to establish whether the remaining D-O-E macrocycle 
could be glued onto this framework. Efforts to achieve this objec¬ 
tive began immediately, starting with the synthesis of the amino 
acids needed to forge tripeptide 18 according to the plan laid out 
earlier. The first of these, amine 45 (Scheme 18), was readily 
acquired from the known asparagine-derived starting material 8742 
through simple alkylation under basic conditions with Mel, fol¬ 
lowed by hydrogenative removal of the Cbz group which was part 
of the original starting material. 

The route needed to access the second peptide building block, p- 
hydroxy tyrosine 47, was unfortunately far less direct than origin¬ 
ally anticipated. Since this compound resembled the C-ring piece, 
but with anti instead of syn stereochemistry, it was envisioned 
that a Sharpless AA reaction could similarly provide access to its 
two critical stereocenters by employing a cinnamate-type material 
bearing cis geometry. Despite several attempts, however, this sub¬ 
strate did not prove amenable to this asymmetric reaction, most 
probably due to the fact that the stereochemical configuration of 
its double bond led to greatly reduced reactivity, and, therefore, 
poor enantioselectivity. Consequently, a more circuitous, but ulti¬ 
mately effective, sequence to 47 was developed using the Sharpless 
AD reaction on a trans-oriented olefinic substrate (88), with the 
needed amine arising through a nucleophilic substitution of a leav¬ 
ing group generated from one of the two alcohol groups inserted by 
this key reaction. One should take note of the chemoselective nature 
of the nosylation needed to accomplish this sequence, as it is quite 
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O 
1. Mel, K2C03, 

DMF, 25 °C 

2. H2, Pd(OH)2/C, 
MeOH, 25 °C 

(69% overall) 

O 

45 

Scheme 18. Nicolaou’s synthesis of amino acid building block 45. 
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Nos = 4-nitrobenzenesulfonyl 

Scheme 19. Nicolaou’s synthesis of E-ring amino acid building block 47. 

48 

Scheme 20. Nicolaou’s synthesis of advanced tripeptide 18. 
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striking. Moreover, it is important to realize that this leaving group 
was selected over its more common relatives (such as a tosylate or 
a mesylate) as its electron-withdrawing nitro group provided mark¬ 
edly easier displacement. 

With these fragments in hand, efforts could now commence on 
their merger into tripeptide 18, since the final amino acid (48) is 
a commercially available material. As shown in Scheme 20, car¬ 
boxylic acid 48 was first combined with E-ring building block 47 
through a peptide-coupling reaction in THF at 0°C using the by 
now familiar reagent EDC in the presence of HOBt. With this reac¬ 
tion providing 90 in 93 % yield, subsequent hydrolysis of the ethyl 
ester then set the stage for the final addition of the asparagine- 
derived building block (45). Having thus synthesized tripeptide 
44, only a few cursory functional manipulations remained to com¬ 
plete the targeted array of the functionality of this fragment as 
expressed in 18. First, the hydroxy group was protected as a silyl 
ether, and then the phenolic benzyl ether was cleaved to afford 91 
thereby enabling a subsequent monochlorination reaction with 
S02C12. With these events smoothly executed, a final hydrolysis 
of the terminal methyl ester then provided carboxylic acid 18 in 
57 % overall yield from 44, an intermediate ready to be combined 
with the AB/C-O-D framework (17). 

As originally forecasted, the amalgamation of these two advanced 
intermediates into 92 (Scheme 21) proceeded without incident in 
86 % yield through the action of EDC and HOBt over the course 
of 12 hours, leaving only the construction of one bisaryl ether to 
complete the last of the three macrocyclic subunits of vancomycin. 
Despite the high hopes for atropselectivity in this reaction, upon 
exposure of 92 to the standard triazene cyclization conditions of 
CuBr*Me2S and K2C03 in pyridine and MeCN, the D-O-E system 
was formed with the rather disappointing result of a 3:1 ratio of iso¬ 
mers in favor of the non-natural product (94). Fortunately, however, 
this twist of fate did not mortally wound the strategy, as the outcome 
could be ameliorated through thermal equilibration using conditions 
developed by the Boger group in model systems to combat the same 
problem.43 Thus, following the chromatographic separation of 93 
and 94, the latter was heated at 140 °C for 4 hours in 1,2-dichloro¬ 
benzene to afford a mixture of 94 and 93 in an approximate ratio of 
3:2 and an overall combined yield of 80-84%. Repetition of this 
cycle served to greatly enrich the supplies of the correct atropisomer 
(93), thereby fueling the studies toward the final drive for the van¬ 
comycin aglycon (13). 

The first critical objective in this campaign was finding a method 
to convert the aryl triazene into a phenol, since its mission in direct¬ 
ing the formation of both bisaryl ether systems was now complete. 
Although model studies indicated its relatively facile removal,25 this 
motif unfortunately proved far more resilient within the context of 
93 as direct techniques to effect its transformation into a phenol 
under various acidic conditions universally failed, leading only to 
reduced product (i. e. a hydrogen atom instead of the triazene 



270 9 Vancomycin 

O 
N 

o 

(74%) CuBrMe2S, K2C03, 
(93/94 = 1:3) u py, MeCN, 82 °C, 2 h 

o 
N 

l 

Scheme 21. Nicolaou’s construction of the D-O-E domain of vancomycin. 
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group). Such stubbornness, of course, required the development of a 
more indirect route to achieve the same objective, and, after a sig¬ 
nificant amount of exploration, it was determined that the best 
course of action was the initial exchange of the triazene for iodine, 
followed by its transformation into a phenol.44 The first step of this 
sequence was accomplished using TMSI (as formed with Nal and 
TMSC1) in the presence of additional elemental iodine in MeCN 
at ambient temperature over the course of 15 minutes, providing a 
1:1 mixture of 95 (Scheme 22) and its reduced congener in approxi¬ 
mately 70 % yield. Significantly, in the absence of additional iodine, 
almost no halogenated material was produced, as TMSI itself 
proved incapable of intercepting the likely intermediate benzenoid 
radical generated during the course of this reaction. With an iodine 
in place (95), its conversion into a phenol was then accomplished 
through a one-pot, three-step process involving initial iodine-mag¬ 
nesium exchange, followed by boronation and oxidation. Overall, 
these operations effected the transformation of 93 into 16 in 34% 
overall yield, with the remaining material balance constituting the 
reduced form of 16. 

With the triazene finally removed, the remaining steps from 16 to 
the vancomycin aglycon (13) involved a series of protecting and 
functional group manipulations. Scheme 23 presents the optimized 
sequence that ultimately delivered the targeted product. First, care¬ 
ful hydrogenation, so as not to reduce the aryl chlorides, effected 
the removal of the benzyl protecting group from the C-58 alcohol 
function. Before this position was oxidized to a carboxylic acid, 
however, the phenolic group required protection, a goal that was 
accomplished through methylation (in the hopes that this group 
could be removed in the same operation that would winnow the 
three A- and B-ring methyl ethers later in the sequence). With 
this transformation achieved, the requisite carboxylic acid was 
then formed through a standard two-step oxidation protocol using 
Dess—Martin periodinane and KMn04, and subsequently captured 
as a methyl ester to facilitate its isolation. Overall, these five 
steps leading to 96 proceeded in a cumulative yield of 74 %. 

At this stage, only global deprotection was required to finish the 
synthesis of the vancomycin aglycon (13). Despite the seemingly 
divergent conglomeration of protecting groups that remained (one 
Boc carbamate, two silyl ethers, a Ddm group, and five methyl 
groups), it was anticipated they could all succumb to cleavage in 
a single operation through the synergistic action of AlBr3 and 
EtSH. This conjecture proved accurate as exposure of 96 to this 
combination led to the isolation of the vancomycin aglycon (13) 
in yields that varied from 30-50 %. Alternatively, a stepwise proce¬ 
dure involving the initial excision of the silyl ethers using pyridine- 
buffered HF*py (to reduce the acidity of this reagent), followed by 
treatment with AlBr3 and EtSH, enhanced the overall throughput 
to 62%. The synthesis of 13 was finally complete. 
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(TMSI/I2) 
Nal, l2, TMSCI, MeCN, 
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Scheme 22. Removal of the triazene moiety from 93. 
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1. H2, Pd/C, MeOH, 25 °C, 1.5 h 
2. Cs2C03, Mel, DMF, 0 °C, 2 h 
3. Dess-Martin [O], CH2CI2, 25 °C, 30 min 
4. KMn04, f-BuOH/aq. Na2HP04 (3.5:1), 30 °C 
5. CH2N2, Et2Q, 25 °C, 12 h 

(62% overall) 1. HF py/py, THF, 0-^25 °C, 12 h 
Global deprotections u 2. AIBr3, EtSH/CH2CI2 (1:1), 25 °C, 4 h 

(74% 
overall) 

Scheme 23. Final stages and completion of Nicolaou’s total synthesis of vancomycin aglycon (13). 
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9.3.2 Nicolaou’s Total Synthesis of Vancomycin (1) 

Although achieving the total synthesis of the vancomycin aglycon 
(13) was certainly a major accomplishment, the Nicolaou group 
was still enticed by the possibility of developing a laboratory 
route to vancomycin (1) itself. From a chemical biology standpoint, 
this objective would be of equal, if not greater, importance than the 
aglycon as modification of the carbohydrate units could provide 
simple access to a host of structural analogs. Moreover, material 
to create such compounds would be easy to access through direct 
degradation of the readily available natural product (1) because its 
exposure to TFA at 50 °C smoothly afforded the aglycon (13).45 
As such, the Nicolaou route to 1 sought to start from synthetic 13 
(vide infra), whose supplies could, of course, be enriched from 
the degradation reaction just mentioned. Attachment of the D-glu- 
cose and L-vancosamine subunits would then be required to com¬ 
plete the total synthesis of vancomycin (1). 

Before proceeding, however, sequences would first need to be 
developed to access both of the envisioned carbohydrate coupling 
partners, namely glycosyl fluoride 14 and trichloroacetimidate 15; 
such routes are delineated in Schemes 24 and 25. The synthesis 
of carbohydrate building block 14 began from a homochiral 
straight-chain starting material (97, Scheme 24) under the assump¬ 
tion that its C-3 and C-4 stereocenters could arise from two 
separate stereocontrolled additions of suitable nucleophiles onto 
appropriately activated electrophilic centers. Thus, following the 
controlled reduction of the ester within 97 to an aldehyde with 
DIBAL-H at —78°C in CH2C12, the anti addition of an acyl 
anion equivalent46 in the form of 2-lithio-2-ethylvinyl ether 
(EVE-Li)47 then provided enol ether 98, which upon acidic 
workup provided methyl ketone 99 in 65 % overall yield. The 
drawn diastereomer was favored to the extent of 85 % de, as 
would be anticipated based on the presumed Felkin-Anh transition 
state shown in the adjacent column. Although the resultant stereo¬ 
chemistry at C-4 was in fact opposite to that desired in the final 
piece, the outcome was designed since the center in its present for¬ 
mat could be used to direct a second substrate-controlled nucleo¬ 
philic addition step. Thus, in preparation for this event, 99 was 
converted into an oxime ether (100) based on the belief that this 
particular electrophilic group could both be intercepted by a 
nucleophile and could concurrently afford the amine of the target 
(14) . Indeed, the subsequent addition of allylmagnesium bromide 
in Et20 at —35 °C afforded key intermediate 101 in 95% yield 
with complete control of the C-3 center. At this stage, the C-4 
stereocenter in 101 was then inverted through a standard oxida¬ 
tion/reduction protocol to provide 102. With all the requisite 
stereochemical information finally secured, the remaining steps 
to 14 were mere functional group manipulations as delineation 
in Scheme 24. 
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Me 

Me^O^f 

AcO NHCbz 

14 

1. NBS, acetone/ 
H2Q (10:1), 0 °C 

2. DAST, 
CH2CI2, 0 °C 
(87% overall) 
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Scheme 24. Nicolaou’s synthesis of vancosamine donor 14. 

The other carbohydrate building block (15) proved far easier to 
acquire, since it is a glucose derivative and thus numerous commer- 
cially-available starting materials could be enlisted to provide the 
majority of its stereocenters. In this case, the Nicolaou group 
selected D-glucal (108), whose hydroxy groups were initially differ¬ 
entiated through sequential protecting steps to provide 109. Next, a 
facially selective dihydroxylation employing Os04 in a solvent mix¬ 
ture of acetone/H20 (9:1) led to 110 in 84 % yield. Selective protec¬ 
tion of the hydroxy group at C-2 as an allyloxy carbonate was then 
achieved through tin acetal methodology, and, finally, the anomeric 
position was converted into the desired trichloroacetimidate donor 
(15) using trichloroacetonitrile and DBU in CH2C12 at —10 °C. 
With this final step executed under thermodynamic control, selec¬ 
tivity for the desired a-disposed product was excellent (—14:1). 
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108 

1. TBSCI, 
imid, DMF 

2. Ac20, EtsN,^ 
4-DMAP 

(80% overall) 

OTBS 

OAc 

109 

Alloc = allyloxycarbonyl 
n-Bu2SnO, toluene, A; 

AllocCI, 0 °C (67%) 

OTBS OTBS 
CI3CCN, 

DBU, CH2CI2, 

-10 °C, 20 min 
(89%) 

(a/p ~14:1) 

OTBS 

111 

Scheme 25. Nicolaou’s synthesis of glucose donor 15. 

Before these carbohydrate units could be attached onto the agly- 
con (13), the latter needed to be modified with an appropriate pro¬ 
tecting group regime to present only the desired phenol as a glyco¬ 
side acceptor, with the additional proviso of being able to achieve 
facile deprotection following glycosidation. Although intermediates 
employed during the synthesis of 13 could conceivably have been 
employed for this purpose, it was forecasted that they did not pos¬ 
sess an acceptable array of protection to engender success because 
the requisite cleavage of their methyl ethers with strong Lewis 
acids would likely lead to the concomitant destruction of the 
newly formed glycosidic bonds. As such, a new protecting group 
ensemble was appended onto the fully deprotected aglycon as 
shown in Scheme 26. Thus, TBS ethers were attached to every alco¬ 
hol and phenol within 13 using TBSOTf in the presence of 2,6-luti- 
dine, and then the accessible C-58 carboxylic acid was converted 
into a methyl ester with diazomethane to provide 112 in 66% 
yield for these two steps. Of course, by executing this latter protec¬ 
tion, strongly basic conditions could not be employed in any subse¬ 
quent deprotection step as the C-26 center might racemize. Protec¬ 
tion of the secondary amine in 112 as a benzyl carbamate, followed 
by selective excision of the D-ring phenolic TBS group using 
KF’A1203 in MeCN, then afforded a substrate (113) ready to be 
merged with carbohydrate units 14 and 15. 

Pressing forward, the proposed glycosidation of 113 (Scheme 27) 
with trichloroacetimidate donor 15 was effected precisely as hoped 
through activation with catalytic BF3*OEt2 in CH2C12 at —78°C 
over the course of 6 hours, providing the P-disposed product in 
82% yield along with a small amount of the readily separable 
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13: vancomycin aglycon 

(66% overall) 
1. TBSOTf (20 equiv), 2,6-lutidine (60 

equiv), CH2CI2/DMF (10:1), 0-^25 °C, 7 h 
2. CH2N2, Et20, 0 °C, 30 min 

(55% overall) 
1. CbzCI, NaHC03, 

1,4-dioxane/H20 (10:1), 0 °C 
12. KF AI203, MeCN, 0 °C, 2 h 

Scheme 26. Nicolaou’s protection of vancomycin aglycon (13) in advance of glycosylation. 
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CH2CI2, -78 °C 
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1. RT|,BF3OEt2, 
CH2CI2, -35 °C 

2. HF py/py (1:1), 
THF, 0^25 °C 

3. K2C03, MeOH 
4. Raney Ni, 

n-PrOH/H20 (2:1) 
5. LiOH, THF/ 

H20 (1:1), 0 °C 

Global 
deprotection 

Scheme 27. Final stages and completion of Nicolaou’s total synthesis of vancomycin (1). 
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a-anomeric isomer. Seeking to append the second carbohydrate, the 
C-2 alcohol of the glucose motif was then liberated through palla¬ 

dium-mediated cleavage of its allyl carbonate, providing 114. Reac¬ 

tion of this compound with glycosyl fluoride 14 in CH2C12, once 
again using BF3-OEt2 as an activator, most gratifyingly provided 
the complete vancomycin architecture in 84% yield with 8:1 a/p 

selectivity for its new glycosidic linkage. Intriguingly, the initial 

attachment of the glucose building block onto 114 was critical for 
the selectivity of this operation. In the absence of a bulky anomeric 

group on this sugar, its coupling with 14 led to a significantly 

reduced preference for the a-anomer. Accordingly, block-type 
approaches were not pursued since the two carbohydrates could 
not first be joined together with acceptable levels of anomeric selec¬ 

tivity. Only deprotections remained at this stage, and in four addi¬ 

tional operations all the resident groups appended to the vanco¬ 
mycin skeleton were successfully cleaved, affording synthetic 1 in 
54% overall yield from 114. Of note in these final steps is the 

use of Raney Ni to effect the cleavage of the two Cbz groups, as 
more typical deprotection through hydrogenation was attended by 

partial cleavage of the two aryl chlorine substituents of vanco¬ 
mycin.48 

9.3.3 Evans’ Total Synthesis of the Vancomycin 
Aglycon (13) 

Our discussion of the Evans approach to vancomycin aglycon (13) 

begins, as did the Nicolaou analysis, with a presentation of the 
routes developed to access the four building blocks envisioned for 
the construction of the critical AB/C-O-D fragment (49, cf. 

Scheme 9). As mentioned earlier, chiral oxazolidinone technology 

was the essential tool that enabled the controlled installation of 
most of the stereocenters within these targets. 

First up for consideration is how such auxiliaries can engender 

access to arylglycine residues such as the A-ring building block 
62. As shown in Scheme 28, it was expected that following treat¬ 
ment of a (3,5-dimethoxyphenyl)acetic acid derivative bearing a 

homochiral oxazolidinone (115) with a base such as KF1MDS to 

afford a rigidly framed Z enolate (116), the addition of an appropri¬ 
ate electrophilic source of nitrogen (such as trisyl azide) could then 

provide the amine portion of the critical stereocenter of the arylgly¬ 
cine.49 Indeed, this conjecture proved accurate as 117 was formed in 

78 % yield with 80 % de. With the stereogenic center of this build¬ 
ing block secured, the final steps in the sequence to 62 involved 

reduction of the newly installed azide function with in situ protec¬ 

tion of the resultant amine with Boc, cleavage of the chiral auxiliary 

with LiOFl, and capture of the resultant carboxylic acid as a methyl 
amide. 

The synthesis of the B-ring arylglycine piece proceeded along 

similar lines as the A-ring fragment, but since this piece possessed 

o 

OMe 

Bn 
115 
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1. H2, Pd/C; 
Boc20 

2. LiOH 

3. MeNH2, 
EDC, HOBt 

(91% overall) 

OMe 

OMe 

Scheme 28. Evans’ synthesis of A-ring building block 62. 

R instead of S stereochemistry, it required a slightly different 
approach from the same type of starting phenylacetic acid derivative 

(118, Scheme 29). Thus, following the formation of the Z enolate 

(119), instead of trapping this intermediate with an electrophilic 
nitrogen source that would ultimately afford the incorrect amine 
stereochemistry, it was treated with NBS to supply a bromide leav¬ 
ing group that could enable the subsequent introduction of nitrogen 

through an SN2 reaction. With this operation affording 120 as the 

desired diastereomer (7.3:1 diastereoselectivity), in the next step 
nucleophilic azide, as supplied by tetramethylguanidinium azide 
(TMGA),50 then furnished 121 with the desired R stereochemical 

format. Having now properly assembled the lone stereocenter, 

only reduction of the azide followed by in situ protection with 
Boc and subsequent LiOH-mediated cleavage of the chiral auxiliary 

were required to complete the assembly of 60. Overall, these four 

steps proceeded in a combined 54% overall yield from 118. 
Taken together, the efficient and highly enantioselective construc¬ 
tion of both 60 and 62 amply illustrates the power of this particular 

auxiliary approach to afford both stereoisomers of an a-amino acid. 

Equally important, the method includes conditions capable of 

effecting the smooth cleavage of the chiral directing group (for 
use in additional reactions) without any racemization of the sub¬ 
strate. 

Apart from yielding arylglycines, chiral oxazolidinones also pro¬ 

vide a powerful tool with which to stereoselectively fashion pro¬ 
tected (3-hydroxy tyrosines such as the C-ring building block 63.51 
As indicated in Scheme 30, the critical element of this variant of 

substrate-controlled enantioselective synthesis is the inventive use 
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TMGA, -78 °C I Sn2 

NH, © 

TMGA = A 0N, 
Me2N' NMe2 

Scheme 29. Evans’ synthesis of B-ring building block 60. 
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,Sn 
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Bn 
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°>=o 
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63 126 

Scheme 30. Evans’ synthesis of C-ring building block 63. 
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TfOs ,OTf 
.Sn 

O' N0 
0An^ncs 

123 

of a thioisocyanate as a masked form of the amine in the desired 

fragment. Thus, following the generation of the familiar Z enolate 
(123) from 122, the slow addition of the shown trisubstituted ben- 

zaldehyde in THF at -78 °C to this anion led to the formation of 
124 with the desired syn stereochemical configuration in better 

than 19:1 diastereoselectivity. With the electrophilic thioisocyanate 

in close proximity, however, this alkoxide (124) did not persist, but 

instead engaged it in an intramolecular cyclization to afford thiocar- 

bamate 125. From this compound, Boc protection of the free sec¬ 

ondary nitrogen, followed by the exchange of the thiocarbonyl for 

a carbonyl group using HCOOH and 30% H202, provided 126, 
leaving only cleavage of the auxiliary to complete the desired target. 

With this final objective smoothly accomplished by the action of 

LiOOH (a more nucleophilic cleaving agent than LiOH),52 the 

assembly of 63 was completed in just three steps from 122 in a com¬ 

bined yield of 46 %. 
The final building block, D-ring intermediate 58, required differ¬ 

ent technology to acquire, and, like in the Nicolaou synthesis, 
demanded the greatest number of chemical steps as well as signifi¬ 
cant experimental optimization for its construction. As indicated in 

Scheme 31, synthetic endeavors towards this fragment began with a 

commercial source of its stereogenic center in the form of 4-hydro- 
xyphenylglycine (127). While this starting material was certainly an 

attractive one, since most of the atoms of the targeted building block 
were already in place, its selection necessitated the installation of 

OAllyl 
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1. Br2, AcOH 
2. Boc20 

3. NaH, AllylBr, 
DMF, -15 °C 

(70% overall) 
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B(OMe)3; AcOH, H202u 

(63% overall 
from 128) 

HO 
NHBoc 

2. LiOOH, THF, 
H2Q (3:1), 0°C 

3. TBSCI, 
imid, DMF 

(67% overall) 
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Scheme 31. Evans’ synthesis of D-ring building block 58 
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two additional phenolic groups to serve as donors in the proposed 

SNAr reactions that would hopefully lead to both bisaryl ether 

macrocycles in the vancomycin aglycon (13). The challenge in 
this endeavor resided not so much in the introduction of the phenol 
functions, but in achieving protecting group manipulations along 

the sequence. In the first step, tandem dibromination of 127 with 

Br2 followed by Boc protection of the free amine and engagement 
of the lone phenol as an allyl ether afforded 128 in 70% overall 

yield. The smooth prosecution of these steps left only carboxylic 

acid protection before the halides could be converted into phenolic 

OH groups. To meet this objective, the Evans group elected to 
incorporate a methyl amide as the protective device. Although we 
have already seen one means to effect the installation of such a 

motif in the steps converting 117 into 62 (cf. Scheme 28), applica¬ 

tion of these conditions here unfortunately led to significant racemi- 
zation of the stereogenic center of the arylglycine. Although this 
substrate is not so different from 117, in this case the electronic 

properties of the aromatic ring in combination with a prolonged 
reaction time to form the activated ester most likely induced methyl- 

amine to act as a base rather than as a nucleophile. As such, an alter¬ 
native solution was required, and after significant exploration it was 

determined that the use of z'-BuOCOCl and the weakly basic N- 
methylmorpholine (NMM) to quickly form an isobutyl mixed anhy¬ 

dride in EtOAc at —20 °C,53 followed by the subsequent addition of 
MeNH2, could accomplish the desired protection with less than 5 % 
racemization. 

With this transformation achieved, effort could now be directed 
towards effecting mono-oxygenation of this product to phenol 
129. This objective was met, but, once again, a fair degree of reac¬ 

tion scouting was required to achieve maximum throughput. The 
optimal set of conditions was found to be initial Grignard formation 

with an excess of MeMgCl (5 equiv) at —78 °C in THF, followed by 
transmetallation to a lithiated nucleophile upon the addition of 

4 equivalents of t-BuLi and then a standard B(OMe)3 quench and 
oxidative workup. One should note that the initial use of excess 

MeMgCl was required to induce complete monodeprotonation of 
the methyl amide protected starting material, a condition that in 

turn necessitated the addition of excess t-BuLi, as the residual 
MeMgCl reacted with this lithium source to form a new metal spe¬ 

cies that was inactive for metal exchange. As a general tenet, 
although direct lithium insertion into dihalogenated substrates is 

possible, it is generally far easier to achieve cleaner, and selective, 

lithiation through initial magnesium insertion followed by transme¬ 
tallation, as executed here. Indeed, attempts to effect direct lithia¬ 
tion failed to deliver 129. 

Returning now to the synthesis of fragment 58, following silyla- 
tion of the newly installed phenolic OH group in 129 under standard 

conditions (TBSC1, imid, DMF), a second iteration of the same phe¬ 

nol-forming reaction then provided 130 (Scheme 31). At this stage, 

only protection of the new OH group and cleavage of the methyl 

283 
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130 

132 

131 

58 

amide protecting group were required to complete the targeted 58. 
Despite the simply stated nature of these conversions, in practice 
they proved far less facile to execute than originally anticipated. 
For example, although initial mesylation of 130 proved smooth 
with MsCl and Hiinig’s base in CH2C12, upon subsequent attempted 
conversion of the /V-methyl amide into a Boc-protected imide (to 
facilitate its nucleophilic lysis along the lines mentioned earlier 
with nitrosoamides) a fair amount of silyl deprotection was 
observed, leading to significant amounts of by-product 132 (see 
column figure). When the stoichiometric equivalents of 4-DMAP 
were decreased to catalytic amounts, however, this unanticipated 
reaction could be suppressed, leading to 131 in yields that ranged 
from 60 to 70 % for these two steps. Since 4-DMAP alone is not suf¬ 
ficient to induce desilylation, it is reasonable to presume that the 
array of electron-withdrawing groups on the aromatic ring within 
this substrate, particularly the mesylate group, rendered the TBS 
group more susceptible to nucleophilic attack due to the incipient 
stabilization of the phenolate anion generated upon its cleavage. 
With 131 in hand, direct lysis of the methyl amide with LiOOH 
was then attempted, but a considerable amount of oxazolinone 
133 (see column figure) was observed instead, presumably due to 
the impact of the relatively electron-poor aromatic ring in enabling 
facile enolization. It was, therefore, anticipated that the generation 
of a free OH group could decrease this effect through superior elec¬ 
tron donation and thus shut down this alternative, undesired path¬ 
way. As indicated by the successful conversion of 131 into 58 
over three steps in 67 % overall, this insightful conjecture proved 
accurate. Thus, the D-ring building block was finally in hand, 
despite several substrate-induced challenges encountered en route 
to its assembly.34 

With the construction of the A-, B-, C-, and D-ring amino acids 
complete, the fundamental elements of the forward strategy could 
now be explored. As shown in Scheme 32, their preliminary union 
into advanced intermediate 59 proceeded quite smoothly. First, fol¬ 
lowing lysis of the lone Boc group in 62 with TFA in the presence 
of Me2S in CH2C12, the resultant amine was readily combined with 
C-ring carboxylic acid 63 with EDC and HOBt to afford 61 in 72 % 
yield. In preparation for the eventual incorporation of the B-ring 
(60), the cyclic carbamate was ruptured with Li2C03, and then 
the residual Boc group was cleaved as before (TFA, Me2S) to 
reveal a reactive amine handle. The combination of EDC and 
HOBt then ensured the facile addition of the B-ring (60) onto 
the growing vancomycin skeleton to provide 134 in 91 % overall 
yield from 61. A final exchange of the Boc carbamate in 134 
for a trifluoroacetate alternative led to 59, setting the stage for 
the first critical operation of the envisioned total synthesis of 
the vancomycin aglycon (13), namely oxidative cyclization to 
generate the AB macrocycle. 

As delineated in Scheme 33, the coveted ring closure of 59 pro¬ 
ceeded as designed through a previously developed recipe which 
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Scheme 32. Evans’ synthesis of advanced intermediate 59. 

called for a combination of VOF3, BF3*OEt2, and AgBF4 in a solvent 
mixture of TFA and CH2C12 at 0°C.30 When the reaction was 
quenched with NaBH(OAc)3, 135 was pleasingly obtained in 
65 % yield with 19:1 atropselectivity in favor of the drawn product 
in which the C-34 benzyl ether had also been cleaved.* As noted 
above when discussing the planning stages of the synthesis, the 

* This oxidative closure likely proceeds through a radical cation mechanism. 
Moreover, we should note that although the reagent combination employed 
might seem highly contrived, each reactant played a unique and necessary role. 
For example, the Ag1 salt served to sequester traces of chloride ion arising from 
commercial TFA, while the BF3*OEt2 served to prevent competitive attack of oxy¬ 
gen nucleophiles onto the B-ring radical cation intermediate prior to ring-closure. 
The final reaction with NaBFt(OAc)3 enabled the effective quench of the cation 
formed from the product (135) which could also be attacked by nucleophiles to 
afford unwanted side products. 



286 9 Vancomycin 

59 

57: X = OH 

Scheme 33. Evans’ synthesis of advanced intermediate 57. 

near exclusive formation of the undesired atropisomer from this 
sequence was anticipated from studies towards other glycopeptide 
antibiotics, but since it did not reflect the structure of vancomycin, 
hopefully it could be corrected through a thermal equilibration. 
Before pursuing this crucial objective, however, the construction 
of the C-O-D macrocycle was sought first. Consequently, the tri- 
fluoroacetamide group within 135 was cleaved with NaHC03 
over the course of 6 days in a mixture of MeOH and H20 to provide 
an intermediate (136) which was then merged with the D-ring 
building block 58 in the presence of an alternative peptide-forming 
reagent (HATU) in combination with HOAt and collidine. Depro¬ 
tection of the silyl ether on the newly installed D-ring with HF-py 
in THF at ambient temperature finally completed the assembly of 
57 in 55% overall yield from 135. As such, attempts at effecting 
bisaryl ether formation through a nitro-driven SNAr reaction could 
now begin. 
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As expected, treatment of 57 (Scheme 34) with Na2C03 in DMSO 

at ambient temperature, followed by a quench with the McMur- 

ry—Hendrickson reagent (Tf2NPh)55 to form a C-34 triflate, led to 

the desired macrocyclic product (56) with an impressive degree of 
atropselectivity (5:1). This fortuitous outcome presumably derived 

both from the favorable conformational biases of the substrate 

(which included the incorrect AB atropisomeric axis) and the reac¬ 
tion kinetics as dictated by the method of ring closure. With this 
essential step now behind them, the remaining objectives for the 

Evans group to reach 49 included alteration of a few protecting 

and functional groups, but, more importantly, the conversion of 
the AB macrocycle into its desired atropisomeric form. Thus, 
after removal of the nitro group on the C-ring through initial reduc¬ 

tion (Zn, AcOH, EtOH, 40 °C) and a subsequent diazotization/ 

reduction, the C-34 aryl triflate along with the phenolic allyl 
group were removed following brief exposure to a palladium cata¬ 
lyst in the presence of formic acid (which serves as a reducing 

agent, not as a proton donor), providing 137 in 77 % overall yield 

from 56. At this stage, it was anticipated that after the methyl ethers 
on rings A and B were cleaved the rotational barrier for isomeriza¬ 
tion of the AB axis would be sufficiently reduced, hopefully 

enabling access to the correct AB/C-O-D ring system upon thermal 
activation. Most pleasingly, following adjustment of the protecting 

group array on 137, sequential treatment with AlBr3 and EtSH at 
0°C afforded triphenol 138, which upon gentle heating in MeOH 

at 55 °C underwent isomerization with almost complete selectivity 
for 139! With the desired AB/C-O-D atropisomer (139) finally in 
hand, its A- and B-ring OH groups were benzylated, the D-ring 
pivaloate ester was exchanged for an allyl ether, and the mesylate 

and trifluoroacetate groups were removed to provide 49. As such, 
the latter compound was now suitably outfitted to pursue its 

union with the remaining tripeptide portion of the vancomycin agly- 

con (13). 
Before we proceed to the discussion of these final operations, 

however, we still need to describe the synthesis of this requisite tri¬ 

peptide segment (50). The initial fragment needed for this assembly, 
the asparagine-derived amino acid 53 (see Scheme 35), proved quite 

easy to acquire from the previously mentioned intermediate 81 
through two relatively standard operations which proceeded in 

69 % overall yield. While this chemistry does not merit extensive 
discussion, the selection of a (2-trimethylsilyl)ethyl ester protecting 

group is worthy of some commentary due to the fact that it is not 

commonly encountered in natural product synthesis. This rarity 
greatly obscures its value since this moiety, like other silyl groups, 

is readily cleaved under acidic conditions or with fluoride ion, lead¬ 

ing to a cascade that affords the free carboxylic acid attended by the 
loss of ethylene gas as shown in the neighboring column.56 As such, 

they can serve as ideal companions to silyl ethers in late-stage 

deprotection regimes attempting to effect global cleavage in a mini¬ 

mal number of steps or to provide an orthogonal form of deprotec- 

Me 
i ..Me 

^-0 

CH2 
" + FSiMe3 
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1. Zn, AcOH, EtOH, 40 °C 
2. NaN02, H3P02, Cu20 (cat.), 

THF/H20, 0 °C, 1 h (77% overall) 
3. Pd(dppf)CI2 (cat.), Et3N, 

HCOOH, DMF, 75 °C ,, 
OPiv OH 

(48% from 137) 
(139/138 = 19:1) 

MeOH, 55 °C, 24 h 
< 

Scheme 34. Evans’ construction of the AB/C-O-D domain of vancomycin (49). 
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o 
1. tmsch2oh, dcc, 

4-DMAP, CH2CI2, 0 °C 

2. H2, Pd/C, EtOAc, EtOhT 
(69% overall) 

O 

Scheme 35. Evans’ synthesis of building block 53. 

tion within the collection of more standard carboxylic acid protect¬ 
ing groups. 

Returning to our main task, the E-ring (3-hydroxy tyrosine (54) 
was accessed, unsurprisingly, using chiral oxazolidinone technol¬ 
ogy. However, as this piece possesses alternate stereochemistry 
from that of its C-ring counterpart, a twist on the approach defined 

for that fragment (i.e. 63) was required to achieve its construction. 
Accordingly, rather than start with a thiocyanate derivative which 

would provide an amine directly with 1,2-syn stereochemistry, 
the synthesis commenced instead with an alkyl bromide (140, 
Scheme 36) anticipating that this group could eventually be dis¬ 
placed with azide to afford the desired 1,2-anti arrangement of 
stereochemistry in the targeted building block (54). Indeed, the 

synthesis of 1,2-syn product 142 via intermediate Z enolate 141, 
the subsequent SN2 displacement of the bromine substituent with 
azide as supplied by TMGA, and the hydrolysis of the auxiliary 

group (LiOH, H202, THF, H20, 0°C) led to the formation of 54 
with the desired stereochemistry. With this compound in hand, the 
remaining operations to tripeptide 50 are familiar and therefore do 

not really require further commentary. The final steps towards van¬ 
comycin aglycon (13) could now begin in earnest. 

As with the Nicolaou synthesis of 13, these concluding operations 
began with the union of the two advanced intermediates through 
peptide coupling, and, as shown in Scheme 37, 49 and 50 were 

neatly combined into 144 under the influence of EDC and HOBt 

in 86 % yield. The success of this operation then paved the way 
for the final SNAr macrocyclization event. Unlike the triazene-dri- 

ven macrocyclization discussed earlier, which led to a disappointing 
distribution of products, the use of CsF and DMSO at ambient tem¬ 

perature in this case afforded a satisfying 5:1 mixture of atropi- 

somers (145 and 146) in favor of the desired isomer in a total com¬ 

bined yield of 95 %. 
Once ample supplies of the needed atropisomer were in hand, the 

Evans group then moved forward to accomplish the final goal, 
which meant that they had to deprotect the array of groups on 

145 (Scheme 38) and convert the nitro group of the E-ring into a 

chlorine residue through a Sandmeyer reaction. The latter objective 

was accomplished using a slightly modified diazotization/reduction 

o o 
A Jt*r 

Bn 
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142 
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Scheme 36. Evans’ synthesis of advanced tripeptide 50. 

step in 81 % yield over two operations. Seeking now to begin the 

removal of the protecting groups assembled on the aglycon core, 
the methyl amide was then excised in 68 % yield through initial che- 

moselective nitrosation in the presence of seven other amide link¬ 

ages followed by basic hydrolysis as effected with LiOOH. The 
relative facility of this cleavage protocol in the presence of a wealth 

of chemically sensitive functionality certainly confers new value to 

methyl amide protection of carboxylic acids within the context of 

complex molecule construction. Vancomycin aglycon (13) was 
then completed in three additional steps from 147, starting with 

removal of the phenolic allyl protecting group with catalytic 

Pd(PPh3)4 and hydrogenative severing of the three benzyl ethers 

through transfer hydrogenation conditions employing 1,4-cyclohex- 
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(95%) CsF, DMSO, 
(5:1 ratio of 145:146) u 25 °C 

146: X = N02, Y = H 

Scheme 37. Evans’ construction of the D-O-E domain of vancomycin. 
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1. Zn, AcOH, EtOH, 40 °C 
(44o/o 2. HBF4, f-BuONO, MeCN; 

overall) then CuCI, C11CI2, H2O 
3. N204, NaOAc, CH2CI2/CH3CN, 0 °C 

f 4. H202, LiOH, THF/H20 

(62% overall) 
Global deprotection 

1. Pd(PPh3)4 (cat.), morpholine, THF 
2.10% Pd/C, 1,4-cyclohexadiene, 

EtOH, 25 °C 
u3. TFA, Me2S, CH2CI2, 0->25 °C 

Scheme 38. Final stages and completion of Evans’ total synthesis of 
the vancomycin aglycon (13). 
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adiene as a hydrogen source to prevent loss of the aryl chlorine sub¬ 

stituents. Finally, TFA/Me2S-mediated scission of the acid-labile 

Ddm and Boc protecting groups completed the synthesis of 13 in 
62 % overall yield for these final three steps. 

9.4 Conclusion 

In many respects, the accomplishment of two total syntheses of the 
vancomycin aglycon (13) in 1998, as well as vancomycin (1) itself 

in 1999, constitutes a new plateau for the power of synthetic chem¬ 
istry as this target long thwarted efforts to effect its assembly in the 

laboratory. Critical to reaching this peak was overcoming many 

steep inclines and seemingly impassable barriers in the form of 
novel molecular motifs and stereochemical features through both 

the development and application of several unique synthetic strate¬ 
gies and tactics. In this regard, the creation of a new method by 

which to form macrocyclic bisaryl ethers, driven by aryl triazenes, 
in combination with efficient amino acid syntheses derived from 

the power of the Sharpless AD and AA reactions, stand as the cri¬ 
tical tools that enabled the Nicolaou group to make their ascent. 
For the Evans team, effectively using their chiral oxazolidinone 

methods to enantioselectively fashion four amino acid building 
blocks, developing an oxidative coupling protocol to form hindered 

biaryl systems, and finding the means to accomplish the selective 
and facile cleavage of methyl amides on polyfunctional substrates 
afforded an equally effective pathway. 

Intriguingly, though, neither journey was completely smooth in 

that each had to confront at least one unintended, and potentially 

disastrous, roadblock that resulted from their selected synthetic 
sequence. For the Nicolaou approach, this challenge was the unan¬ 
ticipated recalcitrance of the D-ring triazene to be converted into a 

phenol, a problem that ultimately required the development of a 

novel reaction protocol to effect this substitution. In the Evans 
route, this roadblock was the initial near exclusive formation of 

the incorrect AB atropisomer, which, although problematic on the 
surface, was creatively turned into a blessing by using it to direct 

the highly atropselective formation of the C-O-D macrocycle and 
then effecting its selective isomerization later in the sequence. 

9.5 Boger’s Total Synthesis 
of the Vancomycin Aglycon (13) 

In 1999, a third total synthesis of the vancomycin aglycon (13) was 

achieved by Professor Dale Boger and his group at The Scripps 
Research Institute based on a unique design for determining the 

order of macrocycle construction relative to those already presented 
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CD ring atropisomerism 
Ea = :. ‘ OH 

DE ring atropisomerism 
Ea = 18.7 kcal/mol 

O. Me 

Me 

ho2c 

0H prior to macrocycle formation 
Ea = 25.1 kcal/mol 

Scheme 39. Boger’s study on the experimental energies required to 
effect equilibration of the atropisomers that can be formed around the 
individual vancomycin ring systems. 

in this chapter.57,58 Rather than leave the atropselectivity of each 
macrocyclization to chance, a result dictated by both the method 
employed and the unique array of functionality present in the sub¬ 
strate, the Boger group decided to order their ring-closures ration¬ 
ally such that each could be thermally equilibrated once formed 
in order to enhance the amount of the desired atropisomer before 
moving forward. In order to achieve this objective, however, they 
needed to assess the thermal barriers required for isomerizing 
each atropisomeric axis so that they would not destroy already 
established, atropisomerically pure macrocycles. Following several 
months of model studies to acquire such information, the answer 
eventually emerged through the results shown in Scheme 39. As 
indicated, among all three macrocyclic systems the C-O-D bisaryl 
ether required the most energy to isomerize (30.4 kcal/mol), while 
the D-O-E system required the least activation (18.7 kcal/mol). In 
between these disparate values was an Ec barrier of 25.1 kcal/mol 
for an AB biaryl system in the absence of its complete macrocycle. 
Accordingly, these results indicated that if a C-O-D system were 
formed first, followed by the AB biaryl axis and, finally, the D- 
O-E bisaryl ether ring, then each system could be thermally fun- 
neled into the desired atropisomeric form following its initial synth¬ 
esis without impacting any previously equilibrated systems. Intrigu- 
ingly, this order of operations does not mirror that of either the 
Nicolaou or Evans approaches. 

The successful prosecution of this strategy is shown in Schemes 40 
and 41, starting with the synthesis of the C-O-D macrocycle. Thus, 
once 148 was in hand, its treatment with a mixture of K2C03 and 
CaC03 effected a nitro-driven SNAr reaction, which provided both 
possible atropisomeric products (149 and 150) in a 1:1 ratio. 
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Scheme 40. Boger’s sequence to access advanced intermediate 152 in atropisomerically pure form 
through a series of thermal equilibrations. 
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OMe 

OMe 

Following their chromatographic separation, the undesired isomer 
(150) was then recycled through thermal equilibration in DMSO 
at 140 °C, an event that afforded an almost equimolar ratio of 
both 149 and 150. Continued separation followed by thermal atro- 
pisomerization of the unwanted atropisomer eventually converted 
the majority of the initially obtained material into 149. Next, fol¬ 
lowing Sandmeyer substitution of the nitro group in 149 for a chlor¬ 
ine, a Suzuki coupling reaction with 151 then provided a 1.3:1 mix¬ 
ture of the AB biaryl atropisomers 152 and 153. Once again, the 
undesired compound (153) could be thermally converted into the 
desired product upon heating at 120°C in chlorobenzene, in this 
instance in a much better ratio (152/153 = 3:1), without affecting 
the already established C-O-D bisaryl ether axis. Two features of 
the reactions discussed above deserve further commentary. First, 
the choice of both solvent and temperature was critical. In some 
cases heating at the same temperature in a different solvent afforded 
no equilibration whatsoever, while in successfully identified sol¬ 
vents heating at either a lower or higher temperature led to increased 
decomposition. As such, these results suggest that there is a careful 
balance between the conditions employed and material throughput 
using this general technique, thereby indicating that the successful 
application of this strategy in any other context will likely require 
significant amounts of protocol scouting and optimization. Second, 
the Boger group could have conceivably equilibrated 149 and 150 
following the conversion of their nitro groups into chlorine substi¬ 
tuents if it was not for their observation that the nitro compounds 
were far more easily subjected to atropisomerization (i. e. possessed 
a lower Ea value). 

In the final bisaryl ether ring closure (see Scheme 41), the same 
conditions as those employed in the Evans route were used, but 
this time provided a delightful 8:1 mixture of atropisomers in 
favor of the desired product (155). This exquisite result is most 
likely the product of the unique set of resident functionality in 
154 compared to that employed in the related Evans cyclization. 
Moreover, the minor isomer (156) could be recycled through ther¬ 
mal equilibration to a 1:1 mixture of 155 and 156 upon heating at 
140 °C in 1,2-dichlorobenzene, thereby leaving only a few opera¬ 
tions to complete the aglycon (13). Taken cohesively, this alternate 
solution to the vancomycin aglycon (13) was quite effectively 
designed, with only the first macrocyclization affording no inherent 
selectivity. Through successive rounds of thermal isomerization, 
however, more than sufficient material supplies were garnered to 
complete the campaign. 

Although this total synthesis concludes our presentation of this 
intriguing natural product, the final chapter of its exploration is cer¬ 
tainly far from written. Many new synthetic tools and strategies are 
still needed to provide more efficient solutions to the vancomycin 
architecture, and a wealth of fundamental knowledge in the area 
of chemical biology remains to be discovered. Hopefully, studies 
aimed in this latter direction will not only reveal new insight into 
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OMe 

13: vancomycin aglycon| 

Scheme 41. Final ring closure and equilibration process in Boger’s 
total synthesis of the vancomycin aglycon (13). 
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the behavior of vancomycin itself, but will generate a blueprint for 
the rational creation of vancomycin analogs whose structural mod¬ 
ifications will restore the efficacy of vancomycin against resistant 
bacteria.59 With these microbes continuing to adapt to our antibiotic 
arsenal with increasing resourcefulness, access to such knowledge 
provides one of the few glimmers of hope that new lines of defense 
can be erected, even if they are only temporary barricades. 
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Everninomicin 13,384-1 

10.1 Introduction 

Oligosaccharides are the most structurally and functionally diverse 
biopolymers, with well-established roles in molecular processes cri¬ 
tical to eukaryotic biology and disease, including cell—cell recogni¬ 
tion, cellular transport, and adhesion.1 Fundamentally, such varia¬ 
tion defines polysaccharides as ideal carriers of biological informa¬ 
tion, because unlike peptides or nucleic acids in which such content 
is determined primarily by the number and sequence of monomeric 
units, the storage capacity of carbohydrates is amplified signifi¬ 
cantly through their inherent structural features. Indeed, with up 
to five different sites upon which to append glycosyl units and 
the opportunity to assume either a- or (3-anomeric stereochemistry 
for each glycosidic linkage, three sugar units can be joined in 120 
isomeric forms, whereas three amino acids or base pairs provide a 
maximum of six different linear combinations. With the addition 
of even more fragments, this divergence reaches exponential pro¬ 
portions. Unfortunately, with increased complexity also comes a 
concurrent escalation in synthetic difficulty. This statement is man¬ 
ifested in Nature by the fact that multiple sets of diverse enzymes 
are required to achieve the synthesis of a unique polysaccharide, 
while far simpler and cohesive enzymatic systems can generate 
numerous and distinct families of polypeptides or nucleic acids. 
Similarly, while laboratory methods to prepare proteins and arti¬ 
ficial DNA are well-established and are even automated, the con¬ 
trolled synthesis of polysaccharides still constitutes an enterprise 
laden with difficulty and intensive effort, burdened by reliance on 
protecting group chemistry. 

Key concepts: 

• Glycosidation 
techniques 

• Orthoester formation 

• DAST-mediated 
migrations 

• Design of protecting 
group ensembles 
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Over the course of the past quarter century, however, synthetic 
chemists have made considerable strides in the stereoselective 
synthesis of oligosaccharides, especially in terms of carbohydrate¬ 
bearing natural products endowed with potent biological activities. 
These targets are of particular importance to the study of chemical 
biology as the sugar portion typically endows its host molecule 
with unique physical, chemical, and biological properties. In this 
chapter, we will examine the total synthesis of one of the most com¬ 
plex and biologically relevant oligosaccharides reported to date, the 
antibiotic everninomicin 13,384-1 (1), as achieved by the Nicolaou 
group in 1999.2 Our goal in this analysis is not only to convey the 
current state-of-the-art in carbohydrate synthesis, but also to high¬ 
light the methodological advances that can result when the practi¬ 
tioner of chemical synthesis is confronted with unique and challen¬ 
ging molecular architectures, such as 1, that defy conventional syn¬ 
thetic technologies. 

Before embarking on this synthetic odyssey, we feel that it 
would be instructive to delve first into some background material 
by highlighting a few of the most commonly used O-glycosidation 
methods, paying particular attention to those approaches which 
proved invaluable to the everninomicin 13,384-1 (1) project. 
While this excursion might seem ancillary to the final goal, as 
some examples of these techniques have been encountered within 
several chapters of both volumes of Classics, we believe that it 
is justified in order to enable a fuller appreciation of this impor¬ 
tant area of research as well as of the work at hand. Our treat¬ 
ment, however, is far from encyclopedic. As a result, we highly 
encourage you to turn to several well-organized and comprehen¬ 
sive review articles on this subject for further enrichment.3 
Additionally, we apologize to those investigators whose instruc¬ 
tive works are not specifically highlighted here as a result of limited 
space. 

10.1.1 Glycosidation Methods in Carbohydrate Synthesis 

The issue of controlling anomeric stereochemistry in glycosidation 
reactions constitutes a subject that has occupied the hearts and 
minds of synthetic chemists for well over one hundred years, but, 
despite extensive efforts, a universal method to handle this problem 
still remains elusive. The reason for this failure is not due to a lack 
of ingenuity, but instead reflects the fact that glycosidations do not 
proceed through a consistent and unified mechanistic pathway. This 
statement is perhaps best illustrated through a discussion of the clas¬ 
sical Koenigs—Knorr glycosidation technique, first described in 
1901, which is still representative of the majority of approaches 
to achieve glycosyl bond formation today.4 

As shown in Scheme 1, this reaction commences with activation 
of the anomeric halide, typically through the addition of a heavy- 
metal salt (i. e. an appropriate Lewis acid), to generate a leaving 
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a) Formation of a-glycosides 

b) Formation of P-glycosides 

X = CI, Br 
R = alkyl, aryl 

Scheme 1. General methods for the stereoselective synthesis of a- and p-glycosides. 

group. What occurs next, however, is highly dependent on the na¬ 
ture of the substituent at C-2. When this position is occupied by 
an innocuous moiety such as an alkyl ether, or is deoxygenated, 
the alcohol of interest (R‘OH) will add in an axial fashion to afford 
the a-disposed glycosyl product as shown in Scheme la (note that 
the a-anomer is readily identified as the product with anomeric 
stereochemistry opposite to that of the C-5 center, while the P- 
anomer has the alternate syn stereochemical relationship).* As sug¬ 
gested by the drawn sequence, this latter event proceeds either 
through an E,/SN1 pathway, invoking an oxonium intermediate 
formed via anchimeric assistance, or through SN2 displacement of 
the thermodynamically less stable P-conformer generated through 
in situ anomerization of the starting material. Which mechanism 
is correct is of little consequence since the results are degenerate 
by virtue of the anomeric effect. Most likely, though, both scenarios 
contribute as most reactions in organic synthesis occur somewhere 
along the spectrum of reactivity, rarely demonstrating unique char¬ 
acter (because a substitution reaction almost never exhibits pure SN2 
behavior in a strict sense). 

In contrast to this sequence of events, when the C-2 position is 
occupied by an ester, a phenylthio, or a phenylseleno group, a pre¬ 
liminary intramolecular cyclization occurs prior to the addition of 

* For a comprehensive explanation of carbohydrate nomenclature, see: A. D. 
McNaught, Carbohydr. Res. 1997, 297, 1. Therein, designations of a- and P- 
anomeric stereochemistry are explained for substrates that lack a C-5 stereocenter. 
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the glycosyl donor as shown in Scheme lb, leading to a new elec¬ 
trophilic intermediate through either the E,/SN1 or SN2 pathways 
delineated above. This transient species is then engaged by the gly¬ 
cosyl acceptor in an SN2 fashion to afford a product with anomeric 
stereochemistry opposite to that of the C-2 center. Thus, when equa- 
torially oriented C-2 groups are employed in conjunction with an 
equatorial C-5 substituent, (3-glycosides can be formed selectively. 

Taken collectively, the paradigms defined in Scheme 1 provide a 
useful framework which accounts for the predominant anomer 
formed in a particular glycosidation reaction, although they cannot 
predict with much accuracy the actual ratio of products obtained in 
practice. Indeed, alteration of subtle features such as temperature or 
activating reagent, or application of the same conditions on stereo- 
chemically identical sugars with divergent protecting group ensem¬ 
bles, can lead to different ratios of anomeric products. To illustrate 
this phenomenon better, consider that in the scenario depicted for 
the formation of P-glycosides the cyclic intermediate exists in equi¬ 
librium with its oxonium counterpart, a species that undergoes reac¬ 
tion with the alcohol donor almost exclusively to afford the a- 
anomer. As a result, any feature such as solvent, temperature, or 
protecting group array that would favor the existence of an oxonium 
species would therefore erode (3-selectivity in this reaction. 
Although these issues can prove troublesome, over the course of 
the past few decades several glycosidation methods similar in 
mechanism to the Koenigs—Knorr process have been developed, 
most utilizing modified anomeric substituents, that provide gener¬ 
ally reliable methods to achieve the predominant formation of a par¬ 
ticular anomer. For the remainder of this section, we will discuss 
some of the most powerful of these techniques in the context of 
complex natural product total synthesis. 

Although glycosyl bromides and chlorides are viable anomeric 
substituents as defined in Scheme 1, they are, in general, only of 
historical value as the original participants in the Koenigs—Knorr 
reaction due to their limited thermal stability, their facile hydroly¬ 
sis, and the rather harsh conditions required for their synthesis. In 
contrast, glycosyl fluorides display excellent stability profiles rela¬ 
tive to their halogen cousins based on the much higher strength of 
the C—F bond. However, with increased bond strength an enhanced 
level of activation is necessary to engender participation in glyco¬ 
sidation reactions. Indeed, although glycosyl fluorides were first 
reported in 1923, they remained almost a forgotten entity in oligo¬ 
saccharide synthesis because activators developed over the ensuing 
fifty years failed to facilitate their participation as glycosyl donors.5 
This bleak picture changed in 1981 with the discovery by 
Mukaiyama and co-workers that a mixture of AgC104 and SnCl2 
could activate these donors and smoothly effect glycosylations 
with suitable acceptors.6 Since then, numerous related activating 
systems7 have been developed, paving the way for subsequent 
applications in complex contexts, often with remarkable levels of 
success. 
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The total synthesis of a-cyclodextrin (6, Scheme 2) by Ogawa and 

Takahashi benefited significantly from this methodology.8 Striving 
for a convergent synthesis of this cyclic hexameric oligosaccharide, 

glycosyl fluoride 3 was coupled with disaccharide acceptor 2 in an 
early key step under the activating influence of AgOTf and SnCl2 to 

afford tetramer 4 in 80% yield as a 1.8:1 mixture of anomers 
favoring the desired a-glycoside. Although higher a selectivity 

was anticipated from this event, the steric bulk neighboring the 

free hydroxy group in 2 is the likely culprit for the relatively modest 
anomeric selectivity observed in this coupling. After several 

a 

F^OH, 
AgCI04/SnCI2 
-► 

or AgCI04/Cp2HfCI2 
or AgCI04/Cp2ZrCI2 
or BF3 OEt2 

6: a-cyclodextrin 5 

Scheme 2. The glycosyl fluoride method for glycoside formation (a) and its application (b) to the synthesis 
of a-cyclodextrin (6). (Ogawa, 1987)8 
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additional transformations had transpired to reach 5, including the 
merger of another disaccharide unit by means of glycosyl fluoride 
technology, the stage was then set for a macrocyclization event 
based on this glycosidation method. Although success in this task 
would require overcoming a substantial entropic barrier in such a 
large and flexible system, upon exposure of 5 to the same set of acti¬ 
vating conditions as before with prolonged stirring at ambient tem¬ 
perature, the desired cyclic hexamer was indeed obtained in 21 % 
yield exclusively as the requisite a-anomer. Although the yield 
for this challenging macroring-forming glycosidation is not over¬ 
whelming, it elicits admiration to have occurred at all, as the 
major side product formed during this reaction, saccharide 7, 
resulted from intramolecular attack of the C-6 benzyloxy substituent 
onto the transient oxonium derived from 5. 

Because of the established utility of glycosyl fluorides in carbohy¬ 
drate chemistry, several unique and highly versatile methods have 
been developed for their preparation beyond the typical procedures 
based on the reaction of a carbohydrate in its lactol form with a 
fluoride source such as DAST or SelectFluor™.9 For example, one 
of the most powerful approaches developed to date is based on 
the observation made by the Nicolaou group that carbohydrates con¬ 
taining a free hydroxy group at C-2 and specific anomeric substitu¬ 
ents (8, Scheme 3) can undergo a stereospecific 1,2-migration reac¬ 
tion upon treatment with DAST to afford glycosyl fluorides (11) 

with a trans configuration between the anomeric and C-2 substitu¬ 
ents.10 The stereoselectivity of this event is presumably the result of 
the mechanistic pathway defined in Scheme 3 proceeding via inter¬ 
mediates 9 and 10. Overall, this technology is especially valuable 
synthetically as the resultant C-2 substituent in the product, particu¬ 
larly ester and thiol groups, can enable stereoselective P-glycosida- 
tions by their participation as delineated earlier. Moreover, apart 

Scheme 3. DAST-promoted 1,2-migrations in carbohydrates. 
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from serving as a directing group, the thiophenyl moiety can also be 

reductively cleaved after glycosidation to afford a 2-deoxyglyco- 
side. 

Glycosyl fluorides have also been prepared from glycosyl sul¬ 
fides, another class of potent glycosyl donors, upon treatment 

with DAST and an activating reagent such as A-bromosuccinimide. 
The utility of this particular process, a reaction also pioneered by 

the Nicolaou group, is illustrated in their partial synthesis of 
avermectin Bla (18, Scheme 4)11 in which glycosyl acceptor 12 

was converted into a highly competent glycosyl donor through 

initial silyl protection followed by conversion of the anomeric phe- 
nylsulfide into the corresponding a-oriented glycosyl fluoride (13). 

Upon treatment of a mixture of 12 and 13 with SnCl> and AgC104, 
13 was activated selectively, thereby becoming the glycosyl donor. 

This donor was then merged smoothly with acceptor 12 to form 14 
as the a-anomer exclusively in 65 % yield. With this first round of 

coupling achieved, the thiophenyl group of 14 was then transformed 

into its more potent glycosyl fluoride counterpart 15 with DAST 
and NBS, generating a new donor that was then activated under 

SPh 

1. TBSCI 12 
2. DAST, 

NBS 

13 

SnCI2, 
AgCI04 

Et2Q^ 
30 min, 

-15^25 °C 
(65%) 

DAST, 
NBS 

(85%) 

14: a-anomer only 15 

Gil, 
SnCI2, AgCI04 

Et20, 0 °C, 16 h 

(62%) 

v 
Me 

Scheme 4. The “two-stage activation” method for oligosaccharide synthesis: the use of thioglycosides 
as convenient sources of fluorinated glycosyl donors and application of the technology to the partial 
synthesis of avermectin B1ct (18). (Nicolaou, 1984)11 
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Me 

Me^ 

16: R = TBS 

the same AgC104/SnCl2 conditions and joined with the avermectin 

aglycon 16 to afford avermectin Bla (18) after deprotection. Over¬ 

all, this general strategy is defined as the “two-stage activation 

method” for oligosaccharide synthesis as the anomeric position is 

activated twice (first the thiophenyl with NBS to form a fluoride 

and then with a metal complex or a Lewis acid to effect glycosida- 
tion) during each round of coupling. While powerful in its own 

right, this method has found widespread application in iterative, 

block-type approaches to polysaccharide construction. 
Besides glycosyl fluorides, another highly versatile and widely 

utilized family of glycosyl donors is the trichloroacetimidates, ori¬ 

ginally introduced by R. R. Schmidt and co-workers in 1980.3cU2 
Readily prepared from a precursor lactol by treatment with base 

and trichloroacetonitrile, these entities smoothly participate in gly- 

cosidation reactions upon activation with BF3*OEt2 or a silyl tri- 
flate.13 Unlike the divergent E,/SN1 and SN2 mechanisms defined 

in Scheme 1, however, trichloroacetimidates typically follow SN2- 
based pathways in their reactions with glycosyl acceptors. As 

such, they are highly valuable synthetic intermediates for P-glycosi- 
dations, especially for mannose-type sugars in which C-2 participa¬ 

tion cannot result in (3-selectivity due to the axial orientation of this 

substituent. Significantly, both a- and P-anomeric trichloroacetimi¬ 
dates are easily accessible from any lactol, as the use of a strong 

base such as NaH or DBU effects kinetic control leading almost 
exclusively to the P-trichloroacetimidate, whereas employing a 

milder base such as K2C03 induces a slower reaction and the forma¬ 
tion of the thermodynamic, a-disposed product. 

We have already witnessed the value of this particular anomeric 

substituent for stereoselective glycosidations in both the syntheses 

of calicheamicin and amphotericin in Classics I. A recent total 
synthesis in which trichloroacetimidate methodology was applied 

with great success was the Roush group’s convergent approach to 
olivomycin A (Scheme 5), a prominent member of the aureolic 

acid family of antitumor antibiotics.14 In this synthesis, after the 
core of the target molecule had been fashioned with a lone carbohy¬ 

drate unit attached (i.e. 19), trichloroacetimidate donor 20 then 
smoothly reacted with the free hydroxy group of that compound 

upon exposure to TBSOTf, leading to 21. As expected, only the 

requisite P-anomer was formed by virtue of the mutually reinforcing 
features of an a-oriented trichloroacetimidate and the participating 

C-2 substituent in 20. After deprotection of the phenolic chloroace- 

tate protecting group in 21 with methanolic ammonia, the remaining 

disaccharide unit was then installed stereoselectively onto the 
resulting intermediate (22), again in a P-fashion, by employing 

the C-2 phenylselenide 23 and a Mitsunobu-type glycosidation pro¬ 

tocol15 to complete the impressive pentasaccharide framework of 

the natural product. From this advanced intermediate, all that 

remained to complete the total synthesis of olivomycin A (24) 

was global deprotection and excision of the superfluous C-2 direct¬ 
ing groups. 
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a 

,O^CCI3 

NH 
"OR 

F^OH, 

BF3-OEt2 
or TMSOTf 

b 

Scheme 5. The trichloroacetimidate method for glycoside formation (a) and its application (b) to the total 
synthesis of olivomycin A. (Roush, 1999)14 
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Apart from glycosyl fluorides and trichloroacetimidates, thiogly- 

cosides can also be effectively employed in glycosidation reactions 

as alluded to earlier, although these intermediates have been utilized 

less frequently in the construction of complex molecules than the 
donors discussed above due, perhaps, to the modest a/(3 selectivity 

that often results.16 However thioglycosides are easily prepared, and 

as they are relatively stable, they can be carried forward over 

numerous synthetic operations. Furthermore, they are conveniently 

and selectively activated with several sulfur-specific electrophilic or 

oxidizing reagents,17 and thus their employment in natural product 

synthesis has met with success. One of the first total syntheses 

that prominently featured this technology was the Nicolaou group’s 
route to O-mycinosyltylonide (28, Scheme 6)18 in which early cou¬ 

pling of thiophenyl glycoside 25 with intermediate 26 afforded 27 
as a separable mixture of anomers in 85 % combined yield. Incor¬ 
poration of the carbohydrate side chain prior to ring closure was a 

crucial element of this synthetic strategy, as it was envisioned that 
an eventual Horner-Wads worth—Emmons macrocycle-forming 

reaction performed on an open chain precursor resembling the 

a 
fFoh, 
Hg(OAc)2 

or NBS 

or DMTST 
or IDCP 
or NIS/TfOH 

OR 

28: O-mycinosyltylonide 

Scheme 6. The use of thioglycosides as glycosyl donors (a) and application (b) of the method in the total 
synthesis of O-mycinosyltylonide (28). (Nicolaou, 1982)18 
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final natural product as much as possible in its substituents would 

be entropically favored for closure. Indeed, with the sugar attached, 

the planned macrocyclization to 28 proceeded smoothly in high 
yield and stereoselectivity. 

Independent of their direct participation as donors, glycosyl sul¬ 

fides can also be converted into their more reactive sulfoxide coun¬ 
terparts, entities which have proven to be highly valuable glycosyl 

donors for the synthesis of P-disposed oligosaccharides, particularly 
of the mannose type. The concept that anomeric-type sulfoxides 

could be displaced upon Lewis acid activation by nucleophiles 

was first demonstrated in 1986 by the Nicolaou group in their synth¬ 
esis of didehydrooxocane ring systems crucial for success in the 

brevetoxin B project (see Classics /, Chapter 37).19 In 1989, 
D. Kahne and his associates at Princeton University established the 

sulfoxide-based glycosidation reaction, a process that was later 
extended considerably by D. Crich and his group at the University 

of Chicago.20 As shown in Scheme 7a, upon reaction of the glycosyl 

sulfoxide with triflic anhydride at low temperature, the sulfoxide 
moiety is activated, becoming a leaving group that is then elimi¬ 
nated through anchimeric assistance with the concurrent generation 

of triflic acid. In the absence of the glycosyl acceptor, this acid adds 
to the oxonium species to form an a-disposed glycosyl triflate, an 

intermediate verified by low-temperature NMR spectroscopic stu¬ 
dies. Upon addition of the alcohol acceptor, the triflate is then dis¬ 
placed in an SN2 fashion to afford the desired (3-glycoside. One 
should note that the 4,6-0-benzylidene protecting group in 

Scheme 7a is not a random choice, but is in fact a requisite element 
of functionality to achieve high P-selectivity. This group both locks 

the conformation of the glycosyl donor and helps to ensure that it 

reacts through the triflate form, which would otherwise be in equi¬ 
librium with the alternative oxonium structure that would afford an 
a-disposed glycoside if it constituted the reactive species. In this 

vein, the benzylidene moiety acts as an electron-withdrawing 
group, thereby destabilizing the formation of a charged oxonium 

intermediate and shifting the equilibrium towards the side of the 
glycosyl triflate and the observed p-selectivity. 

A recent synthesis of the P-mannan hexasaccharide unit 35 
(Scheme 7b) found in the cell wall of bacterial antigens by Crich 
and co-workers is an excellent demonstration of this technology.21 
Using both benzylidene and 4,6-PMP protecting groups (which are 

purportedly more electron withdrawing than simple 4,6-O-benzyli- 

denes), highly selective 1—>4 and 1—> 3 P-linkages were formed dur¬ 

ing critical operations in the drive to reach 34. Subsequent coupling 
with additional building blocks in a convergent manner based on sulf¬ 

oxide chemistry led to the generation of 35 in relatively short order, 
with excellent P-selectivity observed in each glycosidation step. 

In rounding out this foray into glycosidation chemistry, it would 

be most appropriate to close with the glycal method, a procedure 

that has found numerous applications in total synthesis endeavors. 

In this general strategy, pioneered by Lemieux and co-workers 
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<VPh 
PMBO 

Ph^5r7^° 0Bn 

29 

Tf20, TTBP, 
CH2CI2, -78 °C; 

(88%, p/a 11.6:1) 

BnO-^ oBn 

p h^?6z7JgnBn°^^ 

32; r Z ddq (83%) 

o* ,Ph 

BnO 

pM pvJ?nZ7^° 
^'°'y OBn 

33 

Tf20, TTBP, 
CH2CI2, -78 °C; 

then | 32 | 
(80%, p/a 9:1) 

Bn°7^r^\ Bn0"A OBn 

Ph^-O-V QBn 

34 

TTBP = 2,4,6-tri-f-butylpyrimidine 

HO^ OH 
—HO 
O HO-^^O- 

steps 

HO'-s OH 

STCiS^OMe 

Scheme 7. The sulfoxide method for glycoside bond formation (a) and its application (b) to the synthesis of 
a hexasaccharide p-mannan found in bacterial antigens (35). (Crich, 2001 )21 

SelectFluor™ 

in 1964 and subsequently extended by the work of the Tatsuta and 
Thiem groups,22 reaction of a glycal intermediate with a reagent 
such as SelectFluor™, /V-iodosuccinimide, or dimethyldioxirane in 
the presence of a Lewis acid leads to an intermediate electrophilic 
species that can be engaged by a glycosyl acceptor molecule to 
provide a product that is trans functionalized in the anomeric and 
C-2 positions. The synthesis of avermectin Ala (41, Scheme 8) by 
Danishefsky and co-workers is particularly illustrative of this 
glycosidation method.23 Upon activation of glycal 37 with NIS, 
the addition of carbohydrate unit 36 cleanly afforded disaccharide 
38 exclusively as the requisite a-anomer. After executing four 
additional steps in which the anomeric methoxy group was elimi¬ 
nated to form a new glycal intermediate (39), the stage was set 
for a second coupling, this time with avermectin aglycon 16 
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a 

.OR PhSeCI 
or Selectfluor RO-c 

.OR 

A-O f r1oh RO^v^°"r 
^OR1 

or PhSCI 
or NIS 
or DMDO, ZnCI2 

RO-- 

x> 
© 

RO' 
OR 

X 

OMe 

OMe 
41: avermectin A1a 

OMe 
40: a-anomer only 

Scheme 8. The glycal method for oligosaccharide synthesis (a) and its application (b) to the synthesis of 
avermectin A1a (41). (Danishefsky, 1987)23 

(R = Me, cf. Scheme 4) upon activation with NIS. As expected, the 
desired product 40 was generated in 64 % yield, exclusively as the 
a-anomer. With these glycosidations complete, the natural product 
(41) was but two steps away through dehalogenation induced by 
n-Bu3SnH and AIBN, followed by acetolysis upon exposure to 
LiEt3BH. 

While this concludes our condensed survey of glycosidation tech¬ 
niques, we hope that your comprehension of the remainder of this 
chapter, where most of the approaches defined above will be revis¬ 
ited, will now be sufficiently facilitated. Thus, without further 
delay, we turn to the main theme of this chapter’s story, the total 
synthesis of everninomicin 13,384-1 (I).2 
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10.2 Retro synthetic Analysis and Strategy 

The everninomicin family of antibiotics constitutes a class of com¬ 
pounds produced as secondary metabolites from a wide variety of 
Actinomycetes of the genera Streptomyces and Micromonospora, 

with molecular architectures that are unified by two unusual fea¬ 
tures: 1) a chain of three to eight carbohydrate residues, and 2) 
the replacement of at least one glycoside bond by a spiro-orthoester 
linkage.24 Everninomicin 13,384-1 (1) represents a recent addition 
to this family, isolated as one of several active components in the 
fermentation broth of Micromonospora carbonacea var. africana, 
a bacterial strain extracted from a soil sample collected on the 
banks of the Nyiro River in Kenya.25 Although most members of 
the everninomicin class possess antibacterial properties, evernino¬ 
micin 13,384-1 (1) is particularly potent, displaying impressive in 

vitro activity against resistant strains of Gram-positive bacteria 
with MIC90 values that in certain cases rival those exhibited by van¬ 
comycin, the antibiotic currently considered as the last line of 
defense against methicillin-resistant strains of Staphylococcus aur¬ 
eus (see Chapter 9). Based on its promising pharmaceutical activity, 
in conjunction with a unique mode of action predicated on inhibit¬ 
ing protein biosynthesis by binding to subunits of the ribosomal 
machinery,26 everninomicin 13,384-1 (1) has been advanced 
through several stages of clinical development.27 

Although these pharmacological properties are certainly enticing, 
the impressive molecular architecture of everninomicin 13,384-1 
(1) presents an opportunity of potentially greater value to the prac¬ 
titioner of chemical synthesis in the form of a formidable synthetic 
challenge, both from the standpoint of overall size as well as stereo¬ 
chemical complexity. Arguably, however, these elements alone are 
not uniquely striking, as several total syntheses of natural products 
consisting of more carbohydrate units and stereogenic centers than 
1 have been achieved over the course of the past decade.28 Rather, 
the true call to arms issued by this structure rests in its unique series 
of interconnectivities, which includes two highly sensitive ortho¬ 
esters strategically positioned in the heart of the molecule, as well 
as a 1,1'-disaccharide bridge composed of two (3-mannoside 
bonds joining rings F and G. Clearly, any carefully considered 
plan of attack to reach the everninomicin 13,384-1 (1) structure 
not only would have to address the stereoselective generation of 
these uncommon linkages, an issue for which general synthetic 
technology was lacking at the outset of these studies, but also 
would require precise timing in their incorporation such that they 
could survive subsequent elaboration to the target molecule once 
in place. 

Aside from these potentially thorny problems, from a retrosyn- 
thetic standpoint everninomicin 13,384-1 (1) is perhaps an ideal 
candidate for a convergent synthesis, as the modular nature of the 
target leads to the appealing prospect of synthesizing each compo- 
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nent ring system and then assembling larger segments from these 
individual building blocks. While such an analysis clearly reduces 
many of the synthetic challenges posed by 1 to much smaller and 
more manageable tasks, each ring synthesis would still likely con¬ 
stitute an enterprise fraught with unique difficulties, as the constitu¬ 
ents of 1 include unconventional fragments such as a nitrosugar 
(evernitrose, ring A), two highly substituted aromatic rings, and 
two 2,6-dideoxyglycosides (rings B and C). The major drawback 
incurred by adopting such a retrosynthetic strategy, particularly on 
a target the size of everninomicin 13,384-1 (1), is the seemingly 
limitless collection of conceivable synthetic blueprints. Fortunately, 
the number of potentially viable routes to this target is modulated 
significantly by several pieces of information garnered during the 
isolation, characterization, and degradation studies of I.25 

First, since it had been established that the CD orthoester moiety 
in 1 is highly sensitive to acidic conditions,24 any synthetic plan 
should strive to reserve its incorporation until the tail end of the 
synthesis. Consequently, this linkage was the first strategic site to 
be disassembled in the retrosynthetic analysis, thereby leading to 
fragments 42 and 43 (see Scheme 9). In the forward direction it 
was anticipated that the fusion of these two pieces could be 
achieved stereoselectively by employing a method of orthoester for¬ 
mation first pioneered by P. Sinay and co-workers,29 appropriately 
modified to suit the problem at hand, as shown in its generalized 
form in Scheme 10. In this protocol, after a glycosidation event in 
which the 2-phenylseleno group in the glycosyl donor (51) guides 
the resultant formation of anomeric stereochemistry as expressed 
in 53, exposure to an oxidant such as NaI04 then effects conversion 
to the corresponding selenoxide (54). Rather than isolate this inter¬ 
mediate, the seleno functionality is then thermally eliminated in a 
syn fashion, affording a glycal intermediate (55). With a neighbor¬ 
ing hydroxy group in close proximity, this newly installed olefin 
does not persist, but instead serves as a willing participant in a 
5-exo-trig cyclization to afford the desired orthoester 56. Overall, 
while there are several different methods to install such 2-phenylse- 
leno groups onto appropriately functionalized precursors, the pre¬ 
sent analysis was predicated upon the employment of a DAST- 
induced 1,2-migration reaction (see Scheme 3) on a carbohydrate 
of type 49 to construct the glycosyl donor 51 stereoselectively, as 
required for the planned orthoester formation.10 At the outset of 
these studies, however, phenylselenides represented untested enti¬ 
ties for such reactions. As such, the ability to fashion the function¬ 
ality present in ring C of 42 (Scheme 9) through such synthetic tech¬ 
nology constituted a crucial lynchpin of the everninomicin synthetic 
plan. 

At this stage, close scrutiny of the larger of these two new frag¬ 
ments suggested that the EF glycosidic linkage in 43 would likely 
be the most straightforward to construct under any circumstances, 
and as a result, this bond was retrosynthetically cleaved to reveal 
DE disaccharide 44 and FGHA2 aggregate 45 as new subgoal struc- 
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Scheme 9. Retrosynthetic analysis of everninomicin 13,384-1 (1). 

tures. Synthetically, it was anticipated that the use of a trichloroace- 
timidate donor bearing a participating 2-acetoxy group (as drawn in 
44) would permit the control of the requisite p-anomeric stereo¬ 
chemistry upon reaction with glycosyl acceptor 45 in the presence 
of a suitable activator. Moreover, apart from providing a highly con¬ 
vergent synthetic blueprint, this synthetic design also provided an 
added benefit in the form of sequence flexibility in the final stages 
of the synthesis. For example, a suitably functionalized DE segment 
could also first be coupled to A’B(A)C assembly 42, and then 
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Scheme 10. Orthoester formation via 1,2-phenylseleno migration followed by glycosylation and ring 
closure after syn elimination. PG = protecting group. Note: substituents on carbohydrate rings have been 
deleted for clarity. 

joined with the remaining FGHA2 portion should problems be 
encountered in the original ordering of events. 

Having decided upon these initial, but highly crucial simplifica¬ 
tions, what remained to be defined was the most effective set of dis¬ 
connections to enable the facile synthesis of each of the three major 
fragments (42, 44, and 45) from smaller, individual ring systems. 
Starting with the easiest segment to consider along these lines, 
the DE disaccharide 44 (Scheme 9), it was envisioned that the cri¬ 
tical (3-stereochemistry of its lone glycosyl bond could be fashioned 
through application of the Kahne-Crich glycosyl sulfoxide me¬ 
thod20 by employing a donor such as 47, which carries the requisite 
C-4/C-6 benzylidene protecting group, in conjunction with an 
appropriately functionalized acceptor, E-ring 48. Since the D-ring 
fragment is endowed with mannose-type stereochemistry, for 
which the Kahne-Crich methodology is ideal, this glycosidation 
reaction was anticipated to proceed smoothly with excellent (3-selec- 
tivity. In order to reach this stage from 44, the unique C-3 tertiary 
alcohol center in ring D of this compound would have to be dis¬ 
assembled first, leading to a precursor D-ring ketone such as 46. 
Although this analysis requires the stereoselective addition of an 
appropriate methyl nucleophile onto this intermediate, molecular 
models of the most stable conformer of 46 suggested that a bulky 
C-2 D-ring protecting group (such as TBS) could reasonably be 
expected to shield the top face of this substrate, thereby guiding 
nucleophilic approach from the opposite side of the molecule as 
illustrated in the column figure. As an aside, while incorporating 
this quaternary center prior to joining the D- and E-ring monosac¬ 
charides might provide a more expedient synthesis by reducing 
the overall number of linear steps necessary to reach 44, it was fore- 
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casted that such a C-3 disposition in the D-ring glycosyl sulfoxide 
donor would likely compromise stereoselectivity in the formation 

of the requisite P-glycosyl bond. 
Aiming now to tackle a larger fragment of the everninomicin 

framework, namely the A'B(A)C subunit 42, it was anticipated 
that the unique A-ring nitro sugar would be the final carbohydrate 
unit to be installed onto the growing chain. The sensitive nature 
of the nitro group, which could potentially cause problems if carried 
through a multistep sequence, was the main reason for this decision. 
Accordingly, as shown in Scheme 11, ring A was retrosynthetically 
removed at this stage as glycosyl donor 57, leaving the correspond¬ 
ing acceptor 58 for further simplification. Beyond this disconnec¬ 
tion, the C-ring domain in 58 was additionally modified to an 
anomeric phenylselenide, for which a DAST-induced 1,2-migration 
reaction was envisioned as a means of converting the latter inter¬ 
mediate into 42. Having elected to pursue this course of action, 
the next disconnection was at the sterically demanding ester moiety 
linking the A1 and B rings. While a simple operation on paper, the 
actual construction of this bond was expected to be anything but 
trivial, as unanticipated difficulties had been encountered by other 
researchers in their attempts to forge this A!B union in model sys¬ 
tems using conventional forms of the A'-ring, such as carboxylic 
acids or acid chlorides, under a plethora of reaction conditions.30 
Based on this background information, the present analysis relied 
on the assumption that a suitably activated acyl fluoride (59) 
might overcome these issues, enabling a high-yielding union with 
the BC alcohol 60 at the right moment in the synthesis. 

Esterification 

62 61 60 

Scheme 11. Retrosynthetic analysis of the everninomicin A^AIC fragment 42. 
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Assuming that this esterification reaction would proceed as 
expected, the A‘B(A)C ensemble 42 has been simplified to the 
point at which only one disconnection of note remained, namely 
breaking of the BC fragment (60) into its constituent B- and C-ring 
carbohydrate units. Because the everninomicin structure dictates 
that these saccharides be linked in a (3-fashion with the additional pro¬ 
viso of C-2 deoxygenation in ring B, it was anticipated that both of 
these issues could be addressed concurrently by incorporating a 
2-thiophenyl moiety in 62. Indeed, this auxiliary should serve as a 
directing group during the glycosidation reaction with 61, and, 
after its mission in this operation was accomplished, it could then 
be excised with Raney Ni to afford the desired 2-deoxyglycoside sys¬ 
tem. As a final comment for this subunit, the neighboring arrange¬ 
ment of the fluoro and thiophenyl groups in 62 should signal the 
potential origin of this intermediate from a 2-hydroxyphenylthiogly- 
coside through a DAST-orchestrated 1,2-migration reaction. 

At this point, only the FGHA2 segment (45, see Scheme 12) 
requires further discussion, and we have deliberately left its analysis 
for last since this fragment includes several of the most challenging 
features of the everninomicin skeleton, namely the GH orthoester 
and the exclusively (3-linked 1,1' FG disaccharide domain. Mindful 
of the difficulties that might be encountered in constructing these 
particular connections, it was decided to deal with them as early in 
the synthesis as possible, hoping to avoid potential pitfalls once 
advanced synthetic intermediates had been reached. Thus, based 
on this design criterion, it was envisioned that the A2 aryl system 
(63) could be appended onto the appropriately functionalized FGH 
assembly 64 at some point in the late stages of the drive to complete 
45. Similar to the fully substituted A‘-ring in the form of 42 
(Scheme 11), the Nicolaou group anticipated that an acid fluoride 
would be required to achieve ester formation in this highly hindered 
context. Pursuing this retrosynthetic course of action further, the GH 
orthoester was disconnected next, again forecasting application of a 
sequence involving an initial stereoselective 1,2-migration to forge 
an appropriate glycosyl fluoride endowed with a C-2 selenophenyl 
group 66, followed by the orthoester protocol of Sinay and co-work¬ 
ers.29 While this general scheme was expected to succeed, several 
questions clouded a general feeling of security. First, it was unclear 
which alcohol group of the G-ring would be the best candidate at 
which to append the H-ring glycoside for orthoester formation, as 
both the C-3 and the C-4 hydroxy groups in 67 represented reason¬ 
able participants. Additionally, although molecular modeling studies 
of the likely transition states in the conversion of 65 into 64 indi¬ 
cated that the stereochemistry of the product would be favored in 
the reaction, such analysis did not preclude the possibility of sur¬ 
prises resulting from the unique framework of the FG system. 
Thus, in order to best deal with these concerns, the synthesis of 
the ring G portion of 67 was designed in a flexible manner such 
that either a free C-3 or C-4 hydroxy group could be generated as 
a glycosyl acceptor for reaction with 66, affording either 65 or its 
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Scheme 12. Retrosynthetic analysis of the everninomicin FGHA2 fragment 45. 

C-3 linked congener in the hope that one of these precursors would 
provide 64 with the stereochemical arrangements of everninomicin. 

Following this spate of disconnections, all that remained to con¬ 
sider at this juncture was the nontrivial issue of forming the 
1,1'-FG disaccharide, linked exclusively in a P-fashion. Of course, 
to achieve such a union would require careful supervision of stereo¬ 
chemistry at both anomeric centers while the new bridge is formed. 
However, while such control is well-precedented for glycosyl donors, 
a commensurate level of predictability with glycosyl acceptors does 
not currently exist. The inherent challenges presented by this portion 
are reflected in some initial model studies directed toward the synth¬ 
esis of systems of this type. As shown in Scheme 13, conventional 
approaches using a trichloroacetimidate donor (71) in conjunction 
with an acceptor of type 70 (R = Bn) afforded exclusively the 
undesired a-glycosidic bond on the glycosyl acceptor (i. e. 72), 
as would be expected by the overwhelming influence of the 
anomeric effect. In fact, any method in which the anomeric stereo¬ 
chemistry of the glycosyl acceptor remained unfixed led exclu¬ 
sively to the a-anomer. With the problem redefined in this manner, 
however, came an idea that could potentially solve this problem. 
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a-Glycosidic bond 

Scheme 13. Testing methodology for the stereoselective construction of 1,1'-disaccharide systems- 
synthesis of model 1,1'-disaccharides 72 and 74. 

Viewing this reaction as essentially a selective protection of the 
anomeric position in the acceptor glycoside, the Nicolaou group 
anticipated that success could be realized by locking this position 
as a tin acetal,31 a functionality with well-documented displacement 
by alcohols with retention of initial stereochemistry. As proof of 
principle for this idea, 70 (R = H) was converted into a five-mem- 
bered cyclic stannane (73) possessing a P-disposed anomeric center 
by treatment with n-Bu2SnO, and upon coupling with 71 in the pre¬ 
sence of TMSOTf, the desired ip,la'-linkage was indeed formed in 
an acceptable 66 % yield.32 Thus, based on this success, the 1,1' p- 
linked system of everninomicin would appear attainable from F-ring 
tin acetal 68 (see Scheme 12) and the G-ring trichloroacetimidate 69 
bearing a participating C-2 benzoate ester group. 

As a final comment on the designed synthetic strategy towards the 
total synthesis of everninomicin 13,384-1 (1), one should note that 
we have deliberately side-stepped the complicated issue of protect¬ 
ing group selection on each of the projected building blocks and 
their subsequent synthetic intermediates. Such ignorance, however, 
should not lull one into falsely believing that this facet of the design 
stage was in any way glossed over, as it represented one of the most 
fundamental challenges of this molecule. Several issues along these 
lines are worthy of mention. First, while it goes without saying that 
all synthetic endeavors require a careful balance between protecting 
group stability over the course of several synthetic operations and 
relative ease of removal at the desired juncture in the synthesis, 
this general concern is quite pressing with everninomicin as 
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the final natural product had demonstrated sensitivity to media that 
is even mildly acidic. Thus, a route that would require as few late- 
stage deprotections as possible would be advantageous, thereby 
requiring a unified, global protecting group strategy in the construc¬ 
tion of all building blocks. Additionally, within the general realm of 
carbohydrates, transformations can often fail not because the 
employed chemistry is suspect, but merely because the particular 
protecting group ensemble utilized in the event can engender prob¬ 
lems based on their steric bulk or overall stability to reaction condi¬ 
tions. In this vein, it was anticipated at the outset of the everninomi¬ 
cin campaign that several different arrays of protecting groups 
would likely have to be examined for key transformations, particu¬ 
larly glycosidations. Furthermore, one should recognize that the 
selection and alteration of protecting groups within the above retro- 
synthetic schemes and the synthetic routes shown below are the cul¬ 
mination of difficulties encountered along these lines, and, although 
some of the more instructive examples will be discussed within the 
context of the winning combination, the reader should turn to the 
full account23-0 of this work to appreciate more fully the true levels 
of havoc that protecting group chemistry wreaked upon the cam¬ 
paign to synthesize 1. Without question, this feature serves as 
another reminder of certain weaknesses in our present day ability 
to fully predict synthetic transformations. 

10.3 Total Synthesis 

10.3.1 Synthesis of the A^iAjC Fragment 

In the synthetic direction, our discussion opens with the synthesis 
of the major left-hand portion of everninomicin 13,384-1 (1), 
the A'B(A)C fragment 42, starting with the preparation of 
the unique C-3 branched A-ring dideoxy-L-sugar 57 (evernitrose, 
Scheme 14). Overall, the synthetic approach towards this building 
block was predicated on the assumption that this carbohydrate 
could be accessed from a homochiral straight chain precursor 80 
in which the C-3 and C-4 stereocenters might arise from two sepa¬ 
rate stereocontrolled additions of suitable nucleophiles onto appro¬ 
priately activated electrophilic centers. Moreover, it was envisioned 
that the nitro group in 57 could result from ozonolysis of an oxya- 
mine intermediate, a well-precedented conversion in the literature.33 

Thus, the synthesis of this key building block 57 commenced with 
the controlled reduction of the TIPS-protected ethyl L-lactate 75 to 
the corresponding aldehyde using DIBAL-H at —78°C in Et20, 
followed by the stereoselective anti addition of an acyl anion 
equivalent34 in the form of EVE-Li,35 providing 76 in 63 % yield. 
The drawn diastereomer was favored to the extent of 85 % de, as 
would be anticipated based on the presumed Felkin—Ahn transition 
state shown in the column figure. At this juncture, in anticipation of 
a second nucleophilic addition, this time onto an oxime ether, 
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Scheme 14. Synthesis of the A-ring nitrosugar building block 57. 

76 was elaborated into 77 through the simple operations of methyl 
ether formation, acid-induced hydrolysis of the alkyl enol ether, 
and oxime capture of the resultant ketone by condensation with 
O-benzylhydroxyamine hydrochloride in pyridine, ultimately pro¬ 
viding a 4:1 mixture of E and Z isomers. Next, the addition of 
allylmagnesium bromide to 77 occurred smoothly and in a stereo- 
controlled fashion in Et20 at -35 °C, affording key intermediate 
78 in 76% yield after TBAF-mediated cleavage of the bulky TIPS 
group. Having reached this stage, it was expected that upon exposure 
of 78 to ozone, concomitant formation of both the aldehyde and nitro 
groups could be achieved, leading to intermediate 80 which would 
spontaneously cyclize to carbohydrate 81. While oxidation of the 
oxyamine to a nitro group indeed occurred under these conditions, 
surprisingly, a stable intermediate ozonide was isolated instead of 
the aldehyde after work-up with Me2S and silica-gel chromato- 
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MeO' 

78 
OBn 

graphy. Fortunately, it was discovered that upon treatment of this 
product with Ph3P the desired nitrosugar 81 was indeed formed, 
presumably via aldehyde 80. From an operational standpoint, the 
yield of these conversions was significantly enhanced by first 
protecting the free hydroxy group in 78 as its corresponding TMS 
ether, and then performing the same ozonolysis/cleavage protocol, 
ultimately providing 81 in 75 % overall yield from 78. With the 
requisite C-3, C-4, and C-5 stereocenters finally secured as 
expressed in 81, all that remained was conversion of the lactol 
into a glycosyl fluoride. This event proceeded quantitatively upon 
exposure to DAST in CH2C12 at 0 °C, affording 57 as a mixture 
of anomers (a/p = 8:1) and thereby setting the stage for an eventual 
glycosidation reaction with the corresponding glycosyl acceptor. 

With the uncommon A-ring nitrosugar synthesized, attention was 
then turned to a more conventional building block, namely the C-6 
deoxygenated B-ring carbohydrate 62. As mentioned earlier, the 
strategy was to employ a 1,2-migration initiated by DAST to install 
the anomeric fluoride and a C-2 substituent that could later be 
reductively removed to ultimately forge the B-ring as a 2-deoxygly- 
coside. The synthesis of 62 began with the known intermediate 82 
(see Scheme 15).36 In order to deoxygenate the C-6 position of this 
starting material, the primary hydroxy group was selectively con¬ 
verted into a tosylate, and the remaining free alcohol was then pro¬ 
tected as the TIPS ether with conventional methods, leading to 
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Scheme 15. Synthesis of the B-ring carbohydrate building block 62. 
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intermediate 83. With these objectives smoothly achieved in 88 % 
overall yield, the tosylate was then reductively removed upon treat¬ 
ment with LiAlH4 in warm THF, affording the C-5 methyl group of 
the B-ring as it appears in the targeted natural product. 

In anticipation of the key 1,2-migration which would hopefully 
complete this building block, several functional and protecting 
group manipulations were now required. As such, the acetonide 
was smoothly solvolyzed upon treatment with /?-TsOH in MeOH, 
conveniently affording 84 in 72 % overall yield from 83. Selective 
protection of the newly unveiled C-2 hydroxy group as a PMB ether 
was then accomplished in a two-step, one-pot protocol involving 
initial tin acetal formation upon treatment with n-Bu2SnO in re¬ 
fluxing toluene,31 followed by the addition of PMBC1. While such 
tin acetal methodology is typically employed to differentiate axially 
versus equatorially disposed hydroxy groups, resulting in the selec¬ 
tive protection of the equatorial group, in this case the axially- 
oriented C-2 group was engaged in preference to the equatorial 
C-3 alcohol. As such, the bulky TIPS group in 84 must have effec¬ 
tively shielded the C-3 position, sufficiently biasing the encounter 
with PMBC1 to afford solely the desired C-2 protected product. 
Although the role played by the large silicon group in this event 
was well-appreciated, its size was expected to engender problems 
in subsequent transformations and, therefore, it was expelled at 
this stage with the aid of TBAF to provide 85 in 76% overall 
yield. With diol 85 now in hand, both of the free hydroxy groups 
were protected by exposure to TBSOTf and 2,6-lutidine, and the 
C-2 PMB group was then removed upon treatment with DDQ to 
provide 86 in 85 % overall yield. Having finally established the 
desired array of functionality, it was time to attempt the requisite 
1,2-migration leading to 62. Most gratifyingly, the anticipated con¬ 
version occurred quantitatively in the presence of DAST in CH2C12 
at 0 °C, affording the B-ring building block 62 with the predicted 
inversion of stereochemistry at C-2 as a 10:1 mixture of anomeric 
fluorides favoring the a-configuration. 

As the stereochemical elements of the desired C-ring building 
block (61) are similar to those of D-glucose, it was hypothesized 
that this fragment could be constructed in short order from the 
readily available glycal derivative 87,37 as shown in Scheme 16. 
While the stereochemical relationships between 87 and 61 are 
obvious, a method to chemoselectively differentiate the two free 
hydroxy groups in 87 represented a critical qualification for using 
this enticing starting material, as a free alcohol group at C-4 
would eventually be required for glycosidation chemistry. Fortu¬ 
nately, several techniques already existed to achieve such an opera¬ 
tion, foremost of which is tin acetal methodology similar to that 
used for the construction of the B-ring subunit.31 Thus, after forma¬ 
tion of the requisite stannane upon treatment with n-Bu2SnO in 
refluxing toluene, selective protection of the hydroxy group at C-3 
was achieved upon subsequent addition of benzyl bromide and 
n-Bu4NI, again the result of greater steric accessibility of this 
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(10:1), 25 °C 

(97% 
overall) 

v 

Mev JO^ j-OPMB 

HO'" y' "OPMB 

OBn 

61 

1. NaH, PMBCI, n-Bu4NI, 
DMF, 0—>25 °C 

*2. TBAF, THF, 25 °C 
(90% overall) 

Scheme 16. Synthesis of the C-ring carbohydrate building block 61. 

particular position in the glycal system. With this initial protection 
accomplished, the remaining hydroxy group was then converted 
into its corresponding TBS ether with TBSCI and imidazole, pro¬ 
viding 88 in 77 % overall yield for these two steps. At this juncture, 
it was time to incorporate the remaining hydroxy groups of the tar¬ 
geted building block onto 88, a goal that was easily met through an 
osmium-mediated dihydroxylation of the more accessible face of 
glycal derivative 88; this event afforded the desired C-2 stereo¬ 
chemistry in 89, but as a 1:1 mixture of anomers. Based on the pro¬ 
jected synthetic sequence, though, this uncontrolled C-l stereo¬ 
chemistry was deemed inconsequential as it would eventually be 
destroyed. As such, only two operations separated 89 from 61, 
namely protection of both of the newly installed hydroxy groups 
as their corresponding PMB ethers followed by TBAF-mediated 
lysis of the C-4 silyl ether. These events proceeded smoothly in a 
combined yield of 90 %. 

With all three carbohydrates in hand, only the synthesis of the A1- 
ring acyl fluoride building block 59 remained before operations 
could begin to join these units into the larger A1B(A)C fragment 
destined for elaboration into everninomicin 13,384-1 (1). The pre¬ 
paration of such highly substituted aromatic systems, however, is 
often far from trivial, typically requiring lengthy protection/depro¬ 
tection sequences to enable differentiation of the open sites on the 
aryl core. In the present circumstance, it was envisioned that com¬ 
mercially available orcinol (90, Scheme 17) could potentially con¬ 
stitute a useful starting point for 59, based on the premise that selec¬ 
tive formylation of only one of the three free positions of the 
aromatic ring could be easily effected. Fortunately, application of 
Gattermann-type formylation conditions of Zn(CN)2, A1C13, and 
HC1 to 90,38 followed by treatment with H20 at 100 °C, provided 
an intermediate aldehyde (see adjoining column figure for a putative 
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cu 
OMeO 

■**> 
TIPSO^f^Me 

Cl 

OMe 

OH 

1. Zn(CN)2, AICI3, HCI (g), 0H 0 
0 °C; H2Q, 0—>100 °C 

2. NaCI02, H20/DMS0 (1:2), ^ . 
0^25 °C 6 

(74% overall) 91 
1. Mel, K2C03, 

acetone, 25 °C (86% 
2. S02CI2, overall) 

CH2CI2, A w 

1. TIPSOTf, 2,6-lutidine, 
CH2CI2, -78 °C 

2. Ag20, Mel, Et20, A 

(88% overall) 

OH O 

Cl 

OMe 

93 92 

(79% 1. TBAF, THF, 25 °C 
overall) w 2. BnBr, K2C03, acetone, A 

CU 
OMeO 

'xY 
BnCT^^Me 

Cl 

OMe 

94 

1. DIBAL-H, CH2CI2, -78 °C 
2. PDC, 3 A M.S., CH2CI2, 25 °C 

3. NaCI02, f-BuOH, H20, 25 °C 
4. (Me2N)2CF+PF6', /-Pr2NEt, 

CH2CI2, 0 °C 
(75% overall) 

Scheme 17. Synthesis of the Airing dichloroisoeverninic acyl fluoride building block 59. 

mechanism) which was immediately converted into the correspond¬ 
ing desired carboxylic acid 91 in 74 % overall yield by oxidation 
with NaC102. With this initial substitution accomplished, it was 
anticipated that the two aryl chlorine residues in 59 could then be 
installed onto the remaining open sites of 91. Indeed, after con¬ 
version of the carboxylic acid into the corresponding methyl ester, 
a phenol-assisted bischlorination was achieved smoothly with 
sulfuryl chloride in refluxing CH2C12, providing 92 in 86 % yield. 
As an aside, while other reagents such as chlorine gas could 
achieve the same chlorination with equal facility, the present set 
of conditions was selected to enable facile and operationally simple 
throughput of sufficient quantities of material for late-stage explo¬ 
rations. 

Having successfully loaded all six aromatic substituents onto 90, 
all that remained to access 59 were some subtle modifications; 
despite the straightforward nature of this statement, however, a 
rather lengthy sequence was required to complete these tasks. The 
first prerequisite step, selective and sequential protection of the phe¬ 
nolic groups in 92, was achieved without incident through initial 
protection of the more activated, non-hydrogen bonded phenol as 
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a TIPS ether (TIPSOTf, 2,6-lutidine), followed by silver(i) oxide 

assisted methylation of the remaining position with Mel in refluxing 

Et20. With the construction of 93 accomplished, the TIPS ether was 

then exchanged for a benzyl group in 79 % yield by standard tech¬ 

niques (leading to 94), leaving only the formation of an acyl fluor¬ 

ide from 94 to complete the A'-ring building block 59. Unexpect¬ 

edly, all efforts to hydrolyze 94 directly to an intermediate car¬ 
boxylic acid failed, necessitating reversion to a three-step protocol 

to achieve the same goal, namely complete (i. e. uncontrolled) 

reduction of the ester to the corresponding primary alcohol using 

DIBAL-H, followed by two oxidation events. With the free car¬ 

boxylic acid finally in hand, the synthesis of 59 was then realized 
in 75 % overall yield from 94 upon treatment with tetramethylfluor- 

oformamidinium hexafluorophosphate39 [(Me2N)2CF+PFg ] in the 

presence of Hiinig’s base (/-Pr2NEt). Before leaving the discussion 
of this fragment, it may be illuminating to realize that the seemingly 

excessive number of steps to achieve protecting group differentia¬ 
tion for the phenols (92—>94) was the result of an alteration in strat¬ 

egy during the synthesis, as well as an inability to install a benzyl 

ether selectively in the first place (92—->93). Others have similarly 
encountered such difficulties in related contexts, but the good to 

excellent yields obtained in each step readily enabled efficient mate¬ 

rial throughput. 
At this juncture, exploration of the key steps leading to the syn¬ 

thesis of the A'BiAiC assembly 42 based on the synthetic plan deli¬ 

neated earlier could now begin. The first series of operations along 
these lines proceeded smoothly as shown in Scheme 18. In the 

opening event, SnCl2-mediated coupling of the B-ring glycosyl 
donor 62 with C-ring acceptor 61 proceeded under mild conditions 

in a 1:1:1 mixture of CH2Cl2/Et20/Me2S at —10 °C to afford a dis¬ 

accharide linked exclusively in a P-fashion in 71 % yield.10 As an 
aside, one should note that while the particular mixture of solvents 

used in this transformation might appear relatively esoteric, this 
combination proved critical for preventing unwanted PMB cleavage 

and facilitating the solubilization of both reactants. Having admir¬ 
ably performed its P-directing role in the glycosidation reaction, 

the B-ring phenylsulfide was no longer required, and, as such, it 

was reductively cleaved upon exposure to Raney Ni to afford 
2-deoxyglycoside 95. At this stage, the protecting group array on 

the B-ring of 95 had to be adjusted to enable the eventual accep¬ 

tance of the Airing aromatic system. Towards this end, both the 

TBS ethers were cleaved from 95 with TBAF, and selective protec¬ 
tion of the alcohol group at C-3 as the corresponding allyl ether was 

achieved through application of tin acetal methodology. The 

remaining free hydroxy group was then activated for coupling 
with 59 through treatment with rc-BuEi in THF at —78°C; upon 

the addition of acyl fluoride 59 to the resultant anion at 0 °C, ester¬ 
ification proceeded smoothly in 99 % yield. In a final modification 

to prepare the newly generated A^C system for glycosidation with 

the nitrosugar A-ring unit, the allyl group was selectively removed 
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Me 

O / sW 

Me HC> BnO 

96 

1. n-BuLi, THF, -78->0 °C; 
then Ij59l, THF, 0-^25 °C 

OPMB 

OPMB 

2. [(Ph3P)3RhCI], DABCO, 
Et0H/H20, (10:1), A; 0s04, Allyio' 
NMO, acetone/H20 (l0:1) 

(80% overall) 

Scheme 18. Construction of the A^C fragment 96. 

using a two-step procedure involving preliminary activation with a 

combination of Wilkinson’s catalyst [(Ph3P)3RhCl] and DABCO 
followed by oxidative cleavage with 0s04/NM0, affording 96 in 
80 % overall yield from 60. 

Having progressed this far, the synthesis of the A'B(A)C fragment 
42 was well within reach, with only incorporation of the A-ring 

nitrosugar and modification of the C-2 and C-3 positions in ring C 
of 96 remaining as critical steps. However, the ordering of these 

events constituted two divergent, but seemingly equally viable, 
pathways (at least on paper). Initial efforts focused on the use of 

a free hydroxy group in 96 as a glycosyl acceptor upon activation 
of the A-ring glycosyl fluoride 57. While this coupling proceeded 

smoothly and the requisite oc-anomer was formed, all efforts to sub¬ 
sequently install the required phenylseleno functionality onto the 

C-ring of any intermediate after this glycosidation failed. In light 
of these unsuccessful attempts, the only conceivable alternative at 

this advanced stage (apart from formulating a new synthetic plan 
of attack) was switching the ordering of these events. Fortunately, 

this approach nicely overcame this roadblock. Thus, protection of 

the free B-ring hydroxy group of 96 (Scheme 19) as a bulky TIPS 
ether was followed by removal of both PMB groups with PhSH 

and BF3-OEt2 in CH2C12 at -35 °C to afford 97 in 77 % overall 

yield. As a prelude to incorporating a phenylseleno group stereose- 

lectively at the anomeric position of ring C in advance of reaction 
with A-ring sugar 57, protection of the hydroxy group at C-2 in 

ring C of 97 was required. This task was achieved by tandem pro¬ 

tection of both hydroxy groups as their acetates with Ac20 followed 
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1. TIPSOTf, 
2,6-lutidine, 

2. PhSH, BF3 OEt2, 

CH2CI2, -35 °C 
(77% overall) 

Cl 
97 

1. Ac20, Et3N, 4-DMAP, 
CH2CI2, 0—>25 °C 

2. n-BuNH2, THF, 25 °C 
(89% overall) 

n 

99 

(73% overall) 

1. TBAF, THF, 25 °C 
2. SnCI2, [57], 

CH2CI2/Et20 (1:1), 
'r 0^25 °C 

1. CI3CCN, DBU, 
CH2CI2, 0°C 

2. PhSeH, BF3 OEt2, 

CH2CI2, -78 °C 
(78% overall) 

(a/p ~1:9) 

1. NaOH, MeOH/Et20 
(1:1), 25 °C 

2. DAST, CH2CI2, 0 °C 
(91% overall) 

(a/p ~8:1) 

1,2-Migration 

98 

Me' OMe 

42 

Scheme 19. Construction of A1B(A)C fragment 42 of everninomicin. 

by chemoselective lysis of the more reactive anomeric acetate 

through treatment with n-BuNH2 in THF at ambient temperature. 
With 98 in hand, conversion of the lactol into its trichloroacetimi- 

date congener with trichloroacetonitrile and DBU was followed 
by the addition of PhSeH40 under the activating influence of 

BF3*OEt2 in CH2C12 at —78°C. These operations afforded the 
desired (3-phenylseleno glycoside 99 in 78% overall yield from 
98 as a 9:1 mixture of P- to a-anomers. 

With this functionality installed, the opportunity to incorporate 

the A-ring nitrosugar was nearly at hand, necessitating only the 
removal of the TIPS group from 99 to provide a suitable glycosyl 

acceptor for eventual coupling. Once this goal was achieved by 

exposure of 99 to TBAF, the successful formation of oligosaccharide 
100 was smoothly realized upon glycosidation with evernitrose gly¬ 

cosyl fluoride 57 activated by SnCl2, leading to an 8:1 mixture 

favoring the desired a-anomer at the newly formed glycoside 
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bond. At this stage, only a DAST-mediated 1,2-migration of the 

type discussed earlier (Scheme 3) stood between this version of 

the A'B(A)C segment (100) and its ultimate format (42). Most grat- 
ifyingly, after NaOH-mediated acetolysis, exposure to DAST in 

CH2C12 at 0°C effected the desired formation of glycosyl fluoride 

42, with the forecasted inversion of stereochemistry at both the 
anomeric and the C-2 positions in ring C. 

10.3.2 Synthesis of the FGHA2 Fragment 

Having described the synthesis of the left-hand portion of evernino- 

micin, we can now focus our attention on the pentacyclic FGHA2 

fragment 45 bearing the (3-linked 1,1' glycosidic linkage and a 

stereochemically challenging orthoester. In anticipation of the criti¬ 
cal steps that would hopefully lead to the construction of these 
elements, our analysis commences with the syntheses of the four 

requisite building blocks for this assembly as delineated in Schemes 
20-23. 

Efforts towards the F-ring glycoside 68 (Scheme 20) began with 
the selection of a starting material from the chiral pool, namely 

the known mannose intermediate 101, which possessed essentially 
all the stereocenters of the projected target, but still required several 
functional and protecting group manipulations. The opening 

sequence sought to achieve selective incorporation of a PMB 
group on the secondary hydroxy group at C-4. As such, initial pro¬ 
tection of the more accessible primary alcohol group at C-6 with 

TBSOTf was followed by engagement of the remaining hydroxy 
group (C-4) as the planned PMB ether under conditions that gener¬ 

ated the more active iodide alkylating agent in situ (by adding NaH, 
PMBC1, and n-Bu4NI in this order) to facilitate reaction at this rela¬ 

tively hindered position. Finally, upon silyl deprotection with TBAF 
in THF at ambient temperature, alcohol 102 was isolated in a com¬ 

bined yield of 88 % over these three operations. At this juncture, the 
alcohol group at C-6 was then engaged as a methyl ether through a 

standard protocol, and the acetonide was cleaved under acidic con¬ 
ditions to afford 103 in 81 % overall yield. Although one might 

envision that this rather lengthy protection/deprotection sequence 
to form 103 could have been avoided by methylation of the C-6 

hydroxy group in 101, achieving such chemoselective protection 
of the primary position in practice proved challenging. 

From 103, the key F-ring building block was only three steps away. 

First, treatment with n-Bu2SnO in refluxing toluene afforded the 2,3- 
tin acetal which reacted exclusively at the C-3 position upon addition 

of benzyl bromide and catalytic n-Bu4NI, thereby leading to the cor¬ 

responding phenylthioglycoside with only the C-2 hydroxy group 

free. Of course, the observed chemoselectively was in accordance 
with the well-established precedent that equatorially disposed alco¬ 

hol groups are engaged in preference to those in an axial orientation 

in such reactions. Next, oxidative release of the thioglycoside was 

MeO^Y°V°V'n'Bu If I ,sn 
PMBO,'^p'0 'n-Bu 

OBn 

68 
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1. TBSOTf, 2,6-lutidine, CH2CI2, -78 °C 
2. NaH, PMBCI, n-Bu4NI, 

DMF/THF (1:1), 0->25 °C > 
3. TBAF, THF, 25 °C 

(88% overall) 

1. NaH, Mel, DMF, 0^25 °C 
2. p-TsOH, MeOH, (CH2OH)2, 

MeOH, 25 °C 

(81% 
overall) 

O ,n-Bu 
Sn 

O Sn-Bu 

1. n-Bu2SnO, toluene, A; 

BnBr, n-Bu4NI, 25^110 °C 

2. NBS, acetone/H20 (10:1), 
0^25 °C 

3. n-Bu2SnO, MeOH, A 
(86% overall) 

Scheme 20. Synthesis of the F-ring tin acetal building block 68. 

achieved upon activation with NBS in aqueous acetone, and, with a 

1,2-diol now revealed, stannane 68 was readily obtained upon a 

final reaction with n-Bu2SnO in refluxing methanol. 
The synthesis of the coupling partner for the F-ring, the trichloro- 

acetimide G-ring fragment 69, was perhaps the most challenging of 

the four building blocks required to build the FGHA2 assembly. 
Starting with the C2-symmetric diisopropyl L-tartrate (104, 
Scheme 21), perallylation was followed by LiAlH4-mediated reduc¬ 

tion of both terminal esters to the corresponding alcohols. Upon 
treatment of this diol intermediate with one equivalent of NaFl in 
the presence of TBDPSC1, desymmetrization was achieved through 

monosilylation, affording 105 in 81 % yield overall for these three 

steps. If one envisioned that the two protected hydroxy groups in 
this product would eventually constitute the C-3 and C-4 stereocen¬ 

ters in 69, then a one-carbon extension onto 105 would be required 
to fashion an intermediate such as 112, which could cyclize to the 

desired carbohydrate ring system. In this regard, application of the 
TMS thiazole homologation method of Dondoni and co-workers, 

wherein an aromatic thiazole ring serves as the synthetic equivalent 

of a formyl group, proved quite fruitful.41 Thus, to append this ring 

system onto 105, Swern oxidation of the latter to the corresponding 

aldehyde was followed by the addition of 2-TMS-thiazole, effecting 
in situ generation of a thiazole nucleophile, which resulted in the 

formation of an equimolar mixture of adducts 106 and 107. 
Although some degree of selectivity was expected from this 

addition process, its stereo-randomness was of no real consequence 

as 106 and 107 were separable by column chromatography, and 
the undesired epimer 107 could be converted into the desired 

compound 106 in 67% yield through a conventional two-stage 
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Scheme 21. Synthesis of the G-ring carbohydrate building block 69. 

recycling protocol consisting of Swern oxidation and reduction with 

LiAlH4. 
Having finally secured the stereochemistry of C-2 in 106, the 

newly generated hydroxy group was converted into a benzoate, set¬ 

ting the stage for the critical series of events that would unravel the 
thiazole to the desired aldehyde. In this three-step, one-pot reaction, 

treatment of 108 with MeOTf in acetonitrile at ambient temperature 

led to methylation of the aromatic nitrogen atom to afford an acti¬ 

vated intermediate (109) which was smoothly reduced to the fully 
hydrogenated system 110 upon subsequent addition of NaBH4. 

Finally, treatment of the latter intermediate with Cu(II), delivered 

in the form of CuO and CuCl2, effected oxidative cleavage and 
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resulted in the decloaking of the desired aldehyde 111.41 With this 

product in hand, the completion of 69 seemed all but certain, requir¬ 
ing only two more synthetic steps: TBAF-induced deprotection to 

afford intermediate 112, which, as expected, smoothly cyclized in 

the buffered media (THF/AcOH, 200:1) to lactol congener 113, 
and tricholoroacetimidate formation (C13CCN and DBU). Overall, 
these operations completed the targeted building block (69) as a 

mixture of anomers (a/|3 = 3:1) in 68 % yield from 108. 
With routes developed to access these pieces in ample quantities, 

the two remaining building blocks did not require extensive inves¬ 

tigation to acquire. Scheme 22 summarizes the sequence that led to 

the required 2-phenylselenoglycosyl fluoride 66 (ring FI), starting 

from peracetylated xylose 114. Initial formation of an anomeric 

phenylselenoglycoside proceeded smoothly upon activation of 
114 with BF3*OEt2 in the presence of PhSeH, affording a 5:1 ratio 

of products favoring the (3-isomer. After chromatographic removal 
of the unwanted a-anomer, exhaustive methanolysis of all three 

acetate groups with K2C03 in a 1:1 mixture of MeOH and THF pro¬ 

vided a triol that was then selectively engaged as the 2,3-acetonide, 
affording 115 in 69 % overall yield from 114. At this stage, the C-4 

hydroxy group was protected as a PMB ether, and then diol 116 was 

obtained upon PPTS-mediated cleavage of the previously installed 
acetonide. Desiring now to achieve selective C-3 protection, exten¬ 

sive experimentation revealed that a TBS ether could be incorpo¬ 
rated exclusively at this position upon treatment with TBSOTf in 

THF at —78 °C. To a certain degree, however, this result constituted 
a fortuitous discovery since the same reaction in a more common 

silylation solvent, CH2C12, led solely to protection of the C-2 
hydroxy group. At this juncture, only a final stereoselective 1,2- 

migration remained, and upon treatment with DAST in CH2C12 at 

OAc 

114 

PMBO" 

,CL ,F 

SePh 

OTBS 

66 

1. PhSeH, BF3OEt2, CH2CI2, CM25 °C 
2. K2CQ3, MeOH/THF (1:1), 25 °C 

3. CH3(CH30)C=CH2, TFA, DMF, 45 °C 
(69% overall) 

1. PMBCI, NaH, n-Bu4NI, 
DMF, 0^25 °C 

2. PPTS, MeOH, 25 °C w 

(91% 
overall) 

1. TBSOTf, 2,6-lutidine, THF, -78 °C 

2. DAST, CH2CI2, 0 °C 
(91% overall) 

Scheme 22. Synthesis of the H-ring carbohydrate building block 66. 
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1. BnBr, K2C03 acetone, A 
2. NaCI02, NaH2P04, DMSO, 0^25 °C 

3. (Me2N)2CF+PF6-, ;-Pr2NEt, CH2CI2, 0^25 °C 
(59% overall) 

Scheme 23. Synthesis of the A2-ring acyl fluoride building block 63. 

0°C this step was instigated to afford 2-phenylselenoglycoside 66 

in 91 % yield from 116. 
The construction of the final piece, acyl fluoride 63, proceeded 

quite readily along the lines of the Airing fragment construction 
already discussed. As shown in Scheme 23, after benzylation of 

salicylaldehyde derivative 117 (obtained from Gattermann formyla- 
tion of 90 as shown in Scheme 17), oxidation to the corresponding 

carboxylic acid with NaC102 was followed by acyl fluoride forma¬ 
tion with (Me2N)2CF+PF6 in the presence of Hiinig’s base, afford¬ 
ing the chromatographically stable 63 in 59 % overall yield. 

With the four building blocks in hand, efforts were immediately 
expended to effect their union, starting with explorations to form 
the 1,1' FG glycosidic linkage. As delineated in Scheme 24, the 

desired coupling between tin acetal 68 and trichloroacetimidate 
69 proceeded precisely as anticipated from the earlier model stud¬ 

ies, and, after acidic work-up and careful methylation of the resul¬ 
tant alcohol (Mel, NaH, DMF), 118 was isolated in 64% yield 
exclusively as the requisite ip,l'a-linked disaccharide. With this 

key step out of the way, all efforts concentrated on advancing this 
intermediate (118) to the next critical operation, the formation of 

the GH orthoester. Thus, a sequence of protecting group modifica¬ 

tions were required as defined by the series of five operations that 
effected the conversion of 118 into 121, operations which merit 
no additional commentary due to their conventional nature and 

smooth execution (see Scheme 24 for details). 
Numerous methods were then tested to realize selective protection 

of only one of the hydroxy groups of diol 121 in anticipation of 
eventual coupling with the FFring fragment 66. Invariably, a mix¬ 

ture was obtained with the best-yielding reaction affording a 
regioisomeric mixture of chloroacetates (CA) 122 and 67 in a 1:1 

ratio. As mentioned earlier, however, since it was unknown whether 

a C-3 or C-4 hydroxy group on ring G (in an intermediate of type 
65) would provide the correct stereochemistry during orthoester for¬ 

mation, this nonselective protecting step was considered productive 

because it provided access to both G-ring glycosyl acceptors. So, 

seeking to test a free C-3 hydroxy group in the last step of orthoester 
construction (i. e. first linking the G- and H-ring saccharides 

through the C-4 position of ring G), 67 (R = CA) was coupled to 

66 upon activation with SnCl2 in Et20 to afford the desired trisac¬ 

charide as a single anomer. Subsequent treatment with K2C03 in 
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1. TMSOTf, CH2CI2, 0—>25 °C; 
then PPTS, MeOH, 25 °C ^ pmbo' 

2. Mel, NaH, DMF, 0^25 °C 
(64% overall) 

OBn 
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1. NaOH, MeOH/Et20 
(1:1), 25 °C 
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DMF, 0^25 °C 
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OMe BnO 

TIPSO 
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OH \A -0PMB Et20, 0->25 °C 

OBn 

65 

2. K2C03, MeOH/Et20 
(1:1), 25 °C 

(90% overall) 

Scheme 24. Assembly of the everninomicin FGH fragment 65. 

an equal volume mixture of MeOH and Et20 at ambient temperature 

then led to cleavage of the chloroacetate group, affording 2-phenyl- 
selenoglycoside 65 in 90 % yield over the two steps. Before moving 

on, one should note that the overall material throughput to 65 was 

significantly enhanced by the discovery that the C-4 protected 

122 could be funneled through the same sequence once it had 

first been converted into the benzoylated variant of 67 (as shown 
in Scheme 24). 

Having toiled extensively to reach this advanced synthetic inter¬ 

mediate, the opportunity to harvest some fruits from that labor in 
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rtTDO Nal04, NaHC03, MeOH/ 
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Martin’s sulfurane 

/-Pr2NH (2:2:1), TiPSO" 
sealed tube, 140 °C 

(81%) 

1. TBAF, THF, 0 °C 
2. BzCI, Et3N, 4-DMAP, 

CH2CI2, 0^25 °C 
3. TBAF, AcOH, 

THF, 25 °C 

123 

(87% 
overall) 

OMe BnO 

BzO 

OPMB 

Martin’s sulfurane, 
Et3N, CHCI3, 50 °C 

(85%) 

OBn 

125 124 

(72% 
overall) 

1. K2C03, MeOH, 25 °C 
2. TBSCI, NaH, 18-C-6, 

u THF, 0°C 

OMe BnO 

OPMB 

126 

OMe BnO 
0s04, NMO, quinuclidine, Loo 
acetone/H20 (10:1), 25 °C 

(70%) 
(8:1 mixture of 

diastereoisomers) 

H )—OPMB 

Scheme 25. Elaboration of trisaccharide 65 to the FGH orthoester fragment 127. 

the form of successful orthoester formation was at hand. Grati- 
fyingly, application of the conditions developed by Sinay and co¬ 

workers29 to 65 smoothly afforded 123 in 81 % yield (Scheme 25), 
an adduct possessing the orthoester stereochemistry desired for the 

everninomicin framework. Importantly, one should note that glyco- 

sidic tethering through the C-4 hydroxy group of ring G was critical 
to achieving this result, as model studies indicated that the alterna¬ 

tive scenario (i.e. using a C-3 linked trisaccharide) afforded predo¬ 

minantly the orthoester with the opposite stereochemistry. 
These interesting observations are summarized in the transition 

state models 128 and 129 shown in Scheme 26, thereby accounting 
for the formation of these two epimeric orthoesters (123 and 130). It 

is also instructive to recognize that the mixture of solvents used in 

this reaction, particularly the addition of vinyl acetate and /-Pr2NH, 
was predicated on the known ability of these species to trap the 

PhSeOH formed upon selenoxide elimination, thus preventing 

side reactions that might otherwise have occurred in its presence. 
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Me Me 
PMBO-^A^o s. 
TBSO-^^-ooy 

PMBO—v-A^-0 OBn 
TBSO—\—Ojl. 

®hJho^F° 
H OBn 

oh j vfs 
128 129: model system 

Scheme 26. Transition states illustrating the stereoselective formation of the GH orthoester moiety from 
C-3- versus C-4-linked disaccharides. 
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To reach the complete FGHA2 subtarget 45 from intermediate 123 
(Scheme 25), some protecting group manipulations and the installa¬ 

tion of an additional hydroxy group in ring H had to be accom¬ 

plished. Towards this end, the F-ring TIPS group in 123 was selec¬ 
tively exchanged for a benzoate ester (in the presence of an H-ring 

TBS group) upon controlled exposure to TBAF in THF at 0°C fol¬ 
lowed by treatment with BzCl in the presence of Et3N and 4-DMAP. 

With these opening steps successfully accomplished, reaction with 

buffered TBAF (to prevent hydrolysis of the benzoate ester) at 
ambient temperature then effected lysis of the previously untouched 

TBS group, leading to hydroxybenzoate 124 in 87 % overall yield 
for the three steps. With the aim of employing a dihydroxylation 
reaction to generate a czs-diol system in ring H, the free C-4 

hydroxy group of this system was then smoothly eliminated with 

Martin’s sulfurane42 to give glycal precursor 125 in 85% yield. 

At this stage, stability-related issues of subsequent intermediates 
once again dictated an exchange of protecting groups, this time in 

ring F. Thus, the benzoate group of 125 was cleaved upon exposure 
to K2C03 in MeOH and replaced with a TBS group by treating 

the resultant alcohol with NaH and TBSC1 in the presence of 

18-crown-6, furnishing olefinic substrate 126. With an appropri¬ 

ate collection of protecting groups finally in place, the desired cis- 
1,2-diol system was now installed by treating 126 to 0s04/NM0 

in the presence of activating quinuclidine43 to afford diol 127 in 

70% yield as an 8:1 diastereomeric mixture favoring the drawn 
product. 

Unfortunately, although these steps proceeded without incident, 

their overall yield proved capricious to scale-up, due in large part 127 
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to the extreme sensitivity of the H-ring allylic orthoester during the 

conversion of 125 into 126. As such, an alternate and improved 
synthesis of 127 from 125 was sought and found as shown in 

Scheme 27. In this route, dihydroxylation of the C—C double 
bond in ring H occurred first under conditions similar to those 

described above, and was followed by benzoate cleavage and tem¬ 
porary protection of the newly minted diol as a carbonate through 

the action of triphosgene and pyridine. After silylation of the 
remaining hydroxy group to provide 132, removal of the carbonate 

group completed the required functional group manipulations to 
generate 127 in significantly higher overall yield than the original 

route, despite being two steps longer. 
With sufficient amounts of 127 now available, the sequence to 45 

was completed in a few additional steps as shown in Scheme 28. 

First, in order to invert the C-2 stereocenter in ring H to its destined 
spatial disposition in everninomicin 13,384-1 (1), selective protec¬ 

tion of the C-3 alcohol as a benzoate ester through the employment 
of tin acetal methodology44 was followed by the standard operations 
of Dess—Martin oxidation45 and subsequent reduction with Li(t- 

BuO)3A1H, affording 133 with the desired stereochemistry in 

78 % overall yield. Although the latter two transformations are rela¬ 

tively routine in traditional settings, a nearly exhaustive set of oxi¬ 
dizing conditions (such as Swern oxidation, TPAP/NMO, n- 
Bu2SnO/Br2) and reducing agents (NaBH4, Na(OAc)3BH, LiAlH4, 
K-Selectride, and L-Selectride) were explored essentially in com¬ 

plete combinatorial fashion before this winning set of reagents 
was identified. Next, having completed its supporting role in these 

operations, the benzoate ester was then hydrolyzed from 133 and 

OMe OBn 1. 0s04, NMO, quinuclidine, 
Q /=\ acetone/H20 (10:1), 25 °C 

oVV °PMB 2. K2C03, MeOH, 25 °C 
(97% overall) 

(10:1 mixture of diastereomers) 

OMe BnO 

H )—OPMB 

OBn 

131 

1. triphosgene, py, 
CH2CI2, -78—>25 °C 

2. TBSOTf, 2,6-lutidine, 
CH2CI2, 0—>25 °C 

(89% 
overall) 

OMe BnO 
NaOH, MeOH/Et20 

(1:1), 25 °C 

' (95%) 
H >-OPMB 

132 

Scheme 27. Alternative synthesis of the FGH fragment 127. 
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1. n-Bu2SnO, MeOH, A; BzCI, 1,4-dioxane, 15 °C 
2. Dess-Martin periodinane, NaHCQ3, CH2CI2, 25 °C 

3. Li(f-BuO)3AIH, Et20, -10 °C 
(78% overall) 

I.NaOH, MeOH, 25 °C u 

Scheme 28. Completion of the synthesis of the FGHA2 fragment 45. 

the two adjacent hydroxy groups were bridged by a methylene 
spacer upon the slow addition of this compound to a mixture of 

aqueous NaOH, CH2Br2, and n-Bu4NBr at 65 °C,46 leading to acetal 
134 in 82% overall yield. Intermediate 45 was finally reached in 

three additional steps which proceeded in 75% combined yield: 

1) selective cleavage of the PMB ether with DDQ, 2) esterification 
of the resultant alcohol with acyl fluoride 63 (the A2-ring), and 

3) TBAF-induced rupture of the TBS ether attached to ring F. 

10.3.3 Synthesis of the DE Fragment 

Having reached this advanced stage, the time to pursue the final 

drive towards everninomicin 13,384-1 (1) was nearly at hand. 

First, however, the critical DE dissacharide bridge to unite the left 
and right-hand fragments would have to be prepared. The synthetic 

routes to obtain the carbohydrate precursors for this piece, D-ring 

sulfoxide 47 and E-ring alcohol 48, are delineated in Schemes 29 

and 30, respectively. In anticipation of applying the Kahne-Crich 

glycosidation procedure20 to forge the (3-mannoside bond linking 

the carbohydrates in this region of the everninomicin skeleton, as 

mentioned earlier, efforts towards 47 commenced from the known 
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1. n-Bu2SnO, toluene, A; 
PMBCI, n-Bu4NI, 25—>110 °C 

2. TBSOTf, 2,6-lutidine, CH2CI2, 0^25 °C 
3. mCPBA, CH2CI2, -20-*0 °C 

(71% overall) 
(~4:1 mixture of diastereomers) 

O 
II 

Scheme 29. Synthesis of the D-ring carbohydrate building block 47. 

mannose derivative 136 (Scheme 29)47 which already possessed the 

C-4/C-6 benzylidene protecting group required for execution of the 
projected glycosidation step. From the latter compound, sulfoxide 

47 was readily accessed through selective protection of the C-3 
hydroxy group as a PMB ether using an intermediate tin acetal 

(with selectivity based on equatorial versus axial differentiation), 
followed by silylation of the remaining alcohol (TBSOTf, 2,6-luti- 

dene) and raCPBA-mediated oxidation of the anomeric phenylsul- 
fide to the corresponding sulfoxide. Overall, these three operations 

proceeded quite smoothly in a combined yield of 71 % from 136, 
affording 47 as a 4:1 mixture of chromatographically separable dia¬ 

stereomers. 
Efforts towards the E-ring glycosyl acceptor (48, Scheme 30) 

began with a similarly functionalized starting material as that 

employed for the synthesis of 47, namely galactose-derived diol 
137.48 As with many of the other carbohydrate starting materials 
obtained from the chiral pool for the synthesis of everninomicin, 

this building block provided all the requisite stereochemical ele¬ 
ments desired for the final intermediate. However, several func¬ 
tional and protecting group exchanges were necessary. In the initial 

operations towards this piece, using chemistry which by now should 

be quite familiar, the C-3 hydroxy group of 137 was selectively 
engaged as a PMB ether following the formation of a tin acetal spe¬ 
cies. The remaining hydroxy moiety was then converted into its 

TBS-protected congener (138). To deoxygenate the C-6 position, 
the 4,6-0-benzylidene moiety was cleaved under conditions 

employing Zn(OTf)2 and EtSH, an event that was immediately fol¬ 
lowed by selective formation of a tosylate by reacting the primary 
alcohol with p-TsCl, leading to intermediate 139 in 75% yield. 

Upon exposure of 139 to LiAlH4, this newly installed leaving 

group obligingly departed to afford the deoxygenated product. 
Upon methylation of the free secondary hydroxy group at C-4, 

140 was isolated in 85% overall yield. Having progressed this 

far, the chores that remained included alteration of the anomeric 
position and deprotection of the PMB group at C-3 to provide 48. 
These operations proceeded smoothly over the course of three 

steps: NBS-induced hydrolysis of the phenylthioglycoside, TIPS 

protection of the resultant lactol, and DDQ-initiated cleavage of 

OTIPS 

OTBS 

OH 

48 

Me^O^SPh 

MeO^Y '0TBS 
OPMB 

140 
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Mev^°v^SPh 

MeCrY^'OTBS 

OPMB 

140 

1. /7-Bu2SnO, toluene, A; 
PMBCI, n-Bu4NI, 25^110 °C 

2. TBSOTf, 2,6-lutidine, 
CH2CI2, 0^25 °C 

(84% overall) 

1. Zn(OTf)2, EtSH, 
CH2CI2, 0 °C 

2. p-TsCI, py, 
0—>25°C 

(75% 
overall) 

1. LiAIH4, THF, 0-^45 °C 

\ NaH, Mel, DMF, 0->25 °C 
(85% overall) 

(95%) 

Me 

I NBS, £ 

T (10:1), 

acetone/H20 
0—>25 °C 

TT 
OH 1. TIPSOTf, 2,6-lutidine, 

CH2CI2, 0->25 °C (tx/p~1:2) 

MeO^Y^ OTBS 2. DDQ, CH2CI2/H20 (10:1) 
0—>25 °C 

Me^O^OTIPS 

OPMB 

141 (95% overall) 

MeO Y '0TBS 
OH 

48 

Scheme 30. Synthesis of the E-ring carbohydrate building block 48. 

the C-3 PMB group. Although 48 was ultimately isolated as a 1:2 
mixture of a- and (3-anomers, separation was not required as both 

of these diastereomers could be taken through the remainder of 
the sequence, as will be explained shortly. 

The time for joining these freshly molded fragments and elaborat¬ 
ing the product to the DE disaccharide unit 44 was now at hand. 

These efforts would require the stereoselective installation of a 
methyl group at the C-3 position of ring D. Before this challenge 

could be tackled, the fragments first needed to be coupled stereo- 
selectively in a p-fashion. Most gratifyingly, exposure of 47 to the 

conditions of Crich and co-workers (Tf20 and DTBMP in CH2C12 
at -78 °C), followed by the addition of 48, smoothly provided a 
major product bearing exclusively the P-mannoside linkage from 

which the lone PMB group was subsequently cleaved by the action 

of DDQ to furnish 142 in 67 % overall yield. With a free hydroxy 

group now unveiled, it was time to attempt the construction of the 
quaternary center at C-3 bearing the required methyl and alcohol 

groups. Thus, to generate an electrophile for nucleophilic intercep¬ 

tion, the hydroxy group at C-3 was oxidized with TPAP in the pre¬ 

sence of NMO. Upon treatment with MeLi in Et20 at —78°C, the 

desired quaternary carbon center in 143 was forged as a single 

stereoisomer. As discussed earlier in the planning phases of the 
synthesis, the equatorially oriented P-mannoside bond and the 



10.3 Total Synthesis 343 

bulky, axially disposed TBS group at the C-2 position in ring D 

likely provided a decisively biased encounter for the incoming 
nucleophile during this reaction, with its approach occurring as 

drawn in the column figure. It is worth noting that in contrast to 

this analysis, had the glycosidic linkage been of the a-configuration, 

it is probable that no stereofacial control would have been observed 
from this reaction due to opposing 1,2- and 1,3-interactions. 

With 143 in hand, the next set of operations sought to deoxygen¬ 
ate the C-6 position of ring D. In line with methods utilized for the 

same purpose in the synthesis of the E-ring precursor, its benzyli- 

dene group was initially cleaved through hydrogenation in EtOAc 

o 
1. Tf20, DTBMP, CH2CI2, 

-78->0 °C_^ 
2. DDQ, CH2CI2/H20 (10:1), 

0^25 °C 
(67% overall) 

1. TPAP, NMO, 
CH2CI2, 25 °C 

2. MeLi, Et20, -78 °C 

(88% 
overall) 

1. H2,10% Pd/C, EtOAc, 25 °C 

"* 2. p-TsCI, py, 0->25 °C 
(84% overall) 

(83% 1. Lil, DMF, 80—>100 °C 
overall) w 2. n-Bu3SnH, AIBN, benzene, A 

Me Me 1. n-Bu2SnO, toluene, A; 
PMBCI, n-Bu4NI, 25^110 °C 

2. TBAF, THF, 25 °C 

143 

Me Me 

Ac20, Et3N, 4-DMAP, 
CH2CI2, 0—>25 °C 

(57% 
u from 145) 

Me Me 

1. n-BuNH2, THF, 25 °C 

*2. CI3CCN, DBU, CH2CI2, 0 ° 
(77% overall) 

(ct/(3 -30:1) 

C 

Me Me 

Scheme 31. Assembly of the DE fragment 44. 
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at 25 °C and the resulting primary alcohol was converted into a tosy- 

late. At this stage, however, all attempts to use conventional redu¬ 

cing agents led to decomposition and TBS migration, rather than 

deoxygenation. To circumvent this minor stumbling block, the tosy- 
late was converted into the corresponding iodide by a Finkelstein 

reaction (Lil, DMF, 100°C), and subsequent reduction with n- 
Bu3SnH and the radical initiator AIBN afforded 145 in 69 % overall 
yield from 143. Having finally succeeded in effecting deoxygena¬ 

tion at C-6, numerous methods were now attempted to protect the 

free tertiary alcohol, but this task proved unachievable with both 

standard and unconventional reagent combinations. In the face of 

these obstacles, it was postulated that this position could remain 
unprotected throughout the remainder of the sequence. Fortunately, 

this synthetic gamble turned out to be rewarding, as evidenced by 

the relative ease with which the desired trichloroacetimidate 44 
was ultimately fashioned from this intermediate. First, selective pro¬ 
tection of the C-4 hydroxy group of 145 was achieved with tin 

acetal methodology, a result that was unsurprising based on the 

highly hindered nature of the C-3 position, and was followed by 

global desilylation to afford 146. Peracetylation of the resulting 
triol (Ac20, Et3N, 4-DMAP) provided 147 as a roughly equal mix¬ 

ture of anomeric acetates. These three operations proceeded in 57 % 
overall yield from 145. To complete the synthesis of the final tri¬ 

chloroacetimidate donor, the anomeric position of 147 first had to 
be selectively deprotected, a requirement which as we have already 

seen can be met admirably with n-BuNH2. Subsequent treatment of 
the resulting lactol with trichloroacetonitrile in the presence of DBU 

in CH2C12 at 0 °C finally yielded the long-coveted a-anomer of 44 
with high exclusivity (>30:1 a/|3 selectivity). 

10.3.4 Final Stages and Completion of the Total Synthesis 
of Everninomicin 13,384-1 

With the three major subunits constructed and now ready for cou¬ 

pling, the final drive towards everninomicin 13,384-1 (1) began 

in earnest. Advancing forward into unchartered territory, the first 
major coupling of fragments, namely that of DE subunit 44 and 

FGHA2 array 45 was achieved in CH2C12 at -20 °C under the acti¬ 
vating influence of BF3-OEt2, providing oligosaccharide 148 with 

the desired (3-stereochemistry between rings E and F in 55 % 

yield. In addition to this adduct, a small amount of product posses¬ 

sing the EF a-glycosidic linkage was also formed (5 %), together 
with another unidentified isomer (18 %) possessing (3-stereochemis¬ 

try. Because of the lack of complete structural information of this 

latter by-product, however, it was deemed prudent to confirm the 

absolute structure of the major product 148 as quickly as possible. 

As we shall see, such reconnaissance was indeed accomplished 
upon comparison of this synthetic material to a semisynthetic sam¬ 

ple derived from the natural product, but the fragment would have 
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(55% p-anomer, 
18% unknown, 
5% a-anomer) , < 

BF3OEt2, CH2CI2, -20 °C 

(91% overall) 
1. DDQ, CH2CI2/H20 (10:1), 0-^25 °C 
2. (CA)20, Et3N, 4-DMAP, CH2CI2, 0^25 °C 

w 3. H2,10% Pd/C, EtOAc, 25 °C 

(78% overall) 
1. TBSOTf, 2,6-lutidine, CH2CI2, 0->25 °C 
2. K2C03, MeOH, THF/MeOH (2:1), 25 °C 

Scheme 32. Completion of the synthesis of the DEFGHA1 2 fragment 43. 
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to be advanced first to 43 through a series of operations designed 

merely to provide a suitable array of functional groups to complete 

the synthesis. 
In performing these protection/deprotection steps, the ultimate 

goal was to generate an intermediate that could be deprotected in 

a minimal number of steps and under the mildest of conditions fol¬ 

lowing construction of the crucial CD orthoester, given the procliv¬ 

ity of this functionality to rupture. Towards this end, all the pro¬ 
tected hydroxy groups on the carbohydrate rings of 148, except 

for the 1,2-diol system on ring D, were converted into the same 

silyl ether. First, the acetates in 148 were replaced with TBS groups, 

affording 149 in 86 % overall yield. Next, cognizant of the fact that 

hydrogenation at this juncture would cleave both the benzyl groups 
and the PMB ether, whereas the synthesis required the controlled 

and selective generation of a free D-ring alcohol for eventual cou¬ 

pling with the A^CAjC fragment 42, the PMB group was first 
excised independently upon exposure to DDQ in a 10:1 mixture 

of CH2C12 and H20, and then exchanged for a temporary chloroace- 
tate moiety. With orthogonality in protecting groups now achieved, 

global deprotection of the four benzyl ethers through hydrogenation 
then afforded 150 in 91 % overall yield for these three operations. 

Persilylation with TBSOTf under standard conditions, followed by 

hydrolysis of the chloroacetate group, then completed the manipula¬ 
tions to form 43 in 78 % yield. 

If the particular sequence to form 43 from 148 seems lengthy, one 

should note that, in fact, it constituted the third attempt to prepare a 
suitable coupling partner for the final glycosidation step with the 

A'B(A)C assembly 42. Initial efforts to use the resident functional¬ 

ity within 148, that is, eventual formation of a hexabenzyl or a 
hexaacetate variant of 43, were abandoned in light of low glycosi¬ 

dation yields of these intermediates with the A'B(A)C fragment 
as well as subsequent decomposition during attempted application 

of the Sinay protocol to forge the CD orthoester. Although these stu¬ 
dies proceeded at the cost of time, money, and material, they did 

afford unambiguous proof that the stereochemistry drawn in 43 
was correct in that a semisynthetic sample of the hexabenzylated 

version of 43 derived from degradation of natural everninomicin 

13,384-1 (1) was identical in all respects to the wholly synthetic 
material. 

Having finally garnered an appropriately protected variant of the 

DEFGHA2 fragment, only a few operations remained before the 
total synthesis of everninomicin 13,384-1 (1) would finally be com¬ 

plete. As outlined in Scheme 33, initial glycosylation of the 

A‘B(A)C donor 42 proceeded smoothly with DEFGHA2 hexa- 

TBS diol acceptor 43 in the presence of SnCl2 in Et20, affording 

151 in 70% yield with complete control of anomeric stereochemis¬ 
try; as expected, no glycosidation through the tertiary alcohol center 

of 43 was observed. Formation of the final orthoester site was then 

achieved with a level of facility commensurate to that accomplished 

with the GH system by oxidation of the selenide to the correspond- 
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ing selenoxide using NaI04, followed by heating in a 2:2:1 mixture 

of vinyl acetate/toluene//-Pr2NH in a sealed tube at 140 °C for 12 h. 

The stereoselective nature of this reaction, which afforded the 
fully protected everninomicin skeleton 152 in 65% yield, was ex¬ 
pected based on the assumed conformation for orthoester formation 

(153, column figure). 153 

Scheme 33. Final stages and completion of the total synthesis of everninomicin 13,384-1 (1). 
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Although only deprotection steps separated 152 from everninomi- 
cin 13,384-1 (1), extensive experimentation was required with a 
gamut of solvents, catalysts, buffers, and other typical experimental 
parameters in order to define a suitable set of reaction conditions 
that could effect these operations without damaging the sensitive 
CD orthoester site and/or the fickle chloro and nitro groups. Even¬ 
tually it was determined that the optimal conditions to complete the 
target molecule (1), and avoid these problems, were initial hydroge¬ 
nation in NaHC03-buffered r-BuOMe at 25 °C to excise the benzyl 
ethers, followed by global cleavage of the silyl ethers using excess 
TBAF in THF. With these steps executed smoothly in 75 % overall 
yield, the synthesis of eveminomicin 13,384-1 (1) was finally com¬ 
pleted after a long and hard-fought campaign. 

10.4 Conclusion 

The total synthesis of eveminomicin 13,384-1 (1) is a considerable 
achievement, particularly as a diagnostic measure of the current sta¬ 
tus of glycosidation chemistry. Indeed, the majority of the anomeric 
centers in 1 were fashioned in excellent yield and with high degrees 
of stereoselectivity by virtue of the power of techniques such as the 
Mukaiyama glycosyl fluoride method, the Kahne—Crich sulfoxide 
glycosidation, and the Schmidt trichloroacetimidate approach. 
Additionally, this synthesis provides further validation that complex 
natural products serve as excellent forums through which to 
advance the state of the art of chemical synthesis by inspiring, or 
by requiring, the development of new synthetic methods and strate¬ 
gies. In this regard, the incorporation of the Sinay orthoester proto¬ 
col into a strategy enabling the stereoselective construction of these 
spirocyclic structural units, the development of techniques to form 
P-linked 1,1'-disaccharides, and the extension of the DAST-induced 
1,2-migration reaction to include phenylselenides stand out as use¬ 
ful synthetic tools of potentially broad applicability. At a more fun¬ 
damental, but equally important level, a significant amount of light 
was shed on conformational effects leading to the selective functio¬ 
nalization of carbohydrates, and knowledge in the field of effective 
protecting group ensembles as well as the means by which to 
achieve their selective incorporation and extrusion was garnered. 
Beyond its value to the general field of synthetic chemistry, this 
work has also opened up potential new avenues of exploration in 
the areas of chemical biology and drug discovery by providing a 
viable route for the construction of eveminomicin analogues. 
With ever-increasing pressure to develop more potent weapons 
against an increasingly menacing collection of drug-resistant bacter¬ 
ial strains, use of the developed chemistry to discover new antibac¬ 
terial agents is deserving of serious attention.49 
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Bisorbicillinoids 

11.1 Introduction 

Although our ability to synthesize molecules has progressed dra¬ 
matically over the course of the past several decades, organic 
synthesis is still in its infancy compared to Nature’s deft prepara¬ 
tion of a dazzling variety of complex molecules. Taking the same 
number and types of constituent atoms, Nature combines them with 
seemingly limitless variation, in the process creating molecular 
architectures that not even the most imaginative of chemists 
could be expected to conjure on their own. Within this collection 
of diverse and interesting structures, however, is a special group of 
natural products whose domains suggest a likely biogenetic origin 
as dimerization of suitably activated monomers; an assortment of 
such compounds (3-8) is shown in Scheme l.1 Targets such as 
these have always been eyed by synthetic chemists with a unique 
level of admiration because of their inherent aesthetic appeal, 
since they often possess an axis or point of symmetry. Equally 
significant, they typically offer an unparalleled degree of chal¬ 
lenge to the practitioner in that effecting the critical dimerization 
step has historically constituted one of the most difficult transfor¬ 
mations to achieve in the laboratory. In this chapter, we will ana¬ 
lyze in detail a set of impressive dimerization reactions that led to 
several members of the bisorbicillinoid family of natural products, 
such as the cage-like C2-symmetric compound trichodimerol (1) 
and the unique dodecaketide bisorbicillinol (2), as developed by 
the Nicolaou and Corey research groups in 1999.2,3 Not only was 
keen theoretical and experimental insight required to achieve 
success, but, even more impressively, these seemingly disparate 
natural products were synthesized from the same monomeric 

Key concepts: 

• Dimerization reactions 

• Biomimetic synthesis 

• Cascade reactions 
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Scheme 1. Structures of some novel natural products whose architectures can be formally considered as 
dimeric. 

starting material through subtle modification of reaction condi¬ 
tions ! 

As a prelude to this discussion, we thought that it would be 
instructive to set the stage briefly with two examples of recent 

dimerization-based total syntheses in order to establish some of 

the inherent challenges in these approaches to construct molecular 

complexity. We start with the natural product hybocarpone (17, 
Scheme 2), a C2-symmetric compound whose biosynthetic origin 
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Scheme 2. Dimerization-based total synthesis of hybocarpone (17). (Nicolaou, 2001)4 

could conceivably be the radical-based dimerization of a highly 

reactive intermediate such as 14 (obtained from a precursor 
naphtharazin such as 13) to afford 15, followed by a hydration 

event.4 Although this bold process forming a hindered car¬ 

bon-carbon bond and installing four stereogenic centers is easily 
presented on paper, putting strategies like this one into practice is 

often incredibly difficult. Not only must one find/develop a suitable 

method to generate reliably a fleeting monomeric intermediate 
such as 14, but that species must additionally be formed under 

appropriate reaction conditions (including solvent polarity, overall 

concentration, and temperature) to induce it to enter into the desired 
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Me. 

MeO' 

MeO O Me 

MeO 

dimerization pathway. These issues engendered great frustration for 

the Nicolaou group in this synthesis. Following the preparation of 

dimerization precursor 13 through a route that featured a unique 

photoinduced Diels-Alder reaction, an extensive screening of sui¬ 

table single-electron-transfer (SET) reagents failed to afford 16. 
Fortunately, with enough experimentation, it was discovered that 

ceric ammonium nitrate (CAN) could afford trace amounts of this 

dimerized material; following significant tweaking of reaction con¬ 

ditions (particularly in terms of the method of reaction work-up), 
the desired dimerization cascade to 16 was realized in an optimized 

yield of 36%. As such, the lesson imparted by this example is that 

persistence is well worth the price of numerous reaction failures, as 

the developed cascade provided a concise entry into this natural 

product that would have been very difficult to achieve otherwise 

with similar efficiency. 
While the hybocarpone synthesis relied on merging achiral 

synthetic intermediates to afford a product with obvious symmetry, 

products lacking such structural harmony are also accessible 

through dimerization-based synthetic designs. For example, con¬ 
sider the intriguing molecular architecture of torreyanic acid (21, 
Scheme 3), a potent antitumor agent whose formation in Nature 

could likely be the result of an intermolecular Diels—Alder dimeri¬ 

zation of reactive 2//-pyran monomers of type IQ.3 Although such 
intermediates are known entities, the viability of this strategy was 

clouded by the lack of any precedent for their participation in 

such [4+2] cycloaddition reactions. More significantly, the 
Diels—Alder design would, in fact, be a heterodimerization reaction 
between a diene bearing a pentyl side chain on the same face as its 

epoxide and a dienophile with the opposite arrangement in an endo 

transition state. Although such a selective interaction could reason¬ 
ably be assured in Nature through enzymatic assistance, the same 
arrangement could not be predicted with any degree of certainty 

for a laboratory experiment. Despite these concerns, Professor 
John Porco and his colleagues at Boston University proceeded to 

test this hypothesis.6 Following a short sequence to generate 18, 
these researchers discovered that, upon exposure of this compound 

to Dess—Martin periodinane and subsequent standing on silica gel 

for 1 hour to induce a domino oxidation/67i-electron electrocycliza- 
tion event leading to reactive intermediate 19, racemic 20 was 

indeed isolated from the reaction mixture in 39 % yield along 
with another dimer (not shown) corresponding to an exo-based 

Diels-Alder reaction (41 % yield). Although the desired isomer 

(20) was not formed exclusively, the elegance of the approach 

and the extension of this [4+2] cycloaddition into previously 
unknown contexts defines new frontiers for such dimerization 

reactions and enhances the viability of the original biosynthetic 

hypothesis for this unique epoxyquinoid natural product. 

With a better understanding of the issues associated with dimeri¬ 

zation-based syntheses, we shall now proceed with a discussion of 
the molecules comprising the main theme of this chapter. 
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Scheme 3. Biomimetically inspired total synthesis of (±)-torreyanic 
acid (21). (Porco etal., 2000)6 
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11.2 Retro synthetic Analysis and Strategy 

Me 

r4+41 n 8n-eiectr°n 

1 J JL Electrocyclization 

The bisorbicillinoids constitute a diverse class of structurally novel 

natural products obtained from several distinct species of fungi with 

a broad range of biological activity. For example, the unique C2- 

symmetric natural product trichodimerol (1, Scheme 4)7 has potent 
inhibitory activity against lipopolysaccharide-induced production of 

tumor necrosis factor a, bisvertinol (23)8 and its structural relatives 

function in the inhibition of (3-(l,6)-glucan biosynthesis, while both 

bisorbicillinol (2)7c’9 and bisorbibutenolide (27)9 exhibit antioxidant 

properties. Although the divergent character of their structures, 
sources in Nature, and mode of biological action would seem to 

conceal any direct connection between the bisorbicillinoids, the 

fact is their formation can universally be rationalized as resulting 
from the dimerization of sorbicillin (26), a naturally occurring sub¬ 

stance first isolated by Cram and Tishler in 1948 as a contaminant 
of penicillin.10 

For example, if one assumed that Nature could enantioselectively 

oxidize sorbicillin (26) to sorbicillinol (24), then this highly reac¬ 
tive intermediate and its quinol tautomer (25) could conceivably 

engage in an intermolecular Michael reaction followed by a ketali- 
zation event to form 22. If a suitable enzyme or other biomolecule 

then delivered hydrogen to site A of this putative intermediate, 
bisvertinol (23) would be formed. Conversely, a second Michael 

reaction/ketalization sequence along path B could complete tricho¬ 
dimerol (1) with its array of eight stereocenters, six of which are 

quaternary. As an interesting aside, although not strictly a dimer¬ 
ization of sorbicillin-derived monomers, one could also formally 

consider trichodimerol (1) as the result of a [4+4] electrocycliza¬ 
tion of an intermediate of type 29 (formed by the union of suitable 

monomers through ketalization), followed by two aldol reactions 
to append the unsaturated side chains of trichodimerol (see column 
figures).20 

Sorbicillinol (24) and its quinol tautomer (25), however, also have 
another potential dimerization pathway available to them, first 

identified by Abe and his collaborators from the University of Shi¬ 
zuoka.9 If these pieces were to serve as diene and dienophile part¬ 

ners rather than Michael reaction/ketalization participants, then 
the natural product bisorbicillinol (2) could result from an endo- 

selective Diels-Alder event which would establish four new stereo- 

genic centers. Since the natural product bisorbibutenolide (27) 
was also obtained from the same culture broth (trichoderma sp. 
USF-2690), it would then seem reasonable to presume that this lat¬ 

ter secondary metabolite could be derived from 2 through a ring- 

contraction reaction involving one of the tertiary alcohol groups 

and the proximal carbonyl group as defined by the mechanistic 

arrows in Scheme 4. Overall, this rearrangement should be an entro- 
pically favored process since it would be attended by a significant 
relief in the ring strain and overall steric crowding of 2. 
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Scheme 4. Proposed biogenesis of members of the bisorbicillinoids from sorbicillin (26). 
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Although the biogenetic connections between these members of 

the bisorbicillinoids are certainly intriguing from a purely theoreti¬ 

cal standpoint,11 at a more practical level they provide reasonable 

retrosynthetic blueprints for an efficient laboratory synthesis of 

these compounds. As such, the pathways defined in Scheme 4 indi¬ 

cate that one would need a method to generate sorbicillinol (24) and 

its equilibrating tautomer 25 in a controlled manner under suitable 

conditions to effect their merger either in Diels—Alder fashion to 
generate bisorbicillinol (2), or a ketalization/Michael reaction path¬ 

way that could ultimately afford bisvertinol (23) and/or trichodi- 

merol (1). With routes already available in the literature for the 

synthesis of sorbicillin (26),12 its conversion into a protected form 

of 24 (such as 30, column figure), followed by careful hydrolysis 

of the protecting group, would thus seem to be a workable approach 
to initiate the dimerization sequences that could lead to such com¬ 

plex dodecaketides. While the same experimental issues already 
pointed out above for the dimerization steps in the hybocarpone 

(17, Scheme 2) and torreyanic acid (21, Scheme 3) examples 

would certainly be confronted by adopting this scheme toward the 
bisorbicillinoids, an additional element of challenge existed in the 

fact that two unique dimerization conditions would probably have 

to be developed to access both 1 and 2. For example, basic reaction 
media with minimal water present (to promote ketalization) might 

favor entrance into the pathways implicated for the formation of 
trichodimerol (1) and bisvertinol (23), while altering the overall 

concentration of 24 and 25 or the pH of the reaction media could 
conceivably enhance the likelihood of inducing the Diels—Alder 

reaction that would lead to bisorbicillinol (2). As we shall see, 
although this general approach would indeed bear fruit, many unex¬ 

pected results also accompanied the journey. 

11.3 Total Synthesis 

Based on the biosynthetic hypotheses delineated above, the Nico- 
laou group began their expeditions toward the bisorbicillinoids by 

synthesizing a-acetoxy dienone 30 (Scheme 5),2 an objective that 
was achieved in 40 % yield following numerous failures by treating 

the known sorbicillin (26)12 with dry Pb(OAc)4 in degassed acetic 

acid. With this key material in hand, efforts to mimic the biosyn¬ 

thetic pathways began with attempts to hydrolyze the acetate 
group to generate the reactive quinol monomers (24 and 25) 
required for the key dimerization reactions. Most gratifyingly, expo¬ 

sure of a 0.05 m solution of racemic 30 in THF/H20 (9:1) to 

10 equivalents of solid KOH at 0°C for 2 hours, followed by an 

aqueous HC1 quench, led to (±)-bisorbicillinol (2) in 40% yield. 
Although the diastereocontrol observed in the formation of 2 
would seem to require an endo selective Diels—Alder cycloaddi¬ 

tion, attempts were made to verify this reaction course by perform- 
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ing the transformation again in deuterated solvent to enable its ana¬ 

lysis by ‘H NMR spectroscopy. As expected, this study revealed 

that exposure of 30 to base caused deacetylation, generating a qui- 
nolate system which rapidly equilibrated to a roughly equal mixture 

(3:2) of two distinct species (presumably the anionic forms of 24 
and 25). Upon acidification of the reaction media, the fleeting 

quinols were generated which then united immediately in a 
Diels—Alder reaction to form 2 (as only signals corresponding to 
the cycloaddition product were observed). 

Although this experiment indicated the likely mechanistic path¬ 
way for the formation of this polycyclic natural product, the more 

Scheme 5. Biomimetic total synthesis of (+)-bisorbicillinol (2) and (+)-bisorbibutenolide (27). 
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significant finding was the appearance of 2 only after the reaction 

mixture had been acidified. As such, this observation would seem 

to suggest that the free quinols 24 and 25, and not their quinolate 

counterparts, are the active participants entering into any dimeriza¬ 

tion reaction. Thus, bisorbicillinol (2) should also be formed simply 

through acidic hydrolysis of the acetate group in 30, as the reactive 

quinols 24 and 25 would be generated directly. In line with this 

expectation, treatment of 30 with concentrated HC1 in THF at ambi¬ 

ent temperature indeed afforded 2 in 43 % yield. Surprisingly, how¬ 

ever, the formation of trichodimerol (1) was not observed from 

either of these initial sets of conditions, even though both quinols 
24 and 25 would undoubtedly be required to generate this natural 

product. While these protocols were relatively disparate in that 

both acid and base were employed, both experiments were per¬ 
formed at the same reaction concentration. Accordingly, increasing 

the concentration of 24 and 25 could perhaps initiate dimerization 

pathways to this natural product instead of, or at least in addition 

to, 2 (vide infra). 
Before testing such protocols to form trichodimerol (1), however, 

the Nicolaou group first focused on completing the original bio¬ 
synthetic hypothesis for the formation of bisorbibutenolide (27) 
discussed above by attempting to generate this natural product 
from 2. Although many reagents could conceivably initiate the 
anticipated cascade sequence to 27 by deprotonating the requisite 

tertiary alcohol group in 2, it was hypothesized that a potassium- 

derived base would be ideal due to the size and oxophilicity of 
this counterion. This conjecture proved correct as exposure of 2 
to 1.1 equivalents of KHMDS in THF at room temperature for 
24 hours, followed by quenching the reaction with 1 n HC1, 

afforded bisorbibutenolide (27) in 80% yield. Interestingly, all 
other bases examined (such as NaHMDS or LiHMDS) failed to pro¬ 

vide any trace of this natural product. Before pressing forward, one 
should note that, although these reactions in Scheme 5 have been 

described with racemic 30, this starting material could be separated 

into its pure enantiomeric forms through high-pressure liquid chro¬ 
matography (HPLC); when this chiral material was employed in the 
same sequence, both (+)-2 and (+)-27 were obtained with equal 

efficiency. 

Having successfully completed the total syntheses of two bisorbi¬ 
cillinoids, all efforts were now focused on trichodimerol (1). Rather 

than change all the variables in the dimerization conditions devel¬ 
oped for bisorbicillinol (2), as mentioned earlier it was reasoned 

that upon increasing the effective concentration of 24 and 25 as 

formed through basic hydrolysis of 30 and an acidic quench, tricho¬ 
dimerol might result. As shown in Scheme 6, application of the 

same reaction conditions at a concentration of 0.3 m instead of 

0.05 m did indeed afford a new dimerization adduct based on a 

Michael reaction. Instead of leading to trichodimerol, compound 

34 was formed in 65 % yield as a single diastereomer. This sur¬ 

prising result can be rationalized with the indicated in which 
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Me 

KOH, THF/H20 
(9:1, 0.3 M); 

then 1 N HCI 
-» 

(65% crude) 
Dimerization 

Me 

Scheme 6. The effect of concentration on the dimerization of sorbicillinol monomers. 

chelation of both monomeric dianions of 33 mechanism by potas¬ 

sium, to minimize steric and anionic interactions, served to establish 
which face of 33 would be attacked by the incoming quinolate. 
Although the resultant product (34) certainly constitutes an interest¬ 

ing entity for which no similar secondary metabolite has yet been 
identified from a bacterial culture, at first its formation did not 

seem to point directly to a means for the formation of trichodimerol 
(1). With careful consideration of the collected data, however, came 
the solution that ultimately led to the total synthesis of this natural 
product. 

Since only bisorbicillinol (2) resulted after quinols 24 and 25 had 
been formed at a modest concentration while 34 was generated 

almost exclusively when their quinolate counterparts were unveiled 
at a much higher concentration, these findings seemed to suggest 

that concentration changes would not likely lead to the synthesis 
of trichodimerol (1). What feature, then, could be modified to 

achieve success? Since the assumed biomimetic formation of 1 
requires a reversible set of Michael reactions and ketalizations, 

the presence of excess water (as occurred in the formation of 2 by 
quenching with dilute aqueous HCI) could, perhaps, have prevented 

the synthesis of 1 by hindering the critical ketalization steps needed 
for its creation. Thus, altering the manner in which the monomeric 

quinols were formed through a different reaction quench with mini¬ 
mal (i. e. no more than stoichiometric) water present might provide 

a reasonable course of action to overcome this difficulty. Most 

gratifyingly, this hypothesis proved correct as treatment of 30 
with finely powdered CsOH H20 in MeOH for 7 hours, followed 
by slow neutralization with NaH2P04H20 over 12 hours, provided 

1 in a yield of 16% after isolation; most of the remaining material 

balance was accounted for through the concurrent formation of sor- 
bicillin (26, 12 % yield) as well as the Diels—Alder dimer, bisorbi¬ 

cillinol (2, 22 % yield). While the numerical yield for trichodimerol 

(1) might seem low at first glance, based on the number of events 

Me OH 



362 11 Bisorbicillinoids 

that were required to effect its formation, including the generation 

of eight new stereogenic centers (six of which are quaternary), its 

synthesis at all is remarkable (Scheme 7). Significantly, during 

the course of these studies, this same extraordinary event was also 

achieved stereospecifically in 10% yield by Corey and Barnes- 

Seeman using enantiopure 30 under related conditions (NaOMe in 

MeOH; then NaH2P04, HC1 in MeOH) as described in the first 

reported synthesis of trichodimerol (I).3 
As a final set of observations, the Nicolaou group subsequently 

extended these impressive cascade sequences to different starting 

monomers bearing a wide variety of altered side chains, leading 
to a collection of trichodimerol and bisorbicillinol analogs that 

could serve as additional tools for chemical biology studies.23 

Beyond this important development, following the reported syn¬ 

theses of these members of the bisorbicillinoids, in 2000 Abe 

30 

NaOMe, MeOH; 
then NaH2P04, 

HCI in MeOH 
[Corey] 

or Cs0H H20, MeOH; 
then NaH2P04H20 

[Nicolaou] 

r = 
Michael 
reaction ^ 

1,Michael 
reaction 

Scheme 7. Biomimetic total synthesis of trichodimerol (1). 
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and co-workers were able to isolate the postulated reactive in¬ 

termediate sorbicillinol (24) invoked in all of the preceding 

schemes from the same fungus as trichodimerol, thereby afford¬ 

ing further proof for the series of biosynthetic relationships defined 
in Scheme 4.13 

11.4 Conclusion 

As this chapter has amply illustrated, dimerization-based ap¬ 

proaches to fashion molecular complexity are an aesthetically pleas¬ 
ing and powerful technique to create heavily functionalized molecu¬ 

lar scaffolds in a minimum of synthetic steps. While such efficiency 
admirably mirrors the ease with which Nature constructs such nat¬ 

ural products, the brevity of the developed sequence often belies 
the difficulty which is confronted in finding laboratory conditions 

to effect the key dimerization reaction. Indeed, it is the combination 
of keen analytical skill in identifying unanticipated by-products 

from numerous failed reactions and exquisite experimental techni¬ 
que in properly modulating reaction conditions that ultimately 

affords a protocol to induce monomeric material to travel down 
the desired dimerization pathway. While tremendous travail is 
often required to reach this point, the effort is worthwhile as 

what results is a beautiful synthesis and a level of efficiency 

that frequently cannot be matched by other, stepwise approaches. 
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E. J. Corey (1999) 

Aspidophytine 

12.1 Introduction 

As several of the total syntheses described both in this book as well 
as in the preceding volume of Classics in Total Synthesis have 
demonstrated, cascade transformations offer a magical level of 

power that is arguably unsurpassed by any other weapon in our cur¬ 

rent synthetic arsenal. Indeed, cascade reactions have been utilized 
in the context of some of the most significant achievements in total 
synthesis, including landmark accomplishments such as Sir Robert 
Robinson’s elegant biomimetic formation of tropinone1 through a 

series of Mannich reactions in 1917, and W. S. Johnson’s synthesis 
of progesterone in 1971 which defined polyolefinic cation—n cycli- 

zations as an invaluable synthetic tool.2 Despite this long and.proud 

lineage, however, the full potential of cascade sequences has barely 

been tapped. 
With ever-increasing pressure to fashion diverse molecular 

architectures rapidly through efficient and atom-economical3 pro¬ 

cesses with high degrees of selectivity, cascade reactions are des¬ 
tined to become an integral design aspiration of most synthetic 

endeavors. In order to push the state-of-the-art of these sequences, 
contemporary as well as future generations of synthetic practi¬ 

tioners will require increasingly precise mechanistic and kinetic 

understanding of organic transformations combined with a large 
dose of intellectual flexibility and creativity. In this chapter, we 

will explore an example of one such advance in the form of a 
highly concise and elegant total synthesis of aspidophytine (1), 

achieved by E.J. Corey and members of his group at Harvard 

University in 1999, in which a highly instructive cascade 

sequence efficiently forged the entire carbogenic skeleton of the 

Key concepts: 

• Cascade reactions 

• Vilsmeier-Haack 
formylation 

• CBS reduction 



366 12 Aspidophytine 

target molecule.4 Without question, this particular series of chemi¬ 

cal events reflects keen mechanistic analysis of a challenging pro¬ 
blem and acute experimental skill in successfully executing the 

designed plan. More significantly, it provides an indication of 

the anticipated power of artificial synthesis in the coming decades 

as it further strives to replicate Nature’s adeptness in fashioning 

its own molecules. 

72.2 Retro synthetic Analysis and Strategy 

For hundreds of years, various civilizations throughout Mexico and 
Central America have used the ground leaves of the plant Haplo- 
phyton cimicidum as an insecticidal powder, primarily to control 

the local cockroach population.5 Only in more recent times have 
the active constituents of this powerful formulation, more colorfully 

known to the natives as “la hierba de la cucaracha,” been deter¬ 
mined. These compounds include several biologically active indole 

alkaloids such as haplophytine (2, Scheme 1), a molecule that was 
isolated and fully characterized from the concoction after years of 

intense effort by the research groups of H. R. Snyder, M. R Cava, 

P. Yates, and D. E. Zacharias.6 Although the architectural skeleton 
of this particular natural product (2) is quite daunting, an important 

initial design clue for synthetic avenues towards its polycyclic fra¬ 
mework was provided by the discovery that haplophytine could be 

smoothly converted into aspidophytine (1) in good yield upon treat¬ 
ment with a mineral acid at elevated temperatures.6g,‘ As such, 

although no product corresponding to the other domain of 2 has 
yet been isolated, aspidophytine (1) represents an obvious initial 

target to develop some of the strategies needed to accomplish the 

total synthesis of haplophytine (2), and constitutes a conceivable 
biogenetic precursor for this natural product. 

Me 

aq. HCI, A 
-► 
Proteolytic 

cleavage 

Scheme 1. The structures of haplophytine (2) and aspidophytine (1), biologically active indole alkaloids 
obtained from the dried leaves of the plant Haplophyton cimicidum. 
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While the synthetic problems associated with structure 2 are 

reduced considerably through such an analysis, the remaining chal¬ 

lenges posed by aspidophytine’s (1) compact skeleton of six rings 
and four adjacent stereogenic centers (three of which are quaternary 

carbon atoms) are hardly trivial, making it an attractive target for 

total synthesis in its own right. Indeed, for over 25 years aspidophy- 
tine (1) lingered as an unsolved synthetic puzzle in the chemical 

literature, with no viable route available for its construction. The 

efforts of E. J. Corey and his group rectified this situation, and 

simultaneously provided a spectacular paradigm of cascade reac¬ 
tions particularly relevant to the total synthesis of indole alkaloid 
natural products.4 

In assessing plausible retrosynthetic transforms to apply to aspi- 

dophytine (1), the Corey group initially turned to some additional 
important clues provided by the early isolation and characterization 

studies. Because the carbinolamine lactone moiety in 1 was readily 
cleaved upon either hydrogenolysis or exposure to sodium borohy- 

dride,6^’1 it was anticipated that the seemingly labile nature of this 

functionality would best be controlled by reserving its incorporation 
until the late stages of the synthesis. Thus, starting from a pentacyc- 
lic compound such as 3 (Scheme 2), deprotection of the isopropyl 

ester group and subsequent lactonization onto a reactive iminium 
species formed by a suitable reagent could serve as a conceivable 

set of conditions to complete the hexacyclic framework of the target 
molecule in the forward direction. The other transform connecting 
aspidophytine (1) and precursor 3 is modification of the internal 

alkene to an exocyclic double bond. Although the synthetic opera¬ 
tions necessary to excise the extra carbon atom present within 3 and 
simultaneously introduce the required endocyclic unsaturation in 1 

would likely prove straightforward, as several different routes could 
be anticipated to succeed in this task, the incorporation of this seem¬ 

ingly extraneous functional handle in 3 represents a critical feature 
of the synthetic strategy. Indeed, with this exocyclic olefin in place, 

it was envisioned that 3 could arise from building blocks 8 and 9 in 
a single operation! 

In the proposed sequence of events, mixing dialdehyde 8 with 
tryptamine derivative 9 in the synthetic direction was anticipated 

to afford 7 through two consecutive condensation reactions, cer¬ 
tainly a reasonable supposition on the basis of first principles. 

With a reactive iminium species formed by this initial set of opera¬ 
tions, a facile cyclization was then expected to ensue based on the 

participation of the lone pair of electrons on the indole nitrogen 

atom. This event would forge the new five-membered ring in 6 
with concomitant installation of two stereogenic centers whose 
absolute stereochemistry would, presumably, be governed by the 

pre-existing homochiral stereocenter present in 8. Having success¬ 

fully formed this intermediate (6), it was then surmised that the 

strategically positioned TMS group could be cleaved in media of 
suitable acidity, a process that would initiate a second cyclization 

leading to 5 bearing five of the six rings present in the final target 

o 

8 

MeO 

0/-Pr 



368 12 Aspidophytine 

Cyclization 

Ireland-Claisen 
rearrangement 

Enantioselective 9 
reduction 

'yO Me 

Alkylation 

MgBr 

12 

=f> 

11 

Scheme 2. Corey’s retrosynthetic analysis of aspidophytine (1). 
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molecule. With the pH value of the solution still below 7, this inter¬ 

mediate was not expected to persist, but, instead, to accept a proton, 

leading to iminium species 4 whose conversion into 3 could then be 
envisioned upon treatment with a suitable reducing agent such as 

NaCNBH3. On paper, this highly appealing (if not spectacular) cas¬ 

cade sequence leading to the establishment of three new rings and 

three stereogenic centers seems both reasonable and mechanistically 
sound. The moment of truth for all synthetic chemistry, however, 

lies in its execution. Careful control of experimental conditions 

would undoubtedly be required for success in this scenario, particu¬ 
larly in terms of balancing such obvious features as reaction tem¬ 

perature, stoichiometry, and pH. More subtle facets, such as the pre¬ 
cise timing of reagent addition once certain key intermediates were 

formed (assuming these fleeting species could even be detected), 
would likely prove equally crucial for optimizing the formation of 

3, and preventing the reaction from proceeding along undesired 
pathways. Granted, never before had such a sequence been demon¬ 

strated. Instead of leading to hesitation, such knowledge should 
serve as the impetus to forge ahead and attempt execution of the 

idea in the laboratory, for only by confronting the inherent chal¬ 
lenges posed by such daring synthetic strategies, rather than opting 

for safer and more conventional stepwise approaches, can the field 
of total synthesis be advanced decisively. 

If success in this tandem reaction pathway could be achieved, then 

the synthetic problem posed by aspidophytine (1) would be drama¬ 
tically reduced to the synthesis of intermediates 8 and 9, entities 
possessing roughly equal numbers of carbon atoms. With several 

routes to tryptamine derivatives such as 9 already known in the lit¬ 
erature,7 its synthesis was not expected to provide any particular 

challenges, and as such will not be analyzed here in greater detail. 
Developing a sequence to synthesize the other key building block 

(8) was not nearly as obvious or pedestrian. First, it was anticipated 
that a precursor cyclopentene ring such as 10 could serve as a sui¬ 

table masking device for the two aldehyde groups in 8, functional¬ 
ities which could be revealed in the forward direction at the appro¬ 

priate juncture simply through a dihydroxylation/oxidative cleavage 
protocol. Key to the success of this plan would be the chemoselec- 

tive reaction of only the endocyclic olefin in 10 with 0s04, a result 
which seemed reasonable based on well-established precedent that 

strained, but less sterically encumbered, double bonds are dihy- 
droxylated faster than those that are unactivated and hindered.8 

The next synthetic insight was that the lone stereogenic center in 

10 could arise stereoselectively from an Ireland-Claisen rearrange¬ 
ment9 of homochiral 11, an intermediate in which the allylic alcohol 

might be generated asymmetrically from a precursor ketone such as 

13. With numerous chiral reducing agents known in the literature, 

many of which were pioneered by the Corey group,10 success in 

this latter task was forecasted with confidence. Finally, removal 
of the TMS-based side chain from 11 as the Grignard reagent 12 
completed retrosynthetic simplification to 13. Overall, the majority 
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of the steps leading to 10 had been verified in alternate contexts, 

and, as a result, were anticipated to succeed admirably when called 

upon during the synthesis.11 

12.3 Total Synthesis 

The total synthesis of aspidophytine (1) commenced with the pre¬ 

paration of the key tryptamine building block 9, as shown in 

Scheme 3. Although we have already confronted a typical means 
of indole preparation in Woodward’s total synthesis of strychnine,12 

namely the Fischer indole synthesis, in this context an alternative 

approach based on reductive cyclization was employed instead to 
fashion this heterocycle. Starting from known intermediate 14,13 

MeO 

MeO 

14 

N02 1-Fe, AcOH, 
silica gel, 
toluene, A 

no2 -► 
2 2. Mel, KOH, 

n- Bu4NI 
(66% overall) 

MeO 

POCI3, 
DMF, 
35 °C 

MeO 

(99%) aq. NaOH 

t 
„ ch3no2, 
0 nh4oac, 

A, 1 h MeO 

(92%) 

MeO 

Cl 

MeO 

NMe2 

Cl © 

NHo 

Scheme 3. Synthesis of tryptamine building block 9 and mechanism of the Vilsmeier-Haack formylation 
reaction. 
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treatment with iron powder and acetic acid in refluxing toluene 

smoothly afforded the desired 6,7-dimethoxyindole through a 

sequence likely to involve initial reduction of both nitro groups to 
their amino counterparts, followed by 5-evo-trig ring closure of 

the aromatic amine onto the adjacent vinyl function with eventual 

expulsion of NH4OAc to effect aromatization.14 Key to obtaining 

consistent and reasonable yields of this indole product was the addi¬ 
tion of silica gel to the reaction mixture,15 a modification which is 

rationalized as preventing intermolecular side reactions between 

polar intermediates and residual starting material by localizing 
charged species on the silica-gel surface, thus forcing the reaction 

to proceed through the desired intramolecular pathway. As an 
aside, other methods to effect the same reductive cyclization include 

the classical techniques of hydrogenation over Pd/C16 and exposure 
to zinc granules in refluxing aqueous AcOH.17 Overall, selecting 

between these alternative methods to achieve optimal yields is gen¬ 
erally predicated upon the particular substitution pattern in the tar¬ 

geted indole. With this step smoothly accomplished, the so-formed 
6,7-dimethoxyindole was then readily A-methylated under phase- 

transfer conditions (Mel, KOH, and rc-Bu4NI), providing 15 in 
66 % overall yield for the two steps. 

Striving now for the homologation of 15 to tryptamine 9, an initial 
extension of a carbonyl group to form 22 was smoothly achieved in 

99 % yield using the classical Vilsmeier—Haack formylation proto¬ 
col.18 Although we have seen this reaction before, working through 
the mechanism of this useful transformation at this juncture might 

be instructive. Addition of POCl3 to DMF (16) leads to the forma¬ 
tion of a chloroiminium ion (18) by the indicated pathway (see inset 
box, Scheme 3). With this highly reactive electrophile generated 

in the presence of 15, nucleophilic attack by the indole portion 
onto 18 ensues, providing 19 which then converts into 21, via 

20, through rearomatization. Finally, upon exposure to aqueous 
NaOFl, the latter species is readily hydrolyzed to the desired 

3-formylindole 22. One should note that this method generally 

constitutes the most commonly employed aromatic formylation 
technique, particularly for electron-rich substrates. Moreover, 
numerous variants of this reaction have been developed over the 

years to generate species 18 by alternative means, typically by sub¬ 

stituting POCl3 with phosgene or triflic anhydride.19 Having 
achieved the synthesis of 22, only two operations remained to com¬ 

plete 9, namely initial condensation with nitromethane to form 23 
followed by complete reduction of the newly installed vinyl nitro 

group with LiAlH4 in refluxing THF, events which proceeded in 

an overall yield of 81 %. 
With one key building block in hand, we now turn to the more 

challenging dialdehyde precursor 8 whose construction is outlined 

in Scheme 4. Starting from the known cyclopentenone 13,11 alkyla¬ 

tion with Grignard reagent 12 (generated in situ from the corre¬ 
sponding vinyl halide precursor)20 in the presence of CeCl3 

smoothly provided 25 in 82% yield through the intermediacy of 
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2. Nal04, 23 °C 
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8 

Scheme 4. Synthesis of key intermediate 8 based on an Ireland-Claisen rearrangement. 

tertiary alcohol 24. Although this reaction appears to be rather 

straightforward, several features of the conversion merit further dis¬ 
cussion, especially with regard to the numerous, but non-obvious 

roles played by CeCl3 in the process. Without question, the addition 

of CeCl3 to 13 with stirring at ambient temperature for several hours 
prior to the addition of 12 was crucial to achieving selective 1,2- 

addition by virtue of activating carbonyl coordination which is 

not possible in the absence of the lanthanide.11 Furthermore, the pre¬ 
sence of CeCl3 was equally critical for obtaining high yields of the 

alkylation product by reducing the propensity for undesired or 

abnormal side reactions that are often observed in Grignard addi¬ 

tions, such as competitive enolization, which could certainly 
occur with 13. This beneficial feature was first observed by Ima- 

moto, who rationalized the result on the grounds that the strong 

basicity of the Grignard reagent was weakened in the presence of 

CeCl3 (potentially by transmetallation occurring in advance of 

nucleophilic addition), thereby enabling a more controlled reaction 

with the carbonyl compound to occur.21 Moreover, after the forma- 
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tion of 24, the residual cerium salts probably facilitated the subse¬ 

quent elimination—hydrolysis sequence to 25 by serving as a 
weak Lewis acid.22 

Having achieved this initial alkylation, the next planned synthetic 
operation was asymmetric reduction of the ketone in 25. Among the 

numerous tools capable of accomplishing such reactions, chiral 
oxazaborolidines are among the most practical and versatile 

catalysts currently available.10 First introduced in a seminal paper 
by Corey, Bakshi, and Shibata (CBS) in 1987,23 this reducing 

system proved readily amenable to the present context. Thus, reac¬ 

tion of 25 in CH2C12 at —78 °C with a slight excess of catecholbor- 
ane in the presence of 10% of chiral catalyst 26 (derived from 

(7?)-diphenylprolinol and methylboronic acid)24 provided the 
desired product 27 in both excellent yield and high enantiomeric 

excess. Because of the importance of this reaction in organic synth¬ 
esis, it would be prudent to delve into it in greater detail before 
pressing onward. 

Scheme 5 outlines a reasonable mechanistic proposal accounting 
for the catalytic enantioselective reduction of ketones such as 25 
by oxazaborolidines of type 26. Upon addition of a borane reagent. 

Scheme 5. Mechanism of the asymmetric reduction of carbonyl compounds (e.g. 25) with borane and 
chiral oxazaborolidine catalysts (e.g. 26). 
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illustrated in this case with BH3*THF instead of catecholborane for 

overall ease of presentation, rapid and reversible complexation of 

the borane to the Lewis basic nitrogen atom occurs from the 

uniquely accessible (3-face, leading to the cis-fused complex 30 
(an entity whose existence and stereochemical identity has been 

verified in related contexts by X-ray crystallographic analysis).25 
Importantly, this initial coordination redistributes electron density 

such that the borane reagent is activated as a hydride donor and 
the Lewis acidity of the endocyclic boron atom is enhanced, thereby 

facilitating subsequent complexation to the ketone substrate (25). 
Based on the inherent homochirality of the oxazaborolidine catalyst 
in conjunction with the differential accessibility of the lone pairs in 

25 (a versus b) as enforced by the bromine substituent adjacent to 

the carbonyl function, the union of 30 and 25 proceeds with the 

near-exclusive formation of 31, an intermediate with minimized 

steric interactions. 
While groups other than bromine could have performed this role 

equally well, the choice of this atom in this case was predicated 
upon the anticipation that it could be easily excised later in the aspi¬ 
dophytine synthesis once its mission had been fulfilled.26 With 31 
formed, a facially selective hydride transfer through a six-mem- 

bered transition state then provides complex 32, which upon accep¬ 
tance of a second molecule of borane affords 33. Subsequent col¬ 

lapse of the latter intermediate results in the liberation of derivative 
34 and the regeneration of the active catalyst (30) for further reduc¬ 

tion. Alternatively, without invoking an intermediate of type 33, 
bonding between the alkoxide in 32 appended to the boron atom 

of the oxazaborolidine with the adjacent boron atom could lead 
directly to the starting catalyst 26 and borinate 34 by a cyclo¬ 

elimination pathway. Importantly, in either of these degenerate sce¬ 
narios, 34 can be envisioned to disproportionate, forming a dialkox- 

yborane [(RO)2BH] and BH3, thereby enabling atom-economic use 
of all three hydrogen atoms of the reducing agent. Finally, upon 

reaction completion, acid hydrolysis of borinate 34 then effects 

the release of the enantiomerically enriched alcohol product (27). 
Significantly, because the oxazaborolidine serves as a potent 

Lewis acid catalyst throughout the event (i. e. ligand-accelerated 

catalysis), reduction with this system occurs far more readily and 
at a lower temperature than the background transformation with 

BH3’THF alone, thereby ensuring the high levels of asymmetric 
induction usually observed. 

While this discussion has provided a rationale for the catalytic 

cycle and the high degree of enantioselectivity achieved in this par¬ 

ticular example, it also anticipates how the catalyst can be opti¬ 

mized to perform equally well for other substrates which might 

not react as selectively with this specific oxazaborolidine. Thus, 
merely through superficial examination of the gross structure of 

26, at least four modifications of the system to generate novel 

catalysts should be apparent: 1) altering the appendages on the 

oxazaborolidine ring, 2) changing the gem-diphenyl substituents, 
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3) exchanging the group on the endocyclic boron atom, and 4) using 
different hydride sources. Indeed, all these features have been sys¬ 
tematically examined by the Corey group and based on the collected 
results, after sufficient optimization some variant of this catalyst 
system can be obtained to reduce essentially any ketone stereo- 
selectively.10 

Having completed this lengthy, but hopefully educational, digres¬ 
sion, we are now ready to return to the synthesis of aspidophytine. 
With the asymmetric preparation of 27 achieved, the disposable bro¬ 
mine atom had served its intended purpose and, since its presence 
was no longer required, it was readily extruded upon exposure to 
sodium/mercury amalgam (see Scheme 4). Subsequent acetylation, 
in anticipation of the proposed Ireland—Claisen sequence, then pro¬ 
vided acetate 11 in 79 % overall yield for the two operations. In the 
next step, formation of silyl enol ether 28 proceeded smoothly at 
—78°C in the presence of LDA and TBSC1 in THF. Upon subse¬ 
quent heating at reflux, followed by quenching with AcOH, car¬ 
boxylic acid 29 was obtained as a crude oil, the product of a 
[3,3]-sigmatropic rearrangement.12 Immediate esterification with 
2-propanol as promoted by EDC and 4-DMAP then generated 10 
in 57 % yield for these two steps. As would be expected, because 
the Ireland—Claisen reaction is a pericyclic process, the stereo¬ 
chemical information initially present in 11 was communicated in 
this sequence with complete fidelity, providing 10 as a single 
stereoisomer. Having reached this advanced stage, only dihydroxyl- 
ation of the endocyclic double bond and subsequent NaI04- 
mediated cleavage of the resulting diol separated compound 10 
from the coveted intermediate 8. Thankfully, these operations pro¬ 
ceeded smoothly in a combined yield of 53 %. 

With both dialdehyde 8 and tryptamine 9 synthesized, the stage 
was now set for the critical operation of uniting them as a prelude 
to the final steps leading to aspidophytine (1). After an arduous 
exploration of reaction conditions, the projected domino sequence 
was indeed realized in an impressive overall yield of 66 %. In the 
event, as illustrated in Scheme 6, a solution of tryptamine 9 in anhy¬ 
drous MeCN was added to an equimolar amount of dialdehyde 8 in 
MeCN. After five minutes of stirring at ambient temperature, this 
solution was then cooled to 0 °C and added dropwise through a can¬ 
nula to a vigorously agitated solution of trifluoroacetic anhydride 
(2.0 equiv) in MeCN at 0 °C. Once two additional hours had passed, 
during which time conversion into 4 likely occurred by the pathway 
discussed earlier (Scheme 2), addition of excess NaCNBH3 
(5.0 equiv) at 0°C completed the sequence, furnishing pentacyclic 
intermediate 3. 

At this juncture, with the entire carbocyclic core of aspidophytine 
established, an advanced staging area had been reached from which 
the total synthesis could hopefully be completed after a few finish¬ 
ing touches. Specifically, what remained was the fusion of the y-lac- 
tone and the excision of the unwanted carbon atom with the intro¬ 
duction of a double bond inside the adjacent cyclohexane ring. 

8 
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MeO 

0/-Pr 

Scheme 6. The cascade sequence leading to the pentacyclic core (3) of aspidophytine from building 
blocks 8 and 9. 

Initial efforts targeted lactone formation. As originally envisioned, 
after basic cleavage of the isopropyl protecting group, exposure 
of the resultant free carboxylic acid to potassium ferricyanide 
effected oxidative lactonization to 36 in 79 % overall yield from 3 
(Scheme 7). Presumably, treating the intermediate salt with this 
mild oxidant effected formation of zwitterionic intermediate 35 by 
initially converting the tertiary amine into an iminium ion, with sub¬ 
sequent carboxylate attack at the newly-generated electrophile lead¬ 
ing to the installation of the final ring of the hexacyclic natural 
product target (1). 

With 36 in hand, the only remaining task was the removal of one 
carbon atom and the creation of an element of unsaturation. 
Although originally anticipated as a set of relatively facile conver¬ 
sions, the complex aspidophytine framework greatly exacerbated 
the difficulties of the proposed transformations beyond initial 
expectations. The first defined goal, oxidative cleavage of the exo- 
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1. NaOH, EtOH, 75 °C 
2. K3Fe(CN)6, NaHC03 

(79% overall) 

1. 0s04 (1.0 equiv), 4-DMAP 
(2.0 equiv), f-BuOH/H20 
(1:1), NaS04 

2. Pb(OAc)4, AcOH, 
CH2CI2, -20 °C 

(71% overall) 

(54%) 
u 

KHMDS, THF, -78 °C; 
then PhNTf2, -78 °C 

Scheme 7. Final stages and completion of the total synthesis of (-)-aspidophytine (1). 

cyclic double bond in 36 to the corresponding ketone (37), proved 

impossible to effect with traditional Os04-based systems, a phe¬ 
nomenon most likely due to effective shielding of both faces of 

the terminal double bond by the resident polycyclic architecture. 

Even application of standard techniques to enhance the reactivity 
of osmium for dihydroxylation and to facilitate catalytic turnover, 

(for example, the addition of a tertiary nitrogen-containing activator 

such as pyridine or quinuclidine) similarly failed.27 Faced with this 
unanticipated challenge, a new dihydroxylation system was 

required to advance the synthesis. Fortunately, based on extensive 

mechanistic studies previously undertaken by the Corey group 

exploring the activating influence of various amine-based ligands 
on osmium,28 a potential solution was already in hand. Namely, 

it was hypothesized that by employing a ligand endowed with the 

properties of stronger basicity than pyridine and greater steric 

modesty than quinuclidene in precisely a 2:1 ratio with 0s04, to 
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form a stable bis-complex, an amine-accelerated dihydroxylation 

might occur in this highly hindered context. In this regard, 4- 
DMAP appeared to be an ideal candidate, and, as anticipated, 

when this base was employed the desired reaction was indeed 
achieved in just ten minutes using a stoichiometric amount of 

0s04 (required because there is no catalytic turnover of the inter¬ 
mediate osmate ester). After subsequent cleavage of the newly 

installed diol with Pb(OAc)4 in AcOH, the desired nor-ketolactone 

37 was obtained in 71 % overall yield. With this functional handle 

in place, conversion into enol triflate 38 was effected in 54 % 

yield using KHMDS at —78 °C followed by quenching with /V-phe- 
nyltriflimide. Finally, upon treatment with catalytic quantities of 

Pd(PPh3)4 and tri-n-butyltin hydride at ambient temperature, the 

long-coveted aspidophytine (1) was isolated in 86% yield, thereby 
completing a highly concise and elegant synthesis of this beautiful 

molecular architecture. 

12.4 Conclusion 

The total synthesis of aspidophytine (1), achieved by the Corey 

group in just fifteen linear steps, clearly sets a new standard in 
the vast field of indole alkaloid synthesis. The most significant 

feature of this synthesis unquestionably resides in the developed 

cascade process which cast the polycyclic scaffold of the molecule 
and admirably handled the majority of the complex stereochemical 
issues presented by its novel structure. This beautifully choreo¬ 

graphed series of events certainly merits careful study and admira¬ 
tion. One should not forget, however, that only through inner forti¬ 

tude, keen mechanistic insight, and profound experimental skill was 

such an elegant cascade sequence achieved. As such, the success of 
the work described in this chapter should serve as a source of 

inspiration to those individuals faced with similar challenges to 
persevere in their efforts to develop even more amazing reaction 
cascades. 
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CP-Molecules 

13.1 Introduction 

When one encounters a total synthesis in the primary literature, the 
accomplishment is often presented as a “fait accomplit,” such that 
the work is described as a series of conversions smoothly advancing 

starting materials and synthetic intermediates into the target mole¬ 
cule. While this delivery style communicates a clear and concise 
view of the successful solution, it unfortunately also conveys 

a somewhat stilted view of the actual progression of research 
programs in complex molecule synthesis because no synthetic 

endeavor ever proceeds with such clarity from an initial paper- 
based design. Indeed, the final strategy always results from a con¬ 

stantly evolving synthetic approach whose rate of mutation is 
dictated by the frequency with which substrates exhibiting unanti¬ 

cipated or undesired chemical reactivity are encountered.1 In this 
chapter, we hope to impart at least a fraction of this inherent and 

dynamic quality of complex molecule construction by analyzing 

the process through which a synthetic strategy towards two formid¬ 
able targets, the CP-molecules (1 and 2), reached maturation in the 

laboratories of the Nicolaou group at The Scripps Research Insti¬ 

tute.2 
Both of the CP-molecules, CP-225,917 (1) and CP-263,114 (2), 

were originally obtained in the early 1990s by Dr. Takushi Kaneko 

and his associates at Pfizer Central Research in Groton, Connecti¬ 

cut, from the fermentation broth of an unidentified fungus that 
grew on a Juniper tree in Texas. While such a beginning is quite 

typical for most secondary metabolites, these compounds would 

soon be elevated into a position of prominence once initial screen¬ 

ing revealed that they could inhibit two critical enzymes in medi- 

Key concepts: 

• Arndt-Eistert 
homologation 

• Intramolecular 
Diels-Alder reactions 

• Evolution of synthetic 
strategies 

• Cascade reactions 

• Hypervalent iodine 
reagents 
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cally relevant pathways.3 The first of these cellular targets, squalene 
synthase, is an essential participant in the biosynthesis of choles¬ 
terol, while the second, protein farnesyl transferase, mediates the 
addition of a farnesyl group to several proteogenic products of the 
Ras oncogene family such as the tumor promoter p21. 

With little question, such an intriguing combination of enzyme 
inhibitory properties renders these compounds as highly opportunis¬ 
tic targets for total synthesis. However, a perhaps more compelling 
reason to undertake such a campaign resides in the manner in which 
their constituent atoms have been woven together into a uniquely 
compact and intricate polycyclic architecture. For example, while 
both 1 and 2 contain a total of 31 carbon atoms, Nature requires 
less than half of these (15) along with just three oxygen atoms to 
create the multifarious five-, six-, seven-, and nine-membered 
rings that comprise the heart of their structures. While both the 
sheer density and the manner in which this cyclic complexity has 
been fused provides a formidable synthetic challenge, the fact that 
these ring systems also contain an array of relatively rare and sen¬ 
sitive functionalities, such as a maleic anhydride, either a y-hydro- 
xylactone (as in 1) or an internal ketal (as in 2), and an anti-Bredt 
bridgehead olefin, elevates the task of their creation to high levels 
of difficulty. The last of these features, in particular, could likely 
instigate several synthetic dilemmas as its presence imposes a 
high degree of strain on the entire molecule due to the fact that 
its substituents cannot adopt a coplanar alignment. Although 
Bredt’s original 1927 “rule” on the forbidden nature of such struc¬ 
tures indicates that they should be impossible to synthesize (a 
conjecture which is predictive in most instances), a few exceptions 
have been noted in systems in which the size of the largest ring 
containing the double bond is at least eight-membered, and, more 
typically, nine-membered, as in the CP-molecules.4 Only in these 
examples is such strain not inherently deleterious to the integrity 
of the bicycle. 

Of course, the amalgamation of such ring systems and stereoche¬ 
mical complexity into a single and relatively small architectural unit 
begs the question as to how such structures are ever formed in Nat¬ 
ure. Although many researchers have advanced different hypotheses 
to answer this query,5 one of the best empirically supported pictures 
derives from the work of Professor Gary Sulikowski and his colla¬ 
borators at Texas A&M University.6 In their biogenetic proposal, 
which is shown in Scheme 1, the key structural elements of the 
CP-molecules result from the union of two monomeric synthons 
of type 3, starting with their merger into enol 6 through a Michael 
addition effected by enzymatic activation of one substrate (5) and 
decarboxylation of the other (4). This adduct (6) can then rearrange 
into the near-complete CP architecture (9) by one of two mechanis¬ 
tically degenerate pathways. The first option, path a, projects a sec¬ 
ond Michael addition onto the neighboring maleic anhydride which 
initiates a subsequent [3,3] sigmatropic rearrangement of the Cope 
type, while an equally compelling alternative, path b, reflects an 
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Scheme 1. Decarboxylative dimerization pathway for the biosynthesis of the CP-molecules (1 and 2). 
(Sulikowski, 2002)6 

initial anionic rearrangement to 8 followed by the addition of the 
resultant carbon nucleophile to the proximal C-26 carbonyl, thereby 
completing the bicyclo[4.3.1] skeleton. From this advanced struc¬ 
ture (9), only two oxidation events are required to create the proper 
functionalization at C-6 and C-7 corresponding to CP-225,917 (1); 
a final dehydration merging the y-hydroxylactone and the adjacent 
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alcohol group at C-7 into a six-membered pyran ring would then 
provide CP-263,114 (2). 

13.2 Retro synthetic Analysis and Strategy 

Although biogenetic proposals often serve as a useful guide for 
the development of a retrosynthetic plan towards a target molecule, 
the Nicolaou group elected to pursue a different set of considera¬ 
tions in developing their strategy to synthesize the CP-molecules 
(1 and 2).7,8 As shown in Scheme 2, since it was already known 
from the original isolation papers3 that CP-225,917 (1) could 
be converted into CP-263,114 (2) upon treatment with a catalytic 
amount of methanesulfonic acid, it therefore seemed both logical 
and prudent to initially focus all attention on 1.* How, though, 
could one begin the unraveling of this highly compact molecular 
architecture? Logical choices could certainly include the removal 
of peripheral structural features or the dissection of a single ring 
from its central bicyclic core. Rather than implementing these 
options, the group elected instead to guide their initial simpli¬ 
fications along the lines of introducing an element of symmetry 
to some of the subgoal structures, anticipating that such a maneuver 
would greatly facilitate the overall retrosynthetic analysis of the 
target. Thus, the oxidation state at C-27 in 1 was adjusted to that 
of 10, whose terminal carboxylic acid chain was truncated by one 
carbon atom and reduced to 11. The lactol motif of 11 was then 
opened, affording access to a locally symmetrized C-14 quaternary 
center (as shown in 12 with dimethyl acetal protection). Of course, 
this general analysis is highly simplified in that several additional 
functional group manipulations and changes in oxidation state 
would need to accompany these conversions. However, these objec¬ 
tives do appear reasonable in their broadest sense as the classical 
Arndt—Eistert homologation9 (which will be discussed in more 
detail later) has long been employed to add a carbon unit adjacent 
to terminal carboxylic acids (for an example, see Chapter 8 on 
vitamin B12 in Classics /), and several oxidants are known that 
could potentially convert 10 into 1. Moreover, the differential con¬ 
vex and concave faces of the CP-molecules could be anticipated to 
enable selective manipulation of the substituents at C-14 in 12 to 

* One should note that the absolute configuration of the CP-molecules is, in fact, 
opposite to that depicted throughout these pages; at the start of this program, how¬ 
ever, this was not known. The drawn structures correspond to the antipode created 
during this synthetic program, which ultimately enabled an assignment to be made. 
Later in the chapter, when total syntheses from other groups are discussed, the 
structures will similarly reflect the antipode prepared in each laboratory. In addi¬ 
tion, although the Nicolaou group developed both racemic and asymmetric syn¬ 
theses of the CP-molecules, only the latter will be presented here. 
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Scheme 2. Nicolaou’s retrosynthetic analysis of the CP-molecules (1 and 2). 
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14 

match the chiral format of 1 and 2 at the appropriate juncture in the 

synthesis. 
While one must concede that these particular modifications might 

seem strange, their value, particularly in terms of the local symme- 
trization that they effected, will become readily discernible once a 
few additional structural modifications have been implemented. 
So, pressing forward with this retrosynthetic analysis, since there 
is a plethora of methods to create anhydrides such as the one resid¬ 
ing within 12, this motif was disassembled from the bicyclic core to 
a C-11 ketone precursor (13). Subsequent excision of the exocyclic 
acyl chain through a transform based on dithiane addition10 of a 
reagent such as 14 would then simplify the task of creating the 
CP-molecules to 15. Although this latter operation seems innocu¬ 
ous, its successful implementation during the synthesis was predi¬ 
cated on accomplishing two key objectives: 1) that a reagent such 
as NaI04 could cleave an unprotected variant of the 1,2-diol system 
in 15 to provide the required C-7 aldehyde electrophile, and, 2) that 
the subsequent delivery of the dithiane nucleophile could proceed 
with facial selectively to establish the required C-7 stereocenter in 
13. Because of the rather routine nature of the former requirement, 
its implementation was not anticipated to pose any particular pro¬ 
blems. The feasibility of the second would depend on the inherent 
conformational bias of the substrate, and thus could only be evalu¬ 
ated experimentally. Significantly, however, molecular models sug¬ 
gested that success might be achieved using some form of chelation 
to the numerous Lewis basic sites. For example, the C-7 position 
appears relatively distal to the core of the CP-molecules on paper, 
but in reality it is relatively close to the C-ll center. As such, the 
two carbonyl groups (C-7 and C-ll) could potentially encapsulate 
a metal cation, forming a rigid cyclic structure with the effect that 
the dithiane nucleophile (14) should approach only from the desired 
face. Should this conjecture prove erroneous and the reaction fur¬ 
nish the undesired C-7 epimer instead, then this outcome could 
probably be reversed through a standard Mitsunobu inversion. Simi¬ 
larly, if a mixture of products resulted in the dithiane addition, as 
long as the two C-7 diastereomers could be separated, then the 
same inversion approach could funnel material into the desired 
product. 

With this first round of simplifications complete, the majority of 
the cyclic bulk appended to the central core of the target molecules 
has been successfully excised. Of course, what still remains within 
15 is the challenging [4.3.1] bicyclic system endowed with the anti- 
Bredt bridgehead C—C double bond. While this latter motif does 
seem formidable, if it is viewed within the context of the smaller 
six-membered ring in which it resides, then a possible course of 
retrosynthetic action should immediately be suggested in the form 
of an intramolecular Diels—Alder reaction (IMDA). Accordingly, 
application of this transform to 15 would lead directly to a precursor 
such as 17. Although the power of the Diels—Alder reaction to 
create complicated polycyclic architectures is rarely paralleled,11 17 
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such Type II [4+2] cycloadditions12 in which the dienophile is 
tethered to the C-2 position of the diene system (as shown in the 
neighboring column figures) are one of the few methods capable 
of reliably forming anti-Bredt olefins. As such, the Nicolaou 
group could derive some measure of comfort in the ability of this 
reaction to stitch together the basic core of the CP-molecules 
upon which the remainder of the strategy could be applied. As an 
additional benefit of adopting this particular method to generate 
the bicyclic system, the cycloaddition could potentially proceed 
with asymmetric induction since the lone stereocenter planted 
within 17 could lead to the exclusive adoption of a transition 
state such as 16. Alternatively, if the resident functionality itself 
could not lead to such facial selectivity, then perhaps the numerous 
Lewis basic sites within 17 could be called upon to coordinate an 
appropriate external ligand to achieve the same objective. Of 
course, while all endeavors in modern target-oriented synthesis 
should strive to create a single stereoisomer of a natural product, 
this standard goal assumed a much higher level of importance for 
the CP-molecules since their absolute configuration was unknown 
at the start of this program. Accordingly, access to a pure sample 
of either antipode through chemical synthesis would permit a defini¬ 
tive structural assignment to be made. 

Having now reduced the challenging architecture of the CP-mole¬ 
cules to structure 17, the benefit of previously symmetrizing the C- 
14 center should finally be clear as it opened several avenues to cre¬ 
ate this new subtarget using simple materials. For example, the 
addition of a vinyl nucleophile such as 18 to aldehyde 19, 
followed by an oxidation step to complete the requisite a,(3-un- 
saturated system, could constitute one approach to deliver this 
key Diels—Alder precursor (17). Had the C-14 carbon in 17 still 
been homochiral, such facility would not exist since its specific 
positioning makes an efficient asymmetric synthetic route, or the 
identification of a suitable starting material that could be elaborated 
to such an adduct, quite difficult to envision. 

Overall, this plan to access the CP-molecules (1 and 2) reflects 
careful analysis of the numerous problems posed by its unique 
molecular connectivities, and, on the basis of existing literature pre¬ 
cedent, would appear to be a sound approach worthy of empirical 
pursuit. However, the pathway chartered by this analysis did not 
ultimately prove capable of delivering either 1 or 2, though it did 
provide a general road-map. Its failure was not due to some major 
flaw in its appreciation for the known fundamentals of organic 
chemistry, but instead was the product of a series of unlikely pitfalls 
encountered during “conventional” operations in which steric 
shielding and the instability of some of the already installed func¬ 
tionality wreaked havoc. Rather than provide more details now 
and spoil key elements of the story ahead, we shall, instead, com¬ 
mence our discussions with the implementation of the strategy 
laid out in Scheme 2, providing revised analyses at those junctures 
where obstacles dictated a change of course. 
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OTBS 

TBSO Li 

18 

c8h15 

Seeking to test the viability of the Diels-Alder reaction that would 
hopefully forge the majority of the core carbon framework of the 
CP architecture, the Nicolaou group began their efforts with 
attempts to create both 18 and 19, the precursors which, as 
mentioned above, were defined as the critical building blocks for 
the key Diels-Alder precursor (17). Accordingly, in order to gener¬ 
ate the lengthy C8H15 carbon chain of 19, efforts began by con¬ 
structing aldehyde 22 (Scheme 3), anticipating that this piece 
could be merged with the remainder of 19 through an aldol conden¬ 
sation. The synthesis of this piece began with cyclooctene (20), a 
compound whose double bond could be ozonolyzed and 
concurrently desymmetrized to aldehyde acetal 21 following 
methodology originally established by S.L. Schreiber.13 Having 
accomplished this highly efficient, one-pot transformation, a sub¬ 
sequent Wittig olefination under Schlosser-modified conditions14 
to generate an ^-disposed olefin, followed by acid-catalyzed 
cleavage of the now extraneous dimethyl acetal, then completed 
22. As an aside, although the same fragment could also be accessed 
from a commercially available straight chain diol, the number of 
protecting group manipulations required to achieve the needed 
differentiation of its terminal groups made this route far longer 
than that depicted in Scheme 3. 

With this substrate in hand, a suitable coupling partner for an 
eventual aldol reaction had to be found in order to attempt the for¬ 
mation of 19. For this purpose, it was forecasted that a compound 
such as imine 26 (Scheme 4) would be an effective choice, as it 
could likely enable the facile arrival at 19 following its merger 
with 22.15 This conjecture indeed proved accurate. The synthesis 
of 26 began from the readily available dimethyl malonate (23) 
using iterative alkylations to append two functionalized side chains 
to the central methylene group of this compound. With these 
operations leading to the assembly of 24 in 93 % overall yield, 
the next steps sought to convert the two methyl esters into an 
acetonide since the carbon atom to which these groups are appended 
is destined to become the C-14 quaternary center of the CP-mole- 
cules (the position which the analysis above had so carefully 
sought to symmetrize). As indicated, after an initial reduction of 

0^ 
MeOH 

OMe 
1. Schlosser-modified 

Wittig reaction 

2. p-TsOH 

20 21 22 

Scheme 3. Synthesis of aldehyde chain 22. 
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Scheme 4. Synthesis of key building block 19. 

24 with LiBH4 in THF, acetal capture of the resultant diol was 
smoothly accomplished with 2,2-dimethoxypropane under the acti¬ 
vating influence of catalytic CSA, furnishing 25 in 82 % yield for 
these two operations. The synthesis of imine 26 was then accom¬ 
plished by initial ozonolytic cleavage of the terminal alkene within 
25, followed by reaction of the resultant aldehyde with cyclohexyl¬ 
amine in refluxing benzene using a Dean—Stark trap to drive the 
reaction to completion by the azeotropic removal of water. 

Seeking now to complete the gross architecture of 19, compound 
26 was first deprotonated at the position adjacent to its imine 
motif using LDA in Et20 at -78 °C, and then treated with aldehyde 
22 to form the desired aldol product (27) upon warming the reaction 
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to 30 °C.* Rather than isolate this species (27), however, a subse¬ 
quent reaction with aqueous oxalic acid enabled its direct conver¬ 
sion into a,(3-unsaturated enal 28 in 80 % overall yield from 26. 
Treatment of this product with KH in a 5:2 mixture of DME and 
HMPA at 0 °C, followed by the addition of PMBC1 through a syr¬ 
inge pump, then provided the electron-rich E,Z-diene system of 
29 as a single stereoisomer. While the conditions for this latter 
transformation might seem slightly odd, one should note that any 
alternative solvent, addition protocol, or other standard reaction 
modification led to a decreased yield of 29 as well as the observa¬ 
tion of varying amounts of E^E-disposed products, which were use¬ 
less for the designed sequence. Finally, cleavage of the silyl ether 
within 29 using TBAF and oxidation of the resulting free alcohol 
with SCVpy completed the synthesis of aldehyde 19. Overall, 
these final three operations proceeded in 51 % yield. 

At this stage, the other half of 17, namely vinyllithium 18, now 
needed to be fashioned. Since this reactive species could likely be 
derived from a precursor iodide such as 34 (Scheme 5), this com¬ 
pound was targeted for synthesis. While the simplicity of this build¬ 
ing block suggested that it would not prove difficult to access, it did 
have to be generated as a single stereoisomer since its stereogenic 
center constituted the only element potentially capable of internally 
governing the diastereoselectivity of the proposed Diels—Alder 
reaction. As such, efforts towards 34 began from a commercially 
available chiral material, namely (R)-(+)-glycidol (31), using its 
epoxide to append an acetylene unit through the addition of a 
TMS-protected lithium acetylide. Subsequent reaction of the resul¬ 
tant diol intermediate (32) with TBSOTf and an eventual workup 
with K2C03 provided 33 in which the pendant TMS group had 
been selectively cleaved. With a terminal alkyne now in place, the 
conversion of 33 into an E-vinyl iodide (34) was then readily 
accomplished through an initial hydrozirconation as effected by 
the action of the Schwartz reagent [Cp2Zr(H)Cl] in benzene,16 fol¬ 
lowed by a quench with elemental iodine in CC14 at 25 °C. Having 
finally realized a synthesis of iodide 34, the stage was now set to 
merge the two main fragments. Pleasingly, following the activation 
of 34 to nucleophile 18 with n-BuLi, the slow addition of this spe¬ 
cies to a solution of aldehyde 19 in THF at —78°C achieved the 
goal, furnishing the anticipated product (35) in 90% yield. A 
final oxidation using Dess—Martin periodinane (DMP) then com¬ 
pleted the construction of the desired Diels—Alder precursor (17). 

With this compound in hand, attempts could now begin to exam¬ 
ine the viability of the Diels—Alder approach to cast the bicyclic 
[4.3.1] core of the CP-molecules. Fortunately, preliminary probes 
of the reaction using Me2AlCl as a catalyst in CH2C12 at —10 °C 

* As this example demonstrates, imines are particularly effective substrates for 
a-alkylation through enolate chemistry. In contrast, an aldehyde would not be 
feasible in this scenario. 



13.3 Total Synthesis 391 

H0^<J 

31: (R)-(+)-glycidol 

THF, 

C8H 8n15 

-78 °C, 
30 min 
(90%) 

TBSO. 

OTBS 

18 

TBSOTf, 
2,6-lutidine, OTBS 

CH2CI2; ^ 

K2C03j MeOH, 
25 °C, 12 h 33 

(62% 
overall 

! from 31) 

[Cp2Zr(H)CI], C6H6; 
l2, CCI4, 25 °C 

n-BuLi, THF, 
«*- 

-78 °C, 30 min 
TBSO„ 

OTBS 

34 

C8H15 CaH 8n15 

Scheme 5. Synthesis of Diels-Alder precursor 17. 

revealed that the desired transformation of 17 into 15 (see Scheme 6) 
was indeed quite facile, providing this compound and its diastereo- 
mer (37, see column figure) in a 2:1 ratio and in 90% yield. 
Although the predominance of the desired stereoisomer (15) from 
this initial experiment was certainly pleasing, considerable effort 
had to be expended in order to enhance its diastereoselectivity. 
After a nearly exhaustive screening of reaction solvents, tempera¬ 
tures, and aluminum-based Lewis acids (including several chiral 
Lewis acids), it was discovered that optimal selectivity for 15 
could be achieved with a 20 mol % loading of catalyst 36 in toluene 
at — 80 °C, ultimately providing a reproducible 5.7:1 ratio of 15 and 
37 in 88 % combined yield. Interestingly, in the absence of the rela¬ 
tively remote C-7 stereocenter in 17 (i. e. an achiral substrate), no 
chiral Lewis acid could be found that could engender useful levels 
of diastereoselectivity. Moreover, one should note that although 
deprotection of the silyl protected alcohols within 17 should, in 
principle, provide a substrate with better ability to chelate Lewis 
acids (and thus one that might lead to enhanced diastereoselectiv¬ 
ity), such a compound consistently decomposed when examined 
in the context of this key C—C bond-forming process. 

f-Bu 

36 

37 
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1. TBAF, THF, 25 °C, 2 h 
2. Nal04, NaOH, EtOH, 

0^25 °C 

14 Li 
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(65% overall, 20% r.s.m.) 
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reaction u (5.7:1 d.r.) 

Scheme 6. Conversion of 17 into advanced intermediate 38. 

Satisfied by the ability to create 15 with approximately 70% ds, 
all effort was now directed towards advancing beyond this beach¬ 
head and tackling the remaining challenges of the CP-molecules, 
starting with the installation of the upper C5H9 side chain and its 
adjacent C-8 ketone. As mentioned earlier, this task was to rely 
on the addition of a dithiane nucleophile. Thus, to prepare the 
electrophilic C-7 aldehyde that would be needed for this purpose, 
the two TBS ethers within 15 were removed through the action of 
TBAF, and the resultant diol was then successfully cleaved with 
NaI04 under basic conditions to provide the requisite substrate. 
Upon the addition of dithiane 14 to this aldehyde in THF at 
—78°C and a subsequent reaction quench after just 8 minutes of 
stirring, the expected coupling product (38) with the desired stereo¬ 
chemistry at C-7 was formed as the major product with 11:1 selec¬ 
tivity. Although this result was fortunate, as it obviated the need for 
additional steps seeking to effect the epimerization of this center, 
the reason for its accomplishment is far from random. Indeed, if 
lithium chelation occurred between the C-ll ketone and the C-7 
aldehyde to frame a rigid eight-membered ring (as shown in reactive 
conformation 39 in the neighboring column figure), then approach 
of 14 from the desired Re face would be favored because the alter¬ 
native Si face would be effectively blocked. As evidence for the 
validity of this mechanistic conjecture, a 7:1 ratio of products in 
favor of the undesired, ^-configured, C-7 alcohol resulted when 
the same dithiane nucleophile (14) was added to a substrate such 
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as 40 in which such chelation cannot exist. Thus, strikingly, it 
appears that only the ability of a lithium cation to bridge the two 
carbonyl units was required to resoundingly overturn the inherent 
facial bias of the substrate for this nucleophilic addition. 

While progressing the synthesis to this stage was certainly satis¬ 
fying in terms of its relative brevity (only 15 steps in the longest 
linear sequence) as well as its stereoselectivity, the next critical 
objective of the planned route, creating the maleic anhydride 
moiety, proved far more challenging to accomplish than initially 
anticipated. For example, a series of model studies on compounds 
possessing the same C-ll ketone as 38 revealed that no conven¬ 
tional method could open a pathway to reach the anhydride 
because, as soon as any functionality was incorporated at C-12, 
its steric bulk combined with that at C-ll blocked any reagent 
from accessing these sites further. Although the reader is directed 
to the primary literature for a complete discussion of the numerous 
approaches that were attempted along these lines,7 one series of 
experiments is worthy of more careful evaluation here. While it 
failed to deliver the desired anhydride, its unanticipated outcome 
served as the seed for an idea that provided a ray of hope that 
the developed synthetic route would not have to be entirely 
abandoned. 

As shown in Scheme 7a, following the formation of 42 through a 
quench of the lithium enolate of 41 with methylcyanoformate (Man- 
der’s reagent), a subsequent attempt to effect an epoxidation using 
Corey’s relatively small sulfur-based ylide did not lead to the antici¬ 
pated compound (43), but instead to several side products. Among 
these, however, was lactone 45, the first structure obtained up to 
that point which remotely resembled the anhydride, but whose 
formation at first seemed quite mysterious. Thoughtful analysis 
eventually pointed to the likelihood that 45 resulted from an initial 
E2-type P-elimination of the hydrogen atom adjacent to the ester 
functionality in 43 (induced by the excess base used to form the 
sulfur ylide originally), followed by nucleophilic attack of the 
resultant alkoxide (44) onto the proximal ester. As one might 
expect, as soon as this picture became clear, immediate attempts 
were made to optimize the reaction, expecting that 45 could be 
directly oxidized to the complete maleic anhydride (46). Unfortu¬ 
nately, no conditions could be found that were capable of reliably 
delivering more than the 10% yield of 45 that was obtained in 
the first experiment. 

Since the low-yielding nature of this reaction seemed to have its 
deliterious origins in the epoxide-forming step, and not the later 
operations of the sequence, the Nicolaou group reasoned that per¬ 
haps a better approach would be to create the epoxide ring from a 
diol such as 48 (see Scheme 7b). Moreover, if the ester within 42 
was exchanged for a cyanide, perhaps the entire anhydride (47) 
could be formed in a single pot, since the same P-elimination of 
49 to 50 and subsequent 5-exo-dig cyclization onto this alternate 
C-12 substituent would afford a carbocyclic iminobutenolide (51). 
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T 

Scheme 7. Attempts to create the maleic anhydride (a) led to the design of a unique approach (b) to 
complete the task. 

While seeking to access this compound might seem far from 
obvious, based on Dewar’s theoretical work17 it was anticipated 
that 51 would readily tautomerize to a 2-aminofuran (52), a likely 
fleeting, but electron-rich heterocycle18 that could potentially 
undergo auto-oxidation in air to reveal the coveted maleic anhy¬ 
dride (47) directly. Although a risky strategy with only sparse lit¬ 
erature support, the successful formation of 45 from 42 indicated 
that the initial stages of the proposed cascade were reasonable; 
implementation of its remaining steps would, unquestionably, 
extend the frontiers of organic synthesis by providing new insight 
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Scheme 8. Preparation of advanced intermediate 57 from 38. 

into chemical reactivity. Accordingly, all effort now sought to con¬ 
vert 38 into an intermediate of type 48 in order to probe the valid¬ 
ity of this new approach.* 

As indicated in Scheme 8, preparing the test substrate for this 
novel reaction cascade, diol 57, did not prove overly challenging, 
although one major surprise was encountered in the course of its 
construction. The first steps of the sequence sought to install a 
C11-02 epoxide stereoselectively (as expressed in 56), since 

* Significantly, although the cyanide in 48 is drawn with specific stereo¬ 
chemistry, either stereoisomer would be acceptable in that the drawn structure 
could lead to 50 through a concerted E2-type |3-elimination pathway, while its 
undrawn epimer could afford access to the same compound through dehydration 
of the neighboring tertiary alcohol. 
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this motif would provide an electrophilic center that could conceiv¬ 
ably be opened by cyanide to complete the desired compound (57). 
As such, the C-ll carbonyl group in 38 was used as a handle to 
create an allylic alcohol functionality over the course of five 
steps: 1) protection of the exocyclic hydroxy group at C-7 as a 
TES ether under standard conditions (NaH, TESOTf, TE1F), 2) 
conversion of the C-ll ketone into its enol triflate congener through 
the action of KHMDS and the McMurry-Hendrickson reagent 
(PhNTf2)19 in THF at 0°C to provide 53, 3) palladium-catalyzed 
carboxymethylation to afford 54, 4) direct exchange of the dithiane 
moiety for a dimethylacetal group using the Stork—Zhao protocol20 
involving PhI(OCOCF3)2 and CaC03 in MeOH, and 5) complete 
reduction of the ester in the resultant product (55) using DIBAL-H 
in toluene at -78 °C. With the desired functionality in place, appli¬ 
cation of a standard epoxidation procedure [V(0)(acac)2 and 
r-BuOOH in benzene at ambient temperature]21 then led to a highly 
facially selective epoxidation which provided 56 in better than 10:1 
selectivity.* 

As originally predicted, nucleophilic cyanide, supplied by 
Et,AlCN (Nagata’s reagent),22 was indeed capable of engaging 
this newly installed ring system. Unexpectedly, though, the cyanide 
in the product (57) ended up on the same face as the epoxide 
which it supposedly opened! While this result is certainly unortho¬ 
dox and was not fully anticipated, several possible mechanistic 
scenarios can be invoked to explain its occurrence. The first, 
which is shown in Scheme 9a, proceeds through the lengthening 
(i.e. partial breaking) of one bond in the epoxide ring of 56 by 
the chelating ability of diethylaluminum, thereby inducing cyanide 
to approach from the more accessible convex face of the molecule. 
Alternatively, as illustrated in Scheme 9b, aluminum chelation 
could also lead to an initial inversion of the stereochemistry at C- 
12 by enabling intramolecular attack of the primary hydroxy 
group to form a four-membered oxetane, which, if followed by 
Sn2 delivery of the cyanide ion, would account for a double-in- 
version pathway to 57. Finally, if the cyanide did indeed effect 
epoxide lysis through a standard SN2 reaction,' then the resultant 
stereocenter must have epimerized in situ under the force of the 
reaction conditions to give rise to 57 (Scheme 9c). 

Irrespective of which of these pathways (or others not delineated) 
was responsible for the stereospecific construction of 57, with this 
substrate prepared, the opportunity to test the designed cascade 
sequence that would hopefully lead to the long-coveted maleic 
anhydride was now at hand. Amazingly, following several weeks 
of optimization, this process was reduced to practice, ultimately 

* As an aside, in the absence of the upper C5H9 side chain, the selectivity for this 
process was only 3.5:1, providing further evidence of the closely allied nature of 
the substituents in the CP-molecules and the effect that their presence or absence 
can have on certain conversions. Several more examples of this trend will be 
encountered before the synthesis of the CP-molecules is complete. 
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Scheme 9. Degenerate mechanistic rationales for the stereoselective addition of cyanide to epoxide 56. 

affording the anhydride ring in 56 % yield. In the opening stages of 
this instructive domino sequence, the more accessible primary 
hydroxy group within 57 (Scheme 10) was engaged as a mesylate 
under standard conditions (MsCl, Et3N, THF, 0°C) to provide a 
leaving group for epoxide formation. Upon treatment of this inter¬ 
mediate (58) with K2C03 in MeOH at ambient temperature to gen¬ 
erate the epoxide system (59), the basic reaction conditions then set 
into motion a series of events which presumably led to iminobute- 
nolide 61 via intermediate 60 through the same P-elimination/5- 
exo-dig cyclization pathway discussed earlier. Next, in order to 
enhance the energetically favored tautomerization of this intermedi¬ 
ate (61) to its 2-aminofuran counterpart (62), the reaction medium 
was then slightly acidified with oxalic acid and exposed to air so 
that once 62 was generated it could harvest the triplet oxygen that 
would enable its direct conversion into hydroperoxide 63. Once 
formed, subsequent tautomerization of this species to 64, followed 
by the loss of water and hydrolytically assisted expulsion of ammo¬ 
nia, then completed this cascade leading to 66. As proof for this 
rather complex mechanistic picture, an isolated epoxide bearing 
alternate C-ll stereochemistry (ll-epi-59, see column figure) failed 

MeO OMe 
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to enter into the same reaction sequence when exposed to commen¬ 
surate reaction conditions, thereby providing solid evidence that the 
conversion of 59 into 61 proceeded through E2 collapse rather than 
through an Ej pathway. Moreover, although iminobutenolide 61 
could not be isolated owing to its reactivity, it was characterized 
in solution by NMR spectroscopic analysis. Intriguingly, besides 
the desired compound (66), one other side product was also 
obtained in 15 % yield, namely hydroxyamide 70. Presumably, 
one can envision an additional pathway available for 63 that 
would lead to molozonide 67 rather than to 64. If this event 
occurred, a cascade reminiscent of the standard ozonolysis reac¬ 
tion23 could then convert this adduct into amide 68, a species poised 
for a subsequent intramolecular 5-exo-trig cyclization with its 
internal electron sink to form 69. A final disproportionation step, 
a well-documented mechanistic process,24 would then account for 
the formation of 70. 

Having finally identified a solution for the construction of the 
maleic anhydride (66), effort could now be directed towards the 
final ring system not yet engraved onto the bicyclic core: the 
y-hydroxylactone. If this motif could be forged, then only a single 
carbon atom would have to be added in order to complete the 
structure of CP-225,917 (1). Thus, following the elaboration of 
66 to 12 (Scheme 10), a crystalline intermediate whose X-ray crys¬ 
tallographic analysis verified the stereochemical course of all the 
steps up to this point, the next set of operations sought to convert 
12 into 11 as shown in Scheme 11. As indicated, this goal was 
reached through DDQ-mediated cleavage of the PMB ether, oxida¬ 
tion of the resultant alcohol with PDC to form 71, and, finally, acid- 
catalyzed cleavage of the dimethyl acetal. Although the overall 
yield of 43 % for these rather conventional operations might seem 
unduly low, it primarily reflects the difficulty in removing the 
PMB group cleanly from 12, thereby illustrating how simple 
protecting group manipulations can often impact the efficiency of 
synthetic sequences. 

The more important feature to note, however, is the fact that 11, 
while stable in its closed lactol form, can also exist fleetingly in 
its ring-opened tautomeric form (i. e. 72). Indeed, such ring-chain 
tautomerism25 was deemed to be the critical feature that could 
enable a successful oxidation of the C-27 methylene within 11 to 
match that of the CP-molecules in the next step. For example, 
if the C-27 position of an open congener of 11 (such as 74) could 
be captured through oxidation to the corresponding aldehyde (75), 
then the addition of a molecule of water to either of the newly 
unveiled carbonyls in this product should induce a cascade 
that would lead to the y-hydroxylactol system of 77. At first, 
though, no conventional oxidation protocol could be found to 
successfully reduce this idea to practice. For example, after con¬ 
verting 11 into 73, attempted oxidation with DMP at ambient 
temperature led only to recovered starting material. Reasoning 
that at ambient temperature the substrate preferred to reside ex- 
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Scheme 11. Construction of key intermediate 78 from 12. 

o 

'-’OTES 

76 

clusively in its closed, unreactive lactol form, the decision was 
made to warm the reaction mixture, hoping that the open tautomer 
would then persist long enough to be intercepted by DMP. Interest¬ 
ingly, although this is a simple and standard reaction modification, 
it constituted new ground for DMP as no literature precedent existed 
to indicate that this oxidant could be successfully employed above 
25 °C, a result most likely due to fears that this oxidant would not 
be stable under such conditions.26 Nevertheless, treatment of 73 
with DMP in benzene at 80 °C did lead to the smooth, and safe, for¬ 
mation of the desired product in 49 % yield. The remaining material 
balance was recovered starting material (26 %) and a small amount 
(9 %) of side product 76 (see column figure) which resulted from 
the attack of 75 by acetic acid instead of by water. Even though 
compound 76 was useless for the continued progression of the 
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synthesis because its acetate group could not be removed, the fact 
that its C-27 position was fully oxidized was quite intriguing con¬ 
sidering that none of the material with the desired C-26 hydroxy 
group (i. e. 77) was isolated as its y-hydroxylactone congener (i. e. 
78). Thus, this result suggested that when the C-26 did not bear a 
free hydroxy group (in other words, the OH function was protected), 
oxidation at C-27 of the y-hydroxylactol to the lactone form was 
relatively easy to achieve in light of the fact that DMP at 80 °C 
did not effect this same reaction on 77. Although certainly an inter¬ 
esting insight into a unique aspect of chemical reactivity within the 
context of the CP-molecules, this finding was also quite troubling 
for the viability of the projected route because it indicated that find¬ 
ing any method capable of oxidizing 77 to 78 would likely be far 
from trivial. This prediction rang true through a wide-ranging 
panel of oxidants, until it was fortunately discovered that TEMPO 
in the presence of PhI(OAc)2 in MeCN could rise to the occasion 
and complete the assembly of y-hydroxylactone 78 in 74 % yield 
over the course of 1.5 hours.27 

With this ring system finally installed, all that formally remained 
to complete the target structures was the extension of the sidearm at 
C-14 by one carbon atom. As already mentioned, the process fore¬ 
casted to accomplish this critical step was an Arndt—Eistert homo¬ 
logation, a mechanistically intricate operation whose key steps are 
delineated in Figure 1. As shown, this classic transformation com¬ 
mences with the initial conversion of a free terminal carboxylic 
acid into an acid chloride, a step that suitably activates the substrate 
for subsequent diazoketone formation using CH2N2. Once this motif 
is in place, the homologation is then completed through a Wolff 
rearrangement promoted either by a silver-based reagent or by 
light; one should take careful note of the homology between these 
final mechanistic steps and those of the Curtius rearrangement 
(which was discussed in Chapter 5). Thus, in order to instigate 
the key steps of this general reaction course, the TES-protected 
alcohol within 78 required transformation into a free carboxylic 
acid, a provision that would normally be quite simple to accom¬ 
plish. Stunningly, however, while the conversion of 78 into alde¬ 
hyde 80 (Scheme 12) proceeded smoothly, attempts to oxidize 
this intermediate further to its corresponding carboxylic acid (81) 
led to complete decomposition, presumably through the indicated 
radical-based decarboxylation pathway. As a result, this stumbling 
block all but assured that a new strategy would need to be devel¬ 
oped in order to circumvent this problem and complete the synthesis 
of the CP-molecules. 

The central issue in contemplating such a redesign is how far 
to retreat within the developed sequence, in that one would desire 
to capitalize on the already developed chemistry to the greatest 
degree possible. Accordingly, the simplest, and perhaps most tacti¬ 
cally logical approach to explore next would be merely to switch 
the order of the two main events needed to elaborate an advanced 
compound such as 12 to the final targets (1 and 2). In other 
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Scheme 12. Attempts to synthesize carboxylic acid 81 led to a roadblock. 
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Scheme 13. Attempts to proceed through an alternate strategy led to a new synthetic challenge. 

words, execute an Arndt-Eistert homologation first, and then create 
the y-hydroxylactone ring system of the CP-architecture through a 

sequence that would mirror that of Scheme 11. While simply stated, 

preliminary explorations of this alternate strategy on model systems 

quickly revealed one major flaw in that following Arndt-Eistert 

homologation of 82 to 83 (Scheme 13), subsequent unraveling of 
its benzylidene acetal (to begin constructing the y-hydroxylactone) 

led exclusively to compounds such as 84 in which the primary alco¬ 

hol had engaged the proximal ester at C-14 to generate a lactone. 

While this motif looks innocent since it should be subject to ring 

opening with nucleophiles, extensive investigations towards this 
end revealed no species capable of effecting its scission. As such, 

the securely “locked” nature of this structure was a potentially 

fatal blow for this revised strategy. 
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With challenges, however, also come the inspiration for innova¬ 

tive solutions. Here, the Nicolaou group anticipated that perhaps 
one viable alternative which could breathe new life into this 
approach might constitute exchanging the ester within 83 for an 

amide, since this alternate functionality would likely be resistant 

to lactone formation under acidic conditions. This idea was tested 
immediately, starting with the conversion of 12 into 87 through 

the same general sequence discussed earlier, with the critical step 

being the formation of benzylidene acetal 86 from 85 using DDQ 

(a reaction discussed at length in Chapter 3). Unfortunately, upon 
attempted Arndt—Eistert homologation of the carboxylic acid 

group of this adduct (87), the required acid chloride could not be 

formed, presumably due to steric shielding from the substituents 
on the CP-core and/or the buried nature of this motif on the con- 

(43% overall Ag20, DMF/H20 (2:1), 
from 87) y120 °C, 1 min 

Scheme 14. Use of a benzyl amide protecting group prevents the formation of a “locked” structure. 
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Scheme 15. Failed hydrolysis of benzyl amide 93. 
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94: Martin's sulfurane 

cave side of the molecule which prevented approach by the reagent. 

Numerous other standard acyl activators similarly failed to react 

with this carboxylic acid. Thankfully, this functionality could be 

engaged by the relatively small sulfene [H2C=S02] generated 
from MsCl and Et3N, affording an acyl mesylate (88) which could 

then be converted into 90 in 43 % yield using the typical elements 
of the remainder of the Arndt—Eistert protocol. With success finally 

achieved in this event, 90 was then transformed into a benzyl amide 

(91) , and a subsequent acid-catalyzed cleavage of its benzylidene 
protecting group smoothly led to the expected 1,4-diol product 

(92) without the formation of a “locked” structure. 
Inspired by these promising results, this compound (92) was then 

converted into 93 (Scheme 15) through the same two-step oxidation 

procedure discussed earlier, leaving only excision of the lone TBS 

ether and hydrolysis of the benzyl amide to complete 1. Unfortu¬ 
nately, no means could be found to reveal the carboxylic acid at 

C-28 as the most powerful conditions that would leave the compact, 
but still somewhat fragile, CP-architecture intact, failed in this 

crucial task. Rather than give up at this advanced stage, attempts 

were made instead to find another amide protecting group whose 
removal at the end of the sequence could potentially be accom¬ 
plished more readily. Accordingly, careful scrutiny of the chemical 

literature quickly suggested that a phenyl amide might be a promis¬ 

ing candidate, since it was known that a reagent such as Martin’s 
sulfurane (94, see column figures) could first convert this species 

into a more electrophilic, and thus more readily hydrolyzable, 

ester intermediate.28 Model studies verified that this alternate 

group could indeed be removed under conditions mild enough 
that the sensitive maleic anhydride moiety would survive, and, 

therefore, it was immediately incorporated into advanced inter¬ 

mediates. 

Thus, needing to retreat only a few steps to 90 (Scheme 16), initial 

phenyl amide formation promoted by EDC followed by AcOH- 

induced benzylidene cleavage provided 95, ready for the 

Dess—Martin oxidation step that would form the final ring of the 

CP-molecules. Surprisingly, though, after the central C-26 alcohol 
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was oxidized with DMP at ambient temperature to afford lactol 96, 
subsequent treatment with additional DMP at 80 °C did not lead to 

the desired product (97); instead, the major isolated product was the 
unique heterocycle 99. This unexpected outcome can be rationa¬ 
lized through the mechanistic picture shown in Scheme 17. As 

drawn, following substrate activation by DMP, subsequent reaction 
of the resulting intermediate with Ac-IBX (100, a compound 

formed by the hydration of DMP) generated an intermediate o-aza- 
quinone; this motif then served as a highly competent diene in an 

intramolecular hetero-Diels—Alder reaction with the adjacent olefi- 
nic dienophile. Although this result was yet another dead-end for 

the campaign to synthesize the CP-molecules, the unique mechan¬ 
ism responsible for its execution constituted a new reaction pathway 

for hypervalent iodine reagents,26d thereby providing insight for the 
rational design of a series of synthetic methodologies with broad 

utility.29 
Irrespective of the importance of this finding in leading to new 

fields of investigation, this discovery did not bring the total syn¬ 

thesis of the CP-molecules any closer to fruition. A suitable protect¬ 
ing group for the carboxylic acid still remained to be identified. 

After pursuing a few additional ideas that similarly led to stumbling 

blocks, one final solution was inspired by Sir Derek Barton’s ima¬ 

ginative protection of carboxylic acids as masked heterocycles dur¬ 
ing his synthetic studies towards penicillin.30 As an illustration of 

this powerful concept, if a carboxylic acid is converted into an indo- 

line amide (see column figures), the resultant species will possess 

1 [O] 
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Scheme 17. Proposed mechanism for the sequence leading to unusual tricycles of type 101. 

o 

96 

O 

such poor electrophilicity that it can resist hydrolysis under virtually 

any set of basic conditions. However, if this protecting group is oxi¬ 

dized to its heterocyclic indole counterpart, then this resilience will 
be lost. For this reason, an indoline certainly appeared to be an 

attractive protecting group for advancing the synthesis forward 
since it would likely be inert for the entire synthetic sequence, 

but could be easily activated for what would hopefully be a facile 
cleavage at the end of the sequence. Moreover, because the nitrogen 

atom of an indoline amide does not possess a hydrogen atom, the 
critical participant in the oxidative conversion of 96 into polycycle 

99, this side reaction could also be averted. 
Despite the promising nature of this idea, this strategy was 

thwarted soon after its inception because 102 could not be advanced 

to 103 (Scheme 18). As such, a maze had seemingly been entered 

from which there appeared no obvious escape since any minor 
change in one part of the molecule instigated a problem with 

some aspect of the developed sequence. In truth, the answer needed 
to break free from this quagmire could be found within the architec¬ 

ture of the CP-molecules themselves, as revealed by several clues 

gathered during the synthesis. More specifically, whenever com¬ 

pounds with the closed pyran architecture corresponding to 2 had 

been formed (such as 79 in Scheme 12), these intermediates always 

proved far more stable and easier to purify than their open lactol 
congeners. Accordingly, instead of targeting 1, perhaps the same 

general approach using Barton’s masked-heterocycle protection 

could be applied towards structures that would lead to 2 instead. 

Not only would this strategy obviate a series of protecting group 
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Scheme 18. Another approach thwarted by a late-stage roadblock. 

manipulations incurred by attempting to construct 1, but it would 
also likely improve material throughput due to the seemingly 

more favorable physical properties of structures resembling 2. Of 
course, since no conditions had been identified that could convert 
2 into 1, the selection of this strategy meant that only one of the 
CP-molecules could be prepared. Based on the number of failures 

that had already been confronted, this outcome would still be wel¬ 
come. 

As indicated in Scheme 19, this new strategy was put into play 
by initially converting 77 into 104 through the conditions seen 
earlier in Scheme 12, thereby setting the stage for a subsequent 

Dess—Martin oxidation, which smoothly provided aldehyde 105. 
Although this operation seems simple enough, it is important to 
note that the use of benzene as solvent was critical for its chemo- 

selectivity. For example, in CH2C12 a fair amount of material 

(about 25 %) was obtained with C-27 fully oxidized (a transforma¬ 
tion readily accomplished in this case since the pyran ring was pre¬ 
sent, vide supra). Of course, this alternate product was useless 

because earlier approaches had shown that attempting to oxidize 
such compounds to their C-14 carboxylic acid counterparts would 

only lead to decomposition (cf. Scheme 12). However, these inves¬ 
tigations are quite important since they indicate that the reactivity of 

DMP can be tuned merely based on solvent choice, a fact worth 
remembering should your attempts to effect an oxidation with this 

reagent go astray. 
With an effective synthesis of 105 accomplished, its free lactol 

was then protected as a TBS ether to prevent the formation of any 

C-14 “locked” structures (cf. Scheme 13). Oxidation of the resulting 
aldehyde to a carboxylic acid then proceeded smoothly with 

NaC102 in 66 % overall yield. Subsequent application of the pre¬ 

viously developed Arndt—Eistert homologation protocol based on 
acyl mesylates,31 installation of the indoline amide (EDC, 4- 

DMAP, CH2C12), and cleavage of the TBS protecting group (TFA/ 

CH2C12/H20, 4:40:1) then led to the assembly of 109 in 29% 

yield overall from 106. Finally, oxidation at C-27 with DMP at 

Me 

1: CP-225,917 

j© A 

Me 

2: CP-263,114 
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Scheme 19. Successful synthesis of indole amide 110 with a complete CP architecture. 
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ambient temperature, followed by a second oxidation step using p- 

chloranil32 to convert the indoline amide into its aromatic indole 
congener, afforded 110 in 63% yield (based on 50% conversion) 

for these two steps. As such, only hydrolysis of the indole group 
remained to complete the total synthesis of the CP-molecules. 

Astonishingly, attempted hydrolysis of this group from 110 using 

LiOH in a mixture of THF and H20 at ambient temperature, fol¬ 
lowed by a quench with NaH2P04, did not lead to 2, but instead pro¬ 

vided CP-225,917 (1) directly in 72% yield! This amazing result 

can potentially be rationalized through the degenerate mechanistic 
pathways shown in Scheme 20 (111—>116 and 112—>116) in 

which the following events occurred: the maleic anhydride was tem¬ 
porarily masked as its open dianion, the C-29 carboxylic acid was 

deprotonated, the y-hydroxylactone was opened by base, and then 

i 

Scheme 20. Final stages and completion of Nicolaou’s total synthesis of the CP-molecules (1 and 2). 
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both the anhydride and C-29 carboxylic acid were reconstituted 

through an acidic reaction quench. Importantly, virtually no epimer- 

ization of the potentially labile C-7 center occurred during this reac¬ 

tion process. At this stage, having found a means to generate 1, a 

final conversion using the known Pfizer conditions3 then completed 

the synthesis of the second CP-molecule, CP-263,114 (2), in 90% 

yield from 1. As a concluding exercise, comparison of the optical 

rotations of these synthetic materials established that they were 

opposite in sign to that of the natural products, a result deriving 
from the arbitrary selection of (7?)-(+)-glycidol (31, Scheme 5) at 

the start of the total synthesis. Thus, the absolute configuration of 

the CP-molecules is, in fact, the opposite to that depicted in the 

structures drawn above. 

o 

o 

96 

13.4 Conclusion 

Although many of the most beautiful and instructive elements of 
this total synthesis would have been covered had we only presented 
the strategy that ultimately proved successful in reaching these 

architectures [such as the cascade sequence developed to construct 
the maleic anhydride, the novel use of acyl mesylates to effect 
Arndt—Eistert homologation of hindered carboxylic acids, and the 

base-induced conversion of CP-263,114 (2) into CP-225,917 (1)], 
the true flavor of this research program would have been compro¬ 
mised if this chapter had been constructed in such a manner. Indeed, 
it was only by examining the viability of several different synthetic 

sequences and confronting a litany of unforeseen roadblocks that 

the ultimate strategy was finally inspired. Without the practical 
knowledge gleaned from combat experience, if you will, it is incon¬ 

ceivable that this approach would ever have been so formulated on 
the basis of first principles alone. As such, this synthesis should 

serve to indicate that the fate of any synthetic plan towards a com¬ 
plex target still remains largely unpredictable despite our extensive 

body of knowledge. 
While the current trend for presenting total syntheses is to shy 

away from describing failed strategies, perhaps to provide more 

concise accounts of such campaigns, in truth these troubles lie at 
the heart of the science of chemical synthesis. Not only do synthetic 

challenges bring the weaknesses of our available synthetic arsenal 

into stark relief by indicating areas in which advances are required, 
but they also afford a window through which one can observe fun¬ 

damental elements of chemical reactivity. For example, while the 

formation of the unique polycycle 99 from 96 using Dess—Martin 

periodinane at elevated temperatures was useless for the synthesis 

of the CP-molecules, this “failure” and the subsequent exploration 
of its mechanism chartered a direct path to a series of reactions 

initiated by hypervalent iodine reagents. Had this particular experi¬ 

ment never been performed and the rationale for its outcome not 
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explored, this field of study might have remained latent for many 
years to come, if ever uncovered at all. 

One can only hope that the instructive nature of the challenges 
confronted in this synthesis will encourage chemists in the future 

to be more willing to share such unique moments of their synthetic 
endeavors with the rest of the community. Not only would such an 

approach effectively convey the vitality of this field of research to 

the next generation of synthetic practitioners, but it would also 
ensure the more rapid extension of basic knowledge in chemical 

synthesis in directions that, for the present, can barely be imagined. 

13.5 Fukuyama’s Total Synthesis of the 
CP-Molecules 

One year after the Nicolaou group completed their total synthesis of 

the CP-molecules, the second laboratory route to these formidable 
targets was concluded in May 2000 by Professor Tohru Fukuyama 
and his group at the University of Tokyo.33 The key elements of 
their effective synthetic strategy, which targeted CP-263,114 (2), 
are shown in Scheme 21. As in the Nicolaou approach, these 
researchers sought to employ a substrate-controlled intramolecular 

Diels—Alder reaction to create the bicyclic [4.3.1] core and its 
anti-Bredt olefin. However, rather than rely on a stereocenter 

relatively remote to the cycloaddition participants, they projected 
that a stereogenic center far closer to the dienophile in the form 
of a C-12 center bearing an Evans chiral auxiliary (117) could 

accomplish this objective. This approach proved fruitful in that 
upon activation of this substrate with ZnCl2*OEt2 in a solvent 

mixture comprised of CH2C12 and a small amount of pyridine, the 
endo Diels—Alder product (119) was smoothly generated with 

almost complete facial selectivity for the drawn diastereoisomer 
(-20:1). Importantly, one should realize that although typically it 

is the stereogenic center within such an auxiliary that governs 
stereoselectivity, in this case this feature was not active; it was 
the size of the entire motif that enabled the C-12 center to govern 

the diastereoselectivity of this event effectively.34 As an aside, in 

the absence of pyridine, an acid-catalyzed olefin isomerization 
occurred instead, which prevented access to the desired 
Diels—Alder pathway. 

With this essential operation implemented, the crude Diels—Alder 
product (119) was then subjected to reaction with the lithium 

anion derived from allyl mercaptoacetate, an event that provided 
120 in 53% overall yield from 117. Seeking next to create the 

maleic anhydride moiety, treatment of this product (120) with 

DBU in THF at ambient temperature then resulted in an intramo¬ 

lecular aldol reaction that furnished 121 in 93% yield as a single 
stereoisomer. Following decarboxylation at C-31 and dehydration 

of the alcohol group at C-ll to generate a thiobutenolide, a few 
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Scheme 21. Fukuyama’s total synthesis of (-)-CP-263,114 (2). 
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additional operations then led to anhydride 122 in which the more 

accessible of the two methyl esters at C-14 had also been hydro¬ 

lyzed. As such, with this ring appended onto the bicyclic core, 

only two key objectives remained to complete the total synthesis 
of 2, namely homologation of the carboxylic acid side chain at 

C-14 by one carbon atom and the construction of two more 

rings. Fortunately, the first of these requirements proved relatively 
easy to accomplish using the standard conditions of the 
Arndt—Eistert reaction, in which 122 was converted into 123 
by way of an acid chloride intermediate generated with oxalyl 

chloride. Accordingly, although the unique spatial environment 

of this same carboxylic acid on several intermediates of the 
Nicolaou synthesis could not be induced to react with this proto¬ 

col, in this case some aspect of the particular arrangement of 
functional groups in 122 enabled the conventional technique to 

succeed. 
Having accomplished this goal, the apical thioether at C-26 was 

then carefully oxidized to a sulfoxide (without overoxidation to 
the sulfone), enabling a subsequent TFAA-promoted Pummerer 

rearrangement35 to generate ketone 124. With this motif unveiled, 
subsequent cleavage of the dimethyl acetal with AcOH was 

attended by productive cyclization and dehydration to afford the 
entire gross architecture of the target molecule expressed within 
125 in 51 % yield from 123. Finally, Jones oxidation of the now 
free secondary alcohol followed by formic acid mediated lysis 

of the r-butyl ester completed the synthesis of 2 in 96 % overall 
yield. As a final note, although these researchers did not synthe¬ 

size the other CP-molecule, CP-225,917 (1), their total synthesis 
of 2 is also a formal synthesis of 1 in that the Nicolaou route 

established a means to effect this conversion (cf. Scheme 20).7 

413 

o 

13.6 Shair’s Total Synthesis of the CP- 
Molecules 

Just a few weeks after the Fukuyama group reported their total 
synthesis of 2, Professor Matthew Shair and his group at Harvard 

University completed the third laboratory route to these fascinating 

compounds.36 In most respects, this approach constitutes a signifi¬ 
cant departure from that of either the Nicolaou or Fukuyama syn¬ 

theses. In the early stages of their campaign, these researchers 
created the central bicyclic architecture not through an intramole¬ 

cular Diels—Alder reaction, but instead through a clever cascade 

sequence initiated by the addition of vinyl Grignard reagent 127 
(Scheme 22) to the ketone in homochiral 126. With this event 
providing 128, the stage was set for a subsequent anion-accelerated 
oxy-Cope rearrangement via a chair-like transition state to generate 

an eight-membered ring in the form of 129.37 However, this com¬ 

pound did not prove to be isolable, as it was suitably disposed to 
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Anion-accelerated 
oxy Cope rearrangement 

TMSOTf, HC(OMe)3, 
{ CH2CI2, -78-^0 °C 

(90%) 

134 

1. MsCI, Et3N, THF, 0 °C; 
CH2N2, -50 °C 

2. /tv, f-BuOH/Et20, 25 °C 
3. KHMDS, Et20; Tf20 

(7% overall) 
Arndt-Eistert 
homologation 

Scheme 22. Shair’s total synthesis of (+)-CP-263,114 (2). 
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participate in a terminating Dieckmann condensation which gave 
rise to the complete [4.3.1] bicycle of the CP-molecules (130). 
Overall, this truly amazing chain of events proceeded in 53 % 
yield, a result that accounted for an average conversion of 81 % 
per step. Not only did the realization of this sequence enable mate¬ 
rial to be readily advanced to this staging area for the final drive to 
complete the molecule, but it also afforded empirical evidence for 
some aspects of the biogenetic hypothesis shown in Scheme 1, as 
its steps are reminiscent of the operations postulated for the con¬ 
version of 6 into 9. 

This impressive “biomimetic” cascade would not be the only 
domino sequence that would denote this total synthesis. Indeed, 
after 130 had been elaborated into 131, treatment of the latter com¬ 
pound with trimethylorthoformate and a Lewis acid in the form of 
TMSOTf led to the one-pot assembly of 134 in 90% yield, in 
which a quaternary center and two new rings had been created con¬ 
currently! A plausible mechanism to account for this highly effi¬ 
cient sequence might constitute initial ionization of the enol carbo¬ 
nate with TMSOTf to provide silylketene acetal 132, a species 
poised for reaction with the liberated acyl cation that would then 
lead to the assembly of 133. Since excess TMSOTf was in solution, 
both MOM groups within this new intermediate were cleaved with 
the effect that the resultant hydroxy group at C-7 could initiate the 
shown cyclization cascade that ultimately afforded the lactone and 
pyran systems of 134. Moreover, by having effected the deprotec¬ 
tion of the carboxylic acid at C-14 during the course of this produc¬ 
tive sequence, the required extension by one carbon atom to match 
the side chain of the target molecules could be attempted in the next 
operation through an Arndt—Eistert reaction. As with the Nicolaou 
synthesis, this particular position resisted activation by conven¬ 
tional protocols, necessitating application of the acyl mesylate tech¬ 
nique developed by the Nicolaou group in order to achieve diazoke¬ 
tone formation. Unlike the Nicolaou or Fukuyama variants of this 
reaction, however, photochemical conditions, rather than, a silver 
species, were employed to complete the Wolff rearrangement that 
concluded the intended homologation. 

With this task accomplished, only the construction of the maleic 
anhydride portion remained, an objective that both the Fukuyama 
and Nicolaou approaches had tackled early on following the assem¬ 
bly of the bicyclic core of the CP-molecules. In this case, however, 
leaving this problem pending until the end proved to be a wise design 
element in that, after the formation of an enol triflate (135), subsequent 
palladium-mediated carboxymethylation under a CO atmosphere at 
rather high pressure (500 psi) provided 136 in 70 % yield. The degree 
of success for this reaction is noteworthy because it is an impressive 
example of the transformation on a highly complex intermediate, 
and attempts by the Nicolaou group to execute this same transfor¬ 
mation on simpler intermediates failed (an approach that we did 
not discuss directly). Finally, treatment with formic acid then 
cleaved the protecting groups to afford synthetic 2 in 79 % yield. 



416 13 CP-Molecules 

13.7 Danishefsky’s Total Synthesis of the 
CP-Molecules 

The fourth, and final, total synthesis of the CP-molecules accom¬ 
plished to date was reported at the end of 2000 by Professor Samuel 
Danishefsky and several of his collaborators at Columbia Univer¬ 
sity.38 Testament to the power of modern synthetic organic chemis¬ 
try and the ingenuity of its practitioners, this route (see Scheme 23) 
provided yet another novel means by which to fashion the architec¬ 
ture of the CP-molecules. Although the first objective in this enter¬ 
prise was to create the bicyclic core, as all the other approaches had 
done, in this case that goal was accomplished by an initial aldol con¬ 
densation between lithium enolate 138 (generated with LDA in THF 
at -78 °C) and furanoaldehyde 137, followed by a Heck cyclization 
of the resultant TBS-trapped intermediate (139) to generate 140. 
Although this product lacked the anti-Bredt olefin, the regiospecific 
installation of its lone element of endocyclic unsaturation enabled 
facile addition of both side chains at C-3 and C-4 (141—>143), 
with eventual formation of the anti-Bredt system (145) through an 
E2 elimination of the mesylate within 144 as promoted by DBU 
in toluene at 80 °C. Apart from the sheer creativity of these opera¬ 
tions, one should also take special note that the maleic anhydride 
moiety was masked as a silylated furan within these intermediates. 
Only this approach incorporated this ring system in the operations 
which led to the construction of the bicyclic core, while all the 
other strategies appended such a motif onto an already established 
[4.3.1] system. 

Having progressed to this juncture, the remaining steps sought to 
generate the final two ring systems of 2 and fully elaborate both the 
side chains at C-3 and C-4 to their proper disposition as in the target 
molecules. Thus, following the formation of 147 in which the phe¬ 
nyl sulfoxide served as a masked leaving group for an eventual 
cyclization, an Os04-mediated dihydroxylation of the terminal ole¬ 
fin provided a diol product whose alcohol group at C-7 immediately 
cyclized onto the proximal apical ketone to form hemiacetal 148. 
While this reaction was effective in terms of yield (70 %), the facial 
approach of the osmium reagent occurred only from the undesired 
a-face to afford C-7 stereochemistry epimeric to that of the targeted 
natural products. Since numerous attempts to convert this material 
into that with the desired stereochemical configuration failed 
(such as equilibration and epimerization), the synthesis was prose¬ 
cuted to its logical conclusion to afford 152 (i. e. 1-epi-CP- 

263,114). Following further investigation, however, a sequence 
was eventually identified that could transform this product into a 
1:1 mixture of CP-225,917 (1) and its C-7 epimer as shown in 
Scheme 24. Although the route needed to ultimately implement 
this objective might seem rather long, its length reflects the extreme 
difficulty in rupturing the pyran system without disturbing several 
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Pd(OAc)2(PPh3)2, 
Et3N, THF, 
65 °C, 4 d 

(92%) 

140 

*i 

(63% 
overall) 

OBn 

1. LiAIH4, Et20 
2. Swern [O] 

13. MsCI, 4-DMAP 

141 

iJUOBn OBn 

OBn 

^co2h 

152: 7-ep/-CP-263,114 

Scheme 23. Danishefsky’s total synthesis of 7-epi-CP-263,114 (152). 
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o 

’■^C02H 

152: 7-ep/-CP-263,114 

1. TMSCHN2,15 min 
2. (TMSOCH2)2, TMSOTf, 

CH2CI2, 5 h_^ 

3. LiOH, THF/H20; TMSCHN2 
(57% overall) 

1. LiAIH(OFBu)3, toluene, 
-10 °C, 5 min_ 

2. LiOH, THF/H20, 24 h; 
TFA/CH2CI2/H20 (54/4/1) 

(49% overall) 
(1:1 mixture of C-7 

epimers) 

DMP, NaHC03, 
CH2CI2, 4 h 

(90%) 
T 

Scheme 24. Danishefsky’s conversion of 7-epi-CP-263,114 (152) into 1. 

other fragile domains within the completed architecture of the CP- 
molecules. Importantly, however, subsequent studies have revealed 
that the compounds epimeric to 1 and 2 at C-7 are also present in the 
same bacterial fermentation broth,39 albeit in minute amounts; thus, 
reaching these compounds also constitutes a total synthesis and a 
laudable accomplishment. 

Equally as instructive as these total syntheses are a number of 
other studies carried out by the Danishefsky group to construct 
the C-7 center stereoselectively. As discussed above, the Nicolaou 
group had realized this objective through a dithiane addition 
based on lithium chelation of the substrate to facially bias the 
approach by the reagent. Similarly, the Danishefsky group 
attempted to achieve commensurate selectivity using the same 
dithiane nucleophile (14), but operating on aldehyde 155 
(Scheme 25). Indeed, an initial probe of this strategy revealed 
exquisite selectivity (10:1), but, unfortunately, the major product 
(156) was once again the wrong C-7 epimer. Since the chelation 
in this case was slightly different from that encountered in the Nico¬ 
laou synthesis, as an apical C-27 ketone was employed rather than a 
C-ll ketone (see 39 in column figure), this carbonyl was reduced, 
and the two phenyl sulfide diastereomers of the resulting hydroxy 
compound were separated to provide two new homochiral test sub¬ 
strates (157 and 159). Application of the same reaction conditions 
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THF, -200—>-78 °C, 
15 min 
(70%) 

(10:1 d.r.) 

THF, -200—>-78 °C, 
15 min 
(70%) 

(2:3 d.r.) 

Scheme 25. Danishefsky’s studies on C-7 stereocontrol. 

to these intermediates now revealed a truly amazing finding in that 
they led to markedly different degrees of selectivity for the C-7 
stereocenter (5:2 versus 2:3). Although the products of this 
sequence were not ultimately converted into the targeted natural 
products, these results provide a striking example of how stereoche¬ 
mical elements quite remote from the reactive center can dramati¬ 
cally influence the course of a reaction. This observation is well 
worth remembering since synthetic chemists often tend to empha¬ 
size the importance of substituents proximal to the reacting center, 
ignoring those more remotely disposed.40 
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Colombiasin A 

14.1 Introduction 

The Pseudopterogorgia class of corals, which are found throughout 
the Caribbean, has long been a source of intricate and complex 
bioactive secondary metabolites with diverse applications, includ¬ 
ing use as antiinflammatory agents and analgesics.1 In 2000, a 
new natural product from this family of marine organisms was 
introduced to the scientific community in the form of colombiasin A 
(1), a novel diterpenoid which demonstrated inhibitory activity 
against Mycobacterium tuberculosis H37Rv.2 The structure of 
colombiasin A is made up of 20 carbon atoms arranged in a compact 
tetracyclic framework, with a periphery adorned by four methyl 
groups, two carbonyl groups, two carbon-carbon double bonds, 
and a hydroxy group. This unprecedented molecular architecture 
certainly offers a considerable challenge for synthetic practitioners. 
Moreover, its six stereogenic centers, two of which are adjacent 
quaternary carbon atoms strategically positioned in the nucleus of 
the molecule, define imposing elements that could potentially resist 
any carefully considered synthetic plan of attack. 

Fortunately, due to the numerous natural products isolated from 
Pseudopterogorgia corals, cohesive biosynthetic pathways have 
been proposed to account for the formation of the various terpenoid 
structures observed, providing invaluable clues for the design 
of potential synthetic routes to 1. For example, in 1988, 
A. D. Rodriguez and his co-workers from the University of Puerto 
Rico disclosed the structure of elisabethin A (3, Scheme l),3 a com¬ 
pound that they believed might be derived from another isolate, 
bicyclic quinone 2,4 through a Cl—C9 cyclization event. Despite 
the fact that these metabolites were obtained from morphologically 

Key concepts: 

• Biomimetic synthesis 

• Tsuji-Trost reaction 

• Carroll rearrangement 

• Quinone-based 
Diels-Alder reactions 

• Diene protecting groups 
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similar but unique species of Pseudopterogorgia corals, the struc¬ 

tural homology shared by 2 and 3 certainly offers credence to 
the plausibility of such a biosynthetic connection. Since co¬ 

lombiasin A (1) was obtained from precisely the same organism 

as 3, Pseudopterogorgia elisabethae, Rodriguez extended his 

analysis to the idea that oxidation of C-12 in 3, leading to the 

hydroxy group drawn in 4, would provide an intermediate that 

could be converted into 1. In the proposed sequence, activation of 

the newly installed oxygen atom either by phosphorylation or pro¬ 

tonation, followed by base-catalyzed removal of the proton at C-2 
and intramolecular alkylation of the resultant enolate, would gener¬ 

ate colombiasin A (I).2 Although this hypothesis is reasonable, 

evidence is circumstantial, as 4 has not been observed as a distinct 

entity and biosynthetic feeding experiments have not, as yet, been 

performed to verify that 3 can be converted into 1. 
An equally enticing interpretation for the formation of 

colombiasin A (1), first advanced by the Nicolaou group in 2001, 

relies instead upon dehydration of the hydroxy group at C-9 in 2 
with concurrent isomerization leading to the diene system 5. Due 

to the proximal nature of the putative diene and dienophile units 
in 5, a productive Diels-Alder cycloaddition would then lead 

directly to 1 with concomitant formation of the adjacent and daunt¬ 
ing quaternary centers. In this chapter, we shall focus our attention 
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Scheme 1. Plausible biosynthetic pathways leading to the generation of colombiasin A (1) from other 
natural products isolated from various members of the Pseudopterogorgia genus. 
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on the successful realization of this latter biosynthetic hypothesis 

through an efficient and asymmetric total synthesis of colombiasin A 
(1) as developed in the Nicolaou laboratories.5 

14.2 Retrosynthetic Analysis and Strategy 

With the goal of performing a late-stage Diels-Alder cycloaddition 

as a means to forge the C- and D-rings of colombiasin A (1), a stra¬ 
tegy based on testing the biogenetic route delineated above, the 

Nicolaou group first decided to define 6 (Scheme 2) as the key tar¬ 
get of their synthetic endeavors to 1. This molecule is essentially 

homologous with 5 (Scheme 1), altered only through the addition 
of a methyl ether protecting group on the C-16 alcohol and the 

incorporation of a hydroxy group at C-5. Although these structural 

modifications represent potentially superfluous chemical moieties 
for the projected Diels—Alder reaction, their inclusion in this analy¬ 

sis was deemed strategically justified for the successful execution of 
transformations leading to 6. Thus, with a secure route to 6, comple¬ 
tion of the synthesis of colombiasin A was anticipated through a 

thermally induced Diels—Alder cycloaddition, with the proviso of 
using Lewis acid activation if the reaction proved lethargic. How¬ 

ever, based on the relative proximity of the diene and dienophile, 
elements that certainly seemed capable of achieving competent 
orbital alignment based on molecular models, a facile cycloaddition 

was expected. As such, a successful reaction at this stage would 
provide direct access to the entire skeletal framework of 

colombiasin A, while also accommodating the stereoselective gen¬ 
eration of both quaternary centers (assuming an endo specific 
Diels—Alder cycloaddition). Subsequent C-5 deoxygenation using 

a procedure such as the radical-based Barton—McCombie reaction,6 
followed by demethylation of the C-16 methyl ether, would then 

complete the synthesis of 1 from 6 based on this initial disassembly. 
Having reduced the synthetic problem to the creation of quinone 

6, further analysis suggested the diene portion could be installed 
stereoselectively by Wittig olefination of the precursor aldehyde 

functionality in 8 using the ylide derived from phosphonium salt 
7. Additionally, based on the large body of literature that amply 

illustrates the difficulty in handling isolated quinone adducts (due 

to their noted instability and proclivity to undergo side reactions),7 

it was decided to mask this moiety as the aromatic A-ring shown in 
8 rather than carry this reactive functionality through the subsequent 

steps of the synthesis. A demethylation—oxidation sequence 
induced by AgO in the presence of a mineral acid such as 

HN03 was envisioned as a suitable set of conditions capable of 
revealing the quinone at the appropriate juncture in the forward 

direction of the synthesis.8 From 8, simplification to 9 provided 
a compound whose C-6 appendage seemed ripe for disconnection. 

Although one might envision that the installation of this carbon 
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Scheme 2. Retrosynthetic analysis of colombiasin A (1). 
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chain could be achieved through generation of the thermodynamic 
enolate from a compound such as 12, followed by the addition of 
a suitable alkyl halide, numerous studies towards this end indicated 
that such an event would be difficult.9 Even if these experiments 
had been successful, the alkylation would most likely not have pro¬ 
ceeded with the requisite stereoselective generation of both the C-6 
and C-7 centers. 

An alternative, more classical approach for carbon-carbon-bond 
formation in this context could potentially rely on employment of 
the Carroll rearrangement.10 As shown in Scheme 3, this transfor¬ 
mation can be considered simply as a modified Claisen sigmatropic 
rearrangement, whereby heating a compound such as 16 at tempera¬ 
tures typically in the range of 180 to 210 °C is ultimately expected 
to lead to the formation of 19 through the indicated mechanism. 
Starting in the early 1970s, however, Professors J. Tsuji and 
B. M. Trost independently disclosed a series of seminal papers 
which greatly extended the ability of chemists to forge such car¬ 
bon-carbon bonds on activated methylene scaffolds based on the 
observation that vinyl (3-ketoesters (such as 16) react with catalytic 
amounts of Pd(0) to form rr-allyl complexes in situ such as 20. 
These species can then react with carbon-based soft nucleophiles, 
leading to products such as 19.11 

Several features of this general transformation, more commonly 
known as the Tsuji—Trost reaction, are of note. First, from an histor¬ 
ical perspective, this reaction reflects the first demonstration of a 
metallated species acting as an electrophile, countering decades of 
research which indicated that such entities only behaved as nucleo¬ 
philes. On a more practical level, the Tsuji—Trost reaction proceeds 
under neutral and mild conditions (typically at temperatures 
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Scheme 3. Carbon-carbon bond formation through the Carroll rearrangement and the Tsuji-Trost 
reaction. 
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between 0 and 25 °C), thereby decreasing the potential for side 
product formation through processes such as olefin isomerization, 
ester hydrolysis, or retro-Dieckmann or retro-Michael reactions 
(as pertinent to substrates possessing P-ketoesters) typically 
observed in Carroll-type rearrangements. In addition, because palla¬ 
dium attachment to generic allyl groups is a reversible process, 
tethering of the allyl portion through an ester linkage greatly 
enhances the overall rate of this reaction, as loss of carbon dioxide 
(illustrated in the conversion of 20 into 21) prevents reversion of the 
jr-allyl complex back to starting material. Last, although the Carroll 
rearrangement and the Tsuji-Trost reaction of 16 result in the same 
product, the distinct mechanisms for these conversions have signif¬ 
icant implications for the contexts in which they would likely prove 
useful. For example, in substrates in which enol tautomerization is 
not possible (as required for the Carroll rearrangement), such as 
a,a-disubstituted malonate derivatives, the palladium-mediated pro¬ 
cess is uniquely suited to achieve the desired transformation leading 
to a new quaternary carbon center.12 

Based on the demonstrated power of palladium-catalyzed allylic 
alkylation in numerous contexts and on the considerations discussed 
above, this method was projected as the means by which to install 
the C-6 side chain in 9 (Scheme 2) from a precursor crotyl enol car¬ 
bonate 10. In general, enol carbonates are a proven substrate class 
for the Tsuji-Trost reaction, and their overall utility derives from 
their ability to enable regioselective enolate formation upon expo¬ 
sure to palladium complexes.11® Despite the large body of work 
dedicated to the study of this allylation methodology, however, sev¬ 
eral features of the intended reaction for colombiasin A lacked lit¬ 
erature precedent, raising numerous concerns which shadowed the 
viability of the proposed strategy. For example, the use of a crotyl 
enol carbonate, which would be required to install the C-7 methyl 
group, had never been explored on substrates of this type; as 
such, the resultant stereochemistry of the product at both the C-6 
and C-7 centers could not be readily anticipated, although the 
methyl group at C-3 would likely play at least a supporting role 
in this event’s selectivity. Of greater concern was the recognition 
that the desired reaction would require the enolate to engage the 
more hindered carbon atom of the q3-Pd—allyl template, an issue 
of consequence since several reports had established that such addi¬ 
tions normally occur at the less sterically encumbered site due to the 
superior influence of steric factors over electronic considerations.13 
Despite this overarching preference, a mixture of regioisomeric 
products always results, a valuable observation which indicates 
that it might be possible to shift the balance of power in this “tug 
of war” match for control of the addition towards the side of elec¬ 
tronic factors. One way to potentially coax the reaction along this 
less-trodden path would be to alter the a-donation ability of the 
ligands bound to palladium in an effort to maximize the cationic 
character of the palladium—n-allyl complex, thereby creating an 
electronic influence that could overwhelm steric factors. Although 
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at the outset of this synthesis no systematic studies along these lines 

had yet been performed, there was evidence that such a strategy 
could indeed level the playing field between these competing 
factors.14 

Clearly, the ability to garner control of this particular reaction pro¬ 

cess successfully represented a potential Achilles’ heel in the pro¬ 

posed plan to synthesize colombiasin A. From a retrosynthetic per¬ 

spective, however, it seemed relatively simple to test this allylation 
strategy, since it was envisioned that 10 could be generated in short 

order through O-acylation of the enolate derived from 12 using (£)- 
crotyl chloroformate (11, Scheme 2). Unmasking the quinone unit in 

12 then led to the realization that the bicyclic template 13 could 

arise from a Diels—Alder union of Danishefsky-type diene 15 and 
quinone 14. The regioselectivity necessary to arrive at the desired 

product (13) was anticipated based on the different levels of steric 
accessibility and electron deficiency of the two carbon-carbon dou¬ 

ble bonds in 14, in conjunction with the fact that one of the two car¬ 
bonyl groups of the quinone is part of a vinylogous ester domain. 

As such, the proposed sequence would utilize exactly the same car¬ 
bon atoms for the dienophile portion in both Diels-Alder events. 
Apart from this interesting feature, the particular advantage of 

incorporating a Diels—Alder reaction early in the synthetic blue¬ 
print was the opportunity that it provided for an enantioselective 

total synthesis, one that is dependent on asymmetric induction in 
the presence of an enantiomerically pure Lewis acid catalyst. More¬ 

over, because the absolute configuration of the natural product was 
not established in the original isolation report,2 the ability to install 
the C-3 methyl group stereoselectively would enable access to both 

antipodes, resolving this issue conclusively if a crystalline inter¬ 
mediate could be obtained to verify the stereochemistry. 

As most students of organic chemistry should recognize, the use 
of a quinone-based Diels—Alder reaction to form an initial array 
of rings and stereocenters, elements that pave the way for subse¬ 

quent stereoselective elaboration to the final target molecule, repre¬ 
sents a popular strategy that has been used for over 50 years in the 

context of some of the most notable achievements in total synthesis, 

including cortisone and cholesterol (Woodward and co-workers, 
1952),15 reserpine (Woodward and co-workers, 1958),16 tetrodo- 
toxin (Kishi and co-workers, 1972),17 gibberellic acid (Corey and 

co-workers, 1978),18 and myrocin C (Danishefsky and co-workers, 
1994).19 However, none of these elegant examples proceeded in 

an asymmetric fashion, and at the outset of synthetic studies for 
colombiasin A, only one catalyst system had been proven to be cap¬ 

able of achieving asymmetry in Diels-Alder reactions involving 

quinones.20 As such, were that catalyst to fail in the selective 
union of 14 and 15, then entirely new systems would have to be 
developed to implement the strategy successfully. 
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14.3 Total Synthesis 

Synthetic endeavors towards colombiasin A (1) began with efforts 

directed at effecting the first projected asymmetric Diels-Alder 

reaction, as shown in Scheme 4. After ortho methylation of 1,2,4- 

trimethoxybenzene (22),21 formation of quinone 14 was achieved 

from 23 by using an oxidative demethylation procedure established 

by Rapoport and Snyder based on treatment with AgO in the 

presence of HN03.8 This set of conditions is often the method 
of choice for quinone generation in contexts far more complex 

than the one at hand, particularly since undesired oxidative side 

products are rarely observed. Significantly, AgO does not engage 
isolated methoxyl groups that lack an ortho- or /wa-substituted 

methoxy neighbor, and, as this example demonstrates, selectivity 
can be achieved when several different products could arise based 

on the multiple methoxy groups arranged in an ortho/para for¬ 

mat. 
With the dienophile in hand, Danishefsky-type diene 15 

(Scheme 4) was prepared simply by trapping the enolate of trans- 
3-penten-2-one (generated through exposure to Et3N in CH2C12 at 

—78°C) with TBSOTf. Having synthesized both 14 and 15, the 
stage was set to attempt the Diels-Alder cycloaddition. Initial 

efforts to forge this merger began with the use of Mikami’s catalyst, 
a titanium complex of presumed structure 25 generated through the 

reaction of (S)-BINOL (24) with (/-PrO)2TiCl2. As alluded to 
earlier, this system represents the only Lewis acid reported up 
to 2001 capable of inducing useful levels of asymmetry in 
Diels-Alder reactions with quinones.20 Gratifyingly, exposure of 

14 and 15 to a 30 mol% loading of catalyst 25 in toluene at 

—60 °C, followed by slow warming to — 10°C over 7 hours, led 
to the formation of 26 in 85 % yield along with a small amount of 

the undesired regioisomer 27; of even greater significance was the 

fact that the desired [4+2] cycloadduct 26 was formed with high 

enantiomeric excess (>94 % ee). 
Several features of this reaction merit further discussion, espe¬ 

cially in regard to the observed regio- and stereoselectivity of the 
process. When the Diels-Alder union was performed at ambient 
temperature in the absence of 25, only the desired regioisomer 26 
was obtained, a result that can be readily rationalized from a frontier 

molecular orbital perspective through analysis of optimal alignment 

of orbital coefficients between the dienophile and the diene. With 

the addition of a Lewis acid such as 25, however, the polarity of 
the orbitals can be altered significantly, sometimes even resulting 

in a complete reversal in regioselectivity !22 In the context of this 

reaction, the observed product mixture can be explained by invok¬ 

ing two different possible transition states involving catalyst 25 
which depend on the carbonyl group of the quinone that it co¬ 
ordinates. Normally, one would expect titanium to coordinate 

preferentially to the vinylogous ester carbonyl group since it has 
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Scheme 4. Synthesis of key intermediate 12 (a) and proposed endo transition states leading to products 
26 and 27 in the Diels-Alder cycloaddition (b). 
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greater Lewis basicity, as shown in transition state 28 (Scheme 4b). 
In this arrangement, the matching of orbital coefficients for a pro¬ 

ductive Diels—Alder reaction between the quinone and 15 is 

expected to be reversed relative to uncomplexed 14, thereby dictat¬ 

ing the formation of regioisomer 27 instead of the desired 26. 
Although some of the material must react through this pathway, 

as 15 % of the product mixture was composed of 27, this transition 

state cannot represent the predominant model. In the alternative sce¬ 

nario, catalyst coordination to the less Lewis basic carbonyl group is 
accompanied by a second interaction involving the oxygen atom of 

the pendant methoxy group, creating a highly stable bidentate com¬ 

plex (29). As such, Lewis acid activation in this manner is expected 

to bolster the desired selectivity towards product 26 with diene 
approach along the indicated trajectory. Due to the high oxophilicity 

of titanium and the much stronger chelation that can be achieved 

relative to 28, this latter transition state (29) must represent the 
favored mode of reaction in this Diels-Alder process. Despite 

these inherent preferences, the overall difference in Lewis basicity 
of the carbonyl groups in 28 represents a feature of sufficient influ¬ 
ence so as to interfere with exclusive reaction through transition 

state 29. 
Fortunately, this same set of transition state models also antici¬ 

pates the high levels of asymmetry achieved in the transformation, 

as the inherent chirality of the coordinated BINOL, effectively pre¬ 

sented through 7T—7i interactions between 14 and one of the naphthol 
rings of 25, blocked the lower face of the quinone and selectively 

guided the approach of 15 to the reactive C-C double bond of 14 
(as drawn in 29). Significantly, the level of catalyst loading proved 

to be a critical feature in achieving high levels of asymmetric induc¬ 
tion. Although one would anticipate that employing fewer equiva¬ 

lents of 25 would lead to greater amounts of 26 (since slowing 
down a reaction typically results in greater selectivity), an expecta¬ 

tion borne out with the exclusive formation of 26 using 5 mol % of 
25, the uncatalyzed background Diels-Alder addition proceeded 

quite readily, effecting a tremendous erosion in enantioselectivity 

to a disappointing level of only 15 %. 
Returning to the synthesis, while both 26 and 27 could be iso¬ 

lated, these products proved rather labile to silica gel purification, 
easily oxidizing to reform the A-ring quinone. As such, the crude 

mixture of these Diels-Alder adducts was immediately treated 

with K2C03 and Mel to effect quinol formation with subsequent 
protection as the bismethyl ether. This operation was then followed 

by acidic hydrolysis of the silyl enol ether, leading to a mixture of 

12 and the corresponding isomer resulting from 27 (not drawn) in 

70% overall yield for these three operations. At this stage, the 
two products could be separated chromatographically, providing 

enantiomerically pure 12 which was carried forward. Although 

the chirality of 12 could be predicted from the assumed transition 

states in Scheme 4, it was deemed prudent to confirm this conjecture 

by other means before pressing on with the synthesis. Fortunately, 
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acylation of the lithium enolate of 12 with 4-bromobenzoyl chloride 
(30) afforded a solid product 31 from which crystals suitable for X- 

ray crystallographic analysis were obtained. This analysis conclu¬ 

sively established the anticipated S configuration of the C-3 stereo¬ 
center for this series of compounds. 

With this first key goal achieved, the next hurdle in the synthesis 

of colombiasin A was application of the Tsuji-Trost reaction to 
affix the alkyl side chain at C-6. The initial requirement to explore 

this possibility, formation of enol carbonate 10, was smoothly car¬ 
ried out in 94% yield by 0-acylation of the enolate derived from 

12 using (£>crotyl chloroformate (11), as shown in Scheme 5a. 

Next, as a preliminary foray into allylation, exposure of a solution 
of 10 in THF to catalytic amounts of Pd(PPh3)4 at ambient tempera¬ 

ture led to the rapid formation of two new products, with consump¬ 
tion of the starting material after just 15 minutes. Unfortunately, 
only after fully elaborating these products to the complete colom¬ 

biasin skeletal framework and comparing their spectra to that of 

the natural product was it revealed that the newly formed adducts 
were 32 and 33, generated in a 1:2.4 ratio favoring the desired 
olefin 33, but with the incorrect stereochemistry at C-7. To ensure 

that the initial geometry of the crotyl group of 10 was not responsi¬ 
ble for the observed stereochemical outcome at C-7 in 33, the same 

reaction was performed with the Z isomer of 10. Once again, the 
exact same ratio of isomers favoring 33 was obtained without 
correction of the stereochemistry at C-7. 

These two experiments can be mechanistically rationalized by 
assuming that after oxidative addition of Pd(0) to the crotyl group 

of enol carbonate 10, with ensuing loss of carbon dioxide, a syn- 

[Pd(r|3-crotyl)]L2 complex E (Scheme 5b) was generated along 
with an enolate. Because both 10 and its Z isomer provided the 

same ratio of 32 and 33, the anti-configured complex A, formed 
from the Z isomer of 10, must have rapidly equilibrated to the steri- 

cally more favored vyn-r|3-crotyl palladium complex E through 7t-g- 

tt isomerization,23 proceeding through the series of intermediates 

shown in Scheme 5b.* Addition of the carbon-based nucleophile 
then occurred either at site a or b in E. Although it was originally 

anticipated that nucleophilic attack would occur preferentially at 
the less-sterically hindered, unsubstituted allyl terminus (carbon a), 

use of Ph3P as a ligand for palladium must have enabled sufficient 

build-up of positive charge on the metal center and the crotyl ligand 
in E so as to direct attack predominantly at carbon b where such 

cationic character was better stabilized. Indeed, this latter supposi¬ 

tion was confirmed when application of stronger a-donating ligands 
relative to Ph3P, such as the more basic l,2-bis(diphenylphosphi- 

no)ethane and P(0/-Pr)3, led to a remarkable erosion in selectivity 

for 33.24 Thus, taken as a whole, the highly different product ratios 

* Here, the designation of syn or anti refers to the spatial location of the methyl 
group relative to the designated H atom in the boxed structure in Scheme 5b. 
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obtained with these three different ligands (see Table in Scheme 5a) 

indicates that the regioselectivity of nucleophile addition in the 

Tsuji—Trost reaction can be tuned beyond mere steric control of 
the process, with the possibility of achieving a major reaction 

product derived from the addition to the more substituted carbon 

atom, a result that certainly went against prevailing wisdom! We 
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a) Pd(OAc)2, P(0/-Pr)3, 
THF, 25 °C, 30 min 

74% 1:4 

b) Pd(dba)3, (Ph2PCH2)2, 
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Scheme 5. Formation of intermediates 32 and 33 (a) and mechanistic rationale for the outcome of the 
Pd-catalyzed crotylation of enol carbonate 10 (b). 
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should note, however, that the physical steric bulk of the ligands 
cannot be wholly excluded as a contributing and modulating factor 
for the observed ratios of 32 and 33, although the electronic proper¬ 
ties of the bound ligands would appear to be the predominant forces 
in dictating the product distribution based on the tabulated results in 
Scheme 5. 

While these discussions have accounted for the observed product 
distribution of 32 and 33, we have not yet engaged the issue of their 
absolute stereochemistry. Since only a single diastereomer of 33 
was formed at both C-6 and C-7, despite the assumed equimolar 
presence of both enantiomeric forms of the syn complex E, the eno- 
late must have discriminated between the two enantiotopic faces of 
the palladium—crotyl complex, presumably due to the influence of 
the lone stereogenic center C-3. Clearly, this inherent bias would 
likely plague the formation of the desired C-7 epimer in any strategy 
based on the incorporation of a side chain at C-6. As a final com¬ 
ment, although this reaction can be formally considered as a sigma- 
tropic rearrangement along the lines of a Claisen reaction through 
the arrows drawn for the conversion of 10 into 33 in Scheme 5a, 
the preceding discussion certainly indicates that such a simple 
view is inaccurate and misleading since that model cannot success¬ 
fully predict the observed products or their stereochemistry. 

Given the overall success of the Tsuji—Trost conversion, despite 
the unavoidable incorporation of incorrect C-7 stereochemistry, 
the Nicolaou group pressed forward, setting correction of the C-7 
stereocenter as the next objective. After significant route scouting, 
it was determined that the desired C-7 epimer could best be obtained 
through the sequence delineated in Scheme 6. First, reduction of the 
C-5 carbonyl group in 33 was smoothly achieved through exposure 
to NaBH4, with the observed stereoselectivity presumably con¬ 
trolled by the bulkiness of the alkyl chain at C-6. Subsequent silyla- 
tion then completed the synthesis of 34 in 91 % overall yield for 
these two steps. Of course, since there is no oxygen atom at this 
position in the final target molecule, the facial discrimination in 
the first operation was of no consequence, since the alcohol group 
will be extruded later. At this stage, because it was envisioned 
that epimerization of the C-7 center could likely be achieved 
through basic equilibration, the pKa of the C-7 proton had to be low¬ 
ered so that it could be abstracted selectively by conventional bases. 
Towards this end, the terminal C-C double bond in 34 was con¬ 
verted into the corresponding aldehyde 35 by initial osmium- 
mediated dihydroxylation, followed by oxidative cleavage with 
NaI04 supported on silica gel.25 As an aside, this modification of 
conventional glycol cleavage with NaI04 represents a very useful 
procedure, as NaI04 alone is soluble only in water/alcohol mixtures 
or in THF. By appending NaI04 onto silica gel (which is presum¬ 
ably achieved through interactions between the oxidant and the 
hydroxy groups on the surface),26 the reagent readily performs oxi¬ 
dations in nonpolar solvents such as CF^C^ or benzene, and the 
pure aldehyde product can be obtained simply by filtration and 
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removal of the solvent. These features are particularly valuable for 
cases involving the formation of labile or water-soluble aldehydes. 

Nevertheless, with the acidity of the C-7 proton now enhanced, 

exposure of 35 to NaOMe in MeOH effected thermodynamic equi¬ 

libration to a 2:1 mixture of 35 and 36, favoring the original, unde¬ 
sired C-7 epimer 35 (Scheme 6). After chromatographic separation 

of the two isomers, the recovered starting material (35) was cycled 
again through the same process in near quantitative yield; ulti¬ 

mately, conversion into 36 was slightly more than 50%. With the 
correct stereochemistry at C-7 finally secured, 36 was then 
advanced to aldehyde 8 in anticipation of eventual Wittig homolo¬ 

gation through three simple operations which proceeded through 

intermediate 9 in a combined yield of 77 %: olefination with the 
ylide derived from methyl triphenylphosphonium bromide, hydro- 

boration/oxidation, and oxidation with PCC. 

Me OMe 

Me OMe 

Me OMe 

1. 0s04, NMO, 
acetone/H20 

2. Nal04/silica 

Me 

(71% overall) 

OMe 

Me OMe 

Scheme 6. Successful epimerization at C-7 and elaboration to key intermediate 8. 
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Having labored extensively to establish three of the stereocenters 
of colombiasin A, the opportunity to harvest the fruit of that labor 

through the final proposed Diels—Alder reaction was nearly at 

hand. Accordingly, the requisite diene system was smoothly fash¬ 
ioned through the addition of a solution of aldehyde 8 in THF to 

the semistabilized ylide generated from 7 upon exposure to n- 
BuLi, providing the desired aromatic diene 37 as a 3:1 mixture of 

E/Z isomers (Scheme 7). With this product in hand, efforts were 
immediately expended to reveal the camouflaged A-ring quinone 

by using the oxidative demethylation procedure of Rapoport and 

Snyder (AgO and HN03).8 Unfortunately, only traces of the desired 

Me OMe Me OMe Me OMe 

Scheme 7. Final stages and completion of the total synthesis of (-)-colombiasin A (1). 
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diene-quinone were obtained, likely due to side reactions caused by 

the diene system during the oxidation step, as many unidentified by¬ 

products lacking this portion of the molecule were observed. 
To circumvent this stumbling block, application of a classical 

masking trick in Diels-Alder chemistry proved highly rewarding. 

Since the pioneering work of Staudinger in the early part of the 

last century,27 it has been well-documented that S02 can add cleanly 
to a diene system, providing an adduct that can be reverted back into 

the original diene through a thermally induced retro-Diels—Alder 

process which leads to the expulsion, or, as more commonly 

defined, cheletropic elimination, of S02. More importantly, the 

initially formed sulfone is inert to numerous reaction conditions, 
making it an excellent masking device for a diene system that can 

be carried forward through several synthetic operations prior to its 
unraveling. Application of sulfones in Diels—Alder reactions was 

well-established by 1950, and the overall methodology was greatly 

extended through the pioneering work of M. P. Cava and his group. 
They established that highly reactive ozt/zo-quinodimethanes could 

be generated pyrolytically from sulfones such as 42 (Scheme 8), 

which, in the presence of dienophiles, lead to polycyclic systems 
such as 45.28 As such, this strategy represents a complementary 

method to ozt/zo-quinodimethane formation from precursor benzo- 
cyclobutenes, an approach discussed at length in Chapter 10 of 

Classics I. One application of this strategy in an intramolecular con¬ 
text was the total synthesis of the steroid estra-1,3,5(10)-trien-17- 

one (48) from 46 by the Nicolaou group wherein cheletropic elim- 

a 
Ph 

48: estra-1,3,5(10)- 
trien-17-one 

Scheme 8. First example of cheletropic elimination of S02 for o-quinodimethane generation (a), and 
application of the strategy as the key step in Nicolaou’s total synthesis of estra-1,3,5(10)-trien-17-one (b). 
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ination of S02 was readily effected in high yield under conditions 
that required neither a catalyst nor high dilution.29 

Following this historical precedent, a sulfone was readily 

appended onto the diene system of 37, affording 38 in 91 % yield 

(Scheme 7).30 One should note that in this transformation both iso¬ 
mers obtained from the prior Wittig olefination were employed, 

resulting in the mixture of stereoisomers at C-9 in 38. Based on 

the assumption that eventual thermal extrusion of S02 from either 
diastereomer would provide the requisite tranx-substituted olefin 

in the diene desired for Diels—Alder reaction, this lack of selectivity 
was not deemed problematic.31 However, the pressing issue at this 

juncture remained the generation of the quinone. Fortunately, with 
the diene now protected, oxidative demethylation smoothly furn¬ 

ished 39 in 79 % yield with concomitant TBS deprotection. 

Having successfully unveiled the dienophile, it was now time to 
unmask the diene. Heating a solution of 39 in toluene in a sealed 
tube protected from light at 180 °C effected cheletropic elimination 

of S02, providing putative intermediate 6 which readily engaged in 
the anticipated Diels—Alder union leading to the desired polycyclic 

product 40 in 89 % yield, solely as the endo isomer. During the 
experiment, light was excluded from the reaction medium because, 

in earlier studies, the reaction of the C-7 epimer 49 under the same 
conditions in the presence of normal room light led exclusively to 
50 (Scheme 9), presumably the product of a stepwise [2+2] 

cycloaddition involving 1,4-diradical intermediates with the 
stereochemistry of the product dictated by the unique colombiasin 
framework.32 The pivotal role played by light in this process was 

confirmed when the complete conversion of 49 into 50 could be 
accomplished after only 15 minutes of exposure to visible light at 

ambient temperature. 
With the formation of the entire colombiasin skeleton accom¬ 

plished through the successful generation of 40 (Scheme 7), includ¬ 
ing the two quaternary carbon atoms and the additional three stereo¬ 

centers present in the target molecule, only a few minor 
details remained before arriving at colombiasin A (1). First, the 

extraneous hydroxyl group at C-5 was reductively removed through 
the use of the Barton—McCombie protocol6 in which the initial for- 

Me OMe 

40 

toluene, 180 °C, 12 h 
or /tv, benzene, 15 min 

(91%) * 
[2+2] Cycloaddition 

50 

Scheme 9. Unique polycyclic product 50 formed through a photoinduced [2+2] cycloaddition. 
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mation of a xanthate ester (NaH; CS2; Mel) was followed by treat¬ 

ment with n-Bu3SnH in the presence of AIBN as a radical initiator 

to furnish 41 in 73 % overall yield. Finally, the synthesis of 
colombiasin A (1) was completed upon cleavage of the methyl 

ether at C-16 by controlled exposure to BBr3 and cA-cyclooctene 

in CH2C12 at —78 °C. In the absence of a “sacrificial” or competitive 
olefin such as cA-cyclooctene, this demethylation was also attended 

by acid-induced migration of the C—C double bond in the D-ring to 

form the apparently more stable A11,12 isomer. Before leaving this 

synthesis, however, one should note that the signs of the optical 

rotations of natural colombiasin A (1) and the final synthetic 
material matched, thereby establishing the absolute configuration 

of the natural product as drawn throughout the schemes in this 
chapter. 

14.4 Conclusion 

The described synthesis of colombiasin A (1), using the 
Diels—Alder reaction as the primary tool for the construction of 

its molecular complexity, not only provided validation for a putative 

biosynthetic route to this fascinating natural product, but also 
advanced our knowledge regarding the generality and scope of 

this reaction process to fashion complicated molecules asymmetri¬ 
cally.33 In addition, the extension of the highly useful palladium- 

mediated Tsuji—Trost allylation to a new class of substrates, as 

well as the demonstration that the regioselectivity of enolate addi¬ 
tion to the palladium—crotyl complex could be altered simply 

through ligand substitution, was a noteworthy achievement of this 
endeavor.34 
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15 
G. Stork (2001) 

Quinine 

15.1 Introduction 

Western culture first became aware of quinine in the 1630s when 
Spanish missionaries stationed in parts of the Incan Empire (present 

day Peru) learned from the local inhabitants that extracts from 
the bark of a tree they called “quina” could treat certain fevers 
and ailments which we would now characterize as malaria. When 
these remedies proved invaluable a few years later in saving the 

life of the Countess of Chinchon, the consort of the Spanish Viceroy 
of Peru (for whom the chinchona alkaloids are likely named), word 

spread to European courts of this new medicine, and quina bark was 
soon exported across the Atlantic Ocean where those few who could 

afford this scarce and expensive curative benefited from its powers. 

Although malaria was a significant problem throughout Europe, 
acceptance of quinine was not universal as it was “marketed” with 

the name “Jesuit’s powder” after the Roman Catholic missionaries 

who had first discovered it. As a result, nobles in Protestant Europe, 
particularly England, considered it in bad form to use any medicine 

so clearly associated with the papacy, and resorted instead to more 
classical therapies of the period such as bloodletting or drinking 

mercury. While such reluctance is believed to have led indirectly 

to the death of several important historical figures such as Oliver 
Cromwell, once European nations expanded their empires into addi¬ 

tional regions where malaria was prevalent, like the Indian subcon¬ 

tinent, quinine became a widely embraced medicine which to this 
day is still utilized in many parts of the world. Its true impact in 

this regard is challenging to estimate, but it is not unreasonable to 

assume that quinine has been responsible for saving hundreds of 

thousands of lives. Without doubt, this agent has profoundly shaped 

Key concepts: 

• Synthesis evolution 

• Strategy design 
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the development of modern civilization over the course of the past 

four centuries.1,2,4 
Although this short anecdotal sketch barely scratches the surface 

of the interesting history of quinine, a subject that can clearly pro¬ 

vide numerous opportunities for book contracts and intense intellec¬ 

tual discourse, our primary objective in this chapter, of course, lies 

exclusively in the realm of quinine’s total synthesis. True to form, in 

this venue quinine serves as the source of an equally compelling 
story in that it has constituted a synthesis problem unlike any 

other encountered during the past two centuries. 
On the surface, quinine (1) appears no different than the other 

molecular targets discussed in this book—smaller, perhaps, than 

many of these natural products, but still laden with stereochemical 
complexity in the form of four stereogenic centers. Indeed, the 

majority of the objectives behind undertaking its total synthesis mir¬ 
ror those discussed throughout the Classics series. For example, 

several researchers have sought to use quinine (1) as a platform 

to develop unique synthetic strategies. Others have viewed the qui¬ 
noline and quinuclidene systems as excellent proving grounds for 

new methodology in heterocyclic chemistry, while some have 
desired to make sufficient quantities of quinine (1) for pharmaceu¬ 

tical applications. What ultimately renders quinine so synthetically 

unique is over 150 years of prodigious effort was required 
before a stereoselective total synthesis of this compound was finally 
achieved in 2001 by Gilbert Stork and his colleagues at Columbia 

University.3,4 Given our current synthetic prowess in which syn¬ 
theses of natural products with far greater structural complexity 

than quinine (1) are routinely achieved just a few years following 
their structural characterization, such a statement would seem 

incredibly hard to believe. The source of quinine’s synthetic chal¬ 

lenge over the ages, however, was not the lack of suitable technol¬ 
ogy to fashion its key structural elements, but rather the consistent 
application of a singular general synthetic strategy which made an 

asymmetric synthesis virtually impossible to achieve. Before we 

get to the conclusion of this interesting story and analyze the 
Stork group’s unique approach to this agent, we feel that setting 

the stage with a brief history of the synthetic studies targeting this 

extraordinary natural product is necessary to fully appreciate the 
logic behind their final design. 

15.1.1 Initial Synthetic Forays 

Throughout the 19th century (as well as most of history, for that mat¬ 
ter), the supply of quinine was always less than its demand in the 

Western world because of the dual challenges of procuring large 
quantities from typically far away natural sources and maintaining 

a consistent raw material pipeline, as wars were frequent in the ter¬ 

ritories from which quinine was obtained.23 This supply issue 

proved to be especially fatal during the American Civil War 
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(1861—1865) when the lack of sufficient quantities of quinine was 
believed to have led to the death of more soldiers stationed in the 
Southern states from malaria than from wounds sustained in battle.1 
It was during this period, though, that chemists first began to con¬ 
template a solution to this general availability issue in the form of 
an effective laboratory route to quinine. While the value of synthetic 
chemistry was only barely perceived by the greater scientific com¬ 
munity, achievements such as the synthesis of urea (Wohler, 1828)5 
and acetic acid (Kolbe, 1845)6 may have provided some measure of 
confidence to early chemists that other natural products such as qui¬ 
nine could be synthesized, though tremendous travail would likely 
be required. Indeed, at the time the only available aids were a select 
number of raw chemicals, a small collection of reaction conditions 
such as “heating” and distillation, an authentic sample of the natural 
product (which was first isolated in 1820 by Pelletier and Caven- 
tou), and the molecular formula of quinine (determined by Strecker 
in 1854).7 

The first pioneer in the quest for synthetic quinine was August 
Wilhelm Hofmann, the German director of the new Royal College 
of Chemistry in London, who published the idea in 1849 that qui¬ 
nine could be synthesized using materials derived from readily 
available coal tar.1 In 1856, he was able to convince his 18-year 
old pupil, William Henry Perkin, to undertake this project armed 
with the notion that the reaction of two molecules of A-allytoluidine 
(2, Scheme 1) with oxygen through “. . . the discovery of an appro¬ 
priate metamorphic process” could lead to quinine (1) following the 
loss of water.8 Although this equation was certainly mathematically 
sound, the actual molecular constitution of both quinine and the 
starting material shown in Scheme 1 reveal the obvious futility of 
Perkin’s endeavors for a total synthesis. Significantly, however, 
this equation fails to indicate the valuable discovery that he 
would make in the process. 

Perkin began his investigations in his home laboratory over the 
Easter vacation by first treating 2 with potassium dichromate, a 
reaction that ultimately generated an intractable reddish-brown pre- 

H 

+ + 30 

2: A/-allyltoluidine 
(Ci0H13N) 

2: A/-allyltoluidine 
(C10H13N) 

? 

-[H20] 

Sir William Henry Perkin 
Courtesy of the William Haynes 

Portrait Collection, Chemist’s 
Club Archives, Chemical 

Heritage Foundation Image 
Archives 

1: quinine 
(C20H24N2O2) 

Scheme 1. Initial forays into the laboratory synthesis of quinine: the “mathematical approach” by 
Sir William Henry Perkin (1856). 
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cipitate from which he could find no quinine. Undeterred by this 
initial failure, Perkin decided that “screening” more conditions 
was necessary and next tested the same oxidation reaction using ani¬ 
line as his starting material. Instead of a crude brown product, this 
time he synthesized a black solid. While most of us today would be 
apt to throw such a “tar” into the trash, Perkin instead tried to 
extract this residue with several agents, and, when he used alcohol, 
he observed the formation of a brilliant purple solution that could 
readily dye fabrics. Upon concentration of this alcoholic media, 
he obtained a beautiful crystalline product. Although not quinine, 
this compound, which he called “mauveine”,* launched the begin¬ 
ning of the chemical industry throughout the world and led to 
great commercial profit for Perkin.1 

Hofmann and Perkin, though, were not alone in performing scien¬ 
tific research on quinine during this period. Across the English 
Channel, the famous French scientist Louis Pasteur was attempting 
to employ this natural product as a suitable base to resolve racemic 
acids, a goal that he ultimately realized in 1853 (without quinine) in 
his successful resolution of tartaric acid into its two enantiomeric 
forms. During the course of these investigations, however, Pasteur 
observed that the reaction of quinine (1, Scheme 2) with aqueous 
sulfuric acid led to the formation of a new product which we now 
know as quinotoxine (3).10,11 While Pasteur himself never deduced 
the molecular basis for this event, as the structure of quinine was 
unknown (we can now rationalize the reaction through the mechan¬ 
ism shown involving intermediates 4 and 5), this degradation reac¬ 
tion served as the catalyst that eventually enabled chemists to 
slowly unravel the structure of quinine. By 1908, the German che¬ 
mist Paul Rabe reported the correct molecular connectivities of this 
natural product,12 thereby enabling the chemical community to pur¬ 
sue more rationally designed synthetic studies towards quinine than 
those initiated by Perkin. Rabe would play a leading role in this 
regard, and spent most of the next quarter of a century in pursuit 
of the total synthesis of quinine. 

As the absolute configuration of quinine was still unknown and 
stereochemical analysis did not exist, Rabe’s ultimate objective 
was unfortunately far in advance of the realm of possibility. Even 
if he had successfully achieved the synthesis of the molecular struc¬ 
ture of quinine, he would have conceivably produced sixteen differ¬ 
ent products, of which quinine would have required selective isola¬ 
tion from the other fifteen stereoisomers. Despite these overarching 
challenges, Rabe was able to effect a partial synthesis of quinine (1) 
from Pasteur’s degradation product quinotoxine (3, cf. Scheme 2).13 
This remarkable achievement is documented in Scheme 3 wherein, 
following bromination of the free amine in the piperidine ring of 3 

* Following extensive studies, it turns out that Perkin’s starting aniline was, in 
fact, contaminated with o- and p-toluidine impurities which proved critical in 
the formation of mauveine; as shown in the column figure, mauveine actually con¬ 
stitutes a mixture of two compounds.9 
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Enol-Keto > 

▼ tautomerization 

Scheme 2. Pasteur’s acid-catalyzed rearrangement of quinine (1) to quinotoxine (3) as first characterized 
by Rabe. 

Scheme 3. Rabe’s reconstitution of quinine (1) from quinotoxine (3). 1918 



448 15 Quinine 

"Mutarotation" 

W. v. E. Doering and 
R. B. Woodward 
Courtesy of Time Life 
Syndication 

with NaOBr, exposure of the resultant product (6) to NaOEt in etha¬ 
nol effected basic dehydrohalogenation to afford 8. Upon final 
reduction with aluminum powder, Rabe then obtained a mixture 
of several products, among which was quinine (1). Though Rabe 
could not have rationalized the collection of products he obtained 
since stereochemical and conformational analysis were essentially 
unknown at the time, today we can appreciate that although he 
started with enantiopure starting material (3), at the end of his 
sequence, he had produced all four possible C8—C9 stereoisomers 
of 1. Freshly generated 8 underwent epimerization at C-9 through 
facile in situ keto-enol tautomerization (what has been termed a 
“mutarotation” in the quinine literature) as its enol form (9) is 
hydrogen-bond-stabilized and the final reduction reaction was non- 
stereoselective. 

While each of these initial synthetic forays fell short of affording 
wholly synthetic quinine, the endeavors were far from fruitless 
since they served as the foundation for a substantial body of our cur¬ 
rent body of synthetic knowledge, particularly in the field of hetero¬ 
cyclic chemistry. Indeed, reactions such as the Skraup quinoline 
synthesis (see Chapter 18 for a discussion of this general transfor¬ 
mation) and much of our general knowledge about pyridine and 
quinoline ring systems had their inception from this initial work 
related to quinine.2a Equally significant, these early studies towards 
quinine also established the groundwork necessary to enable the 
next generation of synthetic practitioners to achieve the first total 
synthesis of 1. 

15.1.2 The Woodward/Doering Formal Total Synthesis 

Although Rabe had failed to effect a total synthesis of quinine, his 
reconstitution of this target from quinotoxine (3) was highly signif¬ 
icant in that it indicated that subsequent researchers would need 
only to reach this somewhat simpler molecule in order to declare 
a formal total synthesis of 1. While still a formidable task in the 
absence of modern spectroscopy and column chromatography, in 
1944 R. B. Woodward and his student William von Eggers Doering 
at Harvard University succeeded in achieving this very goal.14 
Although this work is almost sixty years old, its classical design 
and brilliant execution are still instructive today, and, as a result, 
the essential portions of it are presented in this section.15 

Woodward and Doering’s general approach to quinotoxine (3) is 
shown in Scheme 4 (as a modern day retrosynthetic analysis) in 
which their key objective was the late-stage union of two advanced 
building blocks, quinoline 10 and piperidine 11. With several meth¬ 
ods available to achieve their combination, such as effecting a 
Dieckmann condensation followed by a decarboxylation step, this 
proposal was quite reasonable and would then enable use of the 
Rabe route to complete quinine (I).13 The true challenge for this 
analysis, however, was achieving the selective synthesis of building 
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Scheme 4. General retrosynthetic plan utilized by Woodward and Doering in their formal total synthesis of 
quinine (1). 

block 11 (the ethyl ester of a quinine degradation product known as 
homomeroquinene) in which the two side chains would need to be 
incorporated in a cis arrangement. 

At first glance, one might imagine that this goal could be accom¬ 
plished by the separate introduction of appropriate alkyl tethers on a 
simple piperidine ring. While feasible, the potential length of such a 
sequence and the fact that it would require carrying reactive func¬ 
tionality throughout the synthesis would seem to obviate its practi¬ 
cality. Faced with this realization, Woodward and Doering pio¬ 
neered a strategy that would become one of the most important 
approaches for the synthesis of complex molecules: the formation, 
modification, and eventual cleavage of carbon frameworks in cyclic 
settings to generate acyclic stereochemical elements.16 We have 
already witnessed the ingenuity and utility of this concept in 
Woodward’s synthesis of both strychnine and reserpine in the first 
volume of Classics. For quinine, this strategy was expressed in 
the idea that a 2-methylcyclohexanone ring system appended in a 
cis fashion to a piperidine (such as 19, Scheme 5) could serve as 
a masked form of both the ester and vinyl side chains of 11 to be 
unveiled through an appropriate oxidative ring cleavage process. 
As a result, the critical requirement for the success of this approach 
would be finding conditions to effect such an opening that would 
also be mild enough to prevent any equilibration of the piperidine 
substituents, as the thermodynamically favored 1,2-trans system 
would result and thereby destroy the carefully crafted cis arrange¬ 
ment of these portions at the ring fusion in 19. 

In order to examine the viability of this approach, efforts were 
first directed towards the stereospecific synthesis of 19 following 
a route which anticipated that hydrogenation of the aromatic system 
in an intermediate such as 18 could deliver hydrogen in a facially 
selective manner to afford the requisite stereocenters of the target 
(in a relative sense). As shown in Scheme 5, while 19 was produced 
through such a reaction, the final hydrogenation of 18 did not pro¬ 
ceed stereoselectively since double-bond isomerization of partially 
reduced intermediates probably occurred at the elevated tempera- 

H 
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Scheme 5. Woodward and Doering’s synthesis of advanced intermediate 19. 

tures employed (150 °C), also giving rise to 20. Despite the nonse- 
lective nature of this reaction, however, 19 could be obtained in 
pure form in 20 % yield (as a racemic mixture of cw-fused products) 
following a tedious separation protocol. Before pressing on with the 
synthesis, though, it is instructive to note that with the formation of 
key intermediate 15, Woodward and Doering had already incorpo¬ 
rated all the carbon atoms that would become the eventual building 
block in just three steps. While a seemingly insignificant observa¬ 
tion, the rapid construction of the carbon framework in his target 
molecules would be similarly echoed in many of Woodward’s 
later syntheses and constitutes a distinctive hallmark of his synthetic 
strategies toward complex molecular architectures. 

With 19 synthesized, the next step was ring opening, and, as 
shown in Scheme 6, this conversion was brilliantly achieved upon 
application of a nitrite ester cleavage protocol (a reaction that had 
previously been used by Rabe during some of his additional degra¬ 
dation work).15 As illustrated, exposure of 19 to ethyl nitrite in the 
presence of NaOEt in EtOH converted the initial ketone into an 
ester with attendant oxidation of the adjacent carbon atom to an 
oxime, leading to 25 in 68 % yield through a remarkable process 
that can be rationalized by invoking intermediates 21 through 24. 
Although one might expect such strongly basic conditions to epi- 
merize the carefully installed stereocenters in 19, the formation of 
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Scheme 6. Woodward and Doering’s opening of cyclic template 19 to provide advanced intermediate 25. 

OEt 

Scheme 7. Completion of Woodward and Doering’s formal total synthesis of quinine (1). 

an oxime adjacent to the piperidine ring was an ingenious design 
element because the most acidic proton in the resultant product 
(25) resided on the oxygen atom of the oxime. Thus, as shown in 
the column figures on the next page, under basic conditions, 26 
(whose resonance, or canonical, form is 27) was formed exclusively 
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from 25, thereby preventing proton release from the adjacent stereo- 

genic carbon center of the ring, which would have led to destruction 

of the initially installed stereochemistry in 19. Equally brilliant, this 

cleavage reaction directly afforded the requisite ester side chain of 

11 (cf. Scheme 4) and left only reduction of the oximino ester to 

a primary amine followed by an in situ base-induced elimination 

reaction (E2) to generate the vinyl group of this key target molecule. 
As indicated in Scheme 7, these objectives were met with the for¬ 

mation of 11 over several steps, via 28, in 40 % yield. Following the 

reaction of this compound (11) in a Dieckmann condensation with 

the readily synthesized quinoline 10, subsequent treatment of the 
resultant product with hot 6 n HC1 then completed the synthesis 

of quinotoxine (3), which was obtained as its natural epimer follow¬ 

ing selective crystallization. As such, the first total synthesis of qui¬ 

nine (1) was formally complete.* 

15.1.3 The Hoffmann-La Roche Total Synthesis 

Although the Woodward/Doering formal synthesis of quinine (1) 

certainly constituted an elegant solution to many of the problems 
posed by its intricate molecular framework, its overall lack of 

stereocontrol certainly indicated an area in which improvements 
could be made by later routes. While several individuals worked 

on this stereoselectivity problem during the decades following 

World War II, the first truly successful efforts to address this 
issue did not occur until the early 1970s when a group of research¬ 

ers headed by Milan R. Uskokovic at the Hoffmann-La Roche Phar¬ 
maceutical Company developed an improved route to quinine (1) as 

part of a research program that sought the large scale production of 
this compound as well as the synthesis of novel structural analogues 

in order to generate potential antimalarial agents.18 
Their overall conception of a sequence to synthesize quinine (1) 

stereoselectively is shown in retrosynthetic format in Scheme 8. 

The key aspect of their analysis rested on the idea that the C-9 alco¬ 
hol of quinine (1) could be installed enantioselectively from deoxy- 

quinine (29) through a SET/disproportionation event which 

would utilize the steric bulk of the bridgehead nitrogen atom in 

* There has been some debate in the current literature concerning the validity of 
Rabe’s reconstitution of quinine (1) from quinotoxine (3) in regards to the final 
reduction using aluminum powder, especially since the experimental details of 
the conversion were not explicitly defined in the original 1918 report and were 
only later discussed in a 1932 paper by the same author.13 This issue is clearly 
of consequence because if this reaction did not proceed as written, then the Wood¬ 
ward/Doering route would not constitute a formal synthesis of quinine (1), but 
merely a synthesis of quinotoxine (3) since the Harvard researchers did not repeat 
Rabe’s chemistry. While we do not wish to engage directly in revisionist commen¬ 
tary about whether or not this conversion is valid, we do think it important to note 
that Woodward and Doering were not alone in basing their synthetic work on the 
assumption that the Rabe route indeed led to the generation of quinine.17 
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the quinuclidine ring to govern the approach of molecular oxygen to 

the opposite face following formation of a C-9 anion from 29. The 

success of this reaction would, of course, be predicated on the 
degree of facial bias that a lone pair of electrons could provide in 

a variant of asymmetric induction that is more classically effected 
with a stereocenter adjacent to a carbonyl group, with the additional 

proviso of selective abstraction of a proton from the C-9 position in 
29. While the former concern could only be probed empirically, the 

latter issue was assured based on the well-documented tenet that the 

acidity of hydrogen atoms on methyl or methylene groups in the 2- 
or 4-position of quinoline or pyridine ring systems is relatively high 

because of the resultant stabilization achieved by delocalization of 
the anionic center through the aromatic system onto the electronega¬ 

tive nitrogen atom (as shown in the column figures).15 Indeed, it was 
this very acidity that enabled Pasteur’s conversion of quinine (1) 

into quinotoxine (3) to proceed with dilute sulfuric acid, in which 
case H20 served as the base that abstracted a proton from this 
same site (cf. Scheme 2). 

Assuming that this initial disassembly could handle the selective 

formation of the C-9 stereocenter, the Hoffmann-La Roche group 
then anticipated that they could install the C-8 stereocenter in 29 
in a controlled manner upon application of a cyclization reaction 

between the nitrogen atom in 30 and a neighboring group that 
could be suitably displaced. Although this disconnection involved 

453 

Scheme 8. General retrosynthetic blueprint utilized by researchers at Hoffmann-La Roche to synthesize 
quinine (1). SET = single-electron-transfer. 
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the same bond forged by the Rabe reconstitution of quinine (1) from 

quinotoxine (3), this approach anticipated that the stereochemistry 

at C-8 would not be similarly racemized once formed by avoiding 

the presence of a C-9 carbonyl. In turn, following a series of 

minor functional group changes, 30 might then arise from a reaction 

between a metallated nucleophile generated from the known quino¬ 
line 31 and a protected form of meroquinene (32), a degradation 

product of the related alkaloid natural product cinchonine. As we 

shall see, this general analysis proved effective, but still failed to 

deliver one of the quinine’s stereocenters selectively. 

The stereoselective route developed to access the key 1,2-cis 
functionalized building block 32 is shown in Scheme 9, starting 

with an enantiomerically pure bicyclic adduct 33 bearing a single 
stereogenic center. As in the Woodward-Doering route to quinine 

(1), the use of such a bicyclic template to commence synthetic stud¬ 

ies was predicated on ultimately effecting a ring-opening reaction 
to reveal an appropriately functionalized monocyclic product. 

Instead of a nitrite ester cleavage reaction, however, the anticipated 

reaction to achieve this goal here was the pyrolytic fragmentation of 
A-nitrosolactam 36. Thus, 33 was first converted into amide 34 in 

63 % yield through a Schmidt rearrangement as effected with 
NaN3 in the presence of hot polyphosphoric acid; only minor 

amounts of the regioisomeric product obtained by insertion into 
the a,(3-unsaturated system were observed. Subsequent stereoselec¬ 

tive hydrogenation of the C—C double bond, as guided by the single 
stereogenic center in 34, followed by reaction with N204, completed 

NaN3, PPA, 
120 °C, 30 min 

0 

^—NH 

H2, Rh/Al203 

0 

f—NH 

H'i / 

(63%) T'H (98%) Th 
(5:1 mixture 

of regioisomers) 
Schmidt 

rearrangement 

Bz 
34 

PPA = polyphosphoric acid 

Bz 
35 

N204|(100%) 

Scheme 9. The Hoffmann-La Roche synthesis of quinine: synthesis of intermediate 32. 
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the assembly of 36 in near quantitative yield. This compound was 

then directly heated to 125 °C in the absence of solvent and “... 
after about 10 s, a relatively violent reaction occurred which was 

accompanied by a dense cloud of white smoke and change in 
color from the characteristic yellow-green of the starting material 

to a dark brown.”18f After an additional hour of heating at this tem¬ 

perature, followed by treatment with CH2N2, the desired ring- 
opened ester 32 was obtained in 48 % yield along with a small 

amount of lactone 39 (column figure). While these two products 
are relatively disparate, they can both be accounted for through a 

common reaction intermediate (37) by invoking two different 
modes for the expulsion of nitrogen based on the participation of 

the oxygen atoms. If the lone pair of electrons of one of these 

atoms abstracts a hydrogen atom from C-10, then the intermediate 
acid 38 would be obtained through an elimination reaction, while 
nucleophilic attack of the masked acid on the adjacent C-ll 

would directly afford lactone 39.19 
With success in the ring fragmentation reaction and sufficient 

amounts of 32 available to press forward, the opportunity to explore 
the stereoselectivity of the oxygenation reaction at the core of the 

entire strategy was nearing. To reach this critical stage, the known 
quinoline 31 was selectively lithiated by the action of LDA in 
THF at —78°C at the anticipated position para to the nitrogen 

atom of the ring, and following the addition of 32 to this anion, 
intermediate 40 was obtained smoothly in 78 % yield (Scheme 

10). In advance of the cyclization reaction necessary to complete 
the remaining quinuclidine part, treatment with DIBAL-H in 
toluene at —78 °C effected cleavage of the benzoate ester as well 

as reduction of the C-8 ketone, and was followed by chemoselective 
acetylation of the alcohol using glacial acetic acid as activated by 

BF3*OEt2 to afford 41. With this intermediate synthesized, cycliza¬ 
tion to deoxyquinine (29) was then achieved in 79% yield upon 
heating a solution of 41 at reflux with acetic acid buffered by 

NaOAc in benzene. Unfortunately, this reaction did not prove 
stereospecific because the conditions used to effect the conversion 

in fact afforded a reversible pathway between 29 and 42, leading 
to scrambling of the C-8 stereochemistry. Indeed, although 29 and 

its C-8 epimer could be chromatographically separated, exposure 
of either pure product to the same reaction conditions resulted in 

a 1:1 mixture of both C-8 products of deoxyquinine. Despite this 
regrettable outcome, the designed oxygenation process fortunately 

resulted in the stereoselective formation of the C-9 alcohol of qui¬ 
nine (1) based on the initial stereochemistry of the C-8 center in 

29, with the approach of molecular oxygen presumably governed 
by the presence of the lone pair of electrons on the nitrogen atom. 

As a result, only two of four possible C-8/C-9 stereoisomers of 
1 resulted from this sequence, with (—)-quinine (1) obtained in 

32% yield for this final operation [72% overall yield for (—)-1 
and its C-8 epimer]. 

MeO. 

29: deoxyquinine 
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Scheme 10. Completion of the Hoffmann-La Roche synthesis of quinine (1). 

15.2 Retro synthetic Analysis and Strategy 

Although the Hoffmann-La Roche synthesis failed to control the 

stereochemistry upon the formation of the C-8 center, the stereose¬ 
lectivity of the final oxygenation reaction indicated that if one could 

generate deoxyquinine (29) with its correct absolute stereochemis¬ 
try, then one would be able to synthesize (-)-quinine (1) stereose- 

lectively. Of course, the Hoffmann-La Roche design sought to 

achieve this very goal, but, unfortunately, failed due to the nonse- 
lective nature of the reaction utilized to fashion the quinuclidene 

ring, a result also observed during the earlier Rabe approach 
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based on a cyclization at the same site. The lack of stereoselectivity 

observed in these closures (deriving from what might be termed the 

“Rabe disconnection” of quinine) is relatively obvious to deduce 
with conformational analysis, as the two pseudo-chair forms of 
the synthetic precursor shown in the neighboring column are of 

similar energy with no obvious features that differentiate them in 
a thermodynamically controlled reaction. As such, both are equally 
conceivable transition states for the cyclization reaction, and equi¬ 

molar mixtures of the possible C-8 products result. Thus, in order 

to avoid this outcome, one would seemingly need to abandon this 
particular site of cyclization and seek new ways to fashion the 
quinuclidene ring of deoxyquinine (29). 

In this regard, the Stork group’s critical insight for quinine (1) was 

that an alternative ring closure predicated on an SN2 alkylation of a 
piperidine precursor such as 46 bearing an appropriate tether with a 

leaving group should lead to the stereoselective generation of 29 (as 
shown in Scheme ll).3 Although we often seek retrosynthetic 

“simplifications” in our analyses of molecules, this disconnection 
does not really afford an intermediate with reduced complexity, as 

the new goal structure would require the stereoselective formation 
of a trisubstituted piperidine ring (a seemingly more challenging 

molecular entity than the disubstituted ring obtained by the Rabe 
disconnection). However, one should always heed to the following 
words of wisdom first set to paper by Robert Ireland: “All too often 
the most convenient way to draw a molecule on paper belies the 

most efficient synthetic approach.”15 Indeed, if 46 is redrawn in 
its corresponding chair form, one can immediately appreciate the 

logic behind this new design in that all three piperidine substituents 
require a conformation in which they are equatorially oriented to 

minimize 1,3-diaxial strain as drawn. As such, it would be reason¬ 
able to presume that the C-8 stereocenter in 46, and thus ultimately 
the C-8 center in (—)-quinine (1), might arise from the facially 

selective delivery of a hydride equivalent onto a suitable imine 

precursor (47) in an axial fashion. 
Assuming this sequence to be feasible, the formation of 47 would 

then seem conceivable through a simple imine condensation reac¬ 

tion between a free amine and a ketone, as might occur following 
Staudinger reduction of the azide in 48. From this new goal struc¬ 

ture, reduction of the C-9 carbonyl to the free alcohol in 49 sug¬ 

gested a synthetic pathway similar to that of the other approaches 
already discussed in which a nucleophile generated from 31 could 

engage an appropriate building block, such as 50, to fashion this 

advanced intermediate. Thus, based on this line of reasoning, only 
the formation of the two stereocenters of 50 remained to be nego¬ 

tiated during the synthesis to achieve the stereoselective formation 

of (—)-quinine (1). 

G. Stork 
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Scheme 11. Stork’s retrosynthetic analysis of (-)-quinine (1). 

15.3 Total Synthesis 

The Stork group’s efforts toward (—)-quinine (1) began with the 

synthesis of azido aldehyde 50 utilizing a route which anticipated 

that the stereogenic center in the known (S)-vinylbutyrolactone 
(51, Scheme 12)20 could direct an asymmetric alkylation reaction 

that would lead to the stereocontrolled installation of the second 

stereocenter of the targeted building block through the formation 
of an intermediate such as 55. Such a strategy, of course, is based 

on the general tenet of cyclic stereocontrol to generate new stereo¬ 

genic centers. Unfortunately, initial experiments that sought to alky¬ 

late 51 directly with TBDPS-protected iodoethanol to form 55 were 

thwarted, thereby necessitating reversion to a more circuitous, but 

ultimately effective, pathway to this intermediate based on acyclic 

stereoinduction. Accordingly, to fashion a precursor for this alterna- 
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Scheme 12. Stork’s synthesis of building block 50. 

tive approach, initial treatment of 51 with diethylamine led to amide 

formation attended by ring opening and was followed by silylation 
of the newly formed primary alcohol (TBSCI, imidazole, DMF) to 
afford the linear product 52 in 79 % overall yield. Upon exposure 

of this intermediate to LDA in THF at —78°C, the addition of 
TBDPS-protected iodoethanol to the resultant lithium enolate 
afforded the desired alkylation product (53) in 79% yield and 

with greater than 20:1 diastereoselectivity; such exquisite control 
can be rationalized by assuming formation of a Z enolate (as always 

occurs with acyclic amides) and electrophile approach from the face 
occupied by the smaller vinyl group in the drawn orientation where 

allylic strain is minimized (54, see column figure). Subsequent 
treatment of 53 with catalytic PPTS in EtOH at ambient temperature 

then led to selective lysis of the TBS group, and following heating 
in refluxing xylenes over the course of 12 hours, the originally 

desired 55 was finally obtained. 
With a solution obtained for the incorporation of both stereocen¬ 

ters of this key building block, the synthesis of 50 was nearly at 
hand, requiring merely a few functional group manipulations and 

the addition of a single carbon atom. The initial operations from 

55 sought to solve the latter of these problems through initial con¬ 

trolled reduction to a lactol intermediate, followed by Wittig homo¬ 
logation of the open chain equilibrium form of this lactol using 

methoxymethylene triphenylphosphorane, steps which generated 

56 in 75 % yield. As most students of organic chemistry should rea¬ 

lize, this particular ylide is especially effective for achieving the 
one-carbon homologation of aldehydes, as the methyl ether in this 

context is readily hydrolyzed with water upon treatment with aque- 

UO H 

Et2N 

OTBS 
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ous acid to afford an aldehyde. Indeed, following conversion of the 

free alcohol into an azide using diphenylphosphoryl azide (DPPA) 

as part of a Mitsunobu-type protocol,21 treatment of the resultant 

product with 5 n HC1 in THF/CH2C12 (1:4) led to smooth hydrolysis 
of the methyl enol ether and the completion of the desired building 

block 50 in 74 % overall yield without touching the potentially acid- 

sensitive TBDPS protecting group. 
Having effected the synthesis of this crucial piece, the critical 

phase of their synthetic plan towards quinine could now be fully 

tested. Thus, as shown in Scheme 13, following lithiation of quino¬ 

line 31 to generate 57 (as similarly performed during the Hoffmann- 
La Roche synthesis, cf. Scheme 10),18g the slow addition of 50 to a 

solution of this anion at — 78 °C led to the anticipated secondary 

alcohol 58 in 70% yield. Subsequent Swern oxidation [DMSO, 
(COCl)2, Et3N], followed by Staudinger reduction (Ph3P, THF, A), 

then afforded the key trisubstituted piperidine intermediate 60 in 
69 % yield for these two steps, setting the stage to test the stereose¬ 

lective generation of the C-8 stereocenter through a reduction event. 
Most gratifyingly, the anticipated axial delivery of hydride to the 

imine group of 60 indeed occurred upon reaction with NaBH4 in 

MeOH/THF, presumably the result of the adoption of a single con¬ 
formational form that placed all three substituents of the piperidine 

ring in an equatorial position as discussed earlier, leading to 61 in 
91 % yield. With the step that stood as the lynchpin of the entire 

strategy smoothly executed, the stereocontrolled synthesis of qui¬ 
nine now seemed almost assured with only the formation of the 

DMSO, (COCI)2; Et3N I (85%) 

Scheme 13. Stork’s synthesis of advanced intermediate 61. 
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OMe [1 NaH, DMSO, 

A, 70 °C, 1 h; 

then [~29~|; 

II H then 02, 
45 min 

1: (-)-quinine (78%, 14:1 ds) 29: deoxyquinine 

Scheme 14. Final stages and completion of Stork’s total synthesis of (-)-quinine (1). 

final quinuclidene ring and application of the Hoffmann-La Roche 
oxygenation protocol remaining to complete (—)-quinine (1). 

Fortunately, these final steps proved relatively easy to execute. As 

shown in Scheme 14, following conversion of the protected alcohol 
61 into mesylate 62 through conventional protocols, subsequent 

heating in MeCN at reflux for 3 hours effected the requisite /V-alky- 
lation needed to complete the quinuclidene ring. As such, this trans¬ 

formation led to the first enantioselective synthesis of deoxyquinine 
(29) in 65 % overall yield from 61. Significantly, no temporary pro¬ 

tection of the piperidine amine was required for the success of this 
sequence. Finally, following a modified format of the Hoffmann-La 

Roche oxygenation process which employed the “dmsyl” anion 

(generated by heating DMSO with NaH) instead of f-BuOK as 
base, (—)-quinine (1) was obtained in 78 % yield as a 14:1 mixture 

of diastereomers. Overall, this elegant sequence, which accom¬ 
plished the first stereoselective synthesis of (—)-quinine (1), 

required only 13 linear steps and proceeded in an impressive com¬ 

bined yield of 15 %.4 
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15.4 Conclusion 

Every branch of science has certain problems or objectives that have 

long plagued the best minds in the field. In mathematics, examples 

of such puzzles might include proving Fermat’s last theorem (which 

was just recently achieved) or verifying several of Riemann’s 

remaining conjectures. In physics, similar challenges have been 
encountered in the pursuit of unifying equations to account for 

seemingly disparate phenomena. With little doubt, achieving a 

stereocontrolled synthesis of (—)-quinine (1) has constituted one 

of the longest standing “open questions” in organic chemistry. 
While the elegantly executed total synthesis by Stork and co-work¬ 

ers has finally laid this problem to rest, the lessons that can be 
gleaned from the solution would seem to surpass the inherent 

value of the developed route to quinine. As this chapter has 
shown, one does not necessarily need novel reagents or radically 

unique synthetic strategies to overcome a seemingly insurmountable 

barrier; pure chemical reasoning based on thoughtful analysis of the 
problem can be more than sufficient. 
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Longithorone A 

16.1 Introduction 

Among the various classes of natural products, perhaps none is as 
extensive as the collection of structures that derive from the union 
and rearrangement of terpene building blocks. Indeed, whether in 

the form of a relatively small compound such as pinene or a far 
more complex and biochemically relevant steroid hormone, these 

secondary metabolites are ubiquitous throughout Nature.1 Despite 
their widespread presence, however, their structures are far from 

ordinary, as many possess molecular architectures so exotic that 
even the most inventive of chemists would have a hard time imagin¬ 
ing them prior to their full structural elucidation. 

One such natural product, longithorone A (1), was first reported 

to the chemical community in 1994 by Professor F. J. Schmitz and 
several of his co-workers at the University of Oklahoma.2 Although 
this isolate from the tunicate Aplydium longithorax possesses only 

weak cytotoxicity (ED50 = 10 pg/mL) compared to some of the 
other sponge-derived agents discussed in this book, such as 

ecteinascidin 743 (Chapter 5) or diazonamide A (Chapter 20), its 
unique conglomeration of rings and stereochemical complexity 

more than makes up for its lack of biological activity, and thus 
makes it a highly desirable synthetic target. At its most basic 

level, the carbocyclic skeleton of longithorone A comprises an 
extraordinary array of 6-, 10-, and 16-membered rings adorned by 

six stereocenters, two of which are quaternary. While each of 

these cyclic systems seem relatively disparate when inspected indi¬ 

vidually, global scrutiny in fact reveals a certain degree of struc¬ 
tural harmony in that longithorone A (1) can be viewed as the 

amalgamation of two smaller macrocyclic subunits, each com- 
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prised of a farnesyl unit attached to the 2- and 5-positions of a para- 
quinone moiety (see column figures). 

What this analysis and the two-dimensional depiction of 

longithorone A (1) throughout these pages fail to reflect adequately, 

however, is the severely strained nature of this natural product’s 

structure, particularly within the four 6-membered rings of the cen¬ 

tral core whose attachments ensure that none can adopt the most 

stable chair conformation. Indeed, since the B-ring is cis fused 
with the C-ring, trans fused with ring A, and yet also carries an 

attachment point for the quinone-derived D-ring, this pattern 

forces both the A- and B-rings to reside in distorted boat confor¬ 

mations while the C- and D-rings exist as mutated half-chairs. 
Apart from providing an unprecedented spatial arrangement, 

such constraint also gives rise to an element of chirality known 
as atropisomerism, as the quinone ring within the 16-membered 
[12]-paracyclophane (ring E) has no rotational freedom (see 

Chapter 9 for a discussion of this topic). 
While these connectivities are difficult to fathom, the means by 

which Nature might create such a molecular framework is far less 

mysterious. With three 6-membered ring systems each bearing a 

lone element of unsaturation, the Diels—Alder reaction would 
appear to be an obvious candidate for installing most of the poly¬ 

cyclic complexity of longithorone A.3 Thus, as originally proposed 
by Schmitz,2 the unique fusion of the A- and B-rings, as well as 

the 10-membered macrocycle of longithorone A (1, Scheme 1), 
could potentially arise concurrently in a successful transannular 

Diels—Alder reaction between the diene in 2 and the proximal 
C—C double bond of a quinone in the larger [12]-cyclophane 

system.4 In turn, the 6-membered C-ring could be envisioned to 

arise through an endo and facially selective [4+2]-cycloaddition 
between dienophile 3 and diene 4. This biogenetic hypothesis lead¬ 

ing to two structurally related [12]-cyclophanes certainly seems 
reasonable on paper, and further support for its validity comes 

from the existence of two additional terpenoid natural products 
from the same biological source. The first, longithorone B (5),5 
resembles the proposed diene 4, but its quinone is of the opposite 
atropisomeric configuration, while the second, longithorone I (6), 
displays a structure similar to the presumed initial Diels—Alder 

product, but, in this case, cannot participate in the second 
[4+2]-cycloaddition reaction due to its lack of a diene system.25 

If this evidence were not incriminating enough, additional sub¬ 

stantiation for its likelihood was provided in 2002 by Professor 
Matthew Shair and two of his graduate students at Harvard Uni¬ 

versity through the first chemical synthesis of longithorone A (1) 

predicated on these same Diels—Alder reactions.6 This accomplish¬ 

ment is the subject of this chapter, an achievement whose success 

ultimately relied not only on the power of [4+2]-cycloadditions, 

but also on an inventive strategy to atropselectively construct 

both [12]-paracyclophanes at the heart of Schmitz’ biosynthetic 
hypothesis. 
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Scheme 1. Schmitz’ biogenetic hypothesis for the formation of (-)-longithorone A (1). 

16.2 Retrosynthetic Analysis and Strategy 

As one would expect, the initial stages of this retrosynthetic analy¬ 
sis mirror the presumed biogenesis of longithorone A (1, Scheme 2) 
with the exception of viewing the two critical Diels—Alder reactions 

as separate synthetic operations rather than as a series of events to 
be conducted in a single cascade. Accordingly, following what 

would hopefully be the smooth formation of 7 from [12]-paracyclo- 

phanes 8 and 9, both aromatic systems in this [4+2]-product would 

then need to be oxidized to their quinone counterparts in order to 
induce the final transannular Diels—Alder reaction that would lead 

to longithorone A (1). 
As with all biogenetically inspired synthetic strategies, however, 

the odds of achieving success with this plan in the laboratory are 

predicated less on the general feasibility of the hypothesis itself 
than on the ability to execute the same operations as Nature without 

the enzymes she employs to accomplish both substrate activation 

and stereochemical control. For example, in the proposed 
Diels—Alder union between 8 and 9, one could be almost certain 

that successful cycloaddition would proceed with endo selectivity 

due to the aldehyde functionality within 9. Less obvious was 

whether or not this event would occur with facial selectivity, as 

8 

Me 
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Scheme 2. Shair’s retrosynthetic analysis of (-)-longithorone A (1): initial stages. 
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there are no extenuating stereochemical features in either 8 or 9 sug¬ 

gestive of the notion that their union would proceed in an enantio- 

selective manner. Thus, the fact that only a single isomeric form of 
longithorone A (1) has been isolated from Nature (at least for the 

present) seems to implicate the existence of either a Diels—Alderase 

or some other enzyme that forces the two reacting [12]-cyclophanes 
into a specific conformation prior to cycloaddition, creating a 

homochiral environment.7 If true, then the invocation of enzymatic 
encapsulation might also give the impression that this Diels—Alder 

reaction would not likely proceed spontaneously under ambient 

conditions, but would require activation to initiate. While the first 
of these general concerns could only be probed empirically, for 
the second the Shair group could enlist either thermal activation 

or one of a wide variety of Lewis acid catalysts to achieve the 
same general effect. 

Leaving both these issues to be negotiated during the actual 

synthesis, longithorone A (1) has thus been reduced to the assembly 
of 8 and 9, two structurally related 16-membered cyclophanes. 

Since both these subtargets exist in a specific atropisomeric config¬ 
uration, effective synthetic strategies to access them must consider 
not only how to form their macrocycles, but also how to do so atrop- 
selectively. While the problem is simply stated, achieving both of 

these objectives in a single operation is far from pedestrian as 
demonstrated in the syntheses of the vancomycin aglycon presented 
in Chapter 9. As we shall see, though, both the Evans and Nicolaou 

groups left behind several clues during their extensive studies 
towards this target which ultimately inspired the design that was 

adopted in the case at hand to attempt the synthesis of 8 and 9 as 
single atropisomers. 

Before this insightful strategy reached maturity, the Shair group 
first had to decide upon a method to effect a macrocyclic ring clo¬ 
sure for both targeted intermediates. While 8 and 9 superficially 

possess the same ring size, the more important feature of their struc¬ 

tural homology is an olefin substitution pattern in the form of a 1,3- 
disubstituted 1,3-diene, since it was this motif that led to the recog¬ 
nition that both macrocycles could potentially arise from ring-clos¬ 

ing enyne metathesis reactions.8 The intriguing aspect of this analy¬ 

sis, however, is all precedents for this transformation since its dis¬ 
covery by Thomas J. Katz in 19859 indicated this arrangement of 
unsaturation could not be obtained from an intramolecular reac¬ 

tion.10,11 As shown in Scheme 3, such events had always provided 

products with a 1,2-disubstituted 1,3-diene (22), a result that can 

be rationalized by the regioselective insertion of a catalyst such as 
the Grubbs’ ruthenium alkylidene 1812 into the electron-rich alkyne 

to form the more substituted metal carbene (20), followed by its 

addition to the neighboring C—C double bond. This final addition 
is the critical feature for the ultimate stereochemistry of the product 

in that, although metal carbenes always prefer to add to double or 

triple bonds such that the more-substituted product results,13 the 

short atom tether constrains the olefin in 20 from adding in this 
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Intramolecular enyne metathesis 

Scheme 3. Observed trend for diene-substitution patterns in intra- and intermolecular enyne metathesis 
reactions. 

direction. As such, the less-substituted metallacyclobutane inter¬ 
mediate (21) results. Of course, when the olefin and alkyne reac¬ 

tants are not part of the same molecule, each addition proceeds 

with the expected formation of the more substituted carbene, thus 
leading to enyne metathesis products with a 1,3-disubstituted 
1,3-diene system (as in 27).* 

While this picture would seem to indicate that intramolecular 

enyne metathesis of substrates such as 12 and 15 could not afford 
the desired olefinic substitution pattern needed for longithorone A 
(1), the Shair group took note of the fact that only five- to eight- 

membered rings had ever been constructed with the process,10 

systems in which the olefinic portion was highly constrained.** 

* We should note that both mechanistic pictures shown in Scheme 3 serve merely 
to explain the observed set of results; evidence for their accuracy is far from 
extensive. For example, in intramolecular enyne metathesis the insertion of the 
alkylidene catalyst into the olefin of 17 rather than into its alkyne would afford 
the same product (22). The important feature is the regioselectivity of carbene 
addition, which is not in question. 
** As an aside, intramolecular enyne metathesis constitutes one of the most 
powerful techniques to form challenging eight-membered rings (entities which 
can be found in natural products such as Taxol™, a molecule discussed in 
Chapter 34 of Classics I). One should note, however, that while related metathesis 
ring closures to access such products (such as ring-closing olefin metathesis or 
alkyne metathesis) are driven by the loss of an olefin-containing by-product, 
enyne metathesis cannot benefit from this contributing feature to the AS term of 
the reaction since the event is wholly atom-economic. Instead, the accomplishment 
of conjugation in the final product drives the reaction, and thus ensures that once 
either 22 or 27 has been formed the process is no longer reversible. 
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In a macrocyclic context, however, perhaps the greater mobility of 

the olefin could enable this pattern to be broken if it reacted with the 

intermediate carbene (i. e. 20, Scheme 3) to form the more-substi¬ 
tuted metallacyclobutane, thus leading to a 1,3-disubstituted pro¬ 
duct (i. e. a 16-membered ring) through an intermolecular-type 

enyne-metathesis mechanism. Thus, this argument affords a concei¬ 
vable rationale for how this unprecedented stereochemical outcome, 
which was required in the case of longithorone A, might occur. Irre¬ 

spective of its ultimate result, though, the proposed strategy would 

unquestionably pave new ground in the metathesis field as the first 
explorations in a macrocyclic context for this class of ring-closing 
reactions. 

Assuming that these reactions would proceed in the desired 

sense, the lingering question was how to induce this enyne macro- 
cyclization to occur atropselectively. The team’s response was to 

append an extraneous silyl-protected benzylic alcohol to both 
cyclization precursors (12 and 15, Scheme 2) with the assumption 

that their presence could potentially govern which transition state 
would be adopted during the enyne-metathesis reaction. As shown 

in Scheme 4, if these benzylic groups existed as single enantio¬ 
mers, they could then provide serious A13 steric interactions for 

Enyne 
metathesis 

"5 Me 

OMe 

Me OR Y OMe 
Me OR 

28 

Removable 
atropisomer 
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Scheme 4. Anticipated paracyclophane synthesis using enyne metathesis macrocyclizations based on a 
removable atropisomer control element. 
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Scheme 5. Nicolaou’s use of a disposable directing group to effect an atropselective macrocyclization of a 
model vancomycin bisaryl macrocycle. 

the reactive conformations that would lead to the incorrect atropi- 
somer (29 and 31), while their desired counterparts (28 and 30) 
would be devoid (or at least would suffer far less) of such strain 

and should, therefore, constitute the favored transition states by 
several kcal/mol. Although this strategy certainly seems reason¬ 

able on the basis of first principles, the Shair group could addi¬ 

tionally point to its empirical validity from the successful applica¬ 
tion of such a directing element by the Evans group to achieve a 

highly atropselective closure of one of the bisaryl ether systems in 
vancomycin.143 

Conceptually similar to this precedent, the Nicolaou group’s 

placement of a silyl ether directly on the C-ring of 32 (Scheme 5) 

in a model study towards the same antibiotic also accomplished a 
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completely atropselective synthesis of a macrocyclic bisaryl ether 

(35) by virtue of the difference in the strain of the likely transition 

states (33 and 34).14bc Significantly, in the absence of this control¬ 
ling group, the same closure was non-selective. Thus, based on 

the levels of success displayed by these examples, application of 
the same general approach for longithorone A certainly seemed pro¬ 

mising, though a method would then be needed to excise these 

superfluous benzylic motifs following macrocyclization to complete 
the paracyclophane targets (8 and 9, Scheme 2). Since there are 

several means to execute such a requirement, whether leaving 
group formation followed by hydride displacement or simply 

acid-mediated lysis, it was forecasted that this objective would 
not prove especially challenging to execute during the synthesis. 

With these strategic decisions taken, the remaining retrosynthetic 

disconnections from 12 and 15 (Scheme 2) to simple starting mater¬ 
ials relied on a series of transformations with far greater precedent 
than those already discussed. First, since the upper domain of each 

of these pieces is completely homologous, it was anticipated that 
their lower portions possessing the essential benzylic directing 

groups could arise from an asymmetric alkenylation between alde¬ 
hyde 14 and a nucleophile formed from either vinyl iodide 16 or 

13, governed by an external chiral auxiliary. With several tech¬ 
niques available to achieve this general transformation, following 
the minor adjustment of 14 to 36 (Scheme 6), it was then assumed 
that this essential starting material could be derived from a palla¬ 

dium-mediated Negishi-type cross-coupling between iodide 38 
and an organozinc substrate derived from 37.1? On the whole, the 

complete strategy developed to synthesize longithorone A (1) not 
only displayed a great degree of convergence, but also a host of 

challenging operations whose success would unquestionably extend 
the frontiers of several important reactions into some of the most 
complex contexts yet explored. 

12 

Me 

Scheme 6. Shair’s retrosynthetic analysis of longithorone A (1): final stages. 
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16.3 Total Synthesis 

Exploration of the envisioned route towards longithorone A (1) 

began with attempts to construct the vinyl iodide 38 which would 

ultimately serve as the tethered alkyne in both enyne metathesis 

macrocyclization precursors. As shown in Scheme 7, this fragment 

was readily accessed in just a few operations from the commercially 

available 4-pentyn-l-ol (39). First, the terminal alkyne was 
“protected” as a TIPS acetylide (TIPSC1) following the initial gen¬ 

eration of an alkynyl Grignard species by refluxing the starting 

material with EtMgCl in THF for 12 hours. Elaving effected this 
operation in 94 % yield, subsequent oxidation of the primary alco¬ 

hol in 40 with Dess—Martin periodinane (CH2C12, 25 °C, 30 min) 
then set the stage for a Z selective Wittig homologation with 
the nonstabilized ylide derived from 2-iodoethyltriphenylphospho- 

nium iodide, which completed the target (38). 
With this fragment in hand, efforts could now commence towards 

fashioning benzaldehyde 14, the critical starting point for the diver¬ 

gent aspects of the synthetic sequence that would hopefully lead to 
cyclophanes 8 and 9. The material needed to begin these studies 

was benzylic bromide 37, which was ultimately accessed from 

l,4-dibromo-2,5-dimethoxybenzene (41) in just three steps as 
shown in Scheme 8: 1) replacement of one of its halides with an 
aldehyde through a sequence involving aryl lithiation followed by 

a quench with DMF (a well-known source of formyl groups), 

2) reduction with NaBH4, and 3) exchange of the resultant benzylic 
alcohol for a bromine residue using PBr3. These operations pro¬ 
ceeded without incident in 77 % overall yield, permitting experi¬ 

ments to begin aimed at the merger of this building block (37) 
with the vinyl iodide 38 to reach intermediate 36. Fortunately, 
this requirement was smoothly met in near quantitative yield 

through the initial conversion of 37 into benzylic zinc bromide 43 
with freshly activated zinc16 over the course of 30 minutes in 

THF at 0 °C, followed by a room temperature, palladium-mediated 
Negishi cross-coupling once both 38 and catalytic Pd(PPh3)4 had 
been added to the reaction mixture.15 

At this stage, only two key objectives separated this intermediate 
(36) from the desired target (14): replacement of the remaining 
halide with an aldehyde and exchange of one of the aryl protecting 
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Scheme 7. Preparation of building block 38. 
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Scheme 8. Synthesis of advanced intermediate 14. 

groups for a bulkier one to hopefully control the anticipated enyne 
metathesis reactions in regard to their atropselectivity. The first of 
these tasks was handled using the same transformation that opened 

Scheme 8, namely aryl lithiation with n-BuLi in Et20 at —78°C 
followed by a DMF quench to afford an aldehyde (44), leaving 

only the need to differentiate the two aryl methoxy groups in this 
compound. Although achieving a chemoselective deprotection of 

only one of several such ethers is typically next to impossible, it 

was anticipated that this mission would be uniquely easy to accom¬ 
plish on 44 since the aldehyde that had just been incorporated could 
coordinate with a Lewis acid (LA) catalyst, directing it towards the 

adjacent methyl ether, activating it for preferential cleavage.17 

Moreover, a strong electronic component should favor this reaction 
as well since only this methyl ether could delocalize into the 

adjacent aldehyde (as shown by the indicated arrows). Accordingly, 

upon exposure of 44 to a solution of BBr3 in CH2C12, this opera¬ 

tion was effected as anticipated, and a final reprotection of the 
newly unveiled phenol (45) using TBSOTf and Hiinig’s base in 

CH2C12 at 0°C then completed the assembly of 14 in 88% yield 

from 44. 
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Having reached this critical staging area, the previously linear 
sequence could now deviate into those steps needed to separately 
fashion the cyclophanes (8 and 9) required to test Schmitz’ bioge- 
netic hypothesis for longithorone A (1). First up for consideration 
is the conversion of 14 into macrocycle 8 as defined in Scheme 9, 
starting with the stereoselective alkenylation to append the remain¬ 
ing side chain (13) which would ultimately become the olefinic por¬ 
tion of the enyne metathesis precursor. As mentioned during the 
planning stages of the synthesis, several methods exist to achieve 
such an asymmetric alkenylation, and in this context the Shair 
group decided to employ a technique pioneered by Wolfgang 
Oppolzer in which the lithium alkoxide of (lS,27?)-./V-methylephe- 
drine serves as a highly competent chiral auxiliary to orchestrate 
the stereoselective union of aldehydes such as 14 and appropriate 
vinylzinc nucleophiles.18 Thus, after the readily accessible 13 was 
converted into organozinc 46 through initial lithiation followed by 
a standard transmetallation step, the lithiated ephedrine auxiliary 
was added at 0 °C, and after stirring for 1 hour to form a stable com¬ 
plex, aldehyde 14 was then introduced dropwise as a solution in 
toluene. Once an additional hour had passed at 0 °C, a reaction 
quench with saturated aqueous NaHC03 then led to the desired 
product (48), which was ultimately obtained in 91 % yield from 
13 with 95% ee. The attainment of such superb chiral selection 
can be rationalized through the presumed transition state (47) in 
which the aldehyde coordinates to the lithium atom of the auxiliary 
trans to the distal phenyl ring, with alkenyl transfer occurring 
through a six-membered transition state. Apart from such excellent 
stereoselectivity, equally important from a process standpoint was 
the recovery of the auxiliary unscathed at the end of the reaction 
through a simple extraction. Moreover, the reaction could be suc¬ 
cessfully driven to completion using equimolar amounts of both 
the bromozinc reagent and the aldehyde component, thereby ensur¬ 
ing optimum material economy. 

With this key union effected, only a few operations separated 48 
from the substrate needed to test enyne metathesis (i. e. 12, 
Scheme 9). First, the controlled exposure of this compound (48) 
to 2 equivalents of TBAF in THF at 0 °C effected the lysis of 
both the phenolic silyl ether and the TMS group appended onto 
the terminal position of the alkyne, but, importantly, not the TIPS 
group on the other acetylene group. As such, in the next operation 
partial reduction with Lindlar’s catalyst (Pd on BaS04 poisoned 
with quinoline) was accomplished selectively on only one alkyne 
to provide the needed terminal olefin. Finally, cleavage of the alky- 
nyl TIPS moiety under more forcing conditions (TBAF, THF, 
25 °C), followed by silylation of both the allylic hydroxy and the 
phenolic groups (TBSC1, imid, DMF), then completed the assembly 
of enyne metathesis precursor 12 in 62% overall yield from 48. 

Pressing forward to test the operation at the heart of the entire pro¬ 
posed synthesis, the Shair group pleasantly discovered that the 
designed enyne macrocyclization reaction could be effected using 
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Scheme 9. Synthesis of advanced paracyclophane 8. 

a 50 mol% loading of Grubbs’ ruthenium catalyst 18 in CH2C12 at 
40 °C under an ethylene atmosphere. Indeed, upon subsequent reac¬ 

tion of the crude products with TBAF in THF, cyclophane 50 was 

isolated in 42 % yield with complete selectivity in terms of both ole¬ 
fin geometry and atropisomerism. Although this material through¬ 

put may seem low, it reflects the formation of a major by-product 

(51, see column figure) in which one carbon atom was lost, presum¬ 

ably as part of a molecule of propene formed with the carbene of the 51 
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catalyst. While no mechanistic rationale for this result (confirmed 

by X-ray crystallographic analysis) has been advanced, its occur¬ 

rence has been noted on one other occasion from a ring-closing ole¬ 

fin metathesis event in a highly constrained system.19 Moreover, it 

is important to note that in the absence of an ethylene atmosphere 

the reaction did not proceed at all, thereby suggesting that the pre¬ 
sence of this molecule played a significant role in initiating the reac¬ 

tion. Since ethylene can exchange with the alkylidene attached to 

catalyst 18 to provide a less sterically demanding methylidene 

initiator directly, such conjecture would appear to be reasonable.101 

With the cyclophane portion of the target formed, all that 

remained at this stage to complete the final targeted building 
block (8) was to remove the directing group that had performed 

so admirably during the enyne metathesis reaction in providing 

atropselectivity. As shown in Scheme 9, this requirement was 
effected through nucleophilic displacement with hydride from 
NaBH3CN using TFA to activate the benzylic alcohol as a leaving 

group. A final reprotection of the free phenol under standard condi¬ 
tions (TBSOTf, z'-Pr2NEt, CH2C12, 0°C) then completed the desired 
[12]-cyclophane (8) in 52% yield overall for the two latter steps. 

Having discussed one of the required fragments, many of the steps 

employed to fashion the second will not seem markedly different. 
Thus, once the vinyl iodide side chain (16) was prepared from 52 
in two standard operations (see Scheme 10), its conversion into 
an organozinc reagent proceeded along the same lines as before. 

Application of Oppolzer’s chiral ephedrine technique then effected 
its asymmetric merger with aldehyde 14 to provide 53 in both excel¬ 

lent yield (97 %) and stereoselectivity (90 % ee). Following this 
union, global desilylation was achieved with TBAF at ambient tem¬ 

perature, and reprotection of the three free hydroxy positions with 
TBSC1 as activated by imidazole in DMF then led to the formation 

of metathesis precursor 15 in essentially quantitative yield (99%) 
for these two operations. Upon application of metathesis catalyst 

18 to this test substrate, this time using toluene instead of CH2C12 
as solvent and a slightly lower catalyst loading (40 %), macrocycli- 

zation was once again effected to provide exclusively 1,3-disubsti- 
tuted 1,3-diene products. Unlike the enyne event discussed above, 

however, this second enyne reaction was both less atropselective 

(2.8:1) and failed to completely control endocyclic olefin geometry 
(3.9:1 £/Z) as 54, 55, and 56 (see column figures) were obtained in 

addition to the desired product (11) in the yields indicated in the 

adjoining column. Since this event proceeded with less selectivity 
overall, this result would seem to suggest that there was less steric 

differentiation between the two possible atropisomeric transition 

states than in the macrocyclization leading to 10 (cf. Scheme 9). 

Although this outcome was probably slightly disappointing from 

the standpoint of yield, the overall atropselectivity accomplished 
was more than adequate since the required compound predomi¬ 

nated. Moreover, the exclusive formation of 1,3-disubstituted 1,3- 

diene products in an additional test substrate lends further credence 
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to the possibility that this outcome might be general for the con¬ 
struction of other macrocycles through enyne metathesis. 

From this key intermediate (11), the protected benzylic directing 

group was then removed chemoselectively through an ionic-type 
reduction using Et3SiH and TFA at ambient temperature. Sub¬ 
sequent treatment with PPTS selectively excised the TBS group 

from the primary alcohol to provide 57 in 46 % overall yield. A 
final oxidation using Dess—Martin periodinane then smoothly com¬ 

pleted the assembly of dienophile 9 in 99 % yield. Before moving to 

the final biomimetic stages of the synthesis, a few comments about 
both cyclophanes 8 and 9 and the routes employed to access them 

are in order. First, the selective nature of several of the silyl depro¬ 
tections effected en route to both these fragments merits careful 

attention since they illustrate that similar protecting groups can be 

independently manipulated through an appreciation of the inherent 
topology and innate reactivity of the substrates. As such, the numer- 

14 

Scheme 10. Synthesis of the second paracyclophane unit (9). 
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ous operations needed to incorporate a fully orthogonal array of 

protecting groups may not always be needed for a projected total 

synthesis. Equally interesting from an experimental standpoint is 

the absence of any conjugated products in the operations that 

excised the benzylic directing groups, particularly under the 

strongly acidic conditions employed. Finally, one should note that 

both 8 and 9 demonstrated no ability to undergo thermal equilibra¬ 

tion to their alternate atropisomeric forms at temperatures up to 
100 °C. While this result is significant in its own right since it 

revealed the truly constrained nature of these substrates, it also 

afforded important reconnaissance for the next operation in the 
sequence, the biomimetic Diels—Alder reaction, by establishing 

an upper window for the levels of thermal activation which could 

potentially be employed to effect their union. 
Unfortunately, despite the beauty and ease of the Diels—Alder 

reaction between 8 and 9 to form 7 on paper (see Scheme 11), 
this merger met only with failure under initial empirical investiga¬ 

tion. For example, 15 hours of reaction at ambient temperature 

afforded no product, while providing activation in the form of 

heat (80 °C) or one of several Fewis acid catalysts similarly led to 
none of the desired adduct. Thankfully, after enough screening, it 

was determined that dimethylaluminum chloride in CH2C12 at 
—20 °C could bring about the desired outcome in just 5 hours. 
While the reaction was accomplished in 70% yield with complete 

endo selectively (with respect to the aldehyde), the event was not 

facially selective in that both 7 and its diastereomer (58, see column 
figure) were produced in a 1:1.4 ratio in favor of the non-natural 
configuration. Although this result decreased overall material 

throughput, it is of great importance because it provides further 
support for the possibility of enzymatic assistance for this event 

along the lines discussed earlier, assuming the accuracy of Schmitz’ 

biogenetic hypothesis. 
With these two subunits merged, it now remained to effect one 

more Diels—Alder reaction to complete the target molecule. Thus, 

following TBAF-mediated desilylation of both phenolic TBS 

groups, a subsequent oxidation using iodosylbenzene afforded the 
key precursor for that event, bisquinone 2. Amazingly, however, 

this adduct did not need to be isolated, as it slowly converted into 

longithorone A (1) at ambient temperature, ultimately providing 
the coveted natural product in 90 % overall yield from 7 after 

40 hours of reaction. As such, the total synthesis of this novel target 
was finally complete through a concise and convergent approach 

that required 32 operations overall, and only 19 steps in the longest 
linear sequence. 
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1. TBAF, THF, 0 °C 
2. Phl(O), 

MeCN/H20 (3:1) u 
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Scheme 11. Final stages and completion of the total synthesis of (-)-longithorone A (1). 

16.4 Conclusion 

Although the Shair group’s total synthesis of longithorone A (1) is 
noteworthy for providing further verification of Schmitz’ bioge- 

netic hypothesis, its more lasting and significant accomplishment 
resides in the developed synthetic strategy which included the 

first example of the enyne metathesis reaction to form macro¬ 

cycles. Not only did the resultant olefinic stereochemistry of these 
[12]-paracyclophane products go against conventional wisdom, 

thereby establishing new precedent for the reaction in complex 
molecule synthesis, but the insightful design of the test substrates 

enabled these macrocyclizations to proceed with admirable levels 

of atropselectivity. As such, this work has gained membership, and 
perhaps even a leadership position, in a very exclusive club of synth¬ 

eses that have handled the issue of atropisomerism with efficacy. 

Beyond these fundamental contributions, the developed sequence 
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also reinforces the value of organozinc reagents to build molecular 

complexity, as these species constituted the glue in all the steps 

that merged the prescribed building blocks into the advanced scaf¬ 

folds needed to explore the critical aspects of the strategy. 
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17.1 Introduction 

There is little doubt that the Diels—Alder reaction is one of the most 
popular tools for the laboratory construction of complex molecules.1 

What is perhaps more interesting to ponder is if Nature is equally 

enamored with this powerful ring-forming reaction as are synthetic 
chemists.2 This question has long been contemplated the chemical 
community, and present evidence does not permit it to be answered 
with complete certainty. 

For instance, during the past few years several investigators have 
identified definitive examples of “Diels—Alderases,” enzymes that 
catalyze and stereoselectively orchestrate the merger of biologically 

generated dienes and dienophiles.3 These discoveries prove that 

Nature does indeed employ the Diels—Alder reaction in her synth¬ 
eses of certain natural products. The lingering mystery, however, is 
just how frequently and with what specificity Nature uses this reac¬ 

tion, considering that only a minuscule number of these enzymes 

have been uncovered in the course of nearly a quarter century of 
searching. 

Importantly, though, Nature does not have to rely on enzymatic 

assistance in order to utilize the full range of synthetic power 
afforded by the Diels—Alder reaction since she can also construct 

compounds whose unsaturated motifs are disposed to participate 
spontaneously in this pericyclic reaction on their own accord. For 

instance, in the previous chapter on longithorone A, we chronicled 

how a transannular Diels—Alder reaction was initiated under ambi¬ 

ent conditions the instant that a quinone-based dienophile was 
unveiled in a macrocyclic ring bearing a neighboring diene system.4 

Similarly, as described in Chapter 17 of Classics /, heating a small 

Key concepts: 

• The Diels-Alder 
reaction in Nature 

• Transannular 
Diels-Alder reactions 

• Molecular self- 
assembly 
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collection of unsaturated acyclic starting materials was all that was 

required to induce cascades of pericyclic reactions (including one 

Diels—Alder reaction) which led directly to the complete and highly 

complex architectures of the endiandric acids.5 
Neither of these impressive biomimetic total syntheses can, of 

course, definitively prove that Nature creates these natural products 

using similar Diels—Alder reactions. However, the facility by which 

their starting substrates were able to “self-organize” into the final 
target molecules in the laboratory certainly is a strong indication 

that Nature would attempt to accomplish similar levels of efficiency 

in her synthesis of these natural products. In fact, because of the 

dozens of examples of such Diels—Alder self-assemblies in the che¬ 
mical literature, it would seem highly probable that Nature fre¬ 

quently employs the Diels-Alder reaction in her biosynthetic path¬ 

ways, but in ways that are often subtle and difficult to detect since 

they do not require direct enzymatic participation.6 
To help underscore this point, we have elected to begin this chapter 

by briefly delineating a few biomimetic total syntheses in which the 
participation of a [4+2] cycloaddition seems virtually inevitable for 

the formation of the observed natural product. We start with Kishi’s 
elegant total synthesis of the marine-derived calcium-channel activa¬ 

tor pinnatoxin A (5, Scheme 1) in which a late-stage Diels—Alder 
reaction was employed to generate its central 19-membered macro¬ 

cycle concurrently with its cyclohexene ring (2—>4).7 Although 
the accomplishment of this cycloaddition is impressive, as 

Diels—Alder based macrocyclizations are often difficult to achieve, 
what is even more amazing is its stereoselectivity. Indeed, compound 

4, bearing the desired exo geometry of the natural product, was the 
major product (in 34 % yield) when any of the other seven possible 

intramolecular Diels—Alder adducts could have been generated pre¬ 
ferentially. Thus, the conclusion that can be drawn from this fortui¬ 

tous result is that the unique structural features of the starting mate¬ 
rial must have been predisposed to enable the reaction to occur with 

the desired selectivity, as no external catalyst was employed to 
orchestrate a specific reactive conformation. Or, stated more simply, 

this experiment provides strong circumstantial evidence of a 
Diels—Alder-based “self-construction.” 

The Nicolaou group’s total synthesis of 1-O-methylforbesione (9, 
Scheme 2) in 2001 provides an equally impressive example of this 
general theme.8 In this instance, following the synthesis of a tri- 

reverse-prenylated phenol (7), heating in DMF at 120°C for only 

20 minutes brought about a cascade sequence which directly pro¬ 

vided 9 in 63 % yield, presumably through the indicated Claisen 
rearrangements and terminating Diels—Alder reaction. The dramatic 

and smooth increase in molecular complexity clearly makes this 

biomimetic route (which was first proposed by Quillinan and 

Scheinmann)9 an attractive hypothesis for how this and several 
other related natural products may be formed in Nature. 

It is important to recognize, however, that Diels—Alder reactions 

do not have to be involved in intramolecular contexts for them to 
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Scheme 1. Kishi’s biomimetic synthesis of pinnatoxin A (5) based on an intramolecular Diels-Alder 
reaction. 

appear as likely candidates for a given natural product’s biosynth¬ 

esis. Intermolecular couplings are just as conceivable, and, to illus¬ 
trate this alternate pathway, we have delineated an especially inven¬ 

tive biomimetic total synthesis of the alkaloid hirsutine (20) from 
the Tietze group in Scheme 3.10 The entire sequence revolves 

around one key domino sequence of reactions induced by the 

sonication of a solution of tetrahydro-y-carboline 10, Meldrum’s 
acid (11), enol ether 13 (1:1 mixture of E/Z isomers), and a few 
crystals of ethylenediamine diacetate (EDDA) in benzene for 

12 hours. During this time, these conditions promoted an inter¬ 

molecular Knoevenagel condensation to generate a highly reactive 

1-oxa-1,3-butadiene (12), which immediately participated in a 
subsequent stereo- and regioselective hetero-Diels—Alder union 

with 13 (governed by the stereogenic center initially present in 10) 
to afford 14. In situ thermolysis of the unstable acetal motif in this 

cycloadduct then afforded dihydropyran 15 directly in 84% yield, 
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Scheme 2. Nicolaou’s biomimetic synthesis of 1-O-methylforbesione (9) featuring tandem Claisen rear¬ 
rangements and an intramolecular Diels-Alder reaction. 
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leaving only three operations to complete the natural product (20). 
This sequence certainly provides an expedient entry into diverse 

classes of alkaloid natural products,11 and although it is quite chal¬ 

lenging to verify if Nature similarly employs such a set of operations 
in her construction of these compounds, its synthetic efficiency is 

quite appealing. 
The one type of Diels—Alder reaction that is hard to dispute as 

one of Nature’s tools is the transannular [4+2] cycloaddition.12 
We already mentioned one example of this ever-expanding class 

of pericyclic reactions above (longithorone A, Chapter 16), and 

you will find a second example in the synthesis of tri-O- 
methyldynemicin A methyl ester by Schreiber and co-workers 

discussed in Chapter 4. At this juncture, we thought that we 

would briefly highlight a recent example from one of the true 

pioneers of this type of cycloaddition process in target-oriented 
synthesis, namely Pierre Deslongchamps and his group at the 

University of Sherbrooke in Quebec, Canada. Their total synthesis 

of (+)-maritimol (26, Scheme 4) serves as a good vehicle through 

which to discuss the virtues of this likely biogenetic process.13 As 
indicated, the key Diels—Alder step involved heating the 13-mem- 

bered macrocyclic triene 21 in a solvent mixture of DMSO and 

H20 at 155 °C, conditions that coerced the substrate to adopt the 

reactive conformation (22) required for a productive transannular 
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Scheme 3. Tietze’s biomimetic synthesis of the alkaloid hirsutine (20) through a domino Knoevenagel/ 
hetero-Diels-Alder sequence. 

cycloaddition leading to 23. Subsequent enolization, methyl ester 

hydrolysis, and decarboxylation, also promoted by these reaction 

conditions, then directly converted this intermediate into the 

isolated tricyclic product 25 in 87 % overall yield. Apart from its 
facility in enabling the completion of the target molecule (26) by 

concurrently installing all three of its rings and four of its stereo¬ 

centers, the important lesson from this transannular Diels—Alder 

example is the way in which subtle stereochemical features of 
the substrate governed the stereoselectivity of the process. In 

fact, the stereochemical orientation of the relatively remote nitrile 
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Scheme 4. Deslongchamps’ creative use of a transannular Diels-Alder reaction as part of a total synthesis 
of (+)-maritimol (26) and model studies showing the influence of the nitrile substituent. 

substituent was entirely responsible for the substrate adopting 
conformation 22 as its Diels—Alder transition state. For example, 

during early model studies these researchers discovered that the 

opposite stereochemistry at the cyanide-bearing carbon center led 
to structural isomer 29 in 95 % yield, presumably as a consequence 

of an entirely different transition state (28).* As such, this example 

provides a powerful demonstration of how Nature could similarly 
accomplish Diels—Alder stereocontrol not through enzymatic presen¬ 

tation, but through the appropriate construction of homochiral start¬ 

ing materials. 

* Although the other structural alterations and reaction conditions in this model 
system would appear to prevent an “apples-to-apples” comparison with the exam¬ 
ple in part a of Scheme 4, several other studies beyond the scope of our presenta¬ 
tion here verify that only the nitrile-bearing stereocenter is responsible for the 
stereochemical outcome of the transannular Diels—Alder reaction. 
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In the remainder of this chapter, we will present another total 

synthesis in which transannular Diels—Alder reactions would 

appear to play an essential role in Nature’s construction of a natural 
product. That work is the 2001 total synthesis of (—)-FR182877 (1) 

in which the Sorensen group at The Scripps Research Institute exe¬ 

cuted not one, but two transannular Diels—Alder reactions in a sin¬ 
gle cascade to establish five rings and seven stereogenic centers 
from a 19-membered macrocyclic pentaene precursor.14 

17.2 Retrosynthetic Analysis and Strategy 

Scientists at the Fujisawa Pharmaceutical Company in Japan first 
obtained (-)-FR 182877 (1) from the fermentation broth of Strepto- 
myces sp. No9885 in 1998 as just one of several cytotoxic agents 
identified during a search for new cell-cycle inhibitors.15 While 

the pharmaceutical potential of most of these compounds evaporated 
following subsequent batteries of in vitro and in vivo tests, (—)- 
FR182877 (1) persisted as a particularly strong clinical candidate 

since these examinations revealed that it could bind and stabilize 
microtubules with a level of efficacy commensurate with that of 

Taxol™ and the epothilones (see Chapter 7). Equally exciting, (—)- 
FR182877 (1) possessed an especially intricate, compact, and 
novel molecular structure comprised of a contiguous array of six 

rings adorned by twelve stereocenters and a strained anti-Bredt 
bridgehead olefin (see Chapter 13 for a discussion on such motifs). 
The latter feature has, in fact, been implicated as part of the potent 

biological activity of (-)-FR 182877 since amines and alcohols 
can smoothly undergo conjugate addition to the double bond 

under physiological conditions, suggesting that it could be a site 
for covalent attachment to tubulin if that is its mode of cytotoxicity. 

With little question, the conglomeration of all these features into a 
single molecule renders (-)-FR 182877 (1) an enticing target for a 

research program in total synthesis. There was an additional attri¬ 
bute, however, that piqued the Sorensen group’s interest, perhaps 

one of more importance than any of the others discussed above: 
could the complex polycyclic architecture of 1 be yet another exam¬ 

ple of a spontaneous molecular self-reorganization using the 
Diels—Alder reaction? 

This idea is presented more formally in Scheme 5 with the thought 

that five of the six rings of the target molecule and seven of its stereo¬ 
centers (as expressed in 34) could arise from a polyunsaturated pre¬ 

cursor (30) through a series of two cycloaddition reactions and a 
macrocyclization event. For instance, if 30 initially participated in 

a Type I intramolecular Diels—Alder reaction with endo selectivity 

to afford 32, a subsequent intramolecular condensation of the Knoe- 

venagel type could then provide 33, a substrate poised for an intra¬ 
molecular transannular hetero-Diels—Alder reaction between its 

electron-poor enone system and the proximal trisubstituted double 
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Scheme 5. Potential biogenetic sequence for the synthesis of (-)-FRI 82877 (1). 

bond. Alternatively, if 30 first participated in a Knoevenagel conden¬ 
sation reaction to afford the 19-membered macrocyclic pentaene 31, 
then a carbocycle-based transannular Diels—Alder reaction lead¬ 

ing to 33 could be followed by the same transannular hetero- 

Diels—Alder reaction just discussed to provide 34. In either scenario, 

a final lactonization would complete the target molecule (1). 
Although the above hypothesis certainly provides an appealing 

rationalization for the biogenesis of (-)-FRl82877 (1) on its own 
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merits, further substantiation for the involvement of a Diels—Alder 

reaction derives from the structural features of hexacyclinic acid 
(35), a natural product obtained by Zeeck and co-workers in 2000 

from a different strain of Streptomyces bacteria.16 As indicated by 
a comparison of its structure to the redrawn version of (—)- 

FR182877 (1) in the neighboring box in Scheme 5, these two nat¬ 
ural products have identical carbon skeletons, differing only with 

respect to the orientation of two stereocenters on their cyclohexene 
rings, the oxidation states of the carbon attached to C-9, and the 

functionalization at the C18—C19 junction. The first of these subtle 
incongruities is really the only important one as far as biogenetic 

schemes are concerned, since it could simply be the product of dif¬ 
ferent modes of approach in the initial Diels-Alder cycloaddition 

(30—^32 or 31—>33) with endo attack affording an architecture cor¬ 
responding to (-)-FR 182877 (1) and exo approach providing the 
connectivities of hexacyclinic acid (35). 

In order to convert this biogenetic scheme into a full blown retro- 
synthetic blueprint, the Sorensen group would have to determine 

which of the two alternatives in Scheme 5 to pursue in the labora¬ 
tory. This choice was neither easy nor obvious, though literature 
precedent indicated that the first route discussed above 

(30^>32—>33-^34) was probably more conservative, considering 
the success of other Knoevenagel/hetero-Diels—Alder cascades 
like the one in Tietze’s synthesis of hirsutine presented earlier. In 

contrast, no precedent existed for the series of iterative transannular 
Diels-Alder reactions required to accomplish the other route. 
Accordingly, the Sorensen group began their synthetic studies by 

attempting to follow this “safer” pathway. Pleasingly, preliminary 
investigations soon revealed that compounds such as 32 could, 

indeed, be generated through a Type I Diels-Alder reaction of 
structures resembling 30. All attempts to accomplish Knoevena- 

gel-based macrocyclizations from these staging areas to provide 
compounds such as 33, unfortunately, met with failure.17 As a 
result, the Sorensen group ultimately elected to pursue the other 

pathway in Scheme 5 keeping with the double transannular 

Diels-Alder sequence. However, they based their retrosynthetic 
analysis for its precursor on an approach that projected macrocycle 

formation not through a Knoevenagel condensation,18 but through a 
synthetic equivalent. Their final plan is presented in Scheme 6 in 
retrosynthetic format. 

As indicated, these researchers expected that compound 37 might 

serve as a reasonable synthetic analog of the hypothetical acyclic 
polyunsaturated building block 30 discussed above. The expecta¬ 

tion was that if initial macrocyclization could be accomplished 
through a Tsuji—Trost reaction (see Chapter 14) to establish the 

Cl—C19 bond of 36, then the subsequent introduction of unsatura¬ 

tion at the same site would properly activate the resultant compound 

to undergo the desired series of transannular Diels-Alder reactions. 
A final lactonization could then complete (-)-FR 182877 (1). This 

sequence of operations was reasonable given the power of the Tsu- 
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Scheme 6. Sorensen’s retrosynthetic analysis of (-)-FRI 82877 (1). 

ji-Trost reaction in complex contexts19 and the variety of protocols 
which could be enlisted to introduce the required unsaturation, such 

as a selenation—elimination sequence.20 Equally enticing, this idea 

would be relatively easy to test. For example, if 37 was modified 

to 38, this new subgoal structure could be broken to reveal two com¬ 

pounds of approximately equal size and stereochemical complexity 

(allylic acetate 39 and vinyl stannane 40) by projecting another pal¬ 

ladium-based reaction, a rr-allyl Stille reaction,21 to accomplish their 



17.3 Total Synthesis 493 

merger. In turn, because each of these new fragments possess a 1,2- 

syn arrangement of stereocenters adjacent to a site that either is (in 
the case of 39), or could be (if 40 was modified to 42), a carbonyl 

group, their chirality could arise through substrate-controlled Evans 
aldol reactions (see Chapter 3).22 In fact, both final targets identified 

through this analysis (41 and 43) are quite similar to products 

formed by the Evans group during their total synthesis of cytovar- 
icin (see Chapter 28 of Classics /), suggesting that their formation 
here would likely not prove problematic.* 

17.3 Total Synthesis 

We begin our discussion of how this intriguing plan was put into 
action with the operations that were executed to prepare the two 

building blocks essential to testing the biomimetic part of the pro¬ 
posed sequence, namely allylic acetate 39 and vinyl stannane 40. 
Fortunately, neither proved too challenging to synthesize as inti¬ 
mated at above, with both routes actually mirroring each other in 
their key operations. 

The optimized sequence developed by the Sorensen group for the 
first of these fragments is shown in Scheme 7, starting with a 
stereoselective Evans aldol reaction to establish its two adjacent 

stereocenters. As indicated, admixing (£)-6-acetoxy-4-methyl-4- 
hexenal (44) with the preformed Z boron enolate 45 at —78 °C in 

CH2C12 for 1 hour, followed by stirring at —25 °C for 18 hours, pro¬ 
vided the desired aldol product (41) in quantitative yield once the 
reaction had been quenched with MeOH at 0°C. As discussed in 

Chapter 3, the high level of diastereocontrol achieved in this 
event can be rationalized with a transition state such as 46 in 

which the propensity to minimize dipole interactions orients the 
carbonyl group of the auxiliary in the opposite direction to the 

C—O bond of its adjacent enolate, leading to substrate-controlled 
aldehyde approach dictated by the stereocenter of the auxiliary.23 

With this initial merger out of the way, the now-extraneous oxazo- 
lidinone was then converted into a Weinreb amide upon reaction 
with A,0-dimethylhydroxylamine hydrochloride and Me3Al in 

THF at — 15°C,24 and, finally, the free secondary alcohol function 

of the resultant product was protected as a TMS ether. These 
final two steps completed the synthesis of 39 in 87 % overall 

yield from 44. 
As shown in Scheme 8, the same three operations also opened the 

sequence leading to vinyl stannane 40, providing in this case the 

o OB(n-Bu)2 

O U 
W 

Ph 
45 

* We should note that the Fujisawa scientists originally assigned 1 with the oppo¬ 
site absolute configuration to that shown in these pages, an assignment that was 
later corrected.15e The first total synthesis of 1 by the Sorensen group was actually 
that of the non-natural antipode;143 in this chapter, however, we present their opti¬ 
mized sequence to the correct, naturally occurring enantiomer.14b 
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O OB(/t-Bu)2 

\_y 
Ph 
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(87% overall) 

Boron-mediated 
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o O OH 
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(100%) 
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Ph 

41 
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Scheme 7. Synthesis of Weinreb amide building block 39. 
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.N.HCI 
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Me3AI, THF, 
0 °C, 30 min 

,OMe 

OH OTES 

Me 1- Et2BOMe, TES0 
NaBH4, THF/ 
MeOH, -78—>0 °C 

2. TESCI, imid, 
4-DMAP, CH2CI2 
(90% overall) 

Me (Me3Sn)2, TES0 
Pd(PPh3)4, 
/-PrNEt2, 

'OTES -=-► 

OTES 

toluene 
80 °C, 1.5 h Me3Sn- 

(95%) 

Scheme 8. Synthesis of stannylated building block 40. 
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TBS-protected variant of 49 in high yield and with complete stereo¬ 
control starting from aldehyde 47 and Z boron enolate 48. Subse¬ 

quent reaction of this intermediate with excess dimethyl lithio- 

methylphosphonate then provided 42, setting the stage for a 

Ba(OH)2-promoted Horner—Wadsworth-Emmons coupling with 
aldehyde 50 to install the diene motif of the target molecule. The 
final stereocenter was then set by cleaving the TMS ether in this 

new product with PPTS to provide an alcohol handle that could 
enable a subsequent diastereoselective 1,3-syn reduction with 

Et2BOMe and NaBH4 in THF/MeOH.25 Finally, the desired building 
block (40) was completed in two more steps through tandem protec¬ 

tion of all alcohol groups as TES ethers (TESC1, imid, 4-DMAP, 
CH2C12) and exchange of the vinyl iodide for a trimethyltin group 

under typical conditions.26 Overall, the nine operations delineated 
in Scheme 8 proceeded in a combined yield of 53 %, an outcome 

that corresponds to an impressive average yield of 92 % per step. 
If it seems that we have gone through these operations rather 

quickly, it is not due to their lack of importance, but due to our 
eagerness to discuss the pending and most challenging steps in 
the projected sequence. 

The first of these operations was the union of these two advanced 

building blocks (39 and 40) through a Tt-allyl Stille reaction, and, 
as shown in Scheme 9, this objective was accomplished quite 
smoothly. In the event, the allylic acetate (39) was first mixed 
with excess LiCl (4 equiv) and a catalytic amount of Pd2dba3 in 

A-methyl-2-pyrrolidinone (NMP). A solution of stannane (40) and 
/-Pr2NEt in the same solvent was then added, and the resultant mix¬ 

ture was warmed to 40 °C for 3 hours during which time the materi¬ 
als slowly funneled into 38 in 91 % yield. Key to the consistent suc¬ 

cess of this reaction, especially on a large scale, was the addition of 
the palladium catalyst in batches and at a relatively high loading 
(10—20 %), as some residual Ph3P from the final step needed to pre¬ 

pare 39 always inhibited a certain portion of the catalyst. Equally 
important, the reaction had to be conducted at a temperature no 

greater than 40 °C to maintain the stereochemical integrity of the 
reactive rr-allyl palladium intermediate (53). Otherwise not only 

38, but also material with Z geometry at the newly generated double 
bond, was obtained. 

With ample supplies of 38 provided through this protocol, the 
Sorensen group could next attempt to attach the atoms needed to 

prepare 37, the projected intermediate for a second reaction based 

on n-allyl palladium complexes (a Tsuji—Trost reaction) that 
would hopefully lead to the 19-membered macrocycle 36. In 

essence, this requirement boiled down to only two key synthetic 
objectives: generating a ketoester moiety from the Weinreb amide, 

and converting the allylic TES-protected alcohol function at Cl 
into a methyl carbonate. Neither of these tasks ultimately proved 

to be overly challenging to carry out, with the first accomplished 

by treating 38 with excess quantities of the lithium enolate of t- 
butyl acetate to provide 54,27 and the second requiring three rela- 

TMSO*- OTES 
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Pd2dba3, 

OTES 

dba = trans, trans-dibenzylideneacetone 
NMP = W-methyl-2-pyrrolidinone n-Allyl Stille 

coupling (91%) 

OTES OTES 

OLi 

(82% overall) 

f-BuO^^ 

THF, 
-78—>25 °C, 

1 h 
(85%) 

1. TBAF, THF, -30^-10 °C 
2. MeOCOCI, py, CH2CI2, 25 °C 

v3. TMSCI, imid, CH2CI2, 25 °C 

OTES 

-[°OMe] 
-[C02] 

(60-85%) 
Tsuji-Trost 
reaction 

Scheme 9. Synthesis of advanced intermediate 36. 
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tively routine steps from this new intermediate: 1) selective depro¬ 
tection of the primary TES and secondary TMS ethers with TB AF in 
THF at low temperature (-30—>10°C), 2) chemoselective methox- 
ycarbonylation of the primary allylic hydroxy group, and 3) resilyla- 
tion of the remaining secondary alcohol function as a TMS ether 
(TMSC1, imid, CH2C12). 

With these three steps affording 37 in 63 % overall yield from 38, 
the stage was now set for the Tsuji—Trost macrocyclization. Most 
gratifyingly, this reaction was a resounding success. Exposure of 
a dilute solution of 37 in THF (0.05 m, to prevent dimerization) 
to a catalytic amount (10 mol %) of Pd2dba3 at 45 °C for 24 hours 
ultimately provided 36 in 60—85 % yield depending on the reaction 
scale. Its smooth prosecution is undoubtedly due to the selection of 
a methyl carbonate as the allylic activating group, since, as men¬ 
tioned in Chapter 14, these groups enable irreversible palladium 
insertion under mild conditions promoted by the loss of C02 and 
an alkoxide from the initial reactive intermediate (i. e. 55). In fact, 
it was this alkoxide by-product that ensured full enolization of the 
ketoester to provide 56 and enable the ring closure to occur. Before 
moving forward, it is worth noting that the success of both xr-allyl 
coupling reactions in Scheme 9 indicates the true utility and versa¬ 
tility of these transformations in complex contexts. For instance, if 
one considers that most of the steps that stitch together building 
blocks or form macrocyclic rings usually proceed in modest yield, 
their accomplishment with better than 80 % efficiency here makes 
them remarkable indeed. Yet, if 36 could not ultimately participate 
in the final double transannular Diels—Alder sequence to complete 
(-)-FR 182877, then the progress achieved thus far with the 
sequence would be a hollow victory, at least as far as this total 
synthesis was concerned. 

So, pressing forward without any further delay, the Sorensen 
group now attempted to install the final unit of unsaturation at 
Cl—C19 to create the projected macrocyclic pentaene for this key 
event. As preliminary forays soon revealed, however, the challenge 
was not installing that C—C double bond onto 36, but generating it 
with E selectivity. Scheme 10 provides the optimized protocol, with 
initial enolate formation using NaHMDS in Et20 at 25 °C followed 
by a PhSeBr quench delivering 57 as a 10:1 mixture of diastereo- 
meric C-19 phenylselenides (absolute stereochemistry not assigned). 
Brief exposure to mCPBA in CH2C12 at —78°C then induced the 
oxidation-elimination sequence, leading to the desired ^-disposed 
intermediate (58) and its Z-disposed counterpart (59, see column 
figure) in a 2.2:1 ratio. Although it might seem surprising that the 
opening ratio of C-19 phenylselenides did not correlate to the final 
E/Z ratio of the elimination products, it is important to remember 
that the formation of a selenoxide introduces an additional element 
of chirality. Thus, this simple feature could certainly play a major 
part in determining the overall distribution of 58 and 59 obtained 
through the terminating vyn-elimination. 
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NaHMDS, 
PhSeBr, Et20, 
-► 
25 °C, <1 min 

(89%) 
(10:1 d.r.) 

mCPBA, CH2CI2, 
-78 °C, 1 min 

(£:Z= 2.2:1) 

(61-66%) Transannular hetero 
Diels-Alder reaction 

a 
TFA/CH2CI2 (9:1), 

0 °C,1 h 

©' 'i 
Me I 

Cl 
© 

Et3N, CH2CI2/ 
MeCN (9:1), 25 °C 

(76% based on r.s.m.) 
Lactonization 

(96%) 

Scheme 10. Final stages and completion of Sorensen’s total synthesis of (-)-FRI 82877 (1). 

Nevertheless, with a means to obtain 58 as the major diastereomer, 
following the extractive workup needed to remove the extraneous 
mCPBA by-products, the mixture of 58 and 59 was immediately 
dissolved in NaHC03-buffered CHC13 and then heated at 45 °C for 
4 hours. Amazingly, at the end of this time the desired double trans¬ 
annular Diels—Alder adduct was obtained in 61—66% yield 
(depending on reaction scale) along with minor amounts of 62 
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and 63 (both formed in 8 —15 % yield, see column figures) arising 
from Diels—Alder reactions involving the pentaene system of 
59.* Considering that 58 accounted for only 70% of the original 
mixture of starting materials, this throughput is quite striking. 
Moreover, with the event installing five new rings and seven stereo- 
genic centers with complete diastereocontrol, the only major 
remaining operation to complete the target molecule was a lactoni- 
zation to generate the one still-missing ring system. In preparation 
for this key step, 61 was exposed to PPTS in MeOH for 2 hours 
to dismantle all three of its silyl ethers, and then exposed to a 9:1 
mixture of TFA and CH2C12 to hydrolyze its t-butyl ester, providing 
hydroxy acid 65 in 96 % overall yield. The synthesis of (—)- 
FR182877 (1) was then completed using Mukaiyama’s reagent 
(N-methyl-2-chloropyridinium iodide)28 and Et3N in a 9:1 mixture 
of CH2C12 and MeCN to form the final ring.** Overall, this elegant 
sequence required a total of 23 steps (20 in its longest linear 
sequence), and proceeded with such a high level of efficiency that 
it could provide multiple grams of the final natural product and, 
thereby, fuel the advanced biological evaluations needed to deter¬ 
mine whether (-)-FR 182877 (1) truly has potential as a drug candi¬ 
date for cancer chemotherapy. 

NaHC03, CHCI3, 
45 °C, 4 h 

Me 

+ 

Me 

17.4 Conclusion 

Even though the Diels—Alder reaction has arguably been explored 
more deeply than any other transformation over the course of the 
past 75 years, this inventive total synthesis has managed to pave 
new ground for its utility in chemical synthesis by providing the 
first example of a successful double transannular Diels—Alder 
sequence. In the process, it has also provided yet another powerful 
demonstration of how properly formatted polyunsaturated precur¬ 
sors can be coaxed to contract spontaneously into stereochemically 
rich polycyclic products. While syntheses based on biogenetic 
hypotheses cannot prove definitively if Nature creates a particular 
natural product through an analogous set of reactions, when they 
are as efficient as this one, it is hard to imagine that the master che¬ 
mical artisan with millenia of “bench experience” would employ a 
more circuitous route. 

* It is interesting to note that 63, the product of only one transannular 
Diels—Alder reaction, was formed with exo selectivity to afford the stereochemical 
arrangements of hexacyclinic acid (35, cf. Scheme 5). 
** As an aside, an exhaustive screening of virtually every major lactonization 
protocol was attempted in this step, but none worked as well as the indicated con¬ 
ditions. Equally important, even with the given protocol the use of MeCN was 
critical for a high yield of 1 since both Mukaiyama’s reagent and the triol car¬ 
boxylic acid (65) are poorly soluble in neat CH2C12. 
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17.5 Evans’ Total Synthesis of 
(~)-FR182877 

As matters would transpire, the Sorensen group would not be the 
only team of researchers enticed by the intriguing structure of 
(-)-FR 182877 (1) and the potential for a cascade sequence of trans- 
annular Diels—Alder reactions to generate its central polycycle 
stereoselectively from a macrocyclic precursor. Early in 2002, the 
Evans group at Harvard University reported their successful com¬ 
pletion of this formidable target (1) along the lines of the same syn¬ 
thetic blueprint as the work presented above, but executed through a 
set of different operations.29 

The key elements of this second total synthesis of (-)-FR 182877 
(1) are depicted in Scheme 11, starting with the steps required to 
generate the macrocyclic precursor for the projected transannular 
Diels—Alder cascade sequence (i. e. 70). As indicated, the first of 
these events was the merger of building blocks 66 and 67 through 
a palladium-mediated Suzuki coupling reaction to form advanced 
intermediate 68 in 84 % yield. This fragment is, of course, reminis¬ 
cent of compound 38 (cf. Scheme 9) generated by the Sorensen 
group through a ir-allyl-type Stille reaction as discussed earlier. 
However, there is one subtle, but important, difference, namely 
the incorporation of a bromine substituent at C-9 rather than the cor¬ 
responding methyl group of the target molecule. Although this 
choice might seem odd in light of the successful sequence discussed 
above, at the time this decision was made it was unclear whether or 
not the transannular Diels—Alder sequence would proceed with 
endo or exo selectivity. As a result, the Evans group designed a sub¬ 
strate that could be advanced to either (-)-FR 182877 (1) or hexacy- 
clinic acid (35) irrespective of that outcome. 

Before moving on, a few additional comments about this opening 
Suzuki reaction are in order. First, although either of the two bro¬ 
mine substituents in 67 could have participated in this event in prin¬ 
ciple, extensive precedent has always indicated that the E-disposed 
bromine is far more reactive towards palladium insertion, which 
explains why 68 was formed stereoselectively.30 It is important to 
note that the smooth nature of this reaction and the survival of 
the bromine atom in the product would not have occurred in the 
absence of the thallium base, since this species accelerated the reac¬ 
tion to the degree that the initial oxidative addition was the rate¬ 
determining step. Thus, as soon as insertion occurred, coupling 
with 66 ensued. The Kishi group at Harvard was the first to pioneer 
this type of base (they used TlOH) to accelerate a Suzuki reaction as 
part of their elegant total synthesis of palytoxin (see Chapter 36 of 
Classics I).31 

Returning to the work at hand, with the two building blocks 
merged together, 68 was advanced to 69 through a series of four 
separate synthetic operations, and then the complete 19-membered 
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Scheme 11. Evans’ total synthesis of (-)-FRI 82877 (1). 
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macrocycle was formed through a CsC03-promoted alkylation to 
provide 70 in 49 % yield overall from 68. Thus, at this advanced 
stage the Evans group now had to tackle the same task with 
which the Sorensen group had struggled: stereoselective installation 
of the final double bond of the desired macrocyclic pentaene at 
Cl-Cl9. In this case, their solution was patterned on similar chem¬ 
istry, namely selenation followed by an oxidative elimination event. 
However, because these researchers employed different reagents 
[(PhSeO)20 and S03*py], their conditions succeeded in forming 
only the ^-disposed olefin (71). This adduct smoothly participated 
in the same transannular Diels—Alder sequence upon heating at 
50 °C for 6 hours to provide 73 in 63 % yield. This inventive total 
synthesis of (-)-FRl82877 (1) was then completed through essen¬ 
tially the same sequence as above, using a recently described proto¬ 
col32 for Suzuki reactions with Me3B303 to install the requisite 
methyl group at C-9 of the target molecule. 
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Vinblastine 

18.1 Introduction 

For several decades, cultures from distant regions of the globe have 
used medicines procured from the leaves of the Madagascar peri¬ 
winkle plant (Cantharanthus roseus) to treat a host of ailments such 
as the common cold, insect stings, and even eye infections. For 
the most part, however, these therapeutics remained unscrutinized 
by Western medical science until 1952 when Dr. Clark Noble, a 
Canadian doctor, came upon a unique elixir derived from this 
plant during his travels in Jamaica in the form of a tea given to dia¬ 
betic patients when supplies of insulin ran out at the neighborhood 
clinics. Since this alternative remedy appeared to be efficacious, 
Noble believed that he might have uncovered a new life-saving 
treatment for a major medical disease. As a result, he decided to 
pass along his observations and an ample supply of periwinkle 
plant leaves to his younger brother at the University of Western 
Ontario, Dr. Robert Noble, who had the resources to probe his find¬ 
ing empirically. Unfortunately, the lead proved to be false as the 
junior Dr. Noble found no indication that any chemical entity 
from this natural source could induce the biochemical events 
necessary to treat diabetes successfully. Intriguingly, when he 
attempted to examine the role of the leaves’ extracts in modulating 
blood sugar levels, he observed that the white blood cell count of 
his samples diminished over time, thereby suggesting the leaves 
contained an agent that perturbed the normal replication of these 
cells. Since the aberrant synthesis of white blood cells is a telltale 
sign of leukemia, Noble hypothesized that the Madagascar peri¬ 
winkle plant might still hold medical promise, not as a treatment 
for diabetes, but as the source of a new anticancer drug.1 

Key concepts: 

• Oxidative couplings 

• Skraup quinoline 
synthesis 

• Fukuyama indole 
synthesis 

• Reaction optimization 
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Following several years of intensive research, in 1958 Robert 
Noble and his co-workers finally isolated the compound responsible 
for this intriguing effect, a structurally novel binary indole—indo- 
line alkaloid, which they named vinblastine (1, Scheme l).2 Once 
sufficient quantities of the natural product were obtained, Noble 
joined forces with the Eli Lilly pharmaceutical company to test 
the agent clinically. As anticipated, the compound displayed 
impressive cytotoxicity against a host of cancers. Serendipitously, 
it also possessed a novel mode of cancer-fighting ability by selec¬ 
tive binding to tubulin, an event that induces apoptosis by halting 
spindle formation during mitosis. Unsurprisingly, vinblastine (1) 
was immediately adopted in cancer therapy, and today, after almost 
forty years of clinical use, it continues to serve as one of the most 
important anticancer drugs on the market.3 

Although its value to society is clear, vinblastine constitutes one 
of the most expensive cancer chemotherapeutics available due to 
the dual problems of its low natural abundance within Canthar- 

anthus roseus and the labor intensive separation procedures 
required to isolate it from other alkaloids. As such, from the 
moment of its complete structural characterization, the synthetic 
community has devoted significant attention and financial resources 
to achieving a laboratory synthesis of this agent. Fortunately, these 
endeavors have proven quite fruitful in that four separate syntheses 
of vinblastine (1) were achieved in the three decades following the 
initial disclosure of its structure.4 Apart from leading to an increased 
supply of this potent compound, these successful routes have also 
enabled access to a host of vinblastine analogues bearing deep- 
seated structural modifications, yielding much insight into the 
structure—activity profile of this natural product. Arguably, how¬ 
ever, none of these endeavors can formally be classified under the 
heading of “total” synthesis because they all employed another nat¬ 
ural product from Cantharanthus roseus, (—)-vindoline (2, 
Scheme 1 ),5 as the source of the “bottom” half of vinblastine (1). 
Nevertheless, such a decision can hardly be criticized since adopt¬ 
ing the use of this starting material engendered both simplicity 
and cost effectiveness, and also reflected vinblastine’s postulated 
biogenesis. 

As shown in Scheme la, one can formally consider vinblastine as 
arising from the nucleophilic addition of (—)-vindoline (2) to an 
activated form of the secondary metabolite catharanthine (3), a 
natural product also obtained from Cantharanthus roseus. If this 
union was attended by bond cleavage at the indicated site within 
3, then a subsequent stereoselective oxidation process would 
complete the assembly of (+)-vinblastine (1). While several assays 
using enzymatic extracts have verified this general order of bio¬ 
synthetic events,6 the first synthetic evidence supporting its 
viability came from the work of Pierre Potier and members of his 
group at the Institut de Chimie des Substances Naturelles in 
France.3a 4a In their pioneering investigations, these researchers dis¬ 
covered that following the initial reaction of catharanthine TV-oxide 
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Scheme 1. General biosynthetic pathway (a) for binary indole-indoline alkaloids such as vinblastine (1) 
and Potier’s synthetic approach (b) based on that hypothesis. 

(4, Scheme lb) with trifluoroacetic anhydride (TFAA) to form 
intermediate 5, intramolecular fragmentation through the indicated 
mechanistic pathway afforded iminium system 6a, an intermediate 
suitably activated for nucleophilic interception at C-16' by vindo- 
line (2). Indeed, when this sequence was performed at low tempera¬ 
ture (—50 °C) in the presence of vindoline (2), anhydrovinblastine 
(7) was formed in approximately 50 % yield following the addition 
of NaBH4 (to reduce the C21'— N4' iminium species originally 
formed within 6a). This new product (7) could then be converted 
into 1 through a short sequence of reactions. 
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Several aspects of this instructive biomimetic synthesis are 

worthy of additional discussion, not only because they are part of 

the first laboratory preparation of vinblastine (1), but also due to 

the fact that they bring many of the inherent challenges of executing 

a successful total synthesis of this natural product into stark relief. 

First, although you might have recognized the initial reaction 

between the /V-oxide (4) and TFAA as that of the general Polo- 
novski type, a transformation typically employed to synthesize reac¬ 

tive imine intermediates through the mechanistic pathway defined 

in the adjoining column figures,7 in this case the weak basicity of 

the trifluoroacetic acid by-product enabled an intramolecular, rather 
than intermolecular, version of this fragmentation to occur preferen¬ 

tially. Within this general paradigm, the mechanistic arrows within 

5 can also be pushed such that the C5'—C6' bond could have been 

cleaved instead of the C16'-C21' linkage to afford a different imi- 
nium species. This alternative pathway was not observed, however, 

because the desired sequence benefited from the almost perfect anti- 
periplanar arrangement of the Cl6'— C21' bond with respect to the 

departing OTFA group, combined with stabilization of the product 

due to the presence of the neighboring C15'— C20' double bond. 
The latter of these features was critical, since removal of this double 

bond from the test substrate resulted in cleavage of the C5'—C6' 

bond instead.8 
While this highly successful reaction sequence provided the gen¬ 

eral architecture of the “upper” indole portion of vinblastine, the 

perhaps more significant feature of the process was the stereoselec¬ 
tive creation of the new C-16' quaternary center in 7. This occur¬ 

rence was wholly the result of the fragmentation occurring at a 
low temperature, as the resultant iminium intermediate most likely 

possessed a conformational format similar to that of the canthar- 
anthine starting material (i. e. 6a), an orientation that rendered the 

a-face highly accessible relative to its P-alternative. As such, 
upon the addition of vindoline (2) to this reactive intermediate 

(6a), the natural stereochemistry resulted at C-16'. However, 

when the reaction was merely warmed to 0 °C before the introduc¬ 
tion of 2, anhydrovinblastine was generated exclusively as its C-16' 

epimer, a result that can be rationalized by assuming thermal equi¬ 

libration of 6a to its more stable conformer (6b) in which the apical 
C-3' methylene effectively blocks any approach to the a-face. This 

general issue in forming the C-16' quaternary center of vinblastine 
stereoselectively through an oxidative coupling perhaps constitutes 

the most critical challenge incurred by adopting such a biomimetic 
strategy; in this regard, Potier’s solution should be noted as rela¬ 

tively unique in both its efficiency and selectivity. For example, 

the formation of a similar reactive intermediate (10, Scheme 2) 

from 8 in the presence of an electrophilic chlorine source such as 

r-BuOCl afforded only e/?i-C-16'-anhydrovinblastine (II).9 
Although these biomimetic studies by Potier (as well as by many 

others whose accomplishments are reviewed elsewhere)3 in the 
early 1980s established many of the essential aspects of what 
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Scheme 2. The challenges of establishing the C-16' stereocenter of vinblastine: the “chloroindoline” 
approach. 

could constitute the final stages of an entirely synthetic enterprise 

towards vinblastine (1), the first such route would not be achieved 
until 2002 by Tohru Fukuyama and members of his group at the 

University of Tokyo.10 This work is the subject of the remainder 
of this chapter. As we shall see, not only did they implement an 

effective strategy to form the C-16' center of 1 stereoselectively 
based on an oxidative coupling, but they also blended a number 
of carefully conceived modifications of standard synthetic transfor¬ 

mations with a series of inventive synthetic strategies to overcome 
several other challenging features within the molecular structure of 
vinblastine. 

18.2 Retrosynthetic Analysis and Strategy 

Because of the highly successful nature of the chemistry described 

in Scheme 1, the Fukuyama group was certainly enticed by the pro¬ 
spects of effecting an oxidative coupling event between vindoline 

(2) and some advanced intermediate corresponding to the indole 

portion of vinblastine during the late stages of their synthetic 

drive towards 1. As we have already seen, however, the major 
issue associated with adopting such a convergent strategy is select¬ 

ing a building block with an appropriate spatial orientation so that 

vindoline (2) can add to its correct face and establish the natural 

stereochemistry of vinblastine at C-16'. Since ample precedent 
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had already established that indole intermediates possessing the fin¬ 
ished bridged bicyclic architecture could not be effectively induced 
to react in this fashion (such as 8, Scheme 2), the Fukuyama group 
elected in their retrosynthetic analysis (Scheme 3) to open the piper¬ 
idine ring within this system to 12 before cleaving the bond between 
the major indole and indoline subunits of 1 to building blocks 14 
and 2. Thus, in the forward direction, application of an appropriate 
reagent such as t-BuOCl to 14 was anticipated to provide the tran¬ 
sient intermediate 13, which would hopefully be conformationally 
biased to enable the selective approach of vindoline (2) to its ex- 

face. Although the fairly large degree of flexibility of the 11-mem- 
bered ring in 13 renders the outcome of this reaction difficult to pre¬ 
dict on the basis of first principles, extensive molecular modeling by 
the group suggested its plausibility. Moreover, some synthetic 
model studies towards vinblastine executed almost fifteen years ear¬ 
lier by the Schill group in Basel demonstrated that the desired facial 
selectivity could be achieved with a macrocyclic intermediate simi¬ 
lar to 13 (lacking only the C-20' stereocenter) through an oxidative 
coupling process.11 

Assuming that this paper-based design could indeed be reduced to 
practice, then this initial set of simplifications has broken vinblas¬ 
tine down into two advanced subtargets, vindoline (2) and com¬ 
pound 14, each endowed with its own set of unique synthetic chal¬ 
lenges. Although we will get to vindoline (2) in due course, for now 
the remainder of Scheme 3 provides a possible retrosynthetic analy¬ 
sis of the second of these critical subgoal structures (i.e. 14). As 
you might have already noted, a somewhat unique protecting 
group has been appended onto the nitrogen atom within the macro¬ 
cycle of 14 and advanced intermediate 12, namely a 2-nitrobenzene- 
sulfonamide (also known as a nosyl group, Ns). Its selection, how¬ 
ever, was far from arbitrary in that the Fukuyama group had already 
established that amines bearing this protecting group could readily 
participate in Mitsunobu-type alkylations as well as macrocycliza- 
tions (with the added benefit of facile deprotection upon exposure 
to a sulfide, vide infra).12 Accordingly, while this functionality 
could thus be envisioned to facilitate the operations needed to con¬ 
vert 12 into vinblastine (1) in the final stages of the synthesis, its 
continued presence within 14 signaled the possibility that the 
macrocyclic ring of this intermediate could be derived from the 
nucleophilic addition of an Ns-protected amine to an electrophilic 
acceptor such as the epoxide in 15. In turn, this epoxide could 
arise from a diol through a displacement reaction and the nosyl-pro- 
tected amine could be the product of a Mitsunobu addition to a pri¬ 
mary alcohol precursor (16).13 As such, this analysis has produc¬ 
tively removed one ring, but left two major synthetic challenges 
for further consideration in its wake: finding a method to fashion 
a 2,3-substituted indole and establishing the two stereogenic centers 
on the carbon chain appended to the 2-position of that indole. 

Fortunately, the Fukuyama group had already developed a novel 
methodology that would hopefully prove capable of handling the 
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Scheme 3. Retrosynthetic analysis of (+)-vinblastine (1): initial stages. 
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first of these objectives. As illustrated in Scheme 4, these research¬ 
ers had discovered that 2,3-disubstituted indoles (32) could be cre¬ 

ated from a wide variety of thioamide precursors (27) through the 

action of n-Bu3SnH and an appropriate radical initiator such as 

AIBN or Et3B, presumably through one of the degenerate mechan¬ 

istic pathways shown invoking either stabilized sp3 (28) or imidoyl 

(31) radical intermediates.14 Furthermore, the needed starting thio- 

amides (27) could be obtained from isothiocyanates (26), com¬ 

pounds whose preparation was already known to be possible from 

quinolines (22) through the action of thiophosgene in the presence 
of a base.15 As shown, this latter event is the result of initial forma- 
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Scheme 4. Fukuyama’s synthesis of indoles (32) from quinolines (22). 
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tion of 23, followed by hydroxide attack at the indicated carbon 
atom to afford 24. Since this intermediate is suitably disposed for 
an intramolecular ring fragmentation, 24 smoothly rearranges in 
situ to aldehyde 25, a compound that can then be converted into 
26 by a standard reducing agent (such as NaBH4 in CH2C12/ 
MeOH). Although this isothiocyanate-formation process constitutes 
well-established chemistry, it is instructive to note that the ring 
opening of quinolines with this protocol is unique to thiocarbonyl 
species such as 23. Had phosgene been used instead of thiophos- 
gene to afford a Reissert-type intermediate (C=0 instead of 
C=S), then, on the basis of matching hard acids with hard bases, 
the hard hydroxide species would have preferentially attacked the 
carbonyl group and reformed the quinoline starting material rather 
than lead to an isocyanate product. 

Expecting that this general methodology would be applicable to 
the formation of the indole subunit within 16 (Scheme 3), then 
this heterocycle could be retrosynthetically adjusted to thioamide 
precursor 17, an intermediate amenable to further disconnection 
into methyl ester 19 and isothiocyanate 18 assuming a nucleophi¬ 
lic-addition-based transform. The latter of these materials could, 
of course, be obtained from quinoline 22 through the reaction 
sequence already discussed within the confines of Scheme 4. 
Thus, with the formation of the indole ring system addressed, it 
now remained to determine how the additional stereochemical com¬ 
plexity within 19 could be installed with its proper topology. 
Although this problem might seem formidable upon initial inspec¬ 
tion, if both the methyl ester and the TMS group were excised 
from 19 to reveal a free carboxylic acid and an alcohol, then the dis¬ 
connections needed to meet this objective should be relatively clear 
in that this variant of 19 could likely be derived from the opening of 
a seven-membered lactone precursor such as 20. The fact that the 
oxygen atom within this newly adopted ring is adjacent to a fully 
substituted carbon atom implicates its possible insertion through a 
Baeyer—Villiger oxidation of a predecessor such as 2T. Thus, 
with the revelation of a six-membered cyclic template through 
this final disconnection, the means to generate both stereocenters 
of this new target structure should no longer seem problematic in 
that a wealth of literature precedent exists to fashion such systems 
stereoselectively through cyclic stereocontrol and/or asymmetric 
reactions. 

With one fragment reduced to simple starting materials, it now 
remained to determine a viable synthetic sequence for vindoline 
(2, Scheme 5). Although this target possesses far greater stereo¬ 
chemical complexity than 14 with its six contiguous stereogenic 
centers (three of which are quaternary) and five rings, in many 
respects it is an easier molecular architecture to disassemble retro¬ 
synthetically in that the construction of its stereochemically rich 
six-membered C-ring could confidently be assigned to an intra¬ 
molecular Diels—Alder reaction. Indeed, if 2 was traced to 34 
through the operations indicated in Scheme 5, then application of 

20 

21 
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Scheme 5. Retrosynthetic analysis of (+)-vinblastine (1): final stages. 

a Diels—Alder transform to this new subgoal structure would lead 
back to 35 as a potential retrosynthetic precursor. Rather than try 
to target this specific intermediate for synthesis, the Fukuyama 
group reasoned that the enamine comprising its dienophile could 
potentially arise in the same pot through a condensation between 
the aldehyde and secondary amine units of 36. However, with an 
alcohol in close proximity to this aldehyde, 36 should not constitute 
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a distinct (or isolable) species either, but instead should exist in 

equilibrium with its lactol congener (37), a compound accessible 

through hydration of a cyclic enol such as 38. Thus, in a single cas¬ 
cade operation, application of acidic conditions during the forward 

synthesis could conceivably drive the equilibria needed to convert 
38 directly into 34, with the opportunity to apply an additional 

driving force (heat or Lewis acid catalysis) to induce the final intra¬ 
molecular Diels—Alder reaction if necessary. 

While the execution of Diels-Alder reactions to establish molecu¬ 

lar complexity constitutes a relatively common occurrence in nat¬ 
ural product total synthesis,16 two features of the proposed transfor¬ 

mation in this context are far from conventional. First, the lone and 
somewhat distal C-14 stereocenter in 35 would have to facially bias 

the presentation of the diene and dienophile components for the 

correct stereochemical outcome to occur, and, second, the orbital 
coefficients of these participants would need to be appropriate¬ 

ly matched for a facile inverse-electron-demand Diels—Alder 
reaction. Precedent in several contexts, such as the intramolecular 

Diels-Alder reaction executed in Martin’s synthesis of manz- 
amine A (see Chapter 8), indicated that the first of these objectives 
should not prove problematic. The second was far less certain. 

Although the electron-withdrawing ester appended to the diene 
and the electron-rich nitrogen atom adjacent to the dienophile 

should facilitate a LUMOdiene-controlled cycloaddition of 35, the 
ability of the indole nitrogen atom to donate electron density into 
the diene system could potentially obviate any benefits afforded 

by the ester group. As such, the Diels-Alder reaction could fall 
under a neutral case and thus prove challenging (as discussed in 
Chapter 2). Following careful analysis of this problem, the 

Fukuyama group envisioned that they could increase their chances 

of success by placing an electron-withdrawing substituent on the 
neighboring aromatic ring, as its inductive and mesomeric proper¬ 
ties could render the entire indole ring electron-poor and thus 

create a better matched case for an inverse-electron-demand 
Diels-Alder reaction. Accordingly, although vindoline (2) pos¬ 

sesses a methoxy group at C-ll, 34 and its synthetic precursors 
were modified to bear a methanesulfonate instead. Before continu¬ 

ing, however, we should note that Diels—Alder-based approaches 

to indole alkaloids bearing the gross structure of vindoline (2) 
are legion, particularly since this reaction is part of their presumed 

biosynthesis. As an especially inventive example among these pre¬ 

cedents, we have delineated the critical aspects of Grieco’s total 
synthesis of the related natural product pseudotabersonine (49) in 
Scheme 6.17 

With the assembly of vindoline (2) now reduced to 38 (Scheme 5), 

the remaining retrosynthetic disconnections mirror those applied to 

the upper domain of vinblastine. First, by appending a protecting 

group related to the nosyl group on 38, a 2,4-dinitrobenzenesulfona- 

mide (DNs), this intermediate could then be separated into fragments 

40 and 39, assuming that a Mitsunobu reaction could merge these 
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Scheme 6. Grieco’s total synthesis of the alkaloid pseudotabersonine (49) based on a Diels-Alder design 
(1993).17 

pieces together during the actual synthesis. Next, with a simplified 
2,3-disubstituted indole unveiled in the form of 40, a second appli¬ 

cation of the Fukuyama indole synthesis protocol would then engen¬ 

der disassembly to thioamide 41, an intermediate which, in turn, 

could be derived from an isothiocyanate obtainable from quinoline 

42 and commercially available benzyl methyl malonate. 
Before closing this section, a few additional remarks about 

quinoline 42 are in order. Most typically, heterocycles of this 

type are prepared by the Skraup method, which, as shown in 
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Scheme 7a, involves the initial addition of an aniline derivative in a 

Michael fashion to acrolein (51), followed by cyclization, elimina¬ 
tion of water, and oxidation.18 While the strongly acidic conditions 

needed to accomplish this event are arguably harsh, most substrates 
work well under this protocol. However, this general approach is 

less than ideal when aniline starting materials bearing substituents 

meta to its amine are employed, as a mixture of difficult to separate 
regioisomeric products results. Accordingly, since the meta- 

oriented methanesulfonate group within 42 (cf. Scheme 5) could 
thus conceivably be a product that would be difficult to obtain 

regioselectively using the standard Skraup method, the Fukuyama 
group developed a modified form of this reaction to overcome 
this potential problem.19 As delineated in Scheme 7b, they found 

that by appending an electron-withdrawing group onto the aniline 
nitrogen atom, the para-directing power of the R substituent in 
56 was markedly enhanced relative to intermediates lacking such 

nitrogen protection (i. e. 52), providing the desired regioisomer 
(57) in typically better than 8:1 selectivity. Following this cycliza¬ 
tion, treatment with base then completed the assembly of the final 

quinoline (58) through a process that can be rationalized as either 

direct hydrolysis of the sulfonamide group followed by air oxidation 

b 
o 

3 N HCI/THF 
(1:1), 80 °C 

(5:1 to 14:1 
regioselection) 

KOH, DMSO 
-► 
80 to 140 °C 

58 

Scheme 7. The classical Skraup quinoline synthesis (a) and Fukuyama’s modified approach (b) using 
A/-aryl-A/-sulfonylaminopropionaldehydes (56). 
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or P-elimination of the sulfonyl group. As such, this four-step 

sequence could provide a useful alternative for the selective forma¬ 

tion of quinoline 42 in the likely scenario that the more concise 

Skraup method should afford no such fidelity. 

18.3 Total Synthesis 

We begin our discussion of this total synthesis with efforts directed 

towards the assembly of vindoline (2), the natural product that, as 
mentioned above, could hopefully be merged with the other half 

of vinblastine through an oxidative coupling at the end of the cam¬ 

paign. In order to gain entry into the challenging aspects of their 
proposed synthesis of this essential piece, the Fukuyama group 

first had to prepare building blocks 40 and 39. The successful 

route developed to access the larger of these entities, indole 40, is 
outlined in Scheme 8. Following the large-scale preparation of qui¬ 

noline 42 through the unique methodology discussed in Scheme 7b 
(as the Skraup synthesis intriguingly failed to deliver any quinoline 
product whatsoever), its conversion into isothiocyanate 59 pro¬ 

ceeded smoothly upon initial ring opening, effected with thiophos- 

gene and Na2C03 in a mixture THF/H20 at 0 °C, followed by selec¬ 
tive 1,2-reduction of the resultant a,P-unsaturated aldehyde with 

NaBH4. From this intermediate, protection of the newly unveiled 

allylic alcohol as its THP ether under standard conditions (DHP, 
CSA, CH2C12, 25 °C) and subsequent addition of the anion of benzyl 

1. DHP, CSA, 
CH2CI2, 25 °C^ 

THPO 

'c*s 
©, 

© .C02Bn 

Na I 
COzMe 
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toluene, 110 °C 

(66% overall from 59) 

Fukuyama 
indole 
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1. Boc20, Et3N, 4-DMAP, CH2CI2, 25 °C 
2. H2, Pd/C, EtOH, 25 °C; Me2NH HCI, 

HCHO, NaOAc, AcOH/EtOH, 25 °C 

3. CSA, MeOH, 25 °C 
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Scheme 8. Synthesis of indole building block 40. 
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methyl malonate completed the assembly of thioamide 43 in 82 % 

overall yield from 59. As such, these operations afforded the key 

precursor needed for the Fukuyama indole synthesis protocol (cf. 
Scheme 4) based on radical cyclization.14 Pleasingly, this methodol¬ 
ogy rose to the occasion as treatment of 43 with rc-Bu3SnH and cat¬ 

alytic AIBN in toluene at 110°C gave rise to the desired 2,3-disub- 
stituted indole product (60) in 80% yield. With this operation 

effected, only two main objectives remained to complete the assem¬ 
bly of 40, namely formation of a vinyl ester from the malonate por¬ 

tion and alteration of the resident protecting group ensemble to 

enable its merger with amine 39 once its synthesis was complete. 
As shown, these requirements were accomplished in just three 

steps through protection of the indole nitrogen atom as a Boc carba¬ 
mate, hydrogenolytic removal of the benzyl ester followed by a de- 

carboxylative Mannich reaction with formaldehyde, and cleavage of 
the THP ether by CSA. These operations proceeded in a combined 
yield of 71 %. 

Having realized a synthesis of indole 40, attention could now be 

focused on generating its eventual coupling partner, amine 39 
(Scheme 9). The critical challenge posed by this building block 
was finding a means to obtain it with complete enantiopurity, as 

its lone stereogenic center would eventually be enlisted to control 
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(97% ee) 

MsCI, Et3N, 
toluene, 

0—>80 °C 1 2 3 
(71%) 

NC 

< 
68 

■Me 

LiAIH4, THF, 
-10—>25 °C; 

H20, NaOH; ** 
DNsCI, CH2CI2 

(75%) 

Scheme 9. Synthesis of amine building block 39. 
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oh/ 

'-C20 

Me 
65 

Ph 

HO 

Me 
62 

nc\X°n^OH 

^—Me 

67 

68 

the facial selectivity of the intramolecular Diels—Alder reaction at 

the heart of the entire synthetic strategy for vindoline (2). Rather 

than employ a chiral starting material or an asymmetric reaction 

to meet this requirement, however, the Fukuyama group envisioned 

that an enzymatic resolution of a cyanohydrin such as 65 might be 

more effective since this motif could eventually afford a means to 
generate both the five-membered ring of 39 and its appended 

amine. In order to test this proposition, they first needed access to 
an intermediate such as y,5-unsaturated aldehyde 64, a precursor 

whose structure clearly implicated the possibility of employing a 
Claisen rearrangement to effect its construction. Indeed, following 

the formation of allylic alcohol 62 through a Grignard reaction 
between phenylmagnesium bromide and aldehyde 61, subsequent 

treatment with n-butyl vinyl ether in the presence of catalytic 

Hg(OAc)2 and NaOAc smoothly initiated a Claisen rearrangement 

to afford 64 in 79 % overall yield from 61. Although this latter con¬ 
version is relatively standard chemistry, one should note that the 

selection of n-butyl vinyl ether from the variety of reagents capable 
of effecting vinyl ether formation stemmed from the fact that excess 

amounts of this reactant can readily be removed by concentration on 
90 

a rotary evaporator. 
With this material in hand, the aldehyde within 64 was then suc¬ 

cessfully converted into a cyanohydrin upon reaction with NaCN in 
the presence of acid. To resolve the two isomeric C-14 products 
obtained from this transformation, these intermediates were then 

converted into their corresponding cyanoacetates under standard 

conditions (Ac20, py) and treated with Lipase PS in a solvent mix¬ 
ture of THF and H20 at 50 °C. As anticipated, this enzyme smoothly 

effected the lysis of only the acetate group appended to the 5-con- 
figured starting material to afford 65, which was readily separated 

from its untouched R-disposed cyanoacetate counterpart through 
flash chromatography. The effectiveness of this resolution is under¬ 

scored by the fact that 65 was obtained in 42 % yield overall from 

64 (50 % would be the maximum) and in greater than 97 % ee 
(ee, not de, as the previously formed C-20 center was racemic). 
Having secured the critical stereochemical element of the targeted 

building block (39), the remaining operations needed to finish it 

proceeded without incident. First, 65 was converted into lactol 67 
in 91 % yield through a conventional ozonolysis step, setting the 

stage for the eventual elimination of this newly formed alcohol 

via its mesylate to enol ether 68 as achieved with MsCl and Et3N 
in toluene at elevated temperature (80 °C). Complete reduction of 

the cyanide within the new product (68) to the corresponding 

amine, followed by its capture with DNsCl, then completed the 

synthesis of 39 in 53 % overall yield from 67. 
Having gained access to both pieces, amine 39 was immediately 

merged with indole subunit 40 through a standard Mitsunobu reac¬ 

tion protocol (DEAD, Ph3P, C6H6) to afford 38 in 79 % yield 

(Scheme 10). With this adduct in hand, an advanced staging area 

had now been reached from which to probe the viability of the pro- 
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posed cascade that would hopefully culminate in an intramolecular 

Diels-Alder reaction, and thereby complete all of the ring systems 

and three of the six stereocenters of vindoline. Although a fair 

amount of reaction scouting and optimization were required to 
execute the designed sequence from 38 to pentacycle 34, the pro¬ 
cess was eventually realized in an impressive overall yield of 

73 %. In the event, treatment of 38 with an excess of TFA and 
Me2S in CH2C12 at 25 °C over the course of 1 hour presumably 

gave rise to 37 by way of amine deprotection, Boc cleavage, and 

hydration of the enol ether. Following a standard aqueous workup, 
the crude organic extracts from this step were then suspended in a 

5:1 mixture of MeOH/CH3CN and exposed to 5 equivalents of pyr¬ 
rolidine at 0°C. Upon warming this solution to 50 °C and stirring 

for an additional 3 hours, the assembly of 34 was then presumably 
effected by recourse to intermediates 36 and 35. As desired, 34 was 

formed as a single stereoisomer, most likely due to the governing 

DEAD = diethyl azodicarboxylate 
TFA, Me2S, 

CH2CI2, 25 °C, 1 h v 

-[H20] Enamine 
formation 

Diels-Alder 
reaction 

(73% overall 
from 38) 

Scheme 10. Synthesis of advanced intermediate 34. 
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influence of the lone stereogenic center within 35 for the final [4+2] 

cycloaddition. In line with expectations, the presence of the meth- 

anesulfonate group at C-ll was essential for the overall material 
throughput of this sequence as evidenced by the decreased yield 

(58 %) observed when this same protocol was applied to a starting 

1. Ph3P, CCI4, 
MeCN, 70 °C, 
30 min; NH4OH ^ 

2. KOH, MeOH, 
80 °C, 45 min 

(PhSeO)20, C6H6, 

80 °C, 30 min 
(88%) 

f-BuOK, Mel, (81% overall 
THF, 0 °C, 90 min from 34) 

mCPBA, MeOH/CH2CI2 (1:9), 

HCHO (37% aq.), NaBH3CN, 
HCI/MeOH (1:9), 0 °C, 5 min; 

NaBH3CN, 25 °C, 30 min, Na2C03 j 

(64% overall 
from 33) 

Ac20, NaOAc, 

25 °C, 4 h 
(91%) 

Scheme 11. Completion of (-)-vindoline (2). 
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material bearing a hydrogen at this site.21 As such, the electron- 

withdrawing properties of the methanesulfonate substituent clearly 
enhanced the overall orbital matching, enabling a more facile 
cycloaddition to occur. 

At this stage, with the majority of the architecture of vindoline (2) 
expressed by 34, only a few functional group adjustments were 

required before a synthesis of this target would be complete. 
Their seemingly simple nature, however, belied the creative opera¬ 

tions that would have to be developed before this compound would 

be in hand. As shown in Scheme 11, the Fukuyama group first 
sought to establish the A- and E-rings in their final format. Accord¬ 

ingly, following regioselective elimination of the alcohol group at 
C-14 in 34 using CC14 and Ph3P in acetonitrile at 70 °C, alkaline 

hydrolysis of the phenolic mesylate generated 69. Since this com¬ 
pound tended to decompose upon standing, the newly unveiled phe¬ 

nol was immediately methylated at 0 °C using a combination of 
f-BuOK and Mel in THF, leading to the formation of 70 in 81 % 

yield for these three steps. With both these rings now properly deco¬ 
rated, all efforts concentrated on completing the C-ring, starting 
with a chemo- and stereoselective allylic oxidation of 70 to install 

an alcohol group at C-17. As delineated, this operation was effected 

with phenylselenenic anhydride (see Chapter 6 for a discussion of 
this reaction) to afford alcohol 33 in 88% yield. Success in this 
event left only a single stumbling block, namely finding a method 
to install a hydroxy group at C-16 and thereby complete the third 

quaternary center of vindoline. By having elected to wait until the 
final stages of the synthesis of this building block to address such 

a transformation, however, accomplishing this objective was far 
from trivial in that it required the approach of some oxygen source 
from the more hindered face of 33. While most reagents cannot 

overcome such substrate bias alone, since an adjacent allylic alcohol 
had just been installed these researchers envisioned that they could 
enlist this motif to direct the approach of such a reagent along the 

less favored trajectory. This conjecture indeed proved accurate 
as treatment of 33 with 2 equivalents of mCPBA in a NaHC03- 

buffered mixture of MeOH/CH2Cl2 initially gave rise to 71 as a 
single stereoisomer, a compound that eventually isomerized to its 
more stable imine tautomer (72). Although this product possessed 

the desired C-16 quaternary center of vindoline (2), it was also 

endowed with a reactive imine that could be manipulated further. 
Seeking to take advantage of this fact, the Fukuyama group decided 

to install the methyl group in the indole ring of vindoline in the 
same pot through a reductive amination reaction employing 

HCHO and NaBH3CN, an event that led to the synthesis of 73 in 
64% overall yield from 33.* Critical to obtaining this yield was 

* Just as the allylic alcohol group at C-17 in 33 directed mCPBA to the more hin¬ 
dered face of the molecule, in this step the alcohol group at C-16 played a similar 
role as it ensured the initial delivery of hydride onto the more sterically shielded 
side of 72 at C-15. 
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the brief exposure of the reaction products to sodium hydrogensul- 

fite during the final workup, as a small amount of the desired adduct 

existed as its A-oxidized congener (74, see column figure) due to 
the excess mCPBA employed in the initial step; this operation 

served to remove this unwanted oxygen atom. Having successfully 

forged 73, selective acetylation of its more accessible secondary 

alcohol at C-17 then completed the assembly of vindoline (2) in 

91 % yield. In total, only 16 linear steps were required to synthesize 

this piece, and their overall efficiency enabled the preparation of 

hundreds of milligrams of this natural product for use in the final 

stages of the campaign. 
Before we can discuss these transformations, however, the syn¬ 

thesis of the other requisite building block, indole 14, must be 
addressed. As mentioned above, the proposed preparation of this 

fragment rested, at least in its opening stages, upon the homochiral 
assembly of a six-membered cyclic product such as 21. As shown in 

Scheme 12, the Fukuyama group was able to develop a unique 

synthesis of this compound through a route that featured both stan¬ 
dard asymmetric chemistry as well as a facially selective intramole¬ 
cular 1,3-dipolar cycloaddition reaction. The opening operations 

involved the installation of a single stereocenter using a member 

of the highly powerful family of oxazolidinone chiral auxiliaries 
pioneered by David Evans at Harvard University.22 As indicated, 
after forming the pivaloate mixed anhydride of 4-ethylpent-4- 

enoic acid (75), the addition of the deprotonated form of (4R)-4- 
benzyloxazolidin-2-one to this reactive intermediate smoothly 

afforded 76, a compound primed for the selective incorporation of 
a new stereocenter. Upon chelation of its two carbonyl groups 

with titanium [using (z-PrO)TiCl3 generated in situ through the 

initial reaction of TiCl4 with Ti(Oz-Pr)4], stereoselective cyanoethy- 
lation was then achieved with acrylonitrile and Hiinig’s base in 

CH2C12 at 0°C.23 With these steps affording 77 in 73 % yield from 
75, the chiral auxiliary within this product was no longer needed, 

and thus it was excised with NaBH4 in a solvent mixture of THF 
and H20 to afford its primary alcohol congener.24 Protection of 

this newly unveiled group with TBDPSC1 under standard conditions 
(imidazole in DMF) then completed the synthesis of 78. Before con¬ 

tinuing with the synthesis of this piece, one should note that 

although there are several alternative hydride sources that could 
have been used to cleave the oxazolidinone from 77 (many of 

which were discussed in the cytovaricin chapter in Classics /), 

only NaBH4 in the solvent mixture employed enabled its excision 

without any epimerization of the newly installed stereocenter. 
From this key intermediate (78), the steps required to effect its 

subsequent conversion into 21 proceeded smoothly. Thus, partial 

reduction of the cyanide to its aldehyde counterpart in CH2C12 at 

—78 °C was followed by reaction with H2NOH'HCl to afford 
oxime intermediate 80. With this new functional group appended 

in proper relation to the disubstituted C—C double bond, the stage 

was set to attempt ring formation through a nitrile oxide-based 
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75 

H2NOH HCI, NaOAc, 
V EtOH, 25 °C 

1. NaBH4, 
THF/H2Q 

2. TBDPSCI, 
imid, DMF 

(85% overall) 

Nitrile oxide 
1,3-dipolar 

cycloaddition 

(59% overall 
from 78) 

82 

OTES 

19 

1. MeOH, 
K2CQ3 

2. TESCI; 
TMSCI 

(74% overall 
from 20) 

20 

Zn, AcOH, 
25 °C, 4 h 

(66%) 

▼ 

mCPBA, 
AcOH, 25 °C 
- 

Baeyer-Villiger 
oxidation 

^OTBDPS 
21 

Scheme 12. Synthesis of building block 19. 

1,3-dipolar cycloaddition. Most gratifyingly, this event proceeded 
without incident as isoxazoline 82 was acquired as a single stereo¬ 

isomer following the formation of the requisite nitrile oxide dipole 

(81) using aqueous sodium hypochlorite.25 Reductive cleavage of 
the N-0 bond within this product then completed the construction 

of hydroxy ketone 21 in 66 % yield. From this cyclic scaffold, the 

remaining steps to the final building block (19) proceeded in 
74 % overall yield exactly as discussed earlier through initial 

Baeyer—Villiger oxidation using raCPBA in AcOH, transesterifica- 
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tion of the resulting seven-membered lactone with MeOH in the pre¬ 
sence of K2C03, and, finally, selective TES protection of the more 
accessible primary alcohol followed by engagement of the tertiary 
alcohol as a TMS ether. 

The time to test the most critical steps envisioned for the synthesis 
of building block 14 was now at hand, and, as delineated in 

OTES 
OTMS 

Me02C 
OTBDPS 

LDA, 
THF, 
-► 
-78 °C 

19 

n-Bu3SnH, Et3B, 
THF, 25 °C 

Fukuyama 
indole 

(67%) | synthesis 

1. Boc20, Et3N, 4-DMAP, 

CH2CI2, 25 °C_ 

2. AcOH/H20 (19:1), 80 °C 

(62% overall) 

(84%) 
p-TsCI, n-Bu2SnO, 
Et3N, CH2CI2, 25 °C 

1. NaHCQ3, DMF, 80 °C 

2. NsNH2, DEAD, Ph3P, 
toluene, 25 °C 

(79% overall) 

K2C03, DMF, 80 °C 

1. TFA, CH2CI2, 25 °C 
2. p-TsCI, CH3CN/toluene, 

^ Me2N(CH2)3NMe2 

3. TFAA, py, CH2CI2, 25 °C 

(67% overall) 

(82%) 

Ns 

Scheme 13. Synthesis of advanced intermediate 14. 



18.3 Total Synthesis 527 

Scheme 13, the first set of these operations proceeded as originally 
designed. Thus, following reaction of 19 with LDA in THF at 
—78 °C to form a lithiated nucleophile (83), the dropwise addition 
of isothiocyanate 1814 to this reactant afforded thioamide 17 in 
76% yield. Although the stereochemistry of the C-16' center was 
not controlled in this reaction, the result was ultimately of no con¬ 
sequence as this position would become part of an element of un¬ 
saturation during the critical oxidative coupling step at the end 
of the synthesis. Having now generated a thioamide in proximity 
to an alkene group, the proper array of functionality was present 
to attempt indole formation through the Fukuyama conditions of 
rc-Bu3SnH and a radical initiator. As expected, this reaction succeeded 
in providing 84 in 67 % yield using Et3B rather than AIBN (as used 
earlier in Scheme 8) as it could initiate the reaction at a lower 
temperature (25 °C). In fact, borane-based radical initiators are the 
only reagents known that can initiate radical reactions at low tem¬ 
perature (even as low as -78 °C); by contrast, AIBN decomposes 
into its active radical form with useful efficiency only when heated 
at approximately 80 °C. 

With a 2,3-disubstituted indole now in hand (84), it was nearly 
time to attempt the critical macrocyclization step envisioned for 
the creation of the 11-membered ring of 14, namely an epoxide 
opening with an amine nucleophile. To access the key intermediate 
needed to test this hypothesis (i. e. 87), the indole nitrogen was first 
protected as a Boc carbamate under standard conditions (Boc20, 
Et3N, 4-DMAP), and then both the TES and TMS ethers as well 
as the THP protecting group were cleaved with AcOH to afford 
85 in 62 % overall yield. Since the remainder of the proposed 
sequence to 87 required the selective differentiation of these three 
hydroxy groups, their concomitant deprotection in this step could 
appear to afford a tactical disadvantage at first glance, in that sev¬ 
eral reprotections might be necessary to achieve success. However, 
their different substitution patterns ensured that such travail was not 
needed. Seeking first to form the epoxide needed for macrocycliza¬ 
tion, the Fukuyama group found that they could selectively convert 
the central primary alcohol at C-3' into a tosylate (86) in 84% 
yield with /?-TsCl in the presence of catalytic n-Bu2SnO and 
Et3N.26 Those of you who have read the everninomicin chapter 
should recognize this reaction as a variant of the selective opening 
of five-membered tin-acetals at their less hindered position. Impor¬ 
tantly, products corresponding to a C-6' tosylate were not observed 
from this event by virtue of the fact that the activating tin species 
benefited from superior bidentate chelation with a diol system ver¬ 
sus that provided by a solitary hydroxyl group. Thus, the alcohol 
group at C-3' was more rapidly converted into a tosylate than was 
its C-6' competitor, enabling the chemoselective formation of 86 
as long as reaction progress was carefully monitored. 

Upon simple exposure of this product to NaHC03 in hot DMF, the 
tertiary alcohol within 86 displaced the neighboring leaving group 
to form the epoxide acceptor, and the remaining primary alcohol 
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Ns 

was then converted into a nosyl-protected amine under Mitsunobu 
conditions to complete the assembly of 87 in 79 % overall yield. 
With these motifs now installed into the growing scaffold, macrocy- 
clization was pursued immediately. Pleasingly, upon treatment of 87 
with K2C03 in DMF at 80 °C, this critical step forming 88 was 
accomplished in 82 % yield. At this juncture, one might ask why 
the earlier reaction of 86 with NaHC03 under essentially the same 
conditions used to convert 87 into 88 did not afford a cyclized pro¬ 
duct, as base would have been present following epoxide formation. 
Due to the outcome shown, NaHC03 did not provide a strong 
enough conjugate base to enable this event to occur even though 
alcohols can, of course, serve as competent nucleophiles. Had the 
much stronger (by several orders of magnitude) K2C03 been 
employed instead, as used in the final operation leading to 88, 
then this side reaction would perhaps have been observed. Apart 
from this feature of judicious reagent selection, one should also rea¬ 
lize that although carrying an epoxide for several synthetic opera¬ 
tions constitutes a relatively rare (and sometimes risky) event in 
complex molecule synthesis, the installation of the amine in this 
sequence after epoxide formation was not negotiable. Indeed, it 
would have been impossible to effect a selective Mitsunobu displa¬ 
cement of only one of the three alcohols in 85. 

At this juncture, with an effective route established to advanced 
macrocycle 88, only a few minor protecting group adjustments 
were required to complete building block 14. As shown, these 
events were readily executed through initial treatment of 88 with 
TFA to effect both Boc deprotection and TBDPS cleavage, followed 
by engagement of the resultant free primary alcohol as a tosylate 
and protection of the tertiary alcohol as a trifluoroacetate. Before 
moving forward into the final stages of the total synthesis of vin¬ 
blastine (1), one should note that while the base employed to facil¬ 
itate the penultimate of these operations might seem esoteric, 
namely Me2N(CH2)3NMe2, its use was crucial in preventing the 
possible displacement of the desired tosylate by chloride, a side 
reaction that can occur under more standard tosylation conditions 
employing p-TsCl and pyridine since the pyHCl by-product is an 
effective nucleophile. This eventuality was circumvented in this 
case as the HC1 salt of this alternative base has extremely poor 
nucleophilicity.27 

Once ample quantities of both 14 and vindoline (2) were in hand 
using the developed sequences, the final operations required to 
complete the synthesis of vinblastine (1) were pursued with vigor. 
The first of these, their stereoselective coupling, was by far the 
most critical. Seeking to explore this union, the Fukuyama group 
observed that upon reaction of 14 (Scheme 14) with r-BuOCl in 
CH2C12 at 0°C, they could quantitatively obtain chloroindolenine 
90. When this intermediate (90) was exposed to TFA in the presence 
of vindoline (2), oxidative coupling via 13 afforded the desired 
adduct (12) bearing the requisite stereochemistry of the final natural 
product at C-16' in 97 % yield! From this advanced compound, only 
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Scheme 14. Final stages and completion of the total synthesis of (+)-vinblastine (1). 
R* 

the completion of the final piperidine ring system in the upper por¬ 
tion remained to be effected along with two deprotections. The latter 
of these objectives was tackled first with treatment of 12 with Et3N 
in MeOH accomplishing the chemoselective lysis of the tertiary tri- 
fluoroacetate protecting group in the presence of the acetate at C-17. 
Next, the nosyl group was removed under mild conditions upon 
exposure to HSCH2CH2OH. This deprotection can be rationalized 
as proceeding through a Meisenheimer intermediate (91, see col¬ 
umn figure) in which the better leaving group (i.e. the sulfonate) 
is expelled with the loss of S02 to afford the desired free amine. 



530 18 Vinblastine 

With a reactive amine now unveiled in the presence of a tosylate 

leaving group, treatment with NaHC03 in a 1:1 mixture of 

7-PrOH and H20 at ambient temperature initiated ring closure, 

leading to the piperidine ring of the target molecule, and, thereby, 
completing the first total synthesis of (+)-vinblastine (1). The 

yield for these final three steps was 50%. Overall, this inventive 

route required 27 steps in its longest linear chain, and a total of 

34 synthetic operations. 

18.4 Conclusion 

Although the sequence described in this chapter is noteworthy for 
providing the first wholly synthetic route to vinblastine (1), an 

accomplishment which should enable the synthesis of several 

unique classes of analogues of this important chemotherapeutic 
agent, perhaps the more significant aspect is its insightful collection 

of novel procedures and often subtle modifications of standard reac¬ 
tions. Indeed, whether it was a minor adjustment such as changing 

the base in a tosylation reaction or extending the utility of a unique 

family of amine protecting groups, every operation in this sequence 
was carefully crafted to ensure the overall efficiency of the entire 

route. This feature should serve to illustrate how roadblocks engen¬ 
dered by low-yielding steps or failed operations using conventional 

techniques can often be overcome through an appreciation of reac¬ 
tion mechanism combined with a dose of ingenuity. 
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Quadrigemine C 
and Psycholeine 

19.1 Introduction 

If you ever wanted to evaluate just how much the practice of total 
synthesis has evolved during the past one or two decades, spend 
some time comparing the syntheses in this book to those in 
Classics I. What you will find are some truly profound differences, 
all of which derive from the power, selectivity, and types of reac¬ 
tions available in each era. For instance, fifteen years ago a syn¬ 
thetic chemist would not have dreamed of using ring-closing 
metathesis to construct an olefin-containing ring on a functionally 
complex molecule because appropriate carbene initiators did not 
exist. Today, of course, a number of methodological developments 
in catalyst design and synthesis have changed this situation, trans¬ 
forming this reaction into a standard synthetic tool for diverse appli¬ 
cations and thereby changing the manner in which chemists think 
about constructing such motifs. 

The area in chemical synthesis where some of the most percep¬ 
tible changes have occurred recently involves the collection of 
C-C bond-forming reactions initiated by palladium reagents and 
catalysts, such as those of the Suzuki, Stille, Heck, Negishi, and 
Sonogashira type.1 Although these reactions have long been 
employed in chemical synthesis, fundamental mechanistic research 
during the past few years has enabled these processes to be shar¬ 
pened into tools with constructive capabilities far beyond what 
they possessed even in the early 1990s. For example, we now 
know how to generate catalyst systems that are sufficiently active 
to execute Suzuki reactions at ambient temperature with many 

Key concepts: 

• Two-directional 
synthesis 

• Catalytic asymmetric 
Heck cyclizations 
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aryl halides, and, in some instances, induce unactivated aryl 
fluorides to serve as coupling partners.2 Moreover, several groups 
have discovered new classes of highly active palladium reagents 
that can initiate a number of previously unknown bond-forming 
reactions, including the amination of aryl halides,3 the a-arylation 
of carbonyl-containing compounds,4 and the cross-coupling of 
sp3-hybridized systems (see Scheme l).5 

Although the overall impact of these and other related advances 
is only beginning to be realized, they have already started to 
leave an imprint on the landscape of chemical synthesis. We hope 
to demonstrate this fact in this chapter with a presentation of the 
Overman group’s highly elegant and concise total syntheses of 
quadrigemine C (1) and psycholeine (2) published in 2002.6 As 
we shall see, these researchers beautifully orchestrated a sequence 
of three key palladium-mediated reactions to complete the most for¬ 
midable elements of these target molecules with levels of synthetic 
efficiency and stereocontrol that would not have been achievable 
with the existing variants of these same reactions prior to the late 

1990s. 

1. Arylamination reactions (Buchwald, Hartwig)3 
P(f-Bu)2 

Pd(OAc)2 (1 mol %), 
-) 
NaOf-Bu (1.4 equiv), 
toluene, 25 °C, 21 h 

(98%) 

2. a-Arylation reactions (Hartwig)4 

Cl 
O 

phYN^^ 
Ph 

OEt 

Pd(dba)2 (2 mol %), 
P(f-Bu)3 (4 mol %), 

K3PO4, toluene 

120 °C, 20 h ** 
(85%) 

3. Alkyl-Alkyl Suzuki couplings (Fu)5 
Pd(OAc)2 (4 mol %), 

PCy3 (8 mol %), 
K3P04H20, ^ 

THF, 25 °C, 24 h 
(81%) 

O 

Scheme 1. Selected advances in palladium-catalyzed reactions. 
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19.2 Retrosynthetic Analysis and Strategy 

Over the course of the past forty years or so, chemists have isolated 
a collection of structurally related tryptophan-derived alkaloids 
from a diverse group of higher order plants and fungi, a few of 
which, including quadrigemine C (1), are shown in Figure l.7’8 
As you can see, these natural products incorporate varying numbers 
of pyrrolidinoindoline (cyclotryptamine) subunits attached to the 
benzylic position of a bispyrrolidinoindoline core possessing either 
meso (as in 3) or C2-symmetry (as in 4). In fact, although only com- 

N 
N 
i 
R 

cyclotryptamine 

3: meso-chimonanthine 4: (-)-chimonanthine 

Me 

Figure 1. Structures of selected polypyrrolidinoindoline (cyclotryptamine) alkaloids. 
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8: quadrigemine H 

pounds with up to four cyclotryptamines are shown in this figure, 
several natural products that contain five, six, seven, and even 
eight of these subunits have also been isolated from natural sources. 

What is perhaps more amazing than the number of these building 
blocks that Nature can amalgamate together is the molecular diver¬ 
sity that she can achieve with these synthons merely by altering the 
stereogenicity of their quaternary carbon centers and/or their linking 
pattern. For instance, both tetrapyrrolidinoindoline alkaloids shown 
in Figure 1 (1 and 8) are made up of the same set of four building 
blocks in terms of their absolute stereochemistry, but since they are 
attached in different ways, these compounds have completely 
unique three-dimensional structures and biological activity profiles. 
Over twenty additional variations of just this group of cyclotrypta- 
mine architectures are possible based on these two general structural 
permutations, a number which, of course, increases exponentially as 
more pyrrolidinoindoline building blocks are added. 

While it is certainly fun to think about all these different possibi¬ 
lities, it is much more challenging to ponder just how such architec¬ 
tures might be synthesized in the laboratory, particularly for the 
higher-order cyclotryptamines such as quadrigemine C (1). Indeed, 
this task can certainly lead to headaches since it requires careful 
consideration of how to form their two types of formidable quater¬ 
nary carbon centers in a stereocontrolled manner, and in what order 
to do so considering that the stereochemical arrangements of 
already-formed cyclotryptamines will influence the ability to gener¬ 
ate other stereocenters. These challenges are exactly what drew the 
Overman group to this group of targets, and, more specifically, to 
quadrigemine C (1), since they believed that they had both a plan 
and the synthetic technology to address these concerns. 

Their approach is shown retrosynthetically in Scheme 2, but 
rather than discuss it as such we will actually introduce it here as 
a forward synthesis because we believe that this alternate format 
makes for a slightly more convenient presentation in this particular 
case. As indicated, the projected starting material was meso-chimo- 
nanthine (3), a natural product that not only provided two of the 
cyclotryptamine units of the target, but also constituted a substance 
that the Overman group had previously synthesized (in 2000) 
through an efficient route.9 Apart from its appealing practical 
value, however, the selection of 3 as a starting material decisively 
influenced the course of the remaining synthetic design since it 
reduced the synthetic problem posed by quadrigemine C (1) to 
the task of appending two cyclotryptamine units of the same abso¬ 
lute stereochemistry to an achiral intermediate. In other words, a 
desymmetrization was required. 

The overall brilliance of the Overman plan was the recognition of 
just how this nontrivial objective could potentially be accom¬ 
plished. As shown, assuming that 3 could be converted into a diaryl 
iodide (i.e. 12), the hope was that this compound could then be 
coupled to 2 equivalents of stannane 11 through Stille couplings 
to provide 10. The next operation, however, would be the key 
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Me 
Me 

2: psycholeine 

Me 
i 

Me 10 

V 

$ 

Tandem ring 
closures 

Asymmetric Me 
Heck 

cyclization 

Asymmetric 

N' h Me HeCk 
H H cyclization 

3: meso-chimonanthine 

Scheme 2. Overman’s retrosynthetic analysis of quadrigemine C (1) and psycholeine (2). 

step of the projected sequence, but also the most risky: inducing this 
new meso material (10) to participate in a set of tandem, reagent- 
controlled, asymmetric Heck reactions leading to the desymme- 
trized intermediate 9 bearing two new oxindole rings with R-dis¬ 
posed quaternary carbon centers.10 
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With little question, if this event could be accomplished, it would 

definitely establish new ground for the virtues of palladium- 

mediated reactions (and more specifically, the Heck reaction) in 

chemical synthesis. For instance, although the power of the asym¬ 

metric Heck reaction has been dramatically expanded ever since 

the demonstration in 1989 that such operations could be achieved 

with appropriate chiral ligands bound to palladium11 (including 
demonstrations that quaternary carbon atoms of the type required 

in this case could be formed selectively),12 there was no precedent 
for the execution of two diastereoselective Heck reactions in 

tandem.* Equally significant, its success would provide a rare 
example of converting a meso substrate into a chiral product 
through two simultaneous reagent-controlled diastereoselective 

reactions at both its termini.13 More typically, one would attempt 
to desymmetrize a meso compound with an enzyme or a special 

set of reactions capable of functionalizing just one of its sites (for 

an example, see the early synthetic steps in Chapter 13).14 
If 9 could be formed in this manner, the completion of 

quadregimine C (1) was then projected to require only two 

major additional tasks: hydrogenative saturation of the C-C 
double bonds introduced through the Heck cyclization, followed 

by a final ring closure to cast the cyclotryptamine subunits. Impor¬ 
tantly, conditions to accomplish the latter of these requirements 
had already been disclosed in the literature, making the Overman 

group cautiously optimistic that these terminating steps could 

be smoothly executed on this advanced substrate.15 Once accom¬ 
plished, these researchers would also have completed a formal 
total synthesis of psycholeine (2),8b a compound that was co-iso- 

lated from the same natural source as quadrigemine C (the plant 
Psychotria oleoides found in New Caledonia), since treating 1 

with acid had already been shown to lead to this related alka¬ 

loid.** 

* Although we will discuss the parameters that influence successful asymmetric 
Heck reactions in more detail during the synthesis, at this juncture it is important 
to note a couple of well-established trends that are reflected in the design of the 
test substrate (10). First, Z alkenes consistently provide higher levels of enan- 
tioselectivity than their ^-disposed counterparts. Second, the presence of func¬ 
tional groups near the reactive site can greatly influence the reactive conforma¬ 
tion and prevent reagent control in accomplishing asymmetry, which is why in 
this case the indoline nitrogen atoms in the central core have been left without pro¬ 
tection. 
** Because psycholeine (2) can be formed through an acid-induced rearrange¬ 
ment of 1, it may not actually constitute a natural product produced by Psychotria 

oleoides, but rather an artifact arising from the isolation procedures that were used 
to obtain 1. 
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As a prelude to discussing the implementation of this bold plan 
towards 1, we thought that we would start our discussions by 

mentioning a few aspects of the route that the Overman group 

had developed previously to access their key starting material, 

raeso-chimonanthine (3).9 Scheme 3 provides the steps of this 
creative total synthesis in which the most important reaction 

was unquestionably the conversion of 17 into 20, since this 

operation was responsible for generating the two adjacent qua¬ 
ternary centers of the target molecule. 

In this event, the addition of 2.1 equivalents of NaHMDS in 

THF at —78°C converted 17 into a prostereogenic cyclic enolate 
which then attacked the tartrate-derived dielectrophile 1816 with a 
high level of facial selectivity to generate an intermediate of type 

19. Subsequent cyclization was then biased to provide the desired 

pseudo meso product 20, a compound that was ultimately 
obtained in 92% yield. In contrast, when the conditions were 
changed to prevent chelation by using LiHMDS instead of 
NaHMDS in a solvent mixture of THF and HMPA (hexamethyl- 

phosphoramide), the C2-symmetric variant of this product (27, 
see column figures) was formed in 58% yield. This alternate out¬ 
come presumably reflects the preliminary formation of an acyclic 
lithium dienolate which led to a monoalkylated product corre¬ 
sponding to 26.* 

Thus, what these two subtly different protocols provide is a 
means to use the properties of the dienolate (either chelated 

or nonchelated) to initially control the relative configuration, 
with the chirality of the dielectrophile then providing absolute 
stereocontrol to afford selectively either a pseudo meso or a 

C2-symmetric product. With little question, this general alkyla¬ 
tion approach is worth remembering as it provides a rare exam¬ 

ple of high diastereoselectivity arising from the combination of 

a prostereogenic enolate with a chiral electrophile containing 
sp3 carbon centers. Moreover, its efficiency is quite remarkable 
considering that vicinal quaternary carbon atoms of the type pre¬ 

sent in 20 are more typically tackled sequentially through multi- 
step protocols.17 

With these two stereogenic centers set beautifully through this 

creative approach, racso-chimonanthine (3) was then obtained 
in a few additional operations from 20 to ultimately provide a 

reliable route capable of delivering the natural product in an over¬ 
all yield of 34 %. As an additional option for obtaining supplies 

of this compound, the Overman group could also turn to a 3-step 

* As more-detailed studies of this reaction have since indicated, chelation is 

favored by larger metal cations, with both sodium and potassium providing mark¬ 

edly superior formation of 20 than protocols in which lithium is used. 

Me Me 

Bn 
I 

17 

LiHMDS (2.1 equiv), 
THF/HMPA (7:3), 

,,-78 °C;nn 

Me Me 



540 19 Quadrigemine C and Psycholeine 

Bn 
i 

N' 'O 
H 

13: isatin 

(92%) 

17 

(92% 
overall) 

1. CSA, MeOH/CH2CI2 
2. Pb(OAc)4, C6H6; NaBH4 

HO OH 

-Bn 

Red-AI®, 
THF, 

25—>80 °C,’ 
1 h 

-Bn 

HO OH 

DEAD = diethylazodicarboxylate 

CH20, 
NaBH(OAc)3, 

MeOH, 30 min; 
*Na, liq. NH3, 

THF 
(65% overall 

from 21) 

3: meso-chimonanthine 

1. (Ph0)2P(0)N3, 
Ph3P, DEAD, THF 

2. H2,10% Pd/C, EtOH f 

Scheme 3. Overman’s total synthesis of meso-chimonanthine (3). 
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preparation of 3 published by the Takayama group in 2002 which 

started from tryptamine (28, see column figures) and employed a 

hypervalent iodine-mediated radical dimerization to ultimately 
generate both racemic and mc.ro-chimonanthine.18 While this 

alternate approach lacked stereocontrol, it could provide pure 

meso-chimonanthine (3) in 30 % yield following column chroma¬ 
tography. 

Having presented two different options for how these researchers 

could obtain adequate supplies of raeso-chimonanthine (3), we can 
now address the main topic of this chapter: how they converted this 

material into quadrigemine C (1) and psycholeine (2). Based on the 
retrosynthetic analysis presented in Scheme 2, the first task was to 

properly outfit this natural product for an eventual Stille coupling 

by appending an iodine substituent onto each of its aromatic rings 
at the site adjacent to the free nitrogen atom. As indicated in 
Scheme 4, this objective was accomplished through a sequence 

exploiting the well-documented power of Boc protecting groups 
to direct the or/Tzo-lithiation of anilines.19 Thus, following the initial 

formation of 32 from 3 using NaHMDS and Boc20, subsequent 
exposure of this new compound to excess s-BuLi (5 equiv) in 

Et20 at —78 °C for 45 minutes led to the formation of dilithio spe¬ 
cies 33. This reactive intermediate was quenched with a solution of 

1,2-diiodoethane in THF to provide diiodide 34 in 88% yield,20 
leaving only the excision of the now-extraneous Boc directing 
groups to complete the synthesis of 12. As shown, this concluding 

task was accomplished in near quantitative yield under mild condi¬ 
tions using TMSOTf (see Chapter 8 for a discussion of this techni¬ 
que). Before moving on with our commentary, we should remark on 

a couple of important features of the ort/zo-lithiation sequence used 
to assemble this fragment. First, although a number of carbamates 

can direct lithium to sites adjacent to typical aniline nitrogen 
atoms, only the Boc group has proven competent in this task 
when those nitrogen atoms are part of indoline systems as in 32.19 
Second, had the indoline been an indole instead, then lithiation 
would not have occurred at C-7, but instead at its adjacent C-2 posi¬ 

tion (see column figures), thereby further reflecting how substrate 
properties are important determinants for the regioselectivity of 

these events. 
With one fragment discussed, we can now focus our attention 

on the reactions that were required to access the coupling partner of 
this compound, stannane 11. The Overman group’s efficient synth¬ 

esis of this target is delineated in Scheme 5, starting with benzyla- 

tion of the known oxazolidinone 35 using standard conditions 
(BnCl, K2C03).21 While this opening operation was conventional, 

it served an extremely important purpose as it set the stage for a cas¬ 
cade that delivered most of the molecular complexity of the target in 

the next step. In the event, a solution of 36 in THF at —78 °C was 

treated with lithium acetylide 37 over the course of 3 hours with 

slow warming to —5 °C, conditions that led to the rupture of its 

cyclic carbamate and the formation of an intermediate phenolate 

"Hi 
N 
H 

28 

NaOH/ 
C <100%)|S°CHe2bt? 

CtO NHC02Me 

N 
H 29 

1 Phl(OCOCF3)2, 
CF3CH2OH, -30 °C 

(30%), Red-AI®, 
r toluene, A 

3: meso-chimonanthine 
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Boc 

3: meso-chimonanthine 32 

Boc 

see A 
column ; 
figures ; 

TMEDA = tetramethylenediamine ICH2CH2I, thf 
-78->0 °C, 30 min 

(88% 
overall) 

TMSOTf, 
CH2CI2, 

"*25 °C, 3 h 
(97%) 

Boc 

Scheme 4. Synthesis of advanced diaryliodide 12. 

Tr = trityl, triphenylmethyl 

(n-Bu)3SnH, 
„ Pd(PPh3)4, 

THF, 0 °C, 2 h 
(85%) 

Me. 

PhNTf2, 
-5-^25 °C, 1 h 

40 

'NTs p-TsCI, 
acetone/ 

^ H2Q (40:1), 
55 °C, 1 h 

(39% overall 
from 35) 

Me. 
'NTr 

Scheme 5. Preparation of stannane building block 11. 
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(38). A terminating quench with phenyl triflimide (the McMurry- 

Hendrickson reagent)22 then provided aryl triflate 39 bearing all 
the atoms of the target molecule (11) except for its tin motif. 

Since this new compound (39) was not particularly stable, its trityl 

protecting group was exchanged for a tosylate by heating 39 with p- 
TsCl in a mixture of acetone and H20 (40:1) at 55 °C for 1 hour. The 

resultant, more-robust adduct (40) was then converted into the 
desired building block (11) in 85% yield upon reaction with n- 

Bu3SnH and catalytic Pd(PPh3)4 in THF at 0 °C, with the addition 
of the tri-n-butylstannane group occurring regioselectively as direc¬ 

ted by the neighboring heteroatom in the starting alkyne. 

With these two building blocks in hand, the critical palladium- 
mediated steps of the projected sequence could now begin, starting, 
of course, with their merger through a Stille reaction. As shown in 

Scheme 6, this objective was accomplished quite smoothly using 
a catalyst system consisting of Pd2(dba)3-CHC13, tri-2-furylphos- 

phine, and Cul to give the desired product (meso-10) in 71% 
yield following 36 hours of stirring at ambient temperature in N- 

methyl-2-pyrrolidinone. Several features of this reaction are worthy 
of commentary. First and foremost, although this catalyst combina¬ 
tion might seem esoteric, each component in this mixture served a 

specific purpose in facilitating the smooth prosecution of this 
step. For instance, Pd2dba3 was selected as the source of palladium 

among several other alternatives because it more rapidly exchanges 
its ligands with phosphines to create the active catalyst system 

(PdL2) in situ.23 Here, that phosphine was tri-2-furylphosphine, an 
electron-rich species whose use also remarkably accelerates the 
rate-determinig transmetallation step (see Chapter 31 in Classics I 
for the mechanism of this reaction) compared to more typical triar- 

ylphosphine ligands such as Ph3P.24 The addition of Cul also served 
to increase the rate of this particular step in the catalytic cycle.25 

Finally, although you might expect that the aryl triflates within 
the starting stannane (11) could also participate in this Stille reac¬ 

tion, these motifs are actually significantly less susceptible to palla¬ 
dium insertion than are aryl iodides,26 especially under the mild 

conditions achieved in this case through the use of a highly active 
catalyst system. As such, they were merely idle observers in this 

transformation. 
With this step accomplished as desired, probes of the key step of 

the sequence, the tandem asymmetric Heck reaction, could now 
commence in earnest. Based on several years of intensive research 

in developing appropriate systems to accomplish asymmetric 

Heck reactions with the ability to form all-carbon quaternary carbon 
centers,12 the Overman group expected that the exposure of 10 to a 

1:2 mixture of Pd(OAc)2 and (/?)-BINAP* would lead to the desired 

Me 

* Two equivalents of the phosphine ligand are required with the use of Pd(OAc)2 
since 1 equivalent of this phosphine is consumed during the reduction of Pd(II) 
to Pd(0). 



544 19 Quadrigemine C and Psycholeine 

H | 
OTf Bn Sn(n-Bu)3 

Pd2dba3CHCI3, 
(2-furyl)3P, Cul, 

NMP, 25 °C, 36 h 
(71%) 

Tandem Stille coupling 

Pd(OAc)2, 
{R)-Tol-BINAP, 

PMP, CH3CN, 
80°C, 12h 

Tandem catalytic 
asymmetric 
Heck cyciization 
(62%, 90% ee) 

Na, liq. NH3, THF, 
|-78 °C, 20 min; NH4CI 

MeHN- 

NHMe 

42 

(30%) 

Scheme 6. Final stages and completion of Overman’s total synthesis of quadrigemine C (1). 
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product (9). As matters transpired, this conjecture indeed proved to 
be true, although in early attempts the reaction proceeded in modest 

yield and in 65 % ee. Careful optimization, however, led to an ideal 

protocol which ultimately provided the desired chiral adduct (9) 
bearing its two oxindole rings and properly formed diaryl quatern¬ 

ary carbon centers in 62 % overall yield and 90 % ee. As shown, 

these conditions involved exchanging BINAP for a structurally- 
related ligand, (7?)-Tol-BINAP, and reacting the substrate in 
CH3CN at 80 °C for 12 hours in the presence of PMP (to scavenge 

the triflic acid by-product formed through successful coupling).* 
Needless to say, there are several elements of this signature reac¬ 

tion (i. e. 10-^9) of the total synthesis that we should mention. First, 
as intimated above, the absence of any indoline protection on the 

central core was critical to accomplishing its high enantioselectivity. 
For instance, if an alternate substrate such as 43 with benzyl groups 

on these sites was reacted under related conditions, no enantioselec- 
tion was observed whatsoever; only meso products such as 44 (see \ 

column figures) were obtained.27 Since the ability of the substrate 
to place its unsaturated sites in a coplanar alignment is critical to 
achieving high levels of asymmetry, the absence of any reagent 

control in this experiment presumably indicates that non-bonding 
interactions imposed by the benzyl groups prevented such a con¬ 
formation from being adopted.128 It is important to note that 

even with an appropriately designed substrate many other factors 
can also influence the overall enantioselectivity of the process. 

For example, the choice of solvent can have a dramatic effect, 
with polar solvents such as MeCN or NMP usually providing 
superior results. Equally crucial is the overall electron density on 
the appended aromatic rings since overly electron-rich systems 

lead to decreased ee values due to their faster rate of oxidative addi¬ 

tion/reductive elimination.12 Finally, we should mention that, in 
general, intramolecular Heck reactions proceed with far higher 

levels of enantioselectivity than their intermolecular counterparts, 
an outcome that primarily reflects the difficulty in controlling the 
regioselectivity of alkene insertion in the absence of a connecting 

tether. Furthermore, intramolecular asymmetric Heck reactions are 
also more versatile in terms of substrate scope since they tolerate 

both electron-neutral and electron-poor olefins, while their intermo¬ 
lecular cousins typically only succeed when electron-rich olefin 

substrates are used. 
With this operation behind us, we can now present the concluding 

steps of this elegant sequence, which only involved forming the 

final rings needed to complete the peripheral cyclotryptamines of 
the target molecules. Two steps were required to accomplish this 
task. First, hydrogenation in a 10:1 solvent mixture of EtOH and 

MeOH in the presence of Pd(OH)2/C (Pearlman’s catalyst) at rela- 

* Two other meso dioxindole products of unassigned configuration were also 
formed from this step in yields of 14 and 7 %, respectively. 

Me 

i 
Me 

43 

Pd(OAc)2, Attempted 
(R)-BINAP, tandem catalytic 
PMP, DMA, asymmetric 

100 °C, 12 h Heck cyclization 

44: meso 
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46 

i f-2tH2°] 

47 

' r+2[H20] 

Scheme 7. Acid-catalyzed conversion of quadrigemine C (1) into psycholeine (2). 
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tively high pressure (100 psi) and temperature (80 °C) saturated the 
olefins introduced by the successful Heck reaction in the previous 

operation to afford 41. Then, following precedent established in 

1935 by Julian and Pikl,15 this new compound (41) was exposed 
to a large excess of sodium in a mixture of THF and liquid NH3, 

reductive conditions that cleaved both benzyl ethers, both tosyl 

groups, and permitted the final cyclizations to provide 
quadrigemine C (1) in 30% yield! Overall, only 10 steps were 
required to complete this natural product from commercially avail¬ 

able materials [based on Takayama’s sequence to prepare meso- 

chimonanthine (3)]. Four of these operations involved some type 
of palladium catalyst. 

As a final exercise, the Overman group exposed their synthetic 

sample of quadrigemine C (1) to a solution of AcOH (0.1 n) at 
100°C for 36 hours in order to convert it into psycholeine (2). In 
line with literature precedent,85 these conditions provided this 

intriguing alkaloid (2) in 38 % yield. Scheme 7 provides a me¬ 

chanism that can account for this impressive rearrangement based 
simply on a series of equilibria in which the six-membered rings 
of the central core of psycholeine (2) provide a thermodynamic 
sink.28 

19.4 Conclusion 

It is hard to predict the exciting directions that palladium-based 

reagents and catalysts will take chemical synthesis in the future, 
but this total synthesis of quadrigemine C (1) and psycholeine (2) 
should persist, at least for a while, as a premier example of some 

of their capabilities. Indeed, the way in which the Overman group 
creatively used these facilitators to orchestrate a series of three con¬ 
secutive reactions terminating in a tandem asymmetric Heck reac¬ 

tion provided a highly effective solution to the central challenge 
posed by the target molecules that is both admirable and exemplary. 

In the absence of these C—C bond-forming reactions and the recent 
methodological developments that turned them into sharp tools, it 

would be exceedingly hard to envision how these natural products 
could be synthesized in the laboratory with such impressive effi- 

29 ciency. 
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Diazonamide A 

20.1 Introduction 

Throughout the early part of the 20th century, chemists often per¬ 
formed a total synthesis merely to verify the molecular structure 
of a natural product, expecting that if their synthetic material bear¬ 
ing the proposed architecture had physical properties identical to 
those of the natural sample, they could establish unambiguous 
proof of its connectivities. Although these endeavors required 
painstaking attention to detail, years of effort, and the assumption 
that reactions followed prescribed pathways, they succeeded in 
unraveling several profoundly complex molecular architectures 
with an amazingly high degree of accuracy. Today, however, with 
the advent of modern analytical methods such as NMR spectro¬ 
scopy, this role for total synthesis has all but disappeared, with 
such endeavors serving only to establish absolute or relative stereo¬ 
chemical configurations in those rare instances in which X-ray crys¬ 
tallographic data are unavailable. Yet, despite all our present advan¬ 
tages for determining the architectural disposition of complex mole¬ 
cules in the absence of chemical synthesis, mistakes are still possi¬ 
ble even when the most advanced techniques have been applied. 
Such was the case with the natural product that is the subject of 
this chapter. 

Our story begins in the late 1980s, when Professor William Feni- 
cal and his student Niels Lindquist of the Scripps Institution of 
Oceanography in La Jolla, California, collected various colonial 
ascidians from remote areas throughout the Pacific, hoping that 
some of them would contain unusual secondary metabolites 
endowed with potent and useful biological activity. Their efforts 
were handsomely rewarded, as one of these organisms possessed 
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just such a compound. That species was Diazona angulata, a beau¬ 

tifully colored ascidian (see cover photo) found on the ceilings of 

several small caves along the coast of the Siquijor Islands. From 

this organism was obtained 54 mg of a secondary metabolite, coined 

diazonamide A, which could kill several types of tumor cells at low 

nanomolar concentrations. Equally exciting as its biological action, 

this natural product also possessed a totally unprecedented mole¬ 

cular architecture (2, see column figure) as supported by a battery 
of one- and two-dimensional ]H and l3C NMR spectroscopy experi¬ 

ments, high-resolution mass-spectral data, and an X-ray crystal 
structure obtained in collaboration with Professor Jon Clardy and 

Gregory Van Duyne at Cornell University.1 
Superficially, it is relatively easy to apprehend most of the unique 

elements of this amazing architecture in which Nature has somehow 
blended two distinctly different 12-membered macrocyclic rings, 

one composed of a peptide backbone and the other of heteroaro¬ 
matic rings, into a single architectural unit. However, what is far 

more difficult to ascertain from a two-dimensional representation 

is its overall strain, compactness, and rigidity. In fact, these features 
restrict rotational freedom to the degree that both the Cl6—C18 and 

C24-C26 biaryl axes are trapped as single atropisomers (see 
Chapter 9 for a discussion of this topic). And, although you might 

expect diazonamide A to possess a rather unique UV signature as 
it possesses several units of unsaturation adjacent to each other, 

the strict requirements of its structural elements twist the constituent 
aromatic rings so dramatically that they cannot achieve coplanarity, 

leading to almost no detectable UV activity. Its lone quaternary 
center not withstanding, the heterocycle-based macrocycle of 

diazonamide A constitutes as near a Mobius strip as yet encountered 

in Nature. 
Of course, it would be impossible for a natural product gifted with 

such impressive structural complexity and promising biological 

activity to escape the attention of the synthetic community, and, 

indeed, following the initial report of its structure in 1991, several 
research groups sought to accomplish the total synthesis of 

diazonamide A.2 These efforts finally reached fruition at the end 
of 2001 when Professor Patrick Harran and his colleagues at the 

Southwestern Medical Center in Dallas, Texas, chartered the first 
pathway to 2.3 The key elements of their insightful solution to 

this formidable synthetic puzzle are shown in Scheme 1; two highly 

powerful reactions were creatively enlisted to forge the major 

macrocyclic subunits. The first of these critical steps was an acid- 
catalyzed pinacol rearrangement of chiral diol 3 (see column figures 

for a mechanism on a simplified substrate), which served to contract 

the 13-membered ring of this intermediate, concurrently forming the 

12-membered AG macrocycle and the daunting C-10 quaternary 

center of the target structure.4 With this process stereospecifically 
affording 4 in 54% yield following a protection step, a few addi¬ 

tional operations led to 6, a precursor suitably outfitted for the gen¬ 

eration of the second 12-membered ring through photocyclization. 
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rearrangement 
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uLiOAc, MeCN/H20 (3:1) 

Scheme 1. Harran’s synthesis of the originally proposed structure of diazonamide A (2). 
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Me In the event, photoexcitation of a solution of 6 in MeCN and H20 
(3:1) containing LiOAc and epichlorohydrin at a wavelength of 
300 nm initiated a single-electron transfer (SET) from the elec¬ 
tron-rich indole ring to its adjacent electron-poor E-ring, affording 
an intermediate (7) of suitable reactivity to form the hindered 
C16-C18 biaryl bond of 9. This remarkable transformation, 
which atropselectively generated the second macrocycle of the tar¬ 
get molecule in yields of 32-40 %, is more commonly known as the 
Witkop photocyclization, a reaction that was first described in 1966 
with the example shown in Scheme 2a.5 Since then, it has been 
employed only sporadically in natural product synthesis, perhaps 
because in many contexts there is a lack of regiocontrol as shown 
in the examples in Schemes 2b and 2c.6 In this case, however, the 
reaction worked beautifully, and with 9 in hand the Harran group 
soon converted it into the desired target (2). 

,»C02Me 

fry, ^ 

H20 
Single 

electron 
transfer 

(40%) 

Scheme 2. The initial discovery of the Witkop photocyclization (a) and subsequent applications in natural 
product total synthesis (b,c). 
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Unfortunately, these researchers could not declare a total syn¬ 
thesis of diazonamide A at this point, as both the chemical stability 

as well as the spectral data of their synthetic material (2) differed 

drastically from those reported for the natural product. Since the ori¬ 
ginal structure assignment was based on X-ray crystallographic 

data, one might be tempted to believe that the synthetic chemists 

had made a mistake somewhere along their route and had actually 
synthesized something other than what they intended. Amazingly, 

though, the problem did not reside with their developed sequence, 
but, instead, with the proposed structure (2) of diazonamide A 

due to a series of seemingly logical, but ultimately misleading 
assumptions made during its characterization. 

During the early stages of their structure elucidation, the Fenical 

and Clardy groups wished to obtain a crystal structure for 
diazonamide A in order to support their initial NMR assignments. 

Unfortunately, no crystals of suitable quality could be grown. Yet, 
hope still remained that they could employ this powerful method 

to confirm the structure because Diazona angulata provided several 
other natural products, including diazonamide B (22, see column 

figure), which appeared to be structurally similar to diazonamide A 
on the basis of NMR spectroscopic analysis.1 If one of these com¬ 

pounds, or a derivative thereof, could be crystallized, then at least 
parts of the structure of diazonamide A could be confirmed. Pleas¬ 
ingly, the p-bromobenzamide derivative of diazonamide B turned 
out to be a beautifully crystalline solid, revealing a structure corre¬ 

sponding to 23, which, for the most part, verified much of what was 
anticipated based on the initial NMR data set. However, there was 

one major surprise in the form of an acetal bridging its F- and G- 
rings, as the NMR data for the diazonamides seemed to indicate 

the existence of an open hemiacetal instead (as indicated in structure 
2). Somehow this one element of structural incongruity between the 

different techniques had to be reconciled. The answer proposed by 
the Fenical and Clardy groups was that the closed acetal observed in 

crystal structure 23 was, in fact, an artifact resulting from the con¬ 
ditions employed to attach the p-bromobenzamide group onto 22. 

Thus, if a hemiacetal was accepted for the F-ring of diazonamide A, 
then the one element that the crystal structure of 23 could not deter¬ 

mine (the amino acid tethered from C-2) must be a valine group in 
order to provide a compound that could match a mass spectral sig¬ 

nature corresponding to [M+H-H20]+. As such, the structure 2 
was assigned to diazonamide A. 

Armed with the knowledge that both the X-ray crystal structure 

of 23 and the formula derived from the mass spectral data of 
diazonamide A involved the loss of a molecule of water, the Harran 

group speculated that perhaps the correct structure for the natural 

product simply differed from 2 by a closed acetal. Indeed, this alter¬ 
nate compound would match all of the critical elements of structure 

23 and would have a mass signature corresponding directly to 

[M+H]+. So, using their sequence, these investigators succeeded 
in generating this new structure. But, amazingly, once again the 

Me 

22: putative structure 
of diazonamide B 

Me 
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1: revised structure of diazonamide A 

physical properties of their synthetic material did not correlate to 

data obtained from the natural sample of diazonamide A. Where, 

then, was the discrepancy? 
The answer appeared to reside within the original crystal struc¬ 

ture of 23. Although X-ray crystallography is often viewed as 

infallible, its one weakness is its inability to detect hydrogen 

atoms. As a result, it is sometimes difficult to distinguish whether 
an atom is an oxygen devoid of any hydrogen atoms or a nitrogen 

atom whose bound hydrogen atom(s) cannot be revealed by X-ray 

crystallographic analysis. The Harran group logically hypothe¬ 

sized that this shortcoming might be the origin of the problem 

in this case, with the oxygen atom in the F-ring of 23 (and 

thus in 2) misassigned when it should really be an NH group 
within an aminal system as in revised structure I.3 From a bio¬ 

synthetic standpoint, this change would appear to provide an 

easier structure for Nature to synthesize since the aminal motif 
could be formed directly from a tryptophan rather than the unna¬ 

tural collection of amino acids that would be required to generate 
the E-ring system of 2. Accepting this alteration, a second mod¬ 

ification somewhere else in the molecule would be needed to 
account for the mass profile of diazonamide A. The obvious can¬ 

didate was the terminal amino acid attached to the C-2 amine. If 
this fragment was a non-natural 2-hydroxyisovaleric acid as 

shown in 1, then all the previously incongruent data would appear 

to be reconciled. 
Although we opened this chapter by stating that total synthesis 

played a minimal role in modern structure elucidation, at this 

point it now constituted the only tool that could finally prove if 

the structure of diazonamide A was indeed 1. As we shall see, it 

took just a few months to put this problem to rest, as the Nicolaou 
group at The Scripps Research Institute was ultimately able to 
develop not one, but two, completely divergent routes to this 

revised structure (1) which verified its accuracy.7,8 These endeavors 

are the focus of the remainder of this chapter. 

20.2 Retro synthetic Analysis 

Since the revised architecture of diazonamide A (1) was based on a 

major constitutional change from 2 at its epicenter, any synthetic 

plan that had been developed for the originally proposed structure 
of diazonamide A would need to be significantly redesigned in 

order to allow access to building blocks with appropriate function¬ 

ality. Considerable scouting would likely be required before suitable 

routes to such intermediates could be defined. Once these obstacles 
were overcome, however, the total synthesis was not necessarily 

near or guaranteed. Experience garnered during campaigns towards 

2 consistently demonstrated that although it is relatively easy to cre¬ 

ate fragments bearing the disparate elements of the diazonamide 
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structure, merging these pieces into structures containing both of its 
highly strained and rigid 12-membered macrocyclic systems is 
incredibly difficult.2 For example, few of the creative strategies 
developed towards 2 managed to identify a sequence that could gen¬ 
erate just one of these 12-membered systems in any measurable 
yield.9 Thus, from the standpoint of synthetic design, this informa¬ 
tion meant that one should seek answers to the questions of how and 
in what order to form these macrocyclic rings before addressing any 
other element of the target molecule (1). 

The latter question is, of course, the simpler of the two, as there 
are only two possible choices for the ordering of macrocycle 
construction. Upon initial inspection, the 12-membered AG-ring 
system of 1 would appear to be the easier macrocycle to construct 
since an obvious site to effect its closure is through its amide bond, 
a motif that can, in principle, be forged by several reagents. In 
contrast, the highly complex heteroaromatic core has no single 
definitive site where macrocyclization could be achieved, and the 
requirement to generate its biaryl axes in an atropselective manner 
meant that it would likely be far harder to construct in any case. As 
such, one might be tempted to go for the more challenging system 
first, and then fashion the “easier” AG system last. Unfortunately, 
assessing the challenges posed by individual macrocycles does 
not always lead to the best order needed to create the final 
polycycle, because when these systems share several atoms the 
conformational requirements of one can dramatically impact the 
ease with which the other is formed. Faced with this uncertainty, 
the Nicolaou group decided to maximize their chances of success 
by pursuing both options for the order of macrocycle closure. 
Thus, they developed two unique and distinct retrosynthetic 
analyses of the target (1), which, as we shall see, had entirely 
different answers to the “how” question for macrocycle construc¬ 
tion. 

The first of these plans is shown retrosynthetically in Scheme 3, 
starting with three minor, but necessary, modifications to prepare 
the ground for disconnections seeking to open the macrocyclic sys¬ 
tems of diazonamide A (I).7 The first of these alterations was the 
removal of the hydroxyisovaleric acid side chain (24) from C-2, a 
disconnection that was implemented early in the analysis because 
the stereogenic center of this fragment (C-37) could not be assigned 
with the available data. Thus, by removing this element at the out¬ 
set, both enantiomers of 24 could be attached to a suitable amine 
precursor at the end of the sequence in order to assign the stereo¬ 
chemistry at C-37 with minimum effort. The other two modifica¬ 
tions leading to 25 from 1, the excision of the two aryl chlorine sub¬ 
stituents and opening of the FH aminal ring, served to remove func¬ 
tionality that would likely not survive the arduous synthetic journey 
and diverse reaction conditions needed to create the other elements 
of the architecture of diazonamide A. In the forward direction, it 
was expected that these motifs could be generated in either order, 
with the chlorine atoms installed through a site-selective electrophi- 

Me 
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Scheme 3. Retrosynthetic analysis of diazonamide A (1): the photocyclization route. 
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lie aromatic substitution reaction and the aminal ring formed upon 
the addition of the G-ring phenolic group to a reactive imine species 
derived from the F-ring lactam. 

Accepting these initial adjustments, a new subgoal structure had 
been identified (25) from which either macrocyclic system could 
now be ruptured. For this particular retrosynthetic analysis, the 
Nicolaou group elected to unfurl the heterocycle-based ring system 
first at its C-16/C-18 biaryl linkage through a Witkop-type photocy- 
clization transform,5 the same approach that the Harran group had 
so beautifully employed to form this macrocyclic system in 2.3 As 
such, the chances that 26 could successfully be converted into 25 
during the actual synthesis were relatively high, although the pre¬ 
sence of new functionality in the E-ring of 26 (cf. 5—>9) meant 
that some modification of the conditions would likely be needed 
to best promote the single-electron transfer step in this case. Equally 
important from the standpoint of design, successful cyclization 
should occur atropselectively as governed by the chirality of the 
C-10 quaternary center and the likely strong driving force to orient 
the B- and E-rings in a stacked arrangement (an orientation that only 
the correct atropisomer can deliver). 

Having elected to pursue this method for macrocyclization, the 
heterocyclic chain of this new target (26) could then be simplified 
to 29 by unraveling its B-ring oxazole to a ketoamide precursor 
(27) and breaking apart the newly unveiled amide linkage to remove 
the CD-indole portion as amine 28. Neither of these steps (oxazole 
and amide bond formation) was expected to pose any particular dif¬ 
ficulties in the synthesis as they both constituted relatively conven¬ 
tional transformations. However, before pressing on with this retro¬ 
synthetic analysis, a few additional words about the projected con¬ 
version of 27 into 26 are in order since this step involves a reaction 
that we have not yet discussed, the Robinson—Gabriel cyclo¬ 
dehydration. Traditionally, this named reaction encompasses all 
those transformations in which the exposure of an appropriately 
functionalized 1,4-dicarbonyl compound to a mineral acid (such 
as H2S04) serves to effect a dehydrative ring closure leading to a 
heteroaromatic system.10 This process can be applied to the syn¬ 
thesis of oxazoles, thiazoles, and furans, and, for the sake of illus¬ 
tration, a mechanism accounting for oxazole formation is delineated 
in the adjoining column.11 While a powerful technique to form 
isolated heterocycles, this reaction was not applied widely in natural 
products synthesis for most of the 20th century as the strength of 
conditions were often too harsh for the heavily functionalized sub¬ 
strates typical of such endeavors. However, since numerous natural 
products contain these heterocyclic systems, especially those of 
marine origin like diazonamide A (1), several investigators have 
devoted significant attention to resolving this problem. Fortunately, 
their efforts have provided several reagent combinations that can 
now accomplish this reaction under essentially neutral conditions.12 
Rather than exhaustively cover these formulations here, we shall 
leave their discussion for the synthesis, in which the unique struc- 
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tural features of diazonamide A would provide a severe test of their 

power. 
With simplification of the target molecule to 29, an entity lacking 

the formidable heterocycle-based macrocycle, the Nicolaou group 
found themselves in a position to disassemble the remaining 
12-membered ring of diazonamide A (1). Thus, the retrosynthetic 
sword cut this ring at its most logical site, its amide, to provide 
an amino acid precursor (30) modified by the addition of a few pro¬ 
tecting groups. While this choice was an easy and obvious one, the 
operations that could, in turn, convert this new target (30) into sim¬ 
ple building blocks were far from self-evident since that task would 
entail the dissection of three disparate aromatic systems from the 
quaternary C-10 center at the heart of diazonamide A (1). Indeed, 
literature precedent for how to form such systems was relatively 
sparse.13,14 Little as it was, the available information pointed the 
Nicolaou group in the direction of a possible solution. 

The initial seeds of inspiration came from the work of the famous 
German chemist Adolf von Baeyer (1905 recipient of the Nobel 
Prize in Chemistry), who was exploring the reactivity of the bril¬ 
liantly red-colored dye isatin (36, Scheme 4) in the hopes of identi¬ 
fying new synthetic colorants at the tail end of the 19th century. One 
experiment that he performed along these lines with his student 
M. J. Lazarus was the reaction of 36 with sulfuric acid in the pre¬ 
sence of anisole. As shown in Scheme 4a, this event gave rise to 
compound 41, an outcome that can be rationalized as the product 
of two iterative electrophilic aromatic substitution reactions pro¬ 
ceeding by way of intermediates 37—40.13 Thus, this reaction 
revealed how a quaternary carbon center bearing aromatic ring sys¬ 
tems could be formed, though it did not indicate how two different 
aromatic systems might be appended to a starting isatin, as required 
for diazonamide A. During the next hundred years, only one report 
(from G. A. Olah, the 1994 recipient of the Nobel Prize in Chemis¬ 
try) suggested, albeit in random fashion, how this goal might be 
accomplished. This accomplishment, which is shown in 
Scheme 4b, involved the same reaction process, but instead used 
two aromatic reactants simultaneously to obtain a statistical mixture 
of all three possible products in which 42 was favored.14 

Although a good start, these reports underscored the fact that 
attaching two disparate aromatics to isatin in a single step based 
on electrophilic aromatic substitution would be quite challenging 
to accomplish in a reasonable yield. Moreover, since an oxazole 
and a phenol have far different reactivities, this approach might 
not work at all. How, then, should one proceed on the basis of 
this information? The answer that these researchers devised was 
based on the hypothesis that if they could form a compound such 
as 38 first, then perhaps the second aromatic moiety could be intro¬ 
duced through this same acid-catalyzed eletrophilic aromatic substi¬ 
tution process that Baeyer and Olah had used so productively. As 
shown in Scheme 3, this idea translated into the initial nucleophilic 
addition of a dianion derived from oxazole 34 to the more reactive 
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Scheme 4. Precedent for the reaction of aromatics with isatins under acidic conditions. 

C-3 carbonyl group of isatin 35, a process that would lead to the 
requisite test compound (33) bearing a tertiary alcohol function. 
Subsequent exposure of this product (33) to acid in the presence 
of the tyrosine-derived building block 31 could then give rise to 
30. On paper, this approach seems reasonable, and, moreover, if 
this strategy could be reduced to practice, then it would afford an 
attractively expedient entry into the diazonamide skeleton. While 
enticing, this idea also came with an inherent weakness: it could 
never lead to the stereocontrolled synthesis of the C-10 center in 
the absence of additional tricks. However, because it is challenging 
to envision a more expeditious synthesis of such a fragment, the loss 
of a certain portion of material due to shortcomings imposed by its 
conciseness was anticipated to provide a level of material through¬ 
put that could match, or, surpass a longer route featuring stereocon¬ 
trol. As a result of this analysis, the formidable architecture of 
diazonamide A (1) has now been reduced to five simple building 

Me 

31 
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blocks (24, 28, 31, 34, and 35) in what overall is a highly conver¬ 

gent synthetic blueprint. 
While the above plan indicates how diazonamide A (1) could arise 

by constructing the AG macrocycle first and then fashioning the 
heterocycle-based ring system, the retrosynthetic map shown in 

Scheme 5 illustrates how the alternate order of ring closures 
might also be possible.8 Thus, starting with the same three initial 

disconnections that removed the terminal amino acid side chain, 

the aryl chlorine substituents, and the FH aminal system from 1 
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Scheme 5. Alternate retrosynthetic analysis of diazonamide A (1): the hetero-pinacol route. 
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as discussed earlier, rupture of the amide bond served to open the 

macrolactam ring of the target, leading to a protected amino acid 

precursor (43). With these relatively straightforward retrosynthetic 
transformations implemented, the critical issue now facing the 

Nicolaou group was the manner in which the heterocycle-based 

macrocycle would be retrosynthetically unlocked, as this operation 
would dictate virtually every additional modification in the analy¬ 

sis. The chosen strategy entailed disconnection of the C29—C30 
linkage, an idea that became apparent once the A-ring oxazole of 

43 had been simplified to a ketoamide precursor through a Robin¬ 

son—Gabriel transform. Indeed, if the C-30 ketone of this new com¬ 
pound was retrosynthetically reduced to an alcohol as shown in 

structure 44, then perhaps its C29-C30 bond could be formed 
with the concurrent installation of both its alcohol and amine groups 

through an intramolecular hetero-pinacol cyclization of an open 
chain precursor such as aldehyde-oxime 45. 

Even though we have not seen this particular transformation 
before, if you have read Chapter 34 on Taxol™ in Classics /, then 
you might recognize that this reaction is simply a variant of the 

classical pinacol cyclization in which ketyl radicals derived from 
dialdehyde precursors react to generate cyclic 1,2-diols. In fact, 

since the late 1970s when the Corey, Hart, and Bartlett groups 
demonstrated that oximes can serve as radical acceptors with a 

level of competence commensurate to aldehydes,15 intramolecular 
hetero-pinacol coupling reactions have been used on numerous 
occasions to fashion a diverse range of rings.16 For example, the 

Naito group at the Kobe Pharmaceutical University employed a 
hetero-pinacol cyclization to efficiently convert 50 into a seven- 

membered ring (51) appropriately functionalized to complete a 
total synthesis of balanol (52) as shown in Scheme 6a.17 

Significantly, however, hetero-pinacol coupling reactions possess 

two key differences from their pinacol counterparts. First, there is a 
much more limited arsenal of reagents capable of initiating the het- 

ero variant, with the example in Scheme 6a showing the optimal 
system identified to date: Sml2 complexed with 4 equivalents of 

an activating ligand (such as HMPA) to maximize its radical-gener¬ 
ating power.18,19 Second, while pinacol coupling reactions have pro¬ 

ven to be competent in affording both medium-sized as well as 
macrocyclic systems, hetero-pinacol reactions had never been suc¬ 

cessfully employed in the construction of rings possessing more 
than seven atoms. All attempts to form medium-sized rings had 

met with failure until 2002. As such, this information might lead 
one to question why the Nicolaou group would even attempt to con¬ 

vert 45 into 44 through this method since it involved the formation 

of a 12-membered ring. The answer is that the diazonamide context 
seemed to provide a unique case, as molecular modeling of 45 indi¬ 

cated that highly favorable tt—n stacking between the B- and E- 

rings would bring the aldehyde and oxime motifs quite close to 
each other, significantly reducing their rotational freedom. In fact, 

their proximity appeared more akin to a six- or seven-membered 
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a) Hetero pinacol cyclization HO o oh 

Scheme 6. Selected uses of Sml2 in organic synthesis as pertinent precedents to the Nicolaou retro- 
synthetic analysis of diazonamide A (1). 

Me 

chain than to a standard, entropically more flexible, 12-membered 
system. Thus, the reaction appeared to have at least some chance 

for success, although conventional wisdom seemed to dictate other¬ 

wise. 
Despite the inherent challenge and risk for failure of this reaction, 

the Nicolaou group heightened the bar for its implementation even 

further by seeking to accomplish two additional operations in the 

same pot following cyclization. As shown in Scheme 6b, Sml2 
also possesses the power to break apart N—O bonds as revealed 

by the conversion of 53 into amide 54 during the synthesis of 
(+)-narciclasine (55) by the Keck group.20 Intriguingly, though, 

while these conditions are essentially the same as those employed 
in Scheme 6a to effect a hetero-pinacol cyclization, in that example 

only material bearing an intact N—O linkage (51) had been isolated. 

This outcome appeared to be due solely to the amount of Sml2 

employed, in that if 4—5 equivalents of this lanthanide reagent 
were sufficient to accomplish “one reaction,” then at least 

8—10 equivalents would probably be required to accomplish two 

Sml2-induced operations. Accordingly, if 45 were exposed to such 

a large excess of Sml2, then perhaps both cyclization and N—O clea¬ 

vage could be accomplished in the same pot to afford a 1,2-aminoal- 
cohol product upon workup, a compound that could then be coupled 

with a protected form of L-valine to form 44 directly from 45. Thus, 

if this sequence could be realized, not only would it constitute the 
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first example of a hetero-pinacol reaction leading to a medium- or 

large-sized ring, but it also would productively combine this trans¬ 

formation into a new reaction cascade that could have potentially 
wider applications. 

Although this novel strategy was certainly daring, part of its 

appeal resided in the fact that its plausibility would be relatively 
easy to ascertain as 45 was not expected to be that hard to syn¬ 
thesize. If its C16—Cl8 biaryl linkage was severed through a palla¬ 

dium-mediated coupling reaction transform, such as the venerable 
Suzuki reaction,21 then this intermediate could be dissected into 

two fragments of commensurate size, indole-oxazole 46 and EFG 

building block 47. The first of these appeared to be straightforward 
to synthesize, and the second (47) could be traced to an initial 

reaction between tyrosine methyl ester (48) and 7-bromoisatin (49) 
through a carefully controlled acid-catalyzed merger of the type dis¬ 

cussed earlier in the context of the chemistry depicted in Scheme 4. 
As such, a second potential strategy towards diazonamide A (1) has 
been reduced to the construction of simple building blocks. 

Having analyzed the Nicolaou group’s approaches to diazon¬ 
amide A at some length on paper, it is now time to see whether 

or not these strategies could lead to the revised structure of 
diazonamide A (1) in practice, and, if so, whether it actually was 
the correct assignment. 

OTBDPS 

46 

20.3 Total Synthesis 

20.3.1 The First Total Synthesis of Diazonamide A (1) 

We begin our discussion with those operations seeking to explore 
the approach delineated in Scheme 3, the route based on the initial 
formation of the AG macrocycle followed by the eventual construc¬ 

tion of the heterocyclic core through a Witkop-type photocycliza- 
tion. The first objective for this campaign was the creation of an 

appropriately formatted quaternary carbon center bearing three aro¬ 
matic rings, a task that required the following building blocks: Cbz- 

protected L-tyrosine methyl ester (31), MOM-protected 7-bromoisa¬ 

tin (35), and oxazole 34 (see Scheme 3). Of these, only the last 
demanded any route development since the first two were com¬ 
pounds accessible in just a few steps from known or commercially 

available materials.22 

The construction of oxazole fragment 34 is shown in Scheme 7, 
starting with the merger of Boc-protected L-valine (56) and D,L-ser- 

ine methyl ester (57) into 58 through a standard peptide-coupling 

reaction induced by EDC and HOBt.23 Although this was a routine 
reaction, it served to provide a product (58) bearing all the structural 

motifs required to cast the oxazole ring of the target. Indeed, if one 

wanted to employ a Robinson—Gabriel cyclodehydration to create 

this heterocycle, 58 only needed to be oxidized to its aldehyde con¬ 

gener in order to provide the appropriate 1,4-dicarbonyl substrate. 

Me 
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However, since investigations along these lines afforded the desired 

oxazole product (60) in poor yields, the Nicolaou group elected to 

generate this ring by a different route involving a two-step sequence 

which provided better material throughput. The first of these opera¬ 
tions involved the conversion of 58 into an oxazoline (59) through 

the use of the Burgess reagent in refluxing THF, a step in which this 
zwitterionic substance transformed the primary alcohol into an acti¬ 

vated leaving group (in the vein of a tosylate) which could then be 

internally displaced (see column figure).24 With this cyclization 

accomplished in 80% yield, the newly formed ring system was 
then aromatized to the desired oxazole (60) in excellent yield 

(90 %) by the action of BrCCl3 in CH2C12.25 In this event, the halo- 
genated reagent served to deliver a bromine atom to 59 at what con¬ 

stituted the C-29 position of diazonamide A, presumably through a 
radical mechanism, which led to 60 through the DBU-promoted loss 

of HBr. The desired building block (34) was then completed in 83 % 
overall yield through the conventional reduction of the methyl ester 

with LiBH4 in THF, followed by capture of the resultant primary 

alcohol as a benzyl ether (LiHMDS, TBAI, BnBr, THF). 
Having accomplished this preparative work to afford 34 along 

with the trivial syntheses of 31 and 35, attempts to merge these 

pieces into the diazonamide skeleton could now begin in earnest, 

starting with the operations needed to effect the union of oxazole 
34 and isatin 35. Pleasingly, these fragments could be smoothly 
merged into 33 (Scheme 8) simply by treating 34 with 2 equivalents 

of tt-BuLi in THF at —78 °C for 20 minutes to generate an oxazole 
nucleophile (61), and then adding 35 to the reaction flask. With this 

operation unveiling a tertiary hydroxy group at the carbon atom cor¬ 
responding to C-10 of the target, the compound was perfectly out¬ 

fitted to attempt the incorporation of the final aromatic ring onto 

this site in the next step. As mentioned during the planning stages, 
this task anticipated that the exposure of 33 to an appropriate acid 
would lead to the reactive cation 32, a species that could then 

undergo an electrophilic aromatic substitution reaction with the 

L-tyrosine derivative (31) to afford a product such as 62. Following 
several weeks of scouting, this process was indeed accomplished in 

an optimized yield of 33 % yield by refluxing a solution of 33, 31, 
and p-TsOH in 1,2-dichloroethane for 15 minutes. Although the 
material return for this reaction was modest, this shortcoming 

was not a measure of the efficiency of the reaction itself, but rather 

reflected the difficulty in isolating the final product (62) due to the 

presence of the free amine group which had been unveiled uninten¬ 
tionally by virtue of the acidic conditions. This unavoidable out¬ 

come was dealt with in the next operation by reprotecting the 

amine group, now as a t-butyl carbamate (Boc), to provide 30 as 

a mixture of chromatographically separable diastereomers (as the 
C-10 center of 62 had been formed in an unselective manner) in 

76% yield. While this separation was fortunate in that it led to 

stereochemically pure isomers, NMR spectroscopic analysis could 

not provide sufficient information to unambiguously assign their 
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Scheme 7. Synthesis of oxazole building block 34. 

Scheme 8. Construction of key intermediate 30 bearing the critical C-10 quaternary center of 
diazonamide A. 
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Scheme 9. Completion of the first macrocyclic subunit: synthesis of intermediate 29. 

configurations at C-10. As a result, both diastereomers of 30 were 
processed separately through the ensuing steps hoping for the 
stage at which their physical data would indicate which one pos¬ 

sessed stereochemistry corresponding to that of diazonamide A (1). 

Thus, with these three building blocks finally fused together into 
one structural entourage, the next objective of the sequence was to 

construct the only major structural element still missing from the 
AG system, the amide bond that would complete its 12-membered 

ring. To set the stage for the macrolactamization that would hope¬ 

fully accomplish this goal, 30 first had to be converted into the pre¬ 
cursor required for the event, namely amino acid 64 (Scheme 9). 

These preparative operations proceeded without incident with 64 
generated in near quantitative yield from 30 through initial protec¬ 
tion of both its oxindole nitrogen atom and the G-ring phenol group 

with MOM ethers (MOMC1, K2C03, acetone), followed by LiOH- 

mediated cleavage of its methyl ester and TFA-induced removal 
of its Boc group. 

As such, macrolactamization was now at hand. Fortunately, sev¬ 

eral conditions could overcome the challenges imposed by this 

ring closure, with the use of HATU and collidine in a 1:2 mixture 
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of DMF and CH2C12 at a final concentration of 3.0X 10~4 m consti¬ 
tuting the best protocol, delivering 65 in 36 % yield.26 As you might 

expect, the use of high dilution conditions was required to minimize 

the formation of dimers and other oligomers. However, the result 
that you might not have anticipated, and which the Nicolaou 

group did not predict either, was that only one of the two C-10 epi- 
mers of 64 successfully underwent macrocyclization, with the other 

leading primarily to dimerized material irrespective of concentra¬ 
tion. Thus, the question raised by this interesting outcome was 

whether or not it was the correct diastereomer of 64 that had 
cyclized to 65 as drawn in Scheme 9, because if the wrong epimer 

of 65 had been formed, then this approach was effectively dead. 
Thankfully, some positive evidence that the correct epimer had 

cyclized was provided once the benzyl ether and two MOM groups 
of 65 had been removed through the action of BC13 in CH2C12 at 

—78 °C to afford 29, as the *H NMR data of this new compound 
were highly reminiscent of those exhibited by the natural product. 

While not conclusive proof, it certainly provided enough of an 
impetus to press forward and attempt the construction of the remain¬ 

ing macrocyclic unit. Before we describe these endeavors, we 
should note in passing that although the presence of the MOM 
groups throughout the sequence shown in Scheme 9 may appear 

needless, they served to considerably improve the yield of the 
ring closure leading to 65 by facilitating the isolation of this prod¬ 
uct. In addition, other, more daring strategies for macrocycle forma¬ 

tion were also attempted using elements of this same sequence, such 
as a ring closure through an acid-catalyzed electrophilic aromatic 

substitution of compounds like 66 (see column figure). Unfor¬ 
tunately, the one bond needed to complete the macrocycle from 

these intermediates could not be formed despite an exhaustive 
screening of both Brpnsted and Lewis acidic reagents. 

Nevertheless, with a route to 29 identified and faith in its stereo¬ 

chemical disposition, work could now be directed towards the 

synthesis of the heterocyclic core. Thus, as shown in Scheme 10, 
these efforts commenced with selective Boc protection of the H- 
ring phenol group with (Boc)20 in a 1:2 solvent mixture of aqueous 

NaHC03 and 1,4-dioxane over the course of 24 hours, and then con¬ 

version of the free primary alcohol into a carboxylic acid through 
two iterative oxidations (IBX; NaC102) to afford 69 in 63 % overall 

yield from 29. This new motif was then enlisted to complete the 
remaining structural elements of the target, namely the B-, C-, 

and D-rings, through an initial peptide coupling with 28 to afford 
ketoamide 27, followed by a Robinson—Gabriel cyclodehydration 

with pyridine-buffered POCl3 at ambient temperature (a set of con¬ 

ditions developed by the Nicolaou group to form oxazoles in chal¬ 

lenging settings).96 With these latter two operations executed in 
34 % overall yield, a substrate had been synthesized that could 

now be subjected to Witkop-type photocyclization conditions. For¬ 

tunately, little alteration of the protocol developed by the Harran 

group to accomplish this ring closure in their synthesis of 2 (cf. 
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Scheme 10. Completion of the second macrocyclic subunit of diazonamide A: synthesis of advanced 
intermediate 25. 

Scheme l)3 was required here, with excitation at 200 nm serving to 

afford 25 in a reproducible yield of 30 %. As expected, the reaction 

proceeded with complete atropselectivity for both the C16-08 

and C24-C26 biaryl axes, and the remaining material balance 

was mostly recovered starting material that could be recycled to 

enhance the overall throughput of material. As an aside, the final 
cyclization could also be accomplished under radical conditions by 
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treating 26 with Ph3SnH and catalytic amounts of AIBN in refluxing 

benzene, though this alternate event proceeded in only 10% yield. 

With both macrocycles successfully generated through the forma¬ 
tion of 25, the completion of the target now required only a few 

finishing touches, the most notable being the installation of the 
two missing aryl chlorine substituents and the formation of the FH 

aminal system of diazonamide A (see Scheme 11). The first of 

Me 

1. NCS, THF/CCI4 

(1:1), 60 °C, 2h 

2. TFA, 25 °C, * 
10 min 

(52% overall) 
Atropselective 

chlorination 

Me 

DIBAL-H, THF, 
-78-^25 °C, 3 h,f 

Scheme 11. Final stages and completion of the first total synthesis of diazonamide A (1). 
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these objectives was tackled in a single step by treating 25 with NCS 
at 60 °C for 2 hours in a 1:1 mixture of THF and CC14 (which was 
required to help solubilize the NCS), conditions which led to the 
site- and atropselective incorporation of the two requisite chlorine 
atoms. Seeking now to form the FH aminal system, the Nicolaou 
group expected that if they could convert the F-ring oxindole into 
an imine or iminium species (such as 71) through a reaction with 
an appropriate hydride source, then a free C-7 phenol could engage 
that reactive intermediate and thus generate this motif.27 As a result, 
the chlorination product obtained as described above was converted 
into 70 by using TFA to excise its phenolic Boc protecting group, 
and then a number of hydride sources were screened to see if any 
could lead to the desired product (72). Following extensive scouting, 
it was discovered that this task could be accomplished in 56 % yield 
through the portionwise addition of 100 equivalents of DIBAL-F1 to 
a solution of 70 in THF at —78 °C, followed by 3 hours of cooling 
and warming cycles between —78 °C and ambient temperature. 
The addition of the hydride source in batches was critical for the suc¬ 
cess of this cascade sequence, as otherwise the reaction stalled and 
72 was obtained in much lower yields. 

At this stage, the spectral data for synthetic 72 and the natural 
product were quite similar, suggesting that perhaps 1 was indeed 
the correct structure for diazonamide A. However, the moment 
of truth would not occur until the final hydroxyisovaleric acid 
[(5')-24] was attached to the molecule. Thus, the Cbz group 
guarding the amine function at C-2 was selectively excised through 
a standard hydrogenation protocol using Pearlman’s catalyst 
[Pd(OH)2/C] in EtOH (without cleaving the aryl chlorine atoms), 
and then the remaining fragment of diazonamide A was installed 
onto the resultant product (73) through a peptide-coupling reaction 
with (5)-24 orchestrated by EDC and HOBt. As such, the synthesis 
of 1 was finally complete. Even more gratifying, its !H NMR 
signals matched those reported for natural diazonamide A per¬ 
fectly.1 As a final exercise to prove that diazonamide A possessed 
an S-configured hydroxyisovaleric residue, the R-disposed 
enantiomer of 24 was also merged onto 73, leading to a product 
with *H NMR signals that were slightly, but diagnostically, different 
from those of the natural material. Thus, diazonamide A (1) was 
finally synthesized in the laboratory and its structure confirmed 
through a route that required only 21 steps in its longest linear 
sequence. 

20.3.2 The Second Total Synthesis of Diazonamide A (1) 

Although the total synthesis of diazonamide A (1) discussed above 
proceeded relatively smoothly and had finally verified the long- 
mysterious architecture of the target, the Nicolaou group still 
wanted to see whether their alternate approach to 1 was viable, as 
it was predicated on entirely different chemistry. Of its projected 
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steps, the most important, as well as the most challenging, was a 

SmI2-promoted hetero-pinacol reaction to forge the final C-C 

bond of the heterocyclic core of the molecule. Thus, as a prelude 
to testing this daring hypothesis, the Nicolaou group embarked on 
their second total synthesis of diazonamide A by developing syn¬ 

theses of appropriately functionalized building blocks correspond¬ 
ing to the BCD- and EFG-ring systems of diazonamide A (46 and 
47, cf. Scheme 5). 

The successful route identified for the first of these fragments, 
indole-oxazole 46, is shown in Scheme 12 starting from the 

known 4-bromoindole (74),28 a compound that already contained 
the C- and D-rings of the target. As such, the use of this material 

meant that only a functionalized oxazole had to be appended onto 
it in order to complete the desired building block, a task that 

would rely upon the familiar Robinson—Gabriel cyclodehydration 
reaction. Thus, the first operations sought to install some of the 

functionality needed to create the ketoamide precursor for that 
event (i. e. compound 77), starting with a TFA-promoted condensa¬ 

tion of 4-bromoindole (74) with dimethylaminonitroethylene.29 This 
operation served to add a three-atom nitroethylene tether to the 

indole fragment through the mechanism shown in the adjoining col- 

1. Me2N^N()2 

TFA, 25 °C 

2. LiAIH4, THF, 
65 °C, 6 h 

(87% overall) 

OTBDPS 

Scheme 12. Synthesis of indole-oxazole intermediate 46. 
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umn, enabling the subsequent formation of 4-bromotryptamine (75) 
in 87 % yield upon concomitant reduction of the newly-installed 
olefin and its nitro group with LiAlH4 in refluxing THF. 

With a reactive handle now unveiled on 75 in the form of a free 
amine, a subsequent peptide-coupling step with TBDPS-protected 
glycolic acid led to the smooth synthesis of 76 in 85 % yield, a com¬ 
pound separated from the desired ketoamide substrate (77) only by 
the absence of a C-26 carbonyl group. This deficiency was rectified 
over the course of two steps in 80 % yield through the initial instal¬ 
lation of a hydroxy group as accomplished by the action of DDQ in 
aqueous THF at 0°C, followed by oxidation of the resulting alcohol 
with IBX (the synthetic precursor for the Dess-Martin periodi- 
nane). Interestingly, although aqueous DDQ is known to convert 
materials such as 76 directly into 77 through the putative mechan¬ 
ism shown in the column figure on the next page,30 the second 
oxidation step could not be induced with this particular substrate. 
As revealed by several model studies, the bromine substituent was 
the likely culprit, as application of the same conditions to the 
debrominated variant of 76 led directly to a ketone. 

Irrespective of this interesting observation on chemical reactivity, 
with a synthesis of 77 accomplished, use of Wipf’s mild conditions 
for the Robinson-Gabriel reaction (C13CCC13, Ph3P, Et3N, CH2C12, 
25 °C)12b served to form the oxazole ring (78), leaving only protec¬ 
tion of the indole and boronate ester formation to complete the 
synthesis of 46. The first of these tasks constituted a relatively 
easy one from the standpoint of execution. However, it required 
making a careful choice because the selected group had to survive 
the diverse reaction conditions that would be encountered during 
the ensuing steps of the projected sequence. On paper, the candi¬ 
dates that appeared most capable of rising to this challenge were 
either a benzyl group or a methoxymethyl (MOM) group, both of 
which that had demonstrated stability in the face of numerous trans¬ 
formations when attached to indoles. As is demonstrated throughout 
this book, such resilience by protecting groups also means that rela¬ 
tively harsh conditions are required to accomplish their eventual 
removal. For example, benzyl protecting groups on indoles are typi¬ 
cally cleaved under substrate-dependent hydrogenation conditions, 
which often require significant screening to identify, while MOM 
groups are deprotected only through the use of a strong Lewis 
acid.* As such, either choice was fraught with potential problems, 
and those issues could likely be exacerbated further by the compli¬ 
cated and intricate nature of the diazonamide architecture. Ulti¬ 
mately, since a number of reports indicated that benzylic groups 
on indoles could be stubbornly resilient to cleavage,32 the Nicolaou 
group elected to press forward with MOM protection, and thus 

* Although MOM groups on alcohols are readily cleaved with relatively weak 
acids, the same mechanism of deprotection is not available when these groups 
are attached to indoles since the nitrogen center cannot accept a proton, thus ren¬ 
dering the group far more resilient.31 
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attached this group onto 78 through a standard protocol (NaH, THF 
0 °C; MOMC1). 

With this step accomplished, a palladium-mediated reaction at 
95 °C with bis(pinacolato)diboron and KOAc in dioxane then com¬ 
pleted the assembly of 46 by exchanging the aryl halide for a boronic 
ester in 85 % yield. This powerful transformation, which was first 

described by Miyaura and co-workers in 199 5,33 proceeds through 
the standard catalytic cycle invoked for the palladium-based Suzuki 
reaction in which the KOAc serves to accelerate the generally slow 

transmetallation step. As an aside, although the corresponding boro¬ 
nic acid could also be formed from this substrate by first converting 
it into an aryl lithium, the ester (46) was far easier to handle. From a 

process standpoint, the boronic ester was also the simpler of the two 
to synthesize since it only required the admixing of several reagents 

in an oxygen-free atmosphere. Indeed, the facile execution and mild 
nature of this method has rendered it a highly popular technique to 

form boron-containing species for Suzuki reactions. In fact, for com¬ 

pounds possessing esters, ketones, and nitriles, groups incompatible 
with the aryl lithium or aryl Grignard reagents required for the stan¬ 
dard aryl boronic acid synthesis protocol, this methodology affords 
the only direct method to outfit them for coupling. 

Flaving discussed the final step in the synthesis of this piece, we 

can now turn our attention to those steps needed to prepare the other 
key building block, EFG fragment 47. As indicated in Scheme 13, 
its synthesis commenced with the protection of commercially avail¬ 

able L-tyrosine methyl ester (48) as its corresponding benzyloxycar- 
bamate (Cbz) derivative, a step that proceeded in 94 % yield. While 
a conventional beginning, it served a very important purpose as it 

set the stage for a subsequent TiCl4-mediated merger with 7-bro- 
moisatin (49), a reaction that gave rise to a product (80) bearing 

the majority of the architecture of the targeted fragment in 58% 
yield (70 % based on recovered starting material). The only major 

structural element separating 80 from 47 was appropriate functiona¬ 
lization of its C-10 center. Thus, in preparation for the sequence that 

would eventually fix this deficiency, the newly formed tertiary alco¬ 
hol in 80 was first exchanged for a hydrogen (81) in 76 % yield over 

two steps by way of an intermediate chloride formed upon several 

hours of exposure of 80 to SOCl2 at 25 °C, followed by its reduction 
with NaCNBH3. Next, the upper tyrosine domain was transformed 
into an acetonide (82) in near quantitative yield through reduction 

of the methyl ester (LiBH4, THF, 0^25 °C), followed by reaction 

with 2,2-dimethoxypropane catalyzed by p-TsOH, thereby provid¬ 
ing a substrate (82) onto which the required hydroxymethyl func¬ 

tion could now be attached at C-10. This task was accomplished by 
enlisting a two-step procedure developed by the Padwa group at 

Emory University in which the initial formation of a silyl enol ether 

(83) served to create a latent nucleophile that could be unleashed 

upon a subsequent reaction with an appropriate Lewis acid.34 

When that species was Yb(OTf)3, and formaldehyde was present 

in solution, the desired product (84) was obtained as a 1:1 mixture 
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HO 

C02Me 

NHCbz 

C02Me 

48 79 

1. TBSCI, imid, 
CH2CI2, 25 °C 

2. LiOH, DMF 
-► 
3. BnBr, 

KFalumina, 
DME, 25 °C 

(80% overall) 

BnO 

1.SOCI2, 25 °C, 10 h 
2. NaCNBH3, MeCN, v M) 

0^25 °C, THF, 2 h " 1 

(76% 

C02Me 

1. LiBH4, 
0^25 °C, 
THF, 2 h 

2. 2,2-DMP, 
p-TsOH, 
acetone 

(93% overall) 

47 

Scheme 13. Synthesis of EFG intermediate 47. 

of both C-10 stereoisomers in 70% overall yield from 82. Intrigu- 
ingly, these diastereomeric compounds could not be separated at 
this stage either through flash-column chromatography, or selective 
crystallization. As such, they were carried forward together, hoping 
that the incorporation of an appropriate functional group would 
eventually confer sufficient differences in their physical properties 
to allow their separation. 

With the complete architectural framework of the EFG fragment 
now established as expressed in 84, only a few protecting and func¬ 
tional group manipulations remained before the substrate would be 
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suitably outfitted to attempt Suzuki coupling with 46. These adjust¬ 

ments were accomplished in just a few steps, starting with silylation 
of the fiee primary alcohol within 84 with TBSC1 and imidazole in 

CH2C12, conditions that also led to protection of the free A-ring phe¬ 
nol. Since the latter event was unintended, a subsequent reaction 

with LiOH served to excise this superfluous group. With the phenol 
now free, the desired protecting group array was then completed by 

protecting both the phenol as well as the lactam nitrogen atom with 
benzyl groups through reaction with BnBr and KF*alumina in 

DME,35 leading to the synthesis of 85 in 80% overall yield for 
these three operations. 

Although we mentioned earlier that the targeted building block 
was 47, the intermediate that had just been synthesized (85) in 

fact possessed all the motifs that the projected strategy required in 
order to press forward. Of particular importance was the carbonyl 

group of the E-ring, as the first total synthesis described above 
had productively employed this motif to eventually construct the 

FH aminal system of diazonamide A.7 Unfortunately, as experimen¬ 
tation seeking to advance this material (85) soon revealed, its pre¬ 

sence instigated several problems, most notably its ability to induce 
the hydroxymethylene group at C-10 to fragment. For example, 

when compound 85 was treated with TBAF to probe conditions 
for the selective removal of its TBS ether, the resultant product 
was 88, a compound whose formation can be rationalized through 
the indicated sequence shown in Scheme 14a invoking the interme- 

Scheme 14. Problems with the C-11 carbonyl: deformylation through a novel cascade (a) observed earlier 
during attempts to create the originally proposed structure of diazonamide A (b). 
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diacy of a fully aromatic enolate (87). Interestingly, this decompo¬ 

sition pathway closely parallels a cascade observed during studies 

conducted by the Nicolaou group seeking to create the C-10 qua¬ 

ternary center of the original structure of diazonamide A (2) through 

a 5-exo-tet cyclization as shown in Scheme 14b.I5a In that event, 

treatment of substrates such as 89 with a strong base (such as t- 
BuOK) led to the generation of 91, an alkoxide intermediate that 

could similarly lose a molecule of formaldehyde as well as a phenyl- 

sulfinate anion to afford 3-phenylbenzofuran (92) if not quenched 

immediately with acid.36 
Thus, in light of these unforeseen challenges with 85, its oxindole 

system was fully reduced to an indoline (see Scheme 13) through 

the action of excess 9-BBN in refluxing THF over the course of 

36 hours to provide an alternate EFG system (47) that enabled the 
synthesis to proceed forward (at least for the time being). As a con¬ 

sequence of this alteration, the successful completion of the target 
molecule was now predicated upon finding a suitable method to 
accomplish its eventual reintroduction. Before these researchers 

could worry about this likely nontrivial operation, however, the het¬ 

erocyclic core had to be constructed, and, as shown in Scheme 15, 
the initial steps leading to the macrocyclization precursor proceeded 

without incident. First, the aryl halide (47) and aryl boronate (46) 
building blocks were smoothly amalgamated into 93 through a 

Suzuki reaction employing catalytic Pd(dppf)Cl2 and K2C03 in 
refluxing DME, an event that proceeded in 78% yield after 

12 hours of reaction. Next, 93 was converted into a dialdehyde 
intermediate through a tandem deprotection/oxidation sequence 

employing TBAF at a slightly elevated temperature in THF 
(45 °C) and S03*py. The projected aldehyde-oxime substrate (45) 
was then completed through selective oxime capture of the 

sterically more accessible and reactive aldehyde of this inter¬ 
mediate (the aldehyde adjacent to the B-ring oxazole) with excess 
methoxylamine hydrochloride in DMSO at 25 °C. Although this 

final protocol is a rather unorthodox set of conditions to create an 

oxime, it was necessary as the use of more conventional solvents 
such as MeOH or pyridine led to acetonide cleavage or unselective 

oxime formation, respectively. 
Having toiled to reach this stage, the opportunity to harvest some 

benefits from that labor through a successful hetero-pinacol cycliza¬ 

tion cascade sequence was now at hand. Most gratifyingly, this reac¬ 
tion was accomplished with little scouting. Treatment of aldehyde- 

oxime 45 with a premixed complex of 9 equivalents of Sml2 and 

36 equivalents of A,A-dimethylacetamide (DMA)37 in THF at ambi¬ 
ent temperature, followed by quenching with aqueous NH4C1, 

extraction, solvent removal, and subsequent peptide coupling with 

Fmoc-protected L-valine promoted by EDC and HOBt gave rise to 

44 in reproducible yields of 45—50 %. This remarkable process 

can be rationalized mechanistically by invoking the initial forma¬ 

tion of a diradical intermediate (94) upon exposure of 45 to Sml2/ 

DMA. Once this intermediate cyclized to provide 95, the presence 
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1. TBAF, THF, 45 °C 
2. S03py, Et3N 
3. MeONH2HCI, DMSO 

(78% overall) 

Sml2 
(9 equiv), 

DMA 
(36 equiv), 

* THF, 
25 °C,1 h 
Radical 

generation 

DMA = A/,/V-dimethylacetamide 

Scheme 15. Completion of the heterocyclic subunit of diazonamide A through a hetero-pinacol macro- 
cyclization sequence: synthesis of intermediate 44. 
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Me 

of excess Sml2 complexed with DMA then effected N—O cleavage, 

leading to intermediate 96, which was converted into an amino alco¬ 

hol (97) upon workup; this compound could then be captured as 44 
through a peptide-coupling step. Although one could also formulate 

this same ring closure through the attack of a C-30 ketyl radical at 

an intact oxime to provide 95, the isolation of uncyclized material in 

which both the aldehyde and oxime had been reduced suggests that 
diradical 94 cannot be excluded as a possible intermediate in this 

sequence. The facility of this ring closure may also be explained 
by the formation of a bridged samarium species (e.g. 94', column 

figure). Other activating ligands for Sml2, such as HMPA, also 
initiated this reaction cascade, although they afforded 44 in lower 
yields. With the optimized protocol in which DMA was used, the 

average efficiency of this sequence was 79 % per step. 
Arguably, more important than its numerical yield was the ability 

of the cascade sequence to provide functionalized material sepa¬ 

rated from the complete heteroaromatic macrocycle by only two 
more steps, namely oxidation of the alcohol at C-30 followed by 

a Robinson-Gabriel reaction to form the A-ring oxazole. As 
indicated in Scheme 16, these tasks were ultimately accomplished 

in 33% overall yield through an initial oxidation with TPAP/ 
NMO to provide 98,38 followed by the required cyclodehydration, 

effected by a 1:2 mixture of POCl3 and pyridine at 70° C.9b At 
first glance, the material throughput for this sequence leading to 

43 might seem unduly low. However, it accurately reflects the 

severely strained and highly hindered nature of the diazonamide 
heteroaromatic core. In fact, only the indicated reagent combination 
possessed the power to accomplish this final task in any measurable 

yield despite exhaustive experimentation with virtually every 
known oxazole-forming protocol (such as the Wipf conditions 

mentioned earlier12b or exposure to the Burgess reagent12c). As 

such, this finding suggests that this cyclodehydration protocol 
may constitute the best available system to form oxazoles in high¬ 

ly hindered contexts through a Robinson-Gabriel cyclodehydra¬ 

tion. 
Fortunately, since a method was identified that could complete 

the final oxazole attached to the heteroaromatic core, the comple¬ 

tion of diazonamide A (1) was not that far away, with the primary 

task at this juncture being the formation of the second macrocyclic 
subunit through macrolactamization. Thus, to prepare the required 

amino acid substrate for this event (i.e. 100, Scheme 16), 43 was 

first converted into 99 through HF-mediated cleavage of the aceto- 

nide, followed by a two-stage oxidation protocol (IBX; NaC102) to 
transform the resultant alcohol into a carboxylic acid. With these 

events proceeding in 85 % overall yield, the Fmoc group guarding 

the required amine appended to the A-ring oxazole was then 

removed by the action of Et2NH in THF at 25° C over the course 

of 4 hours.39 Unfortunately, while the conversion of 43 into 100 
proceeded relatively smoothly, attempts to accomplish macrolactam 

formation from this advanced compound met with significant 
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Me Mo 

(98%) 

Me 

Et2NH/THF(1:5), 
25 °C, 4 h 

Me 

Scheme 16. Completion of the second macrocyclic subunit of diazonamide A (1): synthesis of advanced 
intermediate 101. 

resistance despite an almost exhaustive screening of peptide-form¬ 
ing reagents, leading in all cases either to decomposition or dimer¬ 

ization (even when the reaction was run at exceedingly low con¬ 

centrations). This result was unexpected, as molecular models 
suggested that these motifs were well-disposed for a productive 

reaction. Accordingly, some aspect of the existing motifs must 

have prevented the smooth formation of this system, as it was far 
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Me 

1. H2, Pd(OH)2/C 
(excess), EtOH, 
25 °C,10 h 

2. CbzCI, 
aq. NaHCO3/ 
dioxane (1:2), 
25°C, 12h 
(35% overall) 

NMOM 

102 

NCS, CCI4/THF (1:1), 
60 °C, 2 h 

Atropselective 
chlorination 

BCI3, CH2CI2, 
•- 
-78 °C, 10 min 

Me 

103 

(75% overall 
from 102) 

aq. NaOH, 
^25 °C, 12 h 

Me 

1. DIBAL-H 
2. H2, Pd(OH)2/C 
———-► 

3-1~24~|, EDC 

HOBt, DMF 
(46% overall) 

Scheme 17. Final steps and completion of the second total synthesis of diazonamide A (1). 

more readily synthesized in the absence of the heteroaromatic core. 
With enough experimentation, a solution can usually be found, and, 

in this case, the desired product (101) could be obtained in 10—15 % 

yield when 100 was treated with HATU and collidine for several 

days at ambient temperature in a 1:2 mixture of DMF and CH2C12 

at a final concentration of 1.0 X 10^4 m. Importantly, apart from 
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completing the second highly strained macrocyclic domain, this 
step also served to resolve the previously formed mixture of C-10 
epimers, as only material with the stereochemical disposition 
drawn in 101 resulted. Thus, just as in the first total synthesis of 
diazonamide A, the success or failure of this macrolactamization 
was intricately linked to the stereochemistry of its intervening 
chain. Accordingly, the yield of the macrolactamization step was 
really 20—30% based on the one and only C-10 diastereomer that 
could undergo cyclization. 

Having constructed both macrocycles of the target molecule, the 
Nicolaou group now had to face the challenge of oxidizing the 
E-ring indoline in 101 to an oxindole in order to introduce the 
aminal ring system. Expecting that the cleavage of the F-ring benzyl 
protecting group would facilitate this task, these researchers 
attempted to remove both benzyl groups of the molecule through 
a standard hydrogenation reaction facilitated by excess Pd(OH)2/C 
(Pearlman’s catalyst). Amazingly, following subsequent reaction 
of the intermediate product with benzyl chloroformate, all spectral 
data indicated that while the debenzylations had occurred as 
intended, the desired conversion of indoline into oxindole had 
also taken place to afford 102 directly! As such, the conditions 
employed in this hydrogenation reaction had formally served both 
to reduce and to oxidize the substrate. 

A mechanistic proposal to account for this unusual transformation 
is shown in Scheme 18 in which, following the removal of the two 
benzyl groups to afford 105, one could envision the Pd(OH)2 under¬ 
going ligand exchange by inserting into both the phenolic and 
amino groups of 105 to afford an intermediate of type 106. While 
the insertion of a palladium species into an amine would not nor¬ 
mally lead to a subsequent |3-hydride elimination, in this case it 
might be reasonable to presume that coordination with the adjacent 
phenol altered its typical geometry so that this operation could 
occur, thereby leading to 107. Migratory insertion of the phenol 
onto the C-ll position would then afford 108, in which the palla¬ 
dium species is now bound exclusively to the nitrogen atom. A se¬ 
cond p-hydride elimination to 109, followed by the loss of Pd° and 
hydrogen gas, would afford an imine whose capture by hydroxide 
could account for the formation of 110, an intermediate that then 
could collapse to the observed product (112) through the indicated 
ring opening and tautomerization sequence. Although direct evi¬ 
dence for this chain of events has not yet been obtained, this conjec¬ 
ture appears reasonable due to its close similarity to the mechanistic 
underpinnings of the Wacker oxidation.40 Moreover, some addi¬ 
tional explorations of this reaction have revealed that it cannot be 
accomplished without an excess of Pd(OH)2/C and that it is sub¬ 
strate-specific. For example, application of the same conditions to 
47 (cf. Scheme 13) served only to excise the benzyl groups. Both 
these observations are reflected by the delineated mechanism in 
which the rigidity of the substrate is the crucial feature leading to 
the formation of 106. 
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(3 -Hydride 
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(3-Hydride 
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Tauto- 
merization 

Scheme 18. Proposed mechanism to account for concomitant reduction/oxidation of intermediate 105 to 
lactam 112 in the presence of excess Pd(OH)2/C. 
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Irrespective of how this event actually transpired, with this fortui¬ 
tous transformation accomplished, the completion of diazonamide A 
(1) required only a few finishing touches, starting with the installa¬ 
tion of the two requisite chlorine atoms onto 102. This task was 
readily accomplished through an electrophilic aromatic substitution 
reaction using NCS at 60 °C in a 1:1 mixture of THF and CC14, a 
reaction that proceeded, as before, with complete atropselectivity 
due to the constraints of the macrocyclic system to afford 103 
(see Scheme 17). Next, the resilient MOM protecting group was 
excised from the C-ring indole through a one-pot, two-step protocol 
involving initial reaction with BC13 to cleave its methyl group selec¬ 
tively, followed by exposure of the resultant intermediate (104) to 
NaOH in order to expel the residual hydroxymethyl chain as formal¬ 
dehyde. These conditions also served to cleave the Cbz group resid¬ 
ing on the phenol, thereby generating 70 in 75 % overall yield from 
102. As you might remember, this intermediate had also been 
encountered during the final stages of the first total synthesis of 
diazonamide A.7 Gratifyingly, all its spectral data matched those 
of the compound obtained previously, thus verifying the integrity 
of the developed sequence. As a result, application of the same 
three steps previously employed by the Nicolaou group to complete 
diazonamide A (1) from this advanced intermediate served to finish 
the second total synthesis of this intricate molecule in comparable 
yields to those of the first. Overall, this total synthesis was the 
longer of the two (31 steps in its longest linear sequence), but 
afforded a completely novel solution to its many problems. 

20.4 Conclusion 

Unique and challenging molecular motifs within secondary metabo¬ 
lites have long presented synthetic chemists with golden oppor¬ 
tunities for discovery, whether as a source of inspiration leading 
to creative strategies and tactics or, instead, as a stringent testing 
ground revealing weaknesses in the power of available methodol¬ 
ogy to effectively fashion such complexity worthy of repair. For cer¬ 
tain, diazonamide A (1) is a natural product with several such 
domains, as the completion of the two syntheses described in this 
chapter could not have been accomplished without the development 
of several unique synthetic strategies and complexity-building reac¬ 
tion cascades. Most notable among these are the construction of the 
quaternary carbon center and its adjoining aromatic systems in the 
first synthesis of diazonamide A, and the development of a novel 
SmI2-promoted hetero-pinacol cyclization sequence to create the 
heteroaromatic core in the second. In addition to the challenges 
overcome by these inventive tactics, both syntheses also had to con¬ 
front a series of steps that were nearly impossible to execute due to 
the extreme rigidity of the substrate and the steric shielding imposed 
by its constituent ring systems. Only by the development of creative 

Me 

Me 

Me 
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reagent combinations and new reaction protocols were some of 
these obstacles ultimately overcome. In some instances, the com¬ 
plexity of the architecture of diazonamide A even led to some unex¬ 
pected examples of chemical reactivity, such as the fortuitous oxida¬ 
tion of an indoline to an oxindole during a hydrogenation step. 

Beyond the importance of these contributions to the field of che¬ 
mical synthesis, diazonamide A (1) also holds considerable promise 
as a potential agent for the treatment of cancer. Indeed, preliminary 
biological evaluation of synthetic diazonamide A has provided 
some exciting results, including the observation of single digit 
nanomolar cytotoxicity values against a variety of human cancer 
cell lines of distinct origin, including lines resistant to powerful 
drugs such as Taxol™. Its mechanism of action, though postulated 
to involve stabilization of tubulin, still requires further investiga¬ 
tion. As such, the developed sequences should now render sufficient 
supplies of this scarce natural substance available for the sophisti¬ 
cated assays needed to resolve this pressing question. Indeed, 
their value in this regard is underscored by the fact that efforts to 
acquire additional diazonamide A from Nature have met with failure 
due to an inability to locate its host. Equally significant as generat¬ 
ing stockpiles of the natural product, these routes can also be used 
to construct simplified structural analogues of either of its macro- 
cyclic domains since the pathways towards the target started from 
entirely different directions. Hopefully the synthesis and biological 
testing of such agents will reveal both a clear structure—activity 
profile for the diazonamide class as well as simplified compounds 
that are as potent as the parent natural product. 
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21.1 Introduction 

Up to this point, our discussions of individual syntheses have 
focused almost exclusively on the manner in which given reactions 
or sequences of transformations can convert synthetic intermediates 
into the target molecule. In truth, however, these tell only half the 
story, because the ability to purify and isolate individual compounds 
effectively from unwanted material is just as intimately tied to the 
overall effectiveness and success of a synthesis as the power of 
reagents to effect specific conversions. After all, what reaction is 
useful if it proceeds quantitatively in the flask, but affords the 
desired product in mediocre yield following isolation? Neverthe¬ 
less, synthetic chemists typically discuss most, if not all, elements 
of product separation and purification within the buried confines 
of experimental sections in their articles, and skip them completely 
in book chapters. 

Why, then, is so little attention devoted to a component of synth¬ 
esis that clearly has a high degree of importance? The answer most 
likely lies in the fact that the basic set of tools for separation and 
purification (chromatography, distillation, extraction, and crystalli¬ 
zation) has fundamentally remained the same for the past quarter 
of a century. Therefore, in the absence of a new purification method 
that is truly different from those known, or considered, to be 
“standard” techniques, chemists are far more likely to tout the 
development of a novel synthetic reaction or strategy in their manu¬ 
scripts. 

In order to meet the demands that will be placed on organic synth¬ 
esis in the future, however, there is little question that synthetic 
practitioners will need to develop new purification methods with 

Key concepts: 

• Purification techniques 

• Solid-supported 
reagents 

• Phenolic oxidative 
couplings 
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a range of capabilities that greatly exceed those presently in use.1 
For example, current techniques do not meet all the objectives of 
environmentally benign chemistry since many lead to inordinate 
amounts of waste. Moreover, they are poorly suited for the rapid 
purification of compound libraries formed in minute quantities 
through parallel or combinatorial synthesis. In fact, the ability 
of chemists to solve the latter issue will unquestionably dictate 
the degree to which new therapeutic targets identified through 
genomic and proteomic methods will be exploited in the coming 
decades. 

In this chapter, we will address an emerging synthetic technology 
that may hold the key to addressing both these concerns: the appli¬ 
cation of solid-supported reagents in multistep synthesis.2 As we 
shall see, the creative use of several such immobilized reactants 
enabled Professor Steven V. Ley and members of his group to pro¬ 
secute an inventive strategy towards the complex alkaloid natural 
product (+)-plicamine (1) in an expeditious and high-yielding man¬ 
ner without a single chromatographic, distillation, or crystallization 
step.3 

21.1.1 Solid-Supported Reagents 

If you have had the opportunity to read our discussion on the 
solid-phase total synthesis of epothilone A in Chapter 7, then 
you are already aware of the primary synthetic benefits afforded 
by immobilizing chemical entities onto solid supports.4 Just to 
review, these advantages are the ability: 1) to drive reactions to 
completion by using reagents in excess, and 2) to accomplish 
facile purification because resin-bound materials can be separated 
from those in solution simply through filtration. However, while 
these general advantages are active irrespective of whether it is 
the substrate or a reagent that is immobilized, experience has 
shown that the former is far less general and practical. For 
instance, loading a substrate onto a solid support requires a reac¬ 
tive handle, something that not every compound possesses. More¬ 
over, once that intermediate is attached, it is impossible to monitor 
the progress of the reaction directly through techniques such as 
thin-layer chromatography (TLC). Equally problematic, in the 
absence of a selective method to cleave the final product from 
the resin at the end of a sequence, any partially or improperly 
reacted intermediates will be released into solution at the same 
time as the desired compound. Thus, even though one can rapidly 
generate libraries through substrate-supported synthesis, the final 
products may not be obtained in sufficient purity to enable their 
use in the desired application. 

Fortunately, recent work has shown that supported reagents can 
overcome all these disadvantages and provide some additional 
perks as well.2 To illustrate this point, we will use the reactants 
shown in Figures 1 and 2 to discuss the numerous ways in which 



21.1 Introduction 591 

these entities can be productively employed in chemical synthesis, 
starting with how they can facilitate the sometimes onerous task 
of purification. For the sake of argument, imagine that you success¬ 
fully managed to cleave a 1,3-dioxane protecting group with a pro- 
tic acid to form a ketone (see column figures). As a result, both 
excess acid and ethylene glycol would have to be separated from 
the product in order to obtain spectroscopically pure material. 
One could, of course, apply conventional techniques such as extrac¬ 
tion or chromatography to achieve this objective. In this case, solid- 
supported reagents can accomplish the same task far more quickly 
and with dramatically less waste. For example, any of the basic 
resins listed in Figure 1 could be used to scavenge the residual 
acid, and the electrophilic aldehyde reagent could trap the ethylene 
glycol by providing a more reactive carbonyl handle than a ketone 
for acetal formation. Simple filtration to remove these immobilized 
reagents and their attached by-products, followed by evaporation of 
the residual solvent, would then afford the pure ketone. 

The same general approach can also be applied to sequester pro¬ 
ducts. For example, if one wanted to purify a ketone, the simple diol 
resin shown in the neighboring column figure can be used to capture 
that material through acetal formation. After filtration to remove 
any undesired material still in solution, transfer of the resin to a dif¬ 
ferent flask and subsequent exposure to appropriate conditions can 
then break that acetal apart, releasing the ketone into solution free 
from any of the initial impurities. This and related techniques, 
more commonly termed “catch-and-release” purifications, are parti¬ 
cularly well-suited for reactions that fail to proceed to completion. 
For instance, had this ketone been the product of the oxidation of 
an alcohol, the diol resin would have left any residual starting mate¬ 
rial in solution. Normally, one would need column chromatography 
for such a separation, assuming that the physical properties of the 
starting material and product are sufficiently different for this 
method to work. 
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Figure 1. Selected examples of scavenger resins 
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Qf^NMesRuO? 

2 
(Ley, 1997) 

Q—\ 

(Blechert, 2000) 

(Rademann, 2001) 

Q—SeBr 

4 
(Nicolaou, 1998) 

(Janda, 2000) 

Figure 2. Selected examples of solid-supported reagents and catalysts. 

While the utility of solid-supported reagents in purification can¬ 
not be underestimated, their value as stoichiometric or catalytic 
reagents is, perhaps, even more important, especially since they 
enable synthetic chemists to accomplish several tasks that conven¬ 
tional solution-phase synthesis cannot. For instance, because poly¬ 
mer-bound reagents are isolated (hidden) within the support 
matrix, accessible only to dissolved material and not to other 
immobilized reagents, one can concurrently employ two different 
solid-supported reagents that would be mutually incompatible if 
they were both in solution, such as an oxidant and a reductant. 
Consequently, this property provides synthetic practitioners with 
the ability to execute entirely novel reaction cascades which 
would otherwise be impossible to perform. Apart from new reac¬ 
tion sequences, supported reagents also provide an opportunity to 
execute known reactions with far higher levels of atom economy. 
For example, both the polymer-supported versions of TPAP (2)'’ 
and the hypervalent iodine oxidant IBX (3)6 shown in Figure 2 
can be oxidized back to their active forms following post-reaction 
filtration, and then reused in subsequent oxidations. In standard 
solution-phase synthesis, recovery of these spent oxidants is far 
more laborious. 

Equally important as recycling, problems involved with the use of 
certain reagents can often be completely avoided if they are attached 
to a resin. For instance, the ruthenium alkylidene catalysts typically 
employed to initiate metathesis reactions often decompose into 
darkly colored, metal-containing by-products, unwanted materials 
that sometimes require special protocols to remove and which are 
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capable of causing olefin isomerization within the desired products 
if left behind.7 Neither of these problems are encountered if one 
enlists the services of a ruthenium alkylidene attached to a solid- 
support, such as catalyst 5 developed by the Blechert group, as 
all the metal by-products remain on-bead.8,9 Similarly, the selenenyl 
bromide resin (4) developed by the Nicolaou group in 1998 pos¬ 
sesses all the same synthetic powers as phenylselenenyl bromide, 
but without its noxious odor or high toxicity.10 The short total synth¬ 
esis of peracetyl macrophylloside D (13) shown in Scheme 1 serves 
to illustrate some of the virtues of this polymer-supported reagent.11 
As can be seen, the loading and cleavage steps involving this 
polymer-supported reagent enabled an expedient means by which 
to generate the 2,2-dimethylbenzopyran ring system of the target 

Me 

Me Me 
Me02 „xa: Se 

Me 

Me 

1. NaH, Mel, DMF, 
35 °C, 48 h 

2. LiOH, THF/H20 

(83% 
overall) 

Scheme 1. Use of the polystyrene-based selenenyl bromide resin in the solid-phase total synthesis of 
peracetyl macrophylloside D (13). (Nicolaou, 2000)11 
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molecule from a prenylated phenol starting material (7).* Amaz¬ 
ingly, no significant trace of selenium was detected in solution fol¬ 
lowing the elimination step which excised the final product (13) 
from the support! As such, this compound, as well as 10,000 addi¬ 
tional benzopyran-containing products which the Nicolaou group 
synthesized in a similar manner,12 could be used directly in high 
throughput biological assays without fear of any false positives aris¬ 
ing from residual selenium.13 

Finally, because a variety of materials with far different physical 
properties can be used to immobilize chemicals (such as glass 
balls, clay particulates, or polystyrene), it is possible for chemists 
to tailor both the kinetics of a given reaction and the reactivity pro¬ 
file of the appended reagent. Thus, a nonselective reagent in stan¬ 
dard solution-phase reactions could conceivably demonstrate higher 
fidelity once attached to a support. This concept also means that 
developing new classes of support materials may enable immobi¬ 
lized reagents to accomplish tasks that they presently cannot. For 
instance, one of the long-standing weaknesses of homochiral 
solid-supported catalysts is their general inability to provide the 
same levels of asymmetric induction as their homogeneous, solu¬ 
tion-phase counterparts. Just recently, however, the Janda group at 
The Scripps Research Institute found a means by which to over¬ 
come this problem with a series of novel polyethylene glycol resins 
whose swelling properties permit them to behave as soluble 
reagents in certain solvents, but insoluble, and thus readily filterable 
reagents, in others.14 As a result, their group was able to generate 
the first solid-supported version (6)15 of the standard Jacobsen 
epoxidation catalyst,16 which could accomplish equal levels of 
enantioselectivity as the commercial catalyst, with the additional 
benefit of reuse in several reaction cycles. 

Every synthetic technology, however, has a drawback. For solid- 
supported reagents, it is their cost. If one checks the prices of some 
resin-supported reagents in any commercial catalog, one will find 
that they can be truly exorbitant, especially the newer and more exo¬ 
tic reagents such as those shown in Figure 2. This monetary issue 
can become a major concern if a reaction has to be conducted on 
large scale in which multiple grams of an immobilized reagent 
might be required to drive that transformation to completion. Never¬ 
theless, if this technology is embraced more heavily in the future, 
the law of supply and demand should render these reagents much 
cheaper. And, in truth, the real price of a reagent (or better put, of 
a reaction) is quite hard to calculate. One should, for example, con¬ 
sider the inherent issues of the time that a worker must spend to 

* It is important to note that although several of the intervening steps in Scheme 1 
involve substrate-supported synthesis, had the resin simply been loaded and 
cleaved in the same pot (which works well in practice), then this approach is read¬ 
ily placed under the heading of reagent-supported synthesis. As shown, 4 reflects 
the virtues of both a safety-catch linker (see Chapter 7 for a discussion of this con¬ 
cept) and an immobilized reagent. 
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purify a compound as well as the costs involved in disposing the 
wastes generated by that method, features which solid-supported 
reagents handle beautifully. 

Rather than continue to discuss these reagents along general 
lines, it is time to illustrate their virtues in the most stringent test¬ 
ing ground possible: a complicated natural product whose archi¬ 
tecture dictates a bold synthetic plan of attack if it is to be pro¬ 
duced in the laboratory. That secondary metabolite is (+)-plica- 
mine (1). 

27.2 Retrosynthetic Analysis and Strategy 

(+)-Plicamine (1) was first isolated in 1999 from the plant 
Galanthus plicatus subspecies byzantinus native to northwestern 
Turkey, and, although initial screens have not revealed any interest¬ 
ing biological activity, it is certainly endowed with a highly compli¬ 
cated polycyclic architecture.17 Indeed, even a cursory examination 
of its structure reveals the formidable test that its molecular connec¬ 
tivities pose to the power of modern organic synthesis. As such, 
most synthetic chemists would be highly satisfied if they could 
establish an efficient approach to accomplish its total synthesis. 
From the Ley group’s perspective, however, a successful synthesis 
of (+)-plicamine (1) would not only mean developing an inventive 
sequence, but also finding a way to use solid-supported reagents to 
render that route efficient enough that it could be performed without 
any conventional purification steps. 

Their creative retrosynthetic analysis is shown in Scheme 2, with 
the critical insight being the idea that an intramolecular phenolic 
oxidative coupling could deliver an intermediate appropriately 
functionalized to enable the facile completion of the target. More 
specifically, if an appropriate resin-supported oxidant could oxida¬ 
tively convert an intermediate such as 17 into 16,18 then there 
would be an opportunity to attempt the construction of the remain¬ 
ing ring systems through a substrate-controlled conjugate addition 
of the amide at C-7 onto the proximal Michael system. If these 
steps leading to 15 could be accomplished, accessing (-f)-plicamine 
(1) would then require a stereocontrolled 1,2-reduction of its a,P- 
unsaturated ketone, sequential alkylations to attach the remaining 
functionality, and an oxidation step to generate the C-8 carbonyl. 
Overall, these bold operations appear highly practical and efficient 
on paper, and, equally pleasing, quite feasible based on an exten¬ 
sive body of literature precedent.18 As such, the only remaining 
design element that the Ley group had to consider in advance of 
laboratory experiments was how to obtain 17 as a single stereoi¬ 
somer. Their solution was to rupture 17 at the junction indicated 
in Scheme 2, expecting that a reductive amination of aldehyde 18 
with hydroxyphenylglycine derivative 19 could accomplish the 
construction of this subtarget during the synthesis. In turn, the 

OH 

O 
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Stereocontrolled Conjugate addition 

OH 
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Scheme 2. Ley’s retrosynthetic analysis of (+)-plicamine (1). 

structural homology of 19 and the commercially available 20 
suggested that the latter compound, a member of the chiral pool, 
could serve as a plausible point from which to begin synthetic 
operations. 

Before we analyze how this expedient and creative strategy was 
put into practice, we should comment on why the plan delineated 
in Scheme 2 sought to install the C-8 carbonyl at the end of the 
sequence rather than at the beginning, when it would certainly be 
easier to incorporate. The reason is one of viability because pheno¬ 
lic couplings of the type sought in this case depend heavily on the 
oxidation potential of the substrate (which we shall talk about in 
more detail shortly). For example, the incorporation of an elec¬ 
tron-withdrawing carbonyl group adjacent to that of the reacting 
rings would likely provide a compound unsuitable for the desired 
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reaction.18 In fact, preliminary model studies bore out this conjec¬ 
ture, as the exposure of compounds such as 21 (see column figures) 
to suitable oxidants led only to aziridine products (23), not the 
desired 6,6-spirocyclic system (22).3a 

21.3 Total Synthesis 

Based on the plan delineated above, the Ley group began their 
efforts towards (-f)-plicamine (1) by attempting to synthesize 
advanced intermediate 17, the key precursor for the projected oxida¬ 
tive coupling step. Thus, they first needed to find a way to convert 
L-4-hydroxyphenylglycine (20) into amide 19. As shown in 
Scheme 3, this task was smoothly accomplished by treating 20 
with MeOH in the presence of a Lewis acid catalyst (TMSC1) to 
generate an intermediate methyl ester, mopping up the resultant 
HC1 by-product with the indicated resin, and then adding excess 
methylamine to the reaction mixture to form the amide. Following 
removal of the solvent, these operations afforded 19 in near quanti¬ 
tative yield (>95% purity, determined by LC—MS analysis). 

With the desired amide synthesized, its merger with aldehyde 18 
was then achieved through a typical reductive amination protocol 
using polymer-supported borohydride rather than a more conven¬ 
tional reagent to execute the reduction step that completed the 
assembly of 24. As a result, instead of performing an extraction 
or column chromatography to obtain clean material, simple filtra¬ 
tion of the immobilized reductant, followed by evaporation of the 
solvent, provided 24 in sufficient purity to attempt the final opera¬ 
tion required to complete 17, namely trifluoroacetylation of the se¬ 
condary amine of 24. In general, such a protection requires the 
action of Tf20 and a bulky base like 2,6-di-te/T-butylpyridine.19 
However, because chromatography is often required to remove 
these bases, the Ley group sought to develop an alternate protocol 
using solid-supported bases to accomplish the same reaction and 
avoid this type of purification. To their delight, they discovered 
that a combination of polyvinylpyridine (PVP) and polymer- 
supported 4-DMAP (which served as base and catalyst, respec¬ 
tively) was more than sufficient to enable the synthesis of 17 
upon their addition to a solution of 24 and Tf20 in CH2C12 at 
0°C. Following filtration of the polymer-supported bases and 
removal of the solvent, 17 was obtained in 91 % overall yield 
from 20 (>97 % purity, based on HPLC analysis). Equally impres¬ 
sive as a demonstration of the power of immobilized reagents to 
conduct reactions and achieve purifications, all six operations lead¬ 
ing to 17 from 20 could be performed with equal facility on both 
milli- and multigram scales. 

With a highly efficient route identified for the synthesis of 
advanced intermediate 17, these researchers were now in a position 
to determine whether this adduct could undergo the intramolecular 

OH 

24 
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Scheme 3. Synthesis of advanced intermediate 15 through a phenolic oxidative coupling. 

phenolic coupling required to access the 6,6-spirocyclic product 
(16) essential to the entire sequence. Fortunately, 17 was a willing 
participant when exposed to the shown solid-supported iodonium 
diacetate reagent developed by Togo and co-workers,20 with 
6 hours of reaction in 2,2,2-trifluoroethanol leading to 16. As indi¬ 
cated by the structures of the postulated intermediates shown in 
Scheme 3, the mechanism for this powerful annulation reaction is 
relatively complicated, with the initial step constituting the hyper- 
valent-iodine-mediated conversion of the free phenol in 17 into 
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an electron-deficient radical cation (see 26). Once formed, this reac¬ 
tive intermediate is then engaged at its para position (in terms of the 
starting phenol) by the most electron-rich position of the neighbor¬ 
ing catechol system to accomplish ring formation (27), with a termi¬ 
nating rearomatization step affording the final product (16). Thus, 
this mechanistic picture accounts for why starting materials similar 
to 17 bearing a C-8 carbonyl failed to undergo the desired phenolic 
coupling as discussed above, as that carbonyl would severely deac¬ 
tivate the catechol ring system and retard its ability to engage the 
radical cation of 26.* It also explains why 2,2,2-trifluoroethanol 
was employed as the reaction solvent, since only a highly polar 
reaction media could appropriately stabilize the single-electron 
transfer complex and thereby accelerate the overall reaction rate 
to synthetically useful levels. Perhaps what is equally amazing as 
the realization of this step was that the final compound was uncon¬ 
taminated by any other side products even though its material return 
was not quantitative (16 was isolated in 82% yield). Although this 
outcome would not normally be expected for a reaction that failed to 
go to completion, it is reasonable in this case because the putative 
radical intermediates encountered en route to 16 (i. e. 26 and 27) 
could have reacted with the aromatic rings of the polymeric support 
or its appended functionality.21 As such, their covalent attachment 
to the resin enabled their facile removal. 

Since the formation of 16 was achieved cleanly, the Ley group 
could now explore the ability of its methyl amide to add to the 
neighboring dienone system in a Michael fashion and thereby com¬ 
plete the remaining ring of the target in one fell swoop. Gratifyingly, 
exposure of 16 to a solid-supported version of triflic acid (Nafion- 
H)22 was all that was required. And, with this process creating 15 as 
a single diastereomer in quantitative yield, a subsequent substrate- 
controlled reduction using polymer-supported borohydride then 
served to install the final stereocenter of the target as expressed in 
28 (see Scheme 4) with equal efficiency. 

Having beautifully executed these bold operations, all that 
remained to complete the target molecule (1) from this advanced 
staging area (28) were two alkylations and oxidation of the amine 
group to form an amide. In principle, these tasks could be tackled 
in either order. However, since the previous step had served to 
unveil a nucleophile that could be used in one of the alkylation 
steps, it seemed logical to start with those operations first. As a 
result, the Ley group set out to identify conditions for appending 
a methyl group onto the allylic alcohol of 28 without inducing its 
epimerization or elimination. Following a brief period of screening, 
they found that the use of trimethylsilyldiazomethane and a macro- 
porous sulfonic acid exchange resin in a mixture of MeOH and 
CH2C12 (3:2) could smoothly accomplish that task, delivering 29 
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Scheme 4. Final stages and completion of Ley’s total synthesis of (+)-plicamine (1). 

in 95 % yield. Unlike the other steps shown thus far, this particular 
operation did not prove as amenable to scaling, with decreased 
throughput observed whenever more than 2 grams of 28 were sub¬ 
jected to these conditions. Fortunately, an alternate protocol using 
MeOTf, a polymer-supported version of 2,6-di-f-butylpyridine, 
and thermal activation in the form of microwave irradiation proved 
to be an equally effective method for the clean preparation of 29 
when larger-scale reactions had to be performed.23 As an important 
aside, one should note that whenever a reaction involving solid-sup¬ 
ported reagents or substrates has to be conducted above ambient 
temperature, sharp exposure to heat supplied by microwave irradia¬ 
tion is almost always superior to heating with a more typical source. 
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Not only does prolonged and focused heating often lead to the 
decomposition of most solid-supports, it also typically affords 
numerous side products.2 For instance, when the reaction with 
MeOTf just described was conducted at elevated temperature 
using an oil bath rather than microwave irradiation, significant 
amounts of the elimination product 30 (see column figure) were 
always observed in addition to 29. 

Having effected the first alkylation step, efforts towards the sec¬ 
ond were then begun in earnest by attempting to excise the trifluoro- 
acetate group guarding the amine function of 29. As shown in 
Scheme 4, this obligatory task was accomplished using the basic 
form of a resin known as Ambersep 900 in methanol, with 20 min¬ 
utes of irradiation at 100 °C in a sealed tube microwave reactor lead¬ 
ing to the formation of 31 in 96% yield. Alkylation was then 
achieved by treating this amine intermediate with excess bromide 
14 (synthesized from 32 using a polymer-supported version of 
Ph3P as shown in the adjacent column) in the presence of the indi¬ 
cated immobilized carbonate base at 140 °C. Filtration of this resin, 
followed by a final purification step employing a mercaptoami- 
noethyl resin to sequester the residual traces of 14 still present in 
solution, served to deliver 33 in 90 % yield (>95 % purity). Before 
moving on, one should note that attempts to execute this alkylation 
with any other resin-supported base led to markedly inferior con¬ 
version; stronger bases induced the bromide residue within 14 to 
preferentially eliminate to 4-vinylphenol, and milder bases proved 
too weak to enable efficient conversion of the starting material 
into 33. 

With a means identified to attach this final tether in high yield, 
only a carbonyl group had to be installed at the benzylic C-8 posi¬ 
tion of 33 in order to complete (+)-plicamine (1). Despite the sim¬ 
ply stated nature of this task, this concluding oxidation provided the 
most stringent purification test for solid-supported reagents in the 
entire sequence because no screened oxidant led to a quantitative 
conversion, and many led to a series of by-products. Fortunately, 
a set of conditions was eventually identified that could enable suc¬ 
cess. Thus, as the operation in Scheme 4 indicates, that procedure 
began with the exposure of a solution of 33 in CH2C12 to equimolar 
amounts of Cr03 and 3,5-dimethylpyrazole (a reagent combination 
that we discussed at some length in Chapter 8).24 Following 4 hours 
of reaction at —45 °C, approximately 70% of the starting material 
was successfully converted into 1 in the absence of any additional 
side products. As such, it was now up to solid-supported reagents 
to perform their final task in this synthesis, namely the removal 
of the unoxidized amine starting material, the residual chromium 
salts, and the 3,5-dimethylpyrazole from 1. This chore was accom¬ 
plished using an Amberlyst A-15 resin to sequester both amine- 
containing by-products with a quick passage through a small bed 
of Chem Elut CE1005 packing material combined with 
montmorillonite K 10 clay to excise the metal-containing salts. 
Combined, these operations afforded 1 with a purity greater than 
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90 % (HPLC). An analytically pure sample of (+)-plicamine (1) was 

finally obtained simply by filtering the remaining materials through 

a short plug of silica. As such, this concluding operation has 

brought to a close a highly efficient and creative total synthesis, 
one in which a total of twelve different immobilized reagents 

enabled the assembly of a highly complicated natural product in 

an overall yield of ~40 % without having to employ a single conven¬ 

tional purification! 

21.4 Conclusion 

Although predicting the future is always a risky business, it is prob¬ 
ably safe to say that solid-supported reagents will play an increas¬ 

ingly important role in chemical synthesis during the coming dec¬ 

ades. Indeed, as this inventive total synthesis has elegantly demon¬ 
strated, their ability to drive reactions to completion, sequester 

unwanted by-products, and expedite the general process of purifica¬ 
tion with the production of minimal waste affords several tactical 

advantages over conventional solution-phase synthesis and tech¬ 
niques more commonly employed to isolate synthetic intermediates. 

In their absence, it is unlikely that this insightful and quite synthe¬ 
tically challenging route would have been executed with such amaz¬ 

ing efficiency. As such, this synthesis soundly reinforces the notion 
that only by approaching total synthesis in novel ways, from the 

standpoint of both executing reactions and accomplishing purifica¬ 
tions, can the power of synthetic chemistry reach new heights. 
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E. J. Corey (2003) 

Okaramine N 

22.1 Introduction 

Certain natural products seem destined to become hotly pursued tar¬ 
gets from the very moment their structures are published, with their 

rise to fame assured by their novel molecular architectures and/or 

their unprecedented types and levels of biological activity. Virtually 
every molecule that we have discussed in this book can be classified 
within this special category. In this chapter, however, we will pre¬ 

sent the story of a group of natural products whose ascent to syn¬ 
thetic prominence took a far longer and much less certain course. 

These compounds are the okaramines, a modestly sized family of 
biologically active indole alkaloids isolated over the course of the 

past few years from various strains of Penicillium simplicissum 
by Professor Hideo Hiyashi and his collaborators at the Osaka Pre¬ 
fecture University.1,2 With little question, their most important prop¬ 

erty is their distinctive structure, which, as indicated by the draw¬ 
ings of the selected okaramines shown in the adjoining column, 

includes a common heptacyclic core dominated by the presence of 

a daunting eight-membered dihydroindoloazocine ring. Indeed, 
ever since the first members of this family were identified in 

1988 (i.e. 2 and 3),1 no other group of natural products has been 
isolated with the same assortment of structural motifs. Curiously, 

the architectural uniqueness of the okaramines drew little, if any, 
attention from the synthetic community. In fact, prior to 2003, 

there was no indication that synthetic chemists were even aware 

of their existence, as the primary literature was devoid of any exam¬ 
ples of synthetic studies being directed towards them. Equally sur¬ 

prising, major compilations of natural products did not include 

entries for them.3 

Key concepts: 

• Cascade reactions 

• Indole protections 

• Singlet oxygen 
chemistry 

3: okaramine B 
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With practitioners always sifting the literature for novel synthetic 

targets, it was really only a matter of time before someone would 

notice the okaramines and collect the synthetic treasure that their 

structures seemed to promise. The successful prospectors were Pro¬ 

fessor E. J. Corey and two of his co-workers at Harvard University, 
who, in early 2003, accomplished the first total synthesis of 

okaramine N (I).4 As we shall see, the unique structural domains 
of this target afforded a stringent test of modern synthetic methods, 

an examination so taxing that these researchers had to develop a ser¬ 

ies of entirely novel transformations and creative reaction cascades 

in order to orchestrate their assembly. 

22.2 Retro synthetic Analysis and Strategy 

Before we begin our analysis of the synthetic plan developed by the 

Corey group to attack the structural complexity of okaramine N (1), 

we feel compelled to reiterate that our discussions in this section 
always focus on the key elements of only the final synthetic 

route. As mentioned in the introductory chapters to both this book 

and Classics I, there are two main reasons for this approach. 
First, we feel that it provides the student with a better appreciation 
for the inherent risks and challenges incurred by adopting a particu¬ 

lar strategy than would a more global and broad discussion in the 

absence of specifics. Second, since we can never truly ascertain 
the full retrosynthetic thoughts of the original authors, as these mus- 
ings are often kept private and are typically based on failed experi¬ 

ments that may also not be mentioned, this format might be the only 
reconstruction possible by a third party. Our expectation is that the 

didactic value of all our retrosynthetic sections will supercede their 
potential inaccuracies in terms of how the synthesis was really 

approached. We mention this issue here, rather than elsewhere, 

because the retrosynthetic analysis that we are about to present cer¬ 
tainly does not reflect the original strategy pursued by the Corey 

group towards this target molecule. Rather, it is the final product 
of a number of failed strategies that eventually evolved into a suc¬ 

cessful solution.* So, keeping this “post-synthesis” nature of all of 
our retrosynthetic analyses in this book in mind, we shall now press 
forward with the discussion of the molecule at hand. 

If you have read the chapters on vancomycin and everninomicin 
13,384-1 in this book, then you already know that most polycyclic 

natural products are quite difficult to analyze retrosynthetically 

because they provide an almost limitless number of options for 

how, and in what order, to construct their various domains. Super¬ 
ficially, okaramine N (1) appears to be essentially no different. 

However, it does possess one characteristic that, if recognized, 

* Personal communication with Professor E. J. Corey and Dr. Phil S. Baran. 
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can dramatically limit the size of its retrosynthetic tree. That feature 

is the prominent location of most of its nitrogen atoms at, or near, 

the junctions of its central ring systems, because it suggests one 

could develop a retrosynthetic plan for this natural product using 
only these atoms to instigate their assembly. As the next few para¬ 

graphs will reveal, it was exactly with this general thought in 
mind that the Corey group executed their initial dissections of 

okaramine N (1) to convert it into simpler subgoal structures. 
As even a cursory examination of the general structure of this tar¬ 

get reveals, there are many points where one could begin the pro¬ 
cess of setting such a strategy into motion. Breaking apart either 

of the amide bonds that hold the D-ring diketopiperazine together 
would seem to be an obvious choice of disconnection, as would 

some type of transform that could appropriately unlock the 8-mem- 

bered C-ring. However, as indicated by the initial set of alterations 
in Scheme 1, the Corey group elected instead to focus their attention 
on the stereochemically rich five-membered E-ring, opening it to 

reveal intermediate 6 as a potential synthetic precursor. In the syn¬ 
thetic direction, if singlet oxygen5 could add with facial selectivity 

to the electron-rich C—C double bond of the tert-prenylated indole 
moiety in 6 to afford a reactive epoxide-like electrophile (5), then 
the nitrogen atom in the neighboring ring could likely engage it 

as shown to form 4. Subsequent lysis of the resultant hydroperox¬ 
ide, a task easily accomplished with Me2S,6 would then complete 
the assembly of okaramine N (1). 

At first glance, this proposed photooxidation sequence seems rea¬ 

sonable as singlet oxygen is well-precedented to react with olefins 
to form perepoxides7 such as 5,* and the existing stereogenic center 
in 6 bridging the D- and F-rings should govern the approach of that 

reagent with the correct facial selectivity. Unfortunately, there is one 
major question for its viability: could singlet oxygen be counted 

upon to react only with the isolated C—C double bond of the FG 
indole and not its counterpart in the AB indole system? As a matter 

of fact, because the reverse prenyl group electronically deactivates 
the FG indole as an enophile, the C-2/C-3 double bond of the AB 
indole is the more likely target for singlet oxygen.** So, in order 

* As an aside, singlet oxygen is a highly valuable reagent for diverse applications 
in organic synthesis since it can engage in three completely different, but equally 
useful, types of reactions with alkenes: 1) it can serve as a dienophile in hetero- 
Diels—Alder reactions with appropriate dienes as discussed in some detail in 
Chapter 2 on isochrysohermidin; 2) it can add to olefins bearing an ally lie proton 
through an ene reaction to form hydroperoxides; and 3) it can react with electron- 
rich or strained olefins in [2+2]-cycloadditions to afford disparate types of final 
products. These modes of reactivity are shown graphically in Figure 1, and we 
refer you to several review articles if you wish to learn more about this reagent.5 
The proposed reaction here is a variant of this final mode of reactivity, with the 
perepoxide constituting a likely intermediate en route to the final product of a step¬ 
wise [2+2]-cycloaddition. 
** Although compound 6 bears two other electron-rich C—C double bonds, they 
cannot participate in ene reactions because they lack allylic hydrogen atoms. 

a) hetero Diels-Alder 
reactions 

b) ene reactions 

c) [2+2]-cycloadditions 

Figure 1. Singlet oxygen in 
organic synthesis. 
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Scheme 1. Corey’s retrosynthetic analysis of okaramine N (1). 

for this bold strategy to have any realistic chance for success in the 
laboratory, the Corey group had to identify a way to distinguish 

these two indole systems. Their solution was conventional: attach¬ 

ing a protecting group onto the AB indole of 6 in order to shield 

it from attack by the singlet oxygen. The specific method they 

had in mind to implement this tactic, however, was quite novel. 

Namely, rather than append a protective device directly to the free 
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indole of 6, a task that would be difficult in light of the steric bulk of 

the adjacent C-ring methyl groups, they sought to accomplish the 

required differentiation by protecting its C2-C3 olefin instead. 

This general idea is expressed in Scheme 1 by the presence of the 

generic R groups attached to intermediates 4 and 5, motifs that 
could be installed through the well-established addition of electro¬ 

philes to the C-3 position of indoles.8 Just what that R group 
would be, however, was an important detail, since despite the ability 

of many different electrophiles to react in the desired sense, none 

were known to be subsequently removable. Fortunately, such intel¬ 
lectual challenges often inspire interesting ideas, and, here, the 

Corey group hypothesized that perhaps an appropriate R group 
could be found if the electrophile was added to the indole not 

through a nucleophilic alkylation, but through an ene reaction 
instead. Since these reactions proceed through a pericyclic mechan¬ 
ism, perhaps the addition could be reversed at the appropriate junc¬ 

ture in the synthesis by heating the substrate to promote a retro-ene 
reaction.9 

As shown in Scheme 2, initial probes of this idea using a 
commercially available ene reagent, A-methyltriazolinedione (14, 
MTAD),10 were quite promising. Simply mixing a model indole- 

azocine system (13) with this reagent (14) in CH2C12 at 0°C 
afforded 15 quantitatively in just 1 minute through the ene mechan¬ 
ism drawn in the inset box. Subsequent heating of this urazole pro¬ 
duct at 150 °C for 1 minute in the absence of solvent then accom¬ 

plished the reverse ene reaction to re-form the starting indole 
(13). Thus, this model study not only established a new method 
for how indoles could be protected in general,11 but it also afforded 

more than sufficient proof-of-principle to suggest that the initial dis¬ 
connection of okaramine N (1) to 6 was worth pursuing in the for¬ 
ward synthesis. 

Moving ahead with this analysis, the retrosynthetic sword next cut 
the D-ring diketopiperazine ring of 6 (see Scheme 1) at the indicated 

amide linkage to reveal 7 as a protected amino acid precursor. 
Although the selection of a methyl ester and a 9-fluorenylmethyl 

carbamate (Fmoc) group to protect these new functionalities 

o 

13 14: MTAD 15 MTAD = A/-methyltriazolinedione 

Scheme 2. Reversible ene reaction of a dihydroindoloazocine with MTAD. 
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© 
+ C02 + 

16: (+)-deoxyisoaustamide 

17: (+)-austamide 

might seem arbitrary at first glance, they were critical to a plan to 
convert 7 into 6 in a single operation during the synthesis. For 
example, if 7 was treated with a suitable base to cleave the Fmoc 
protecting group guarding its amine (see column figures), then 
that operation should transform the innocuous nitrogen atom into 
a powerful nucleophile capable of forming the diketopiperazine 
ring directly by attacking its neighboring methyl ester. 

As such, the two general retrosynthetic operations outlined thus 
far have managed to reduce the complexity of okaramine N (1) 
by a total of two rings and two stereocenters, leaving the eight- 
membered dihydroindoloazocine ring as the one obvious synthetic 
challenge to be addressed. The next disconnection sought to tackle 
this lingering problem by projecting that this ring could arise in a 
single step using a novel palladium-mediated reaction sequence 
that had been developed in-house to generate the similar systems 
of the austamides (16 and 17, see column figures).12 Scheme 3 out¬ 
lines the details of this powerful and highly efficient cascade in 
more depth using model system 18 to illustrate its mechanistic 
underpinnings. As shown, treatment of 18 with stoichiometric 
amounts of Pd(OAc)2 at ambient temperature leads to the initial 
insertion of that palladium species at the C-2 position of its indole 
ring in order to generate a reactive intermediate (19).13 This species 
can then engage the pendant C—C double bond through a 1-exo-lng 
Heck cyclization to form a seven-membered ring (20). The alternate 
8-endo-trig Heck reaction would not be expected to occur because it 
would require the attack of the metallated species (19) at the more 
substituted position of the double bond through a much more highly 
strained transition state.14 From this point forward, however, what 
happens to intermediate 20 depends exclusively on the nature of 
the solvent. When that mixture is AcOH and H20, the major reac¬ 
tion product is an eight-membered dihydroindoloazocine (23), a 
compound whose formation can be rationalized as occurring 
through heterolysis of the C—Pd bond in 20 to generate a cationic 
intermediate (21) followed by an energetically favored ring-expan¬ 
sion/elimination sequence. In contrast to this succession of events, 
when 20 is formed in anhydrous AcOH, then only a seven-mem¬ 
bered product (27) is observed. As shown, this compound is the 
likely product of a more conventional, P-elimination-type sequence 
typical of palladium chemistry. 

Thus, this palladium-mediated cascade reaction appeared to pro¬ 
vide a promising indication that the dihydroindoloazocine ring of 
7 could be assembled directly from bisindole 8 (see Scheme 1). 
Nevertheless, this precedent did not guarantee success, as 7 consti¬ 
tuted a far more heavily functionalized substrate than previously 
probed, one which possessed several motifs capable of undergoing 
side reactions under the given conditions (such as a Heck cycliza¬ 
tion between the FG indole and its appended prenyl group). Yet, 
since only one more major surgical cut remained to complete this 
retrosynthetic analysis, obtaining the intermediate (8) required to 
test this potentially problematic, but highly appealing, reaction 
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19: R = PdOAc 
C-PdX 

Heterolysis \ r 

AcOH 
(anhydrous) 

^-Hydride 
elimination 

AcOH/H20 (1:2) Pd(ll) insertion 

Scheme 3. Formation of dihydroindoloazocine 23 and dihydroindoloazepine 27 through a novel 
Pd-mediated cyclization. 

was not expected to be an overly laborious task. That final retrosyn¬ 
thetic operation was the dissection of the amide at the heart of 8 to 
reveal carboxylic acid 9 and amine 10, two equally sized precursors 
whose stereogenic centers and indole rings could be traced to 
L-tryptophan. Indeed, removal of the prenyl side chain from 10 as 
aldehyde 12 indicated that commercially available L-tryptophan 
methyl ester (11) would be a reasonable starting material, while 
indole 9 is obviously a Fmoc-protected version of the same amino 
acid with a reverse prenyl group attached to its indole core. As an 
aside, although the identification of tryptophan-derived building 
blocks to start this synthesis would appear to be a relatively obvious 
design, it is important to note that this decision was, in fact, counter 
to most other synthetic approaches toward related alkaloid natural 
products. A more typical strategy would be to start with an indole 
and then build the remainder of the tryptophan-type fragment 
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Scheme 4. Corey’s retrosynthetic analysis of reverse prenylated indole 9. 

through reactions such as a Vilsmeier—Haack formylation (see 
Chapter 12). 

Before concluding this analysis, a few additional words about 
indole 9 are in order, especially in regards to its attached reverse 
prenyl group. In line with the fact that we have not really discussed 
this motif in any depth before, this functional group is not often 
seen directly attached to a nitrogen atom, although there are prob¬ 
ably numerous instances in which its presence has likely been 
masked by subsequent biosynthetic modifications (for example, 
see structure 3 at the start of this chapter).15 Reverse prenyl groups 
are, however, more often found appended to phenols (see Chapter 17 
for one example), and there are several methods for attaching them 
to either oxygen or nitrogen atoms. The short retrosynthetic analysis 
for 9 in Scheme 4 indicates one of these techniques, namely an N- 
propargylation reaction between propargyl acetate 29 and indoline 
30 to generate 28, followed by partial reduction of its alkyne to 
the corresponding alkene under Lindlar conditions.16 While we 
shall discuss this sequence in far more detail shortly, it is important 
to note that indole itself is not a powerful enough nucleophile to 
accomplish the alkylation, which is why the proposed starting mate¬ 
rial in Scheme 4 is the indoline variant (30) of L-tryptophan rather 
than L-tryptophan itself. Consequently, the adoption of this general 
strategy meant that an oxidation step would have to be executed 
following the synthesis of 28 in order to finalize the structural 
format of the desired building block (9). 

22.3 Total Synthesis 

Although the overall plan that we have just delineated is both bold 
and creative, in order for it to have more than just intellectual 
appeal, it had to translate into a successful laboratory synthesis of 
okaramine N (1). Accordingly, the Corey group began their investi¬ 
gations of its feasibility by attempting to construct the reverse pre¬ 
nylated indole building block (9) along the lines of the generalized 
sequence shown in Scheme 4, a strategy which required the initial 
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4 C02Me 

NHBoc 

NaCNBH3, 
AcOH, 

25 °C, 12 h 
(60%) 

31 

Me Me 

AcO 
29 

CuCI, /-Pr2NEt, 
THF, 80 °C, 8 h 

(95%) 

28 

1. DDQ, CH2CI2, 0°C, 20 min 
2. H2,10% Pd/C, MeOH/ 

quinoline (10:1), 25 °C, 3 h | 

(87% 
overall) 

Scheme 5. Synthesis of reverse-prenylated indole 9. 

construction of indoline 30. As indicated in Scheme 5, this intro¬ 
ductory task was only of marginal difficulty, as it could be accom¬ 

plished in a single step by treating the commercially available N- 
Boc-protected L-tryptophan methyl ester (31) with NaCNBH3 in 

AcOH at ambient temperature.17 This step delivered 30 in 60% 
yield and provided an opportunity to attempt the key reaction of 
the projected route to 9, namely its /V-propargylation. 

Fortunately, conditions pioneered by the Murahashi and Yoko- 

kawa groups for this specific purpose worked quite smoothly 

here.16 In the event, a slight excess of 2-acetoxy-2-methyl-3-butyne 
(29) and a catalytic amount of CuCI in THF were added to a solu¬ 
tion of 30 in THF, and the reaction mixture was then heated at reflux 

(80 °C) for a total of 8 hours. During this prolonged period of heat¬ 
ing, the starting material was slowly converted into the desired pro- 

pargylated product (28) in near quantitative yield (95 %), presum¬ 

ably as a consequence of the mechanism delineated in the neighbor¬ 
ing column. As shown, this sequence commences with the insertion 

of the copper (I) reagent into the terminal position of the alkyne 
reactant (29), an operation that eventually leads to the generation 

of a highly reactive tertiary carbocation intermediate through the 
solvolysis of its acetate group. Direct attack of the indoline nitrogen 

atom (30) at this electrophile or a carbene derived from it (see the 

boxed structure) then completes the assembly of 28. Before moving 

forward, we should emphasize that the mechanism we have just pro¬ 
vided for this reaction is only a reasonable explanation based on 

empirical observations, such as the fact that only terminal alkynes 

Me Me 

t 

Me Me 
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32 

can participate and that the use of substrates with a stereogenic cen¬ 
ter a to the alkyne afford racemic products.16 As a final comment on 
this transformation, it is important to note that even though the 
indoline substrate (30) possessed a second potential nitrogen 
nucleophile, its protection as a Boc carbamate ensured that it was 
too electron-deficient to participate in the reaction. 

With the propargyl group successfully attached, subsequent treat¬ 
ment of 28 with DDQ served to reoxidize its indoline ring back to 
the parent indole heterocycle, and then, as expected, partial reduc¬ 
tion of the resultant alkyne under Lindlar conditions provided the 
reverse prenyl group of 32 in 87 % overall yield. As such, the 
four operations executed up to this point had secured the complete 
architectural framework of the desired subtarget (9), with only a 
protecting group exchange and cleavage of the methyl ester remain¬ 
ing for its completion. These cursory tasks were accomplished over 
two steps, starting with the removal of the Boc group in 32 with 
anhydrous HC1 as generated by mixing SOCl2 and MeOH at a 
slightly elevated temperature (50°C).18 With this initial reaction 
leading to 33 after a basic work-up, subsequent exposure to LiOH 
served to saponify its methyl ester, and then FmocCl and Na2C03 
were added directly to the same pot at 0 °C in order to install the 
desired Fmoc protecting group and complete the assembly of 9.* 
And, perhaps even more exciting than finalizing this fragment (9) 
in 81% yield, the smooth completion of these steps meant that 
efforts could now be directed toward executing the challenging 
reactions that would hopefully construct the rest of okaramine N 

(1). 
As discussed during the planning stages, the next major target was 

bisindole 8, a compound whose synthesis was projected to require 
an initial reductive amination step between aldehyde 12 and com¬ 
mercially available L-tryptophan 11 to generate 10, followed by 
its coupling with 9 (cf. Scheme 1). In practice, these steps did 
lead to the synthesis of 8, but what is perhaps more amazing is 
their execution as a single-pot cascade sequence. The successful 
protocol is shown in Scheme 6, starting with the mixing of L-tryp¬ 
tophan methyl ester with aldehyde 12 in CH2C12 at ambient 
temperature for 3 hours to generate Schiff base 34. Following 
removal of the solvent, all the residual adducts were resuspended 
in MeOH and treated with NaBH4 at 0 °C to complete the reductive 
amination sequence leading to 10. A second solvent exchange back 
to CH2C12, followed by the addition of the reverse prenylated indole 
(9) and the peptide coupling reagent BOP-C1, then accomplished the 
synthesis of amide 8 in 70% yield from 11. As such, this overall 
material return correlated to an average success rate of 89 % for 

* Even though one could envision starting this sequence with the Fmoc-protected 
version of 31 in order to obviate the need for this final protecting-group exchange, 
the conditions of the propargylation step are too strongly basic for this protecting 
group to survive, making this option unviable. 
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Scheme 6. Synthesis of advanced intermediate 7. 

each of the three separate steps accomplished during this one-flask 
operation. 

With the synthesis of okaramine N (1) well on its way, the stage 
was now set to examine whether the proposed Pd-mediated Heck- 
type cascade sequence discussed earlier12 could deliver the eight- 
membered dihydroindoloazocine C-ring. Pleasingly, the potential 
side reactions that could have occurred were not observed, and 
the synthesis of 7 was accomplished in 44 % yield based on recov¬ 
ered starting material (38 % yield of isolated 7) using stoichiometric 
amounts of freshly prepared Pd(OAc)2 in a 1:3.5:1 solvent mixture 
of HO Ac, 1,4-dioxane, and water (the dioxane aids in the solubili¬ 
zation of 8).19 In line with our previous discussions of this multistep 
transformation, almost none of the alternate seven-membered ring 
products were observed at its completion, and, in light of the 
number of events accomplished during this reaction, the formation 
of the dihydroindoloazocine ring of 7 in any yield is particularly 
impressive. Equally important, this palladium-mediated annulation 
was robust enough that it could be performed on a multigram 
scale with no loss in efficiency, thereby ensuring that sufficient 
material supplies were available to probe the final steps of the 
projected campaign. 
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Thus, pressing forward, only two ring systems now remained to 

be engraved onto the established okaramine N (1) scaffold. As 

shown in Scheme 7, treatment of 7 with Et2NH in THF over the 

course of 6 hours achieved the formation of one of these, the D- 

ring diketopiperazine, in 95 % yield. All that remained to complete 

the target molecule (1) from this new compound (6) was the install¬ 

ment of the E-ring and two stereocenters, a task whose accomplish¬ 

ment was expected to require a total of four separate synthetic 

operations: 1) addition of MTAD through an ene reaction to protect 
the AB indole, 2) photooxidation using singlet oxygen to generate a 

perepoxide followed by cyclization to complete the final ring sys¬ 

tem, 3) cleavage of the resultant hydroperoxide, and 4) excision 
of the MTAD group through a thermally-promoted retro-ene reac¬ 

tion. As matters transpired, however, these disparate events could 

all be performed in yet another single-pot cascade! 
The optimized protocol for what is unquestionably the signature 

reaction of this total synthesis began by adding a solution of 

MTAD in CH2C12 dropwise over the course of 10 minutes to a solu¬ 

tion of 6 in the same solvent at 0 °C. This process was quite similar 
to a titration of an acid solution using phenolphthalein as an indica¬ 
tor, since the instant that the pink MTAD reagent was taken up by 

the starting indole to afford 36 (which was quite rapid) the loss of 
its conjugated chromophore led to its immediate decolorization. 

Thus, as soon as any pink color persisted in solution, it was a telltale 
sign that the reaction was complete.* Once this occurred, the 

solvent was exchanged for MeOH, a photosensitizer (methylene 
blue) was added, and then oxygen was bubbled through the solution 

for several minutes. With the reaction media now primed for the 
generation of singlet oxygen, the solution was cooled to —28 °C 

and irradiated with a sunlamp for 7.5 hours, during which time suf¬ 

ficient quantities of this short-lived reactant were produced to con¬ 
vert most of 36 into hydroperoxide 39. Excess Me2S was then added 

directly to this flask at —28 °C to excise the superfluous oxygen 
atom installed by this cyclization sequence, and once sufficient 

time had passed to enable the completion of this essential task lead¬ 
ing to 40, the volatile materials were removed by rotary eva¬ 

poration. The remaining residue was heated in the absence of sol¬ 

vent at 110°C for 30 minutes. These conditions smoothly accom¬ 
plished the retro-ene reaction, expelling the MTAD-based urazole 

protecting group, thereby furnishing okaramine N (1). Overall, the 
final natural product was isolated in 36 % yield from this sequence, 

with most of the remaining material balance constituting recovered 

6; if a yield was calculated based on that fact, this final cascade 

* If more than one equivalent of MTAD was added to this flask, then the tert-pre- 

nylated FG indole system would begin to react with it as well, thereby preventing 
its participation in the required singlet oxygen chemistry. Interestingly, as subse¬ 
quent studies have shown,11 the MTAD addition is best promoted in MeOH. 
Thus, the use of CH2C12 as an alternative solvent here helped to ensure its chemo- 
selective addition to the AB indole by tempering its reactivity. 
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Scheme 7. Final stages and completion of Corey’s total synthesis of okaramine N (1). 
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reaction was prosecuted in 70% overall yield! In truth, though, not 
only was this operation quite efficient, but the entire pathway char¬ 
tered for the synthesis of this natural product was stunningly expe¬ 
ditious since it required only four steps from L-tryptophan methyl 
ester (11). 

As a parting comment before we conclude this chapter, we think it 
is quite important to note that despite the absence of pitfalls or 
failed strategies in our discussion thus far, its apparent smoothness 
belies many of the challenges that these researchers confronted en 
route to its completion. In fact, the failure of many alternate 
sequences defied conventional wisdom. For instance, attempts to 
form the D-ring diketopiperazine from 41 (see column figure) 
under the same conditions as those described proved impossible, 
even though its structure differed from 7 (cf. Scheme 7) only by 
the presence of an already formed EFG system. Altering the site 
of that closure to the other amide bond of that ring as indicated 
by 42 also failed, as did the attempt to attach a reverse prenyl 
group at the end of the sequence onto the F-ring of 43. Accordingly, 
these results serve to illustrate that while the developed route was 
quite inventive, much scouting was required to find suitable sub¬ 
strates for all its bold maneuvers. 

22.4 Conclusion 

Although every chapter in this book reflects the presently sharp 
power of modern synthetic chemistry and the remarkable ingenuity 
of its practitioners, this chapter affords a particularly strong case 
study. As we have just seen, the Corey group developed a sequence 
that delivered okaramine N (1) with a level of efficiency rarely 
accomplished in total synthesis, due, in large part, to the creative 
manner in which they marshaled both known and entirely novel 
transformations into a series of four consecutive reaction cascades. 
Among these powerful operations, the use of a palladium-mediated 
Heck-type reaction to form the eight-membered azocine ring of the 
target and the invention of a new method for indole protection with 
MTAD are especially noteworthy. As such, this elegant synthesis 
reinforces the notion that targeting natural products with complex 
or strange motifs is certain to afford a plethora of opportunities to 
make fundamental discoveries that will advance the science of 
chemical synthesis. 
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- intermolecular 356 
- with an a,(3-unsaturated ketone 87 
Michael reaction/ketalization 

sequence 356 
michellamines A and B 243 
Micromonospora carbonacea var. 

africana 314 
microwave irradiation 600 
1,2-migration 324 
- stereoselective 335 
- using DAST 16, 306, 318, 331 
Mikami’s catalyst 430 
misakinolide A 32 
mitosis 31 

Mitsunobu alkylation 510 
Mitsunobu inversion 386 
Mitsunobu reaction 263, 460, 515, 

520 
mixed anhydride 155 
- isobutyl 283 
- pivaloate 524 
- trifluoroacetyl 28 
- Yamaguchi 157 
Mn02 95, 151 
Mobius strip 552 
model systems 218 
molecular complexity 22, 352 
molecular diversity 2 
molecular modeling 99, 319 
molecular oxygen 453 
molecular recognition 240 
molecular self-assembly 484 
4-A molecular sieves 124 
- to sequester MeOH 26 
molozonide 399 
molybdenum alkylidenes 170, 184 
molybdenum oxide on alumina 166 
MOM deprotection 574 
- on indoles 585 
- using methanesulfonic acid 123 
- using TFA 131 
MOM group 
- lithiation director 123 
MOM protection 
- of a phenol 568 
- of an indole 574 
- of an oxindole 568 
monomethyl malonate 120 
Monsanto catalyst 122 
montmorillonite K 10 601 
Mosher’s ester analysis 192 
MSTFA 157 
Mukaiyama aldol reaction 49, 56, 

60, 62 
- vinylogous 70 
Mukaiyama glycosyl fluoride 

method 348 
Mukaiyama’s reagent 499 
multicomponent reaction 134 
O-mycinosyltylonide 310 
Mycobacterium tuberculosis 

H37Rv 423 
myrocin C 429 

N 
NaBH4 614 
- to reduce an iminium species 

507 
NaBH3CN 478, 523 
NaBH(OAc)3 285, 339 
NaC102 192, 327, 569, 580 
NaCNBH3 369, 613 
Nafion-H 599 

Nagata’s reagent 396 
NaH,P04 409 
NaI04 315, 347, 435 
NaN3 454 
naphtharazin 353 
naphthol ring 432 
(+)-narciclasine 564 
natural products 
- carbohydrate-bearing 302 
- polyether-containing 185 
NCS 
- for electrophilic aromatic 

substitution 572 
Negishi cross-coupling 473 
Negishi reaction 533 
neocarzinostatin 75 
4,6-p-nethoxy phenyl protecting 

groups 311 
neuronal excitation 137 
neutralization with NaH-,P04H20 

361 
nitrile 
- masked 117 
- to an alcohol 132 
nitrile oxide dipole 525 
nitrile oxide 143 
nitrite ester cleavage 450 
nitro group 
- into a chlorine 289 
nitro-activated SNAr 

macrocyclization 255 
2-nitrobenzenesulfonamide 510 
nitrogen 
- electrophilic sources of 279 
nitrones 143 
nitrosamide 255 
nitrosation 
- chemoselective 290 
nitrosolactam 
- pyrolytic fragmentation of 454 
NMR spectroscopy 359, 551 
N-0 bond cleavage 525, 564, 580 
Nocardia orientalis 240 
non-bonding interactions 545 
noncovalent interactions 240 
nonstabilized ylide 474 
nor-ketolactone 378 
norbornene 172 
Norsorex process 173 
nosyl group 
- deprotection 529 
nosylation 267 
- under Mitsunobu conditions 528 
nucleic acids 301 
nucleophile 
- acetylenic 143 
- alkyl 220 
- carbon-based 433 
- dithiane 69, 392 
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- lithium-based 224 
- metallated 454 
- stereoselective addition of 317 
- thiazole 332 
-vinyl 51,387 
nucleophilic addition 
- of an oxazole 560 
- onto an oxime ether 322 
- substrate-controlled 274 
nucleophilic aromatic substitution 

(SNAr) 
- nitro-group activated 247 
nucleophilic attack 
- by indole 371 
- intramolecular 225 
Nysted olefination 155 

O 
okaramine N 605 ff. 
- retrosynthetic analysis 606 
- total synthesis 612 
olefin chains 231 
olefin isomerization 428, 449 
- acid-catalyzed 411 
olefin metathesis 184 
- ring-closing 8, 533 
olefination 
- selective 153 
oligonucleotides 197 
oligosaccharide 301 
- block-type synthesis 308 
- hexameric 305 
- stereoselective synthesis of 302 
olivomycin A 308 
one-carbon extension 332 
open lactol 98 
Oppolzer’s chiral ephedrine 478 
orbital coefficients 430 
orcinol 326 
organozinc reagents 478 
organozinc species 154 
organozinc substrates 473 
orienticin C aglycon 255 
orr/zo-quinodimethanes 
- from sulfones 438 
orthoester 139, 331, 346 
- allylic 339 
- formation of 319, 335 
- into a nucleophilic acceptor 69 
- spiro 314 
- synthesis of 155 
Os04 275, 369, 377 
Os04-mediated dihydroxylation 416 
Os04/NMO 329, 338 
1-oxa-1,3-butadiene 485 
oxalic acid 390 
oxalyl chloride 413 
oxazaborolidines 
- catalyst 374 

Subject Index 

- chiral 373 
- optimization 374 
oxazoles 569, 580 
- as nucleophile 566 
- from ketoamides 559 
oxazolidinone 
-chiral 258,279,289,411 
- cleavage with LiOH 279 
- cleavage with LiOOH 282 
- cleavage with NaBH4 524 
- conversion into a Weinreb amide 

493 
- in aldol reactions 38 
- for (3-hydroxy tyrosine synthesis 

280 
oxazolines 
- from keto-alcohol 566 
- to oxazoles 566 
oxetane 
- four-membered 396 
oxidation 
- alcohol into a carboxylic acid 271 
- alcohol to carboxylic acid 569 
- amine to amide 599 
- carbon atom to an oxime 450 
- DDQ-mediated 214, 228 
- enantioselective 356 
- hydrogen peroxide assisted 228 
- indolene to oxindole 583 
- lactol to a lactone 401 
- selenide to a selenoxide 315, 346 
- of allylic alcohols 233 
- aldehyde to a carboxylic acid 

192, 407 
- oxyamine to a nitro 323 
- phenol to quinone 467 
- selenium-mediated 151 
- site-selective 128 
- stereoselective 506 
- sulfide to sulfoxide 341 
- two-electron 80 
- using IBX 574 
- using TPAP 580 
oxidation-elimination 497 
oxidation/reduction protocol 274 
oxidative addition 433, 500 
oxidative cleavage 333, 435 
- of a 1,2-diol 329 
- of an olefin to a ketone 376 
oxidative coupling 247, 508, 528 
- for biaryl synthesis 258 
oxidative cyclization 284 
oxidative demethylation 430, 437, 

439 
oxidative elimination 502 
oxidative workup 283 
oxidizing reagents 
- sulfur-specific 310 
oxido bridge 151 

3-oxidopyrylium ylide 143, 148 
oxime 274, 563 
oxime formation 450, 524 
- using methoxylamine 

hydrochloride 578 
oxindole rings 537, 572 
oxirane 
- activation of 148 
2-oxo-3-pyrroline dimer 22 
OXONE® 195 
oxonium intermediate 50 
oxophilicity 
- of potassium 360 
oxy-Cope rearrangement 
- anion-accelerated 413 
- dianionic 7 
oxygenation 455, 461 
ozonolysis 50, 141, 153, 192, 323, 

389, 520 
- of an oxyamine 322 
ozonolysis/Wittig-olefination 

sequence 51 

P 
pain 137 
palladium 
- Ph3P as a ligand for 433 
palladium complexes 428 
palladium insertion 497, 500, 543 
palladium reagents and catalysts 

533 ff. 
para-quinone 466 
[7,7]-paracyclophane 182, 466 
parallel synthesis 197 
partial reduction 
- of a cyanide 524 
Paterson aldol reaction 52 
E^SnI pathway 303 
Pauson—Khand carbonylation 142 
Pb(OAc)4 358 
- cleavage 378 
- for diol 378' 
PCC 263, 436 
q3-Pd—allyl template 428 
PDC 120, 399 
Pd2dba3 497 
- lV-methyl-2-pyrrolidine 495 
Pd2(dba)3-CHC13 543 
Pd(dppf)Cl2*CH2Cl2 578 
Pd-mediated coupling 221 
Pd(OAc)2 543, 615 
Pd(PPh3)4 86, 88, 231, 263, 378, 

433, 474, 543 
Pd(PPh3)2Cl2 86, 94 
Pearlman’s catalyst 545, 572, 583 
penicillin 161, 239, 356 
Penicillium simplicissum 605 
pentafluorophenyl diphenyl- 

phosphinate (FDPP) 266 
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4-pentenoic acid chloride 234 
4-pentyn-l-ol 474 
peptide coupling 565, 569, 574, 

247, 252 
- BOP-C1 614 
- using EDC and HOAt 264 
- using EDC and HOBt 269, 284, 

289, 572, 578 
- using HATU and HOAt 286 
- using HOAt and CIP 126 
peptidoglycan 240 
peptidomimetic 182 
peracetyl macrophylloside D 593 
perepoxides 607 
pericyclic process 163, 375 
pericyclic reaction 213, 486 
pesticides 162 
Peterson olefination 155 
pH 369 
Ph3P 
- polymer-supported 601 
Ph3P=C(Me)CHO 193 
Ph3SnH 571 
pharmaceutical agents 161 
phase-transfer catalyst 178 
phenol 
- as a glycoside acceptor 244, 276 
- installation of 283 
- into a methyl group 128 
- silylation of 476 
- to a quinone 93 
phenolate anion 284 
phenolic mesylate 
- alkaline hydrolysis 523 
phenolic oxidative coupling 
- intramolecular 595 
phenyl amide 404 
phenyl sulfoxide 
- as a masked leaving group 416 
phenyl triflimide 543 
phenylacetic acid side chain 139 
3-phenylbenzofuran 578 
phenylselenenic anhydride 523 
phenylselenenyl bromide 593 
phenylselenides 315 
|3-phenylseleno glycoside 330 
phenylselenoglycoside 334 
phenylsulfide 
- anomeric 307 
- reductive cleavage 328 
phenylsulfinate 578 
phenylsulfone 69 
phenylthioglycoside 331 
- NBS-induced hydrolysis of 341 
A-phenyltriflimide 378 
Phillips triolefin process 172 
PhI(OAc)2 101, 401 
PhI(OCOCF3)2 103 
PhNTf2 396 

phomoxanthone A 351 
phorbol 138, 145, 150 
phorboxazoles 42 
phosgene 371, 513 
phosphine ligands 543 
- electronic properties of 435 
- steric bulk of 435 
photoaddition/fragmentation 217, 

225 
photocyclization 552 
photooxidation 607 
photosensitizer 28 
- methylene blue 616 
PhSeH 330 
phthalascidin 650 132 
Pictet-Spengler cyclization 214, 228 
- asymmetric 117 
- diastereoselective 131 
- intramolecular 118, 124 
- mechanism for 116 
- reversibility of 117 
pinacol cyclization 563 
pinacol rearrangement 
- acid-catalyzed 552 
pinene 465 
pinnatoxin A 484 
piperazine ring 126, 133 
piperidine ring 510, 529 
- equilibration of substituents 449 
- trisubstituted 457 
pivaloate ester 
- to an allyl ether 287 
plicamine 589 ff. 
- retrosynthetic analysis 595 
- total synthesis 597 
PMB ether 331, 340 
P(Oi-Pr)3 433 
Polonovski reaction 508 
polyether frameworks 184 
polyketides 162 
polymer synthesis 172 
polymer-bound reagents 592 ff. 
polymer-supported borohydride 597, 

599 
polymerization 
- ring-opening 166 
polyphosphoric acid 454 
polystyrene 197 
polyvinylpyridine 597 
potassium dichromate 445 
potassium ferricyanide 376 
(+)-Prelog—Djerassi lactonic 

acid 38 
preswinholide A 32, 56, 59 
primary afferent sensory 

neurons 137 
primary amide 
- protection of 246 
pro-drug 76 

progesterone 365 
A-propargylation 612 ff. 
propioamidine 
- tautomerization of 21 
(/-PrO)2TiCl2 430 
protecting group arrays 246, 255 
protecting group strategy 322 
protecting groups 
- 9-fluorenyl 118 
- manipulation of 224 
- orthogonal 128, 287 
- orthogonal arrays 480 
- orthogonality in 346 
- over-reliance on 48 
protection 
- using tin acetals 335 
protein biosynthesis 314 
protein farnesyl transferase 382 
protein receptors 137 
prunolide B 351 
pseudoephedrine glycinamide 

222 
Pseudopterogorgia elisabethae 

424 
pseudotabersonine 515 
psycholeine 351, 533 ff. 
Psychotria oleoides 538 
Pummerer rearrangement 413 
purification 589 ff. 
PyBroP® 105 
pyran ring 384 
- rupturing 416 
- synthesis of 6, 50 
pyranone 143 
- syntheses of 145 
pyridine ring 453 
- quaternization of 222 
- synthesis of 22 
pyridine-4-carboxaldehyde 
- methiodide of 130 
pyridine-3-methanol 222 
pyridone ring 18 
pyrimidine ring 
- fully substituted 21 
pyrimidoblamic acid 21 
pyrrolidine 123, 521 
- as nucleophile 263 
pyrrolidinoindoline subunits 535 
pyrroline ring 22 
pyrrolo[2,3-;]isoquinoline 

system 211 

Q 
quadrigemine C 533 ff. 
- retrosynthetic analysis 535 
- total synthesis 539 
quaternary carbons 465, 536 
- formation of 428, 439 
- Tsuji—Trost reaction for 428 
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- via asymmetric Heck reactions 
538 

- vicinal 423, 539 
quaternary centers 216, 317, 362, 

367, 388, 415 
- 5-exo-tet cyclization 578 
- bearing three aromatic rings 565 
- bearing two aromatic rings 560 
- synthesis 552 
- via Polonovski reactions 508 
quina bark 443 
quinine 443 ff. 
- analogues of 452 
- early history of 444 
- Rabe route to 448 
- reaction with H2S04 446 
- reconstitution from 

quinotoxine 448 
- retrosynthetic analysis 456 
- total synthesis 458 
o-quinodimethane 405 
quinol formation 432 
quinol tautomer 356 
quinolates 360 
quinolines 81, 89, 98, 444, 512 
- conversion into 

isothiocyanates 518 
- via the Fukuyama method 517 
- via the Skraup method 516 
quinols 359 
quinone 
- formation of 430 
- masked 425 
- unmasking of 437 
quinone methide 76, 112, 117 
- biomimetic capture of 126 
- formation of 129, 134 
- interception by sulfur 113 
quinotoxine 453 
- synthesis of 452 
quinuclidine ring 444, 456 
- bridgehead nitrogen atom in 453 
- of deoxyquinine 457 
quinuclidine 338, 377 

R 
racemization 
- of amino acids 242 
radical cation 
- formation using hypervalent 

iodine 599 
radical dimerization 
- hypervalent iodine-mediated 541 
radical initiator 440 
- AIBN 344 
- borane-based 527 
radical scavenger 126 
Raney Ni 279, 319 
Ras oncogene 382 

Subject Index 

reaction concentration 360 
reaction conditions 
- modification of 104 
- selection of 46 
reaction protocols 
- optimization of 132 
reaction temperature 369 
Red-Al® 50 
redox exchange 213 
reducing agents 
- chiral 369 
reduction 
- amide to an amine 233 
- asymmetric 373 
- catalytic 373 
- controlled 193 
- cyanide to amine 520 
- ester to an alcohol 263, 328 
- ester to an aldehyde 274 
- lactone to lactol 118, 126 
- methyl ester 566 
- methyl ester to alcohol 120, 

230 
- molecular oxygen to 

superoxide 112 
- nitro group to a hydrogen 258 
- of a ketone 148 
- of an anthraquinone ring 76 
- oxindole to an indolene 578 
- nitro groups to amines 371 
- oximino ester to primary 

amine 452 
- partial 476 
- stereocontrolled 595 
- stereoselective 52 
- substrate-controlled 58 
- using aluminum powder 448 
- using catecholborane 58 
- using NaCNBH3 575 
reduction/oxidation sequence 96 
1,2-reduction 
- of a a,|3-unsaturated aldehyde 

518 
reductive amination 595, 597, 614 
- to install a methyl group 523 
- using formalin and NaCNBH3 128 
reductive cleavage 
- of a N-N bond 26 
reductive cyclization 370-371 
reductive elimination 
- of n-butyl ligands 141 
Reissert-type intermediates 513 
remote substituents 419 
reserpine 429, 449 
resiniferatoxin 137 ff. 
- retrosynthetic analysis 139 
- total synthesis 146 
resins 
- basic 591 

- electrophilic 591 
- polyethylene glycol 594 
- scavenger 591 
- support materials 594 
resolution 
- of racemic acids 446 
resorcinol 183 
retro-Dieckmann reaction 428 
retro-Diels-Alder reaction 19, 

21, 438 
retro-ene reaction 
- of urazoles 609 
- thermally-promoted 616 
retro-Mannich fragmentation 217, 

225 
retro-Michael reaction 428 
retrosynthetic analysis 5, 78, 

163, 606 
reverse prenyl group 601 
- attached to nitrogen 612 
- attached to phenols 612 
tri-reverse-prenylated phenol 

484 
ribosomal machinery 314 
Rieke® zinc 153 
ring closure 
- dehydrative 559 
- 5-ejco-trig 371 
- macrocyclic 469 
- p-TsOH-initiated 69 
- via electrophilic aromatic 

substitution 569 
ring contraction 356 
- reductive 24, 26 
ring expansion 
- oxidative 145, 148 
ring expansion/elimination 

sequence 610 
ring fragmentation 455 
- intramolecular 513 
ring opening 153 
- 4Ti-electron conrotatory 7 
- of quinolines 513 
ring strain 356 
ring-chain tautomerism 399 
ring-opening metathesis 

polymerization (ROMP) 165, 
170, 172 

Robinson—Gabriel 
cyclodehydration 559 ff. 

- using POCl3 and pyridine 580 
- using pyridine-buffered POCl3 

569 
- using Wipf’s conditions 574 
rose bengal 28 
ruthenium alkylidenes 170, 174, 

178, 186, 190, 220, 234, 469 
- polymer-supported 593 
- “second-generation” 205 
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S 
“sacrificial” alkene 440 
safety-catch linker 594 
saframycin 110 
Sakurai reaction 57, 62 
salicylic acid 161 
Sandmeyer reaction 247, 255, 258, 

289, 296 
Sch38516 174, 180 
Schiff base formation 614 
Schmidt rearrangement 454 
Schmidt trichloroacetimidate 

method 348 
Schwartz reagent 390 
SelectFluor™ 306, 312 
selective deprotection 
- of silyl ethers 153, 497 
K-Selectride 339 
L-Selectride 339 
selenation 228, 502 
selenation—elimination 492 
selenenyl bromide resin 593 
selenoxide 497 
selenoxide elimination 337 
self-organization 180 
sensitizing agent 
- rose bengal as 28 
sequence flexibility 316 
D,L-serine methyl ester 565 
SET/disproportionation 452 
Sharpless AA reaction 253, 253 ff., 

261, 267 
Sharpless AD reaction 260, 267 
- facial selectivity of 260 
Sharpless asymmetric 

epoxidation 50, 146 
sigmatropic isomerization, 427 
[3,3]-sigmatropic rearrangement 

375, 382, 435 
silica gel 371 
silyl deprotection 
- using KF-A1203 276 
silyl enol ether 
- formation of 375 
- to create a nucleophile 575 
silyl protection 98 
silylation 
- of a benzylic alcohol 261 
- of phenols 120 
silylketene acetal 415 
single-electron transfer (SET) 354, 

554, 559 
single-electron transfer complex 

599 
singlet oxygen 28, 607 
- addition to a 3,3'-bispyrrole 22 
- ene reaction 607 
- generation of 24 
- hetero-Diels—Alder reaction 607 

- perepoxide synthesis 616 
- via thermal decomposition of 

PPh3-03 29 
Si—O bond cleavage 230 
Skraup quinoline synthesis 448, 

516 ff. 
Sml2 39, 563 
SmI2/DMA 578 
Sn2 displacement 224 
Sn2' reaction 155 
SN2-based dimerizations 233 
SNAr reaction 286 
- nitro-driven 294 
SnCl2 307, 346 
S03-py 390 
SOCl2 575 
sodium hydrogensulfite 
- to reduce an A-oxide 524 
sodium/mercury amalgam 375 
soft nucleophiles 427 
solid support 199 
solid-phase synthesis 197 
solid-supported reagents 
- as stoichiometric or catalytic 

reagents 592 
- cost 594 
- for purification 591 
- support materials 594 
- synthetic advantages 590 ff. 
solution-phase synthesis 197 
solvent polarity 353 
Sonogashira reaction 86, 98, 

533 
- tandem 84 
Sorangium cellulosum 

strain So ce90 162 
sorbicillin 356 
sorbicillinol 356 
sp3 radical intermediates 512 
spiro linkage 117 
6,6-spirocyclic products 598 
split synthesis 197 
split-and-pool 197 
sponges 109, 211 
spongistatins 42 
squalene synthase 382 
squarate esters 7 
stabilized ylide 193 
7r-stacking 98, 563 
Staphylococcus aureus 239, 314 
Staudinger reduction 457, 460 
Stephens-Castro reaction 86 
stepwise approaches 369 
stereocenters 
- a to carbonyl groups 191 
stereocontrolled synthesis 146 
stereotriad 37, 40 
steric repulsions 
- transannular 218 

steroid framework 187 
steroids 438, 465 
Stille reaction 24, 221, 231, 252, 

533, 543 
- and atropisomerism 243 
- Me4Sn 128 
- tandem 84, 99, 536 
Stille/Diels—Alder sequence 235 
stoichiometry 369 
Stork—Zhao protocol 396 
strategy redesign 401 
Streptomyces sp. No9885 489 
Streptomyces orientalis 240 
streptonigrone 17 
structure proof 551 
structure-activity relationships 

(SAR) 132, 188 
strychnine 370, 449 
styrene 259 
substrate preorganization 182 
substrate-supported synthesis 594 
sulfene 404 
sulfonamides 254 
sulfonic acid exchange resin 599 
A-sulfony 1-1 -aza-1,3-butadiene 18 
sulfur nucleophile 117 
sultams 
- chiral 191 
supramolecular structure 180 
Suzuki reaction 24, 82, 88, 252, 

263, 296, 500, 575, 578 
- acceleration with a thallium 

base 500 
- 7T-allyl 495 
- and atropisomerism 243 
- asymmetric 252 
- at ambient temperature 533 
- sp3-hybridized reactants 534 
- tandem 243 
- to form biaryl linkages 565 
- with Me2B303 502 
Swern oxidation 53, 92, 98, 129, 

233, 333, 339, 460 
Swern reagent 129 
swinholide A 31 ff. 
- retrosynthetic analysis 46 ff. 
- total synthesis 50 ff. 
symmetrization 386 
syn elimination 155 
1,3-syn reduction 62 
- diastereoselective 495 
sy«-qJ-crotyl palladium complex 

433 
sy«-[Pd(q3-crotyl)]L2 433 
syrc-pentane interaction 37 
synthetic colorants 560 
synthetic strategies 5, 163, 369 
- development of 188 
- dimerization-based 354 
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T 
tandem aldol coupling 42 
tandem deprotection/oxidation 

578 
tandem olefination 233 
tandem protection 495 
tandem reaction 24, 29, 369 
target selection 2 
target-oriented synthesis 241, 387 
tartaric acid 446 
tautomerization 
- keto-enol 448 
Taxol™ 31, 161, 470, 489, 563, 586 
TBAF 
- buffered 338 
TBS deprotection 
- to a hydrogen 577 
- using TBAF 577 
TBS group 
- selective lysis of 459 
TBS migration 344 
TBS-acetylene 86 
Tebbe olefination 155 
Tebbe reagent 170, 184 
TEMPO 401 
terpenes 465 
tertiary alcohol 372, 575 
- protection of 344 
tertiary amine 
- to an iminium ion 376 
tetrahedral intermediate 224 
tetrahydro-y-carboline 485 
tetrahydroisoquinolines 110, 113 
- construction of 126 
tetrahydropyran ring 32 
1.1.4.4- tetramethoxy-1,3- 

butadiene 25 
tetramethylfluoroformamidinium 

hexafluorophosphate 328 
tetramethylguanidinium azide 

(TMGA) 280 
tetrapyrrolidinoindoline 

alkaloids 536 
1.2.4.5- tetrazine 24 
1.2.4.5- tetrazine-3,6-dicarboxylate 

19 
tetrodotoxin 429 
thallium(III) nitrate 247 
thermal activation 469 
thermal equilibration 
- of atropisomers 269, 286, 

296, 480 
thermodynamic control 117, 275 
thermodynamic equilibration 436 
thermolysis 
- of an acetal 485 
thexylborane 52 
thiazole ring 188 
thiazoles 559 

Subject Index 

thin-layer chromatography 
(TLC) 590 

thioamides 512 
thiobutenolide 411 
thiocarbonyl 
- to a carbonyl group 282 
1,1 '-thiocarbonyldiimidazole 

92 
thiocyanate 289 
thioglycoside 310 
- oxidative release of 331 
thioisocyanate 282 
thiolate 
- unmasking of 129 
thiols 
- protection for 118 
thiophosgene 513 
THP ether 519 
Ti(Oi-Pr)4 50 
TiCl4 575 
timing 
- of reagent addition 369 
tin acetal 321, 331, 527 
- for benzyl protection 260 
tin acetal methodology 325, 328, 

335, 339, 341, 344 
TIPS ether 328 
titanium 
- oxophilicity of 432 
titanium chelate 54 
titanocene 184 
TMGA 289 
TMS ether 
- cleavage of 367 
- cleavage with PPTS 495 
- selective excision 86 
2-TMS-thiazole 332 
TMS-acetylene 86 
TMSCFEt3N 94 
TMSI 271 
(/?)-Tol-BINAP 545 
torreyanic acid 354, 358 
tosylate 
- displacement of 216 
- reductive removal 325 
tosylate deprotection 
- using liquid NH3 547 
tosylation 528 
total synthesis 
- actual progression of 381 
- appeal of 236 
- barometer of 162 
- dimerization-based 352 
- uncompromising nature of 107 
- vitality of 1 
TPAP 153, 342 
- polymer-supported 592 
TPAP/NMO 192, 339 
traceless release 201 

trans-3-penten-2-one 430 
transamination 130 
-oxidative 118 
transannular activation 105 
transannular cycloaddition 486 
transesterification 525 
transglycosidases 240 
transition state 
- acyclic 36 
- atropisomeric 478 
- cyclic 36 
- for aldol asymmetry 38 
- for Diels—Alder reactions 488 
- for orthoester formation 347 
- open 38, 56, 70 
- organized 180 
- six-membered 476 
transmetallation 283, 372, 476, 

543, 575 
triazene 249 
- conversion into a phenol 250 
- exchange for iodine 271 
trichloroacetimidate 244, 274, 308, 

316, 320 
- formation of 275 
- from a lactol 330 
trichloroacetonitrile 275, 308, 330 
2,4,6-trichlorobenzoyl chloride 62, 

105, 155 
trichoderma sp. USF-2690 356 
trichodimerol 351 ff. 
tricholoroacetimidate 
- formation 334 
tricolorin A 175, 180 
triflate 
- removal of 89 
- removal with CrCl2 101 
triflic acid 
- polymer-supported 599 
triflic anhydride 311, 342, 597 
trifluoroacetamide 
- deprotection 286 
trifluoroacetate deprotection 529, 

601 
trifluoroacetate protection 
- of a tertiary alcohol 528 
trifluoroacetic anhydride 507 
1,1,1-trifluoroacetone 195 
trifluoroacetylation 597 
1,1,1 -trifluorodimethy ldioxirane 

195 
triggering systems 75 
triisobutylaluminum 166 
1,3,5-triisopropylbenzene 20 
triisopropylbutyl aluminium 126 
1,2,4-trimethoxybenzene 430 
trimethylorthoformate 415 
trimethylsilanol 230 
trimethylsilyldiazomethane 599 
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