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Foreword 

Despite the fact that the art of total synthesis and the rationale for its pursuit as a 

scientific endeavor have changed over the last century, its fundamental nature as an 

opportunity for discovery and invention has not. Arguably, no avenue within the realm 

of the chemical sciences demands from, and provides to, its practitioners so much. The 

reason for the never-ending wealth of knowledge derived from such endeavors lies 

within the beauty and diversity of Nature’s molecules, each of which places its own 

demands, challenging the suitor in terms of three dimensional and, often, sensitive 

molecular complexity. For instance, stunningly unprecedented molecular motifs are 

certain to inspire, and often require, the development of new synthetic methods and 

creative strategies and tactics for their laboratory construction. Equally likely, such 

structural domains can serve as stringent testing grounds revealing weaknesses in the 

power of existing synthetic technologies to effectively fashion such complexity, and thus 

provide impetus for further sharpening of the tools of the art. To be sure and despite our 

present sophistication as synthetic artisans, however, we still cannot predict with 

absolute certainty the outcome of our ideas regarding a particular synthetic scheme. 

It is within this arena where Dead Ends and Detours - Direct Ways to 

Successful Total Synthesis, for it lucidly presents many of the unexpected pitfalls, 

challenges, and failures that accompany every original research plan in total synthesis. 

Indeed/it is in the name of originality that we face the most unknowns and the highest 

risks. There is no denying that the science of chemical synthesis, despite its present 

power, leaves much to be desired as compared to the reach of Nature. Empowered by a 

clear and highly appealing pedagogical format, the authors beautifully illustrate the 

creative nature of synthesis by carefully explaining a number of synthetic downfalls 

followed by a series of inventive solutions developed by some of its leading 

practitioners. As such, this text effectively illustrates the dynamic quality of synthesis, 

and more specifically, it demonstrates how strategies seeking to access a given target 

molecule are often in a constant state of evolution as obstacles are encountered and 

practitioners exercise their creativity in efforts to overcome them. This feature of 

constant struggle to surmount obstacles, coupled with serendipity, is often under- 

appreciated even though it is pivotal for invention, discovery, and, dare we say, 

adventure and excitement in chemical synthesis. 

Thanks are certainly due to Sierra and de la Torre for bringing this key element 

of the endeavor into stark relief in a new format. Students, teachers, and researchers 

alike should benefit from this text, which should also serve to inspire the next generation 

of synthetic chemists in their quest to develop even more powerful and predictable 

strategies to solve the puzzles discussed within this volume and others like them. 

Ultimately, such endeavors should turn dreams into reality much to the benefit of 

chemical synthesis and society at large. 

K. C. Nicolaou 
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Preface 

Is organic synthesis dead? Are we relegated to serve as simple technicians for other 

magnificent disciplines such as bioorganic chemistry, nano technology, material 

chemistry, genetics, and proteomics? Does this mean that we can produce any molecule 

a la carte? Apparently, this is the impression that others seem to have of us - (the proud 

people working in organic chemistry) - in the 21st century: namely that we are able to 

produce any molecule they require at any time. But, the happy truth is that “no”, a lot of 

thinking and man-hours are necessary to prepare even the simplest molecules. 

Organic synthesis is not only a living discipline, still more it is the key science 

for the development of the world in this, rather young, century. Who else than us know 

how to produce molecules? We are not the architects of the nano-world but we are the 

humble masons that designed and built these structures that are the nano-world. We are 

not the magic doctors able to cure diseases from all around the world, but we are the 

people able to prepare the molecules that produce the miracle. Organic synthesis is the 

central discipline in modem science and technology. However, in spite of our respect for 

our work, our knowledge in preparing molecules is still very limited. This is why we are 

still here, trying to understand and, like the phoenix, arising from our mistakes and 

failures and more than anything else having a need for knowledge. 

The aim of the book is to present and leam from failures, to achieve a synthetic 

target by a well-designed route. The knowledge, effort, enormous amount of work and 

aptitude, which reside behind the magnificent achievements of modern organic synthesis 

are contained in each single synthetic step of the rather many schemes in the book. 

We tried to keep the references to a minimum. It is not the goal of this book for 

the reader to become lost in a wast collection of chemical literature. Other books and 

primary literature contain the necessary information for understanding the chemistry in 

this work. Please read this book as a novel about a journey that is just beginning. Is 

organic synthesis dead? The answer is up to you. 

September 2004 Miguel A. Sierra 

Maria C. de la Torre 
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Chapter 1 

Introduction: From the Paper to the Laboratory 

Seven years ago we began to write a long article for Angewandte Chemie International 

Edition [1] pointing to an aspect of modern organic synthesis that, in our opinion, had 

been neglected: the difficulties in reaching a synthetic target. The introduction of that 

article said much of the current chemical literature deals with the synthesis of organic 

molecules or describes the development of methodology for organic synthesis. The 

achievements of synthetic methodology are impressive and the most complex molecules 

are, in principle, accessible. From the beginning of the 90’s a feeling has been spread 

throughout the chemical community about the maturity of this branch of chemistry, and 

today terms such as atom economy, highly efficient homogeneous and heterogeneous 

catalytic transformations, combinatorial chemistry, and so on, are frequently used when 

talking about organic synthesis. 

. Great optimism arises from the chemical literature when describing how the 

molecules are synthesized. It seems that our ability to devise synthetic routes has become 

infallible, and that even the most complex target molecules are prepared without 

apparent effort. Is this always true? or is a lot of effort still necessary to make every step 

in a multi-step synthesis possible ? The readers of papers that describe the preparation 

of organic molecules are very familiar with sentences such as “after extensive 

experimentation it was found, to our delight, the reaction worked nicely", and other 

examples thereof. Apparently, to go into detail about the failures or to discuss all the 

unfruitful approaches, decreases the beauty of the synthetic route reported. Therefore, it 

is not often easy to recognize when the synthesis has developed as planned. In the 

meantime a lot of useful information may be lost. The aim of this work is to look at the 

total synthesis from a different point of view. We will focus on the detours from the 

original synthetic plan, the dead-ends that may arise at specific steps of a total syn thesis, 

as well as the thinking involved in solving the problems en route to the synthetic goal. 

Often, the final route is at least of equal beauty to that originally planned. The selection 

of problems discussed below has been extracted from papers that explicitly expressed the 

failure of the original plan, and the evolution to the final successful (or in some cases 

unsuccessful) solution of the problem. 
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4 1 Introduction: From the Paper to the Laboratory 

“failed” reactions often lead to results which are not clean. These are usually described 

in papers as giving “decomposition of starting materials” or complex mixtures of 

products”. For those involved in Organic Synthesis such reactions seem to occur far too 

often! From such experiments conclusive and/or publishable information is difficult to 

glean. Reporting of results in this fashion, while being honest, does not provide much 

information from which the reader can learn and is often avoided. Second: often 

Organic Synthesis relies on luck! It doesn 't matter how well planned a synthesis is, the 

route is nearly always going to have stages which are risky and predictably so, in 

advance. Such risks are assessed in the planning stages before undertaking synthetic 

work. It may sometimes be judged that a very high-risk strategy may offer significant 

potential benefits, which warrant investigation. Failures of high-risk work may go 

unreported as with the benefit of hindsight they may look to have strayed across the 

border between courageous and foolish! 

The second different point of view against reporting excessive details about 

failures was written by Danishefsky: Before relating a few of these episodes (referring to 

the synthesis of some of the many molecules synthesized in his group), some important 

cautionary notes and attributions are in order. For those schooled in the art (of Organic 

Synthesis), there will be little need for either. The experienced practitioner is well aware 

that the pathways of synthesis are circuitous, bumpy, and even treacherous. Seldom do 

straight lines suffice to connect points in a synthesis of real consequence. Hence, the 

seasoned chemist will appreciate that along with these “magic moments ” of success, one 

could have reported a litany of setbacks and reversals. However, for younger and more 

optimistic enthusiasts, it is appropriate to underscore the uncertainties, the detours and, 

yes, the frustrations associated with Organic Synthesis. Success is often a prize resented 

for those who temper noble ideas with appropriate measures of realism and skepticism. 

Given the episodic nature of our science, wisdom may well be more valuable than 

cleverness. The ability to plumb the implications of each experiment, positive and 

negative, is central to the process of learning as we go along. Our quest to reach the 

promised land should not render us insensitive to opportunities for discovery, even as we 

find our way through the desert [5]. 

We are going to try, through this book, to show how the difficulties encountered 

in a total synthesis, lead to an increase in knowledge. Much has been learnt during the 

seven years after we commenced the work from which this book is derived. We still 

believe that the difficulties encountered, while implementing many synthetic routes in 

the laboratory, are not due to any intrinsic unpredictability of this science. This is an idea 

that may arise from this book, but is far from reality. We are going to discuss superb 

synthetic achievements and the idea is not unpredictability but necessity for knowledge. 

Organic synthesis is still very far from becoming a closed science. The words written by 

Corey [6]: In many respects, the development of the synthesis of okaramine N was 

similar to finding a way up a vertical cliff that offers just a limited number of small 

cracks and handholds, clearly demonstrate our necessity for knowledge to increase the 

number of cracks and handholds available to climb any vertical cliff, present or future. 
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Chapter 2 

Tuning-up, Tactical and Strategic Changes 

The experimental realization of a synthetic route may encounter different problems 

leading to changes in the original scheme of synthesis. These changes may be included 

in the three following cases: 

• The optimization of the reaction conditions required to effect a synthetic step. 

• A tactical change. 

• A strategic change. 

The search for the appropriate conditions required to effect a specific transformation is 

routinely done in any chemistry laboratory. A tactical change assumes in many cases a 

significant detour from the plan, but without dropping the overall synthetic scheme. A 

strategic change means that the planned synthetic route is not viable; subsequently it has 

to be redesigned. On many occasions this implies starting the synthesis again from the 

very beginning. 

2.1 Tuning-up Reaction Conditions 

The nature of chemical work obliges one to tune up the reaction conditions of a single 

transformation in most cases. However, the exception is the situation in which adequate 

reaction conditions are not found, and the optimization of a pre-determined synthetic 

transformation does not cause deviations from the original plan. Nevertheless, it is time 

consuming. The requirement to carry out several attempts in an advanced intermediate in 

the synthesis of a complex molecule, often involves going back and preparing more 

material from an earlier intermediate. The following example illustrates how difficult it 

was to tune up the, apparently simple, oxidation of a primary alcohol to the 

corresponding carboxylic acid in the presence of a labile dithiane moiety. 
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8 2 Tuning-up, Tactical and Strategic Changes 

2.1.1 (+)-13-Deoxytedanolide [1] 

OH r 

Target relevance 

The 18-membered macrocycles (+)-tedanolide 2.1 isolated [2] from the Caribbean 

sponge Tedania ignis, and (+)-13-deoxytedanolide 2.2 isolated [3] from the Japanese sea 

sponge Mycale adhaerens exhibit significant antitumor activity. 

Synthetic plan for the final stages of the synthesis 

(+)-13-deoxytedanolide 2.2 would arise from seco-acid 2.3 that would be available via 

the union of dithiane 2.4 with iodide 2.5. The synthetic planning calls for a high-risk 

epoxidation of C18-C19 olefin at a late stage of the synthesis. Furthermore, the dithiane 

moiety of 2.3 should be kept during the macrocyclization event, to prevent the potential 

ketalizations with the Cl5 and C29 hydroxyls (Scheme 2.1). 
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Predictable problems 

• Stereoselectivity of the building of the epoxide moiety of 2.2. It was expected to 

solve this potential problem by using the director effect of the Cl 7-hydroxyl 

group. 

• (+)-13-Deoxytedanolide 2.2 has six epimerizable centers that may be affected by 

the reaction conditions during the latter steps of the synthesis. 

• Seco-acid 2.3 will derive from alcohol 2.4. The oxidation of the alcohol group 

should be performed in the presence of the oxidation-sensitive dithiane moiety. 

Synthesis 

Step 1. Joining the alcohol 2.4 and iodide 2.5 (Scheme 2.2): This step assembles the 

fully elaborated backbone of (+)-13-deoxytedanolide 2.2. Compound 2.6 was obtained in 

a 75% yield by generation of the dianion derived from 2.4 by treatment with tBuLi, 

followed by addition of a slight excess of iodide 2.5. 

OSEM z 

2.5 

Scheme 2.2 

Step 2. Oxidation of the Cl primary alcohol of 2.6 to the corresponding carboxylic acid 

2.7 (Scheme 2.3): This is a critical step that will be effected in 2.6 and it should maintain 

the oxidatively labile dithiane moiety intact. According to the authors the exhaustive 

screening of the standard arsenal of oxidants proved unrewarding [4], 
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OSEM r r 9SEM : ? 

Scheme 2.3 

Therefore, a variant of the Sml2 promoted Evans-Tischenko reduction specifically 

developed for this step, was used. The Parikh-Doering oxidation of alcohol 2.6 yielded 

the corresponding aldehyde 2.8 (Scheme 2.4). Treatment of aldehyde 2.8 with 35 mol % 

Sml2 in the presence of (3-hydroxy ketone 2.9 afforded the ester 2.10 as a diasteromeric 

mixture. These specifically developed conditions achieve the oxidation of the aldehyde 

at Cl by reducing the carbonyl ketone group of 2.9 (this is an internal oxidation- 

reduction couple like the alcohol-ketone pair used in the Oppenhauer oxidation [5]). 

Scheme 2.4 
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The synthesis of (+)-13-deoxytedanolide 2.2 was completed (Scheme 2.5) by acetonide 

removal on 2.10, which resulted in the concomitant loss of the DEIPS-group, followed 

by Yamaguchi macrolactonization [6]. Now, with three free hydroxyl groups C15, C17 

and C29, it was anticipated that the bias of the macrolactonization would be highly 

favorable for the C29 alcohol. In fact, macrolactone (+)-2.11 was obtained. Functional 

group manipulation led to 2.12 in which critical epoxidation had to be undertaken. 

Treatment of 2.12 with MCPBA/NaHCO^ yielded the desired epoxide with high 

stereoselectivity (> 15:1 favoring the required a-epoxide). (+)-13-Deoxytedanolide 2.2 
was obtained by removal of the protecting group of the silylated alcohol (TBAF/wet 

DMPU). 

2.2 (+)-13-deoxytedanolide 2.12 

Scheme 2.5 

Evaluation 
The difficulty in achieving the a priori compromising oxidation step was not 

documented. However, the oxidation of an alcohol to a carboxylic group required 

developing a set of specific conditions to be used in a single intermediate 2.8. No 

changes in the synthetic planning derived from this fine-tuning of an oxidation 

(2.8—>2.10), although undoubtedly a lot of effort was required. Nevertheless, no further 

comments about this extremely important topic will be made in this book, since it falls in 

the area of routine synthetic work. 
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Key synthetic reaction 

Yamaguchi macrolactonization protocol: Activation of the carboxyl group of an hydroxy 

acid using 2,4,6-trichlorobenzoyl chloride to form a mixed anhydride followed by 

lactonization in the presence of DMAP [6]. Usually, high dilution conditions are 
required. 

OSEM r r OSEM - r 

2.2 Tactical Changes 

A planned transformation may occur in an undesired sense or may not take place at all. 

Therefore, a detour should be taken to avoid the problematic step. The detour usually 

incieases the number of synthetic steps. Alternatively, it may force the recommencement 

of the synthesis from an earlier intermediate to introduce the necessary changes in order 

to succeed in the stubborn transformation. A tactical change is then a detour or a 

drawback to the original synthetic plan, but not a change in its essence. The following 
examples illustrate this point. 
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2.2.1^ (+)-Taxusin [7] 

OAc 
BzNH O 

OAc 

2.15 (+)-taxusin 2.14 taxol 

Target relevance 

The taxane diterpenes isolated from yew trees [8] exhibit promising activity against a 

number of human cancers (taxol, 2.14). Other natural taxanes exhibit multidrug 

resistance reversing activity. The similitude of taxusin 2.15 with these compounds makes 

it an attractive target for synthesis. 

Synthetic plan for the final stages of the synthesis 

The access to (+)-taxusin 2.15 was planned from the tricyclic intermediate 2.16 by 

introduction of the C19-Me group via the selective cleavage of cyclopropane 2.17. After 

accomplishing the task of placing the C19-Me group, the exo-double bond will be 

introduced on 2.18 to yield (+)-taxusin 2.15 (Scheme 2.6). 

OAc 

2.18 

O 

Scheme 2.6 

Predictable problems 
Tricyclic ketone 2.16 is designed to allow the introduction of the C19-Me group from 

the sterically less demanding convex p-face. The methylenation of ketone 2.18 (X = 

OAc) had been already reported by Holton [9]. Therefore there are not, in principle, 

predictable problems at the late stages of the synthesis of (+)-taxusin. 



14 2 Tuning-up, Tactical and Strategic Changes 

Synthesis 

Step 1. Introduction of Cl 9 Me-group (Scheme 2.7): 

O 

2.16 

OTES OTES 

Scheme 2.7 

The synthetic manipulations needed to place the C19-Me of the tricyclic skeleton of 

taxusin started with the reduction of the C13 keto group of 2.16. This transformation was 

achieved by using the bulky hydride Li(r-BuO)3AlH. The reduction produces the a- 

alcohol, as expected from the attack of the hydride from the less hindered convex |3-face. 

O 

1. LiAIH(0-f-Bu)3 
THF, rt 

2. TESOTf, lutidine 
DCM, -23 °C 

OTES 

DIBALH, DCM 
-78 °C 

(87%, from 2.16) 

OTES 

1. ZnEt2, CH2I2, 

Et20, rt 

2. PDC, DCM, 4A-Ms 

rt, (68%, 2 steps) 

OTES 

Scheme 2.8 
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The rg^ulting alcohol was protected as its TES-derivative to yield 2.21 and the pivaloyl 

ester was removed using DIBALH to form the substrate for the cyclopropanation, the 

alcohol 2.22. We should remember that the cyclopropane will become the C19-Me after 

ring cleavage. The cyclopropanation was effected by reaction of 2.22 with Et2Zn/CH2I2 

and the free alcohol oxidized with PDC to yield 2.20. The cyclopropanation reaction 

produced as predicted, exclusively, the (3-isomer (Scheme 2.8). 

Dauben’s protocol [10] to install an angular Me-group involves the ring cleavage of a 

bridging cyclopropyl ketone. Exposure of tetracylic ketone 2.20 to the standard Birch 

conditions (Li/rBuOH/NH3(liq/THF, -78°C) followed by acid quenching (NH4C1) 

produced the smooth cleavage of the cyclopropane ring. However, the desired ketone 

2.19 was not obtained. Instead a very unstable product was detected, for which a 

hydroperoxide structure 2.23 was assigned. Treatment of the reaction mixture with Me2S 

gave the stable triol 2.24. It is clear that the transannular cyclization of the intermediate 

enol 2.25, generated during the Birch cleavage of the cyclopropane 2.20, occurred in the 

presence of traces of air. The further reduction of the hydroperoxide 2.23 by the Me2S 

formed the triol 2.24 (Scheme 2.9). 

2.20 2.25 2.23 

OTES OTES 

O 

2.19 2.24 

Scheme 2.9 
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Two additive factors may account for this unexpected failure of tetracyclic ketone 2.20 
to produce the needed ketone 2.19. First, the protonation of the enol 2.25 by the concave 

a-face, which would lead to 2.19, has to be highly disfavored due to strong steric 

hindrance. Second, the protonation by the convex P-face of 2.25 should form ketone 

2.26 having the bulky TESO-group proximate to the six-membered C-ring. 

Subsequently, the enol evolves through an alternate reaction pathway or simply 

decomposes (Scheme 2.10). 

Scheme 2.10 

The simplest solution to the above problem is to remove the bulky C13 protecting group. 

Thereafter, the directing ability of the alcohol group positioned between the A and C 

rings will effect the needed a-protonation. In fact, when 2.20 was treated with TBAF 

and the free alcohol 2.27 was submitted to Birch conditions the ketone 2.28 was obtained 
in quantitative yield upon quenching with MeOH (Scheme 2.11). 

OTES 9H OH 

Scheme 2.11 
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Step 2. Completion of the synthesis: introduction of the exo-double bond (Scheme 2.12): 

OH 
OAc 

Scheme 2.12 

The completion of the synthesis of (+)-taxusin 2.15 from ketone 2.28 required 

introducing the exocyclic methylene group and the hydroxyl group at C5. This task was 

accomplished by conversion of the carbonyl group to the enol-triflate 2.29, after 

extensive manipulation of 2.28 to selectively protect the alcohols at C9, CIO, and C13. 

Cross-coupling of 2.29 with TMSCH2MgCl in the presence of Pd(PPh3)4 yielded 

allylsilane 2.30, that was oxidized exclusively to the a-isomer of alcohol 2.31. Removal 

of the silyl protecting groups and peracetylation yielded finaly (+)-taxusin (Scheme 

2.13). 

OH OTB S OTBS 

TMSCH2MgCI 
Pd(PPh3)4 
-► 
THF, rt, 1 h TMS 

(70% from 2.28) 

OTBS OAc 

Scheme 2.13 
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Evaluation 
The unexpected reactivity of ketone 2.20, due to its special topology, which inhibits the 

protonation of the enol 2.25 by any of the two faces, results in a minor tactical change 

during the synthesis of (+)-taxusin 2.15. The problem, due to the presence of an 

inadequate protecting group was solved by removing it. The desired transformation of 

ketone 2.27 to ketone 2.28 was then effected and the C19-Me placed. 

Planned 

OTES 

Observed 

OTES 

2.19 2.24 

\ 
OH 

2.28 
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This example is on the borderline between the fine tuning of the conditions to effect a 

transformation and a tactical change. Nevertheless, the reactivity of ketone 2.20 as a 

consequence of its topology, requires more knowledge of the transformation before 

going ahead in the synthesis. The following example involves a more important tactical 
change. 

2.2.2 (-)-Strychnine [11] 

2.32 (-) strychnine 

Target relevance 
Considering its molecular weight, strychnine is one of the most complex natural 

products [12]. In fact, the molecule of strychnine has only 24 skeletal atoms assembled 

in seven rings with a total of six stereocenters, five of them in the core cyclohexane ring. 

This complexity, its pharmacological and extremely toxic properties, make strychnine a 

fascinating target for organic synthesis. 

Synthetic plan 
The easy conversion of Wieland-Gumlich aldehyde 2.33 to strychnine 2.32 [13] targets 

this aldehyde as a key point for the synthesis of alkaloid 2.32. Wieland-Gumlich 

aldehyde 2.33 would be derived from pentacyclic alcohol 2.34. The reduction of the 

ester moiety of 2.34 to an aldehyde should promote the intramolecular acetal formation. 

The building of the indol ring on tricyclic ketone 2.35 would, in turn, form alcohol 2.34. 

The key point of this approach is the formation of the piperidine D ring of 2.35 by the 

intramolecular conjugate addition of propargylic silane 2.36, derived from the alkylation 

of hexahydroindolone 2.37 (Scheme 2.14). 

Predictable problems 
The closure of the piperidine D ring of Strychnos alkaloids by the intramolecular 

conjugate addition of a propargyl silane to an enone has already been demonstrated [14]. 

Therefore, the use of a propargylic silane like 2.36 bearing a a-alkoxy substituent would 

generate 2.35 having the desired D-ring. Compound 2.35 has an alkoxyvinylidene side 

chain to be further elaborated into the required 20(£)-hydroxyethylene substituent. The 

remaining synthetic steps to strychnine were based in well-established methodology. 

Therefore, no problems, a priori, were envisaged. 
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2.32 2.33 2.34 

11 

Scheme 2.14 

Synthesis 

Step 1. Piperidine D ring closure (Scheme 2.15): 

The alkylation of racemic hexahydroindolone 2.37 with propargylic iodides 2.38 

afforded the propargylic silanes 2.39. With the exception of the desired ketone 2.35, 

different tri- and tetracyclic products were obtained on treatment of silanes 2.39 with 

different Lewis acids. Thus, variable mixtures of alcohol 2.40, ketone 2.41 and 

cyclopropane 2.42 were obtained, depending on the Lewis acid used in the reaction of 

2.39 (Scheme 2.16). 

The unexpected failure of silanes 2.39 to yield ketone 2.35 was a consequence 

of the evolution of carbocation 2.43. formed by the Michael-type cyclization of the triple 

bond on the conjugated double bond of 2.39. In the designed reaction, carbocation 2.43 

should desylilate, yielding the desired 2.35. However, intermediate 2.43 experiences 

instead a 1,2-H shift forming the more stable a-alkoxy cation 2.44. 
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Scheme 2.17 

2.42 



22 2 Tuning-up, Tactical and Strategic Changes 

The evolution of cation 2.44 through two competing reaction pathways, accounts for the 

formation of 2.40 and 2.42. Alcohol 2.40 would be formed by attack of the enolate 

carbon on the less substituted carbon of the allylic cation, followed by hydrolysis of the 

ester moiety (path A in Scheme 2.17), while cyclopropane 2.42 would derive from the 

attack of the enolate carbon on the more substituted end of the allylic cation (path B in 

Scheme 2.17). Quenching of cation 2.43 by water would form ketone 2.41 (path C in 

Scheme 2.17). 

Step 2. Second route to achieve the closure of the piperidine D ring (Scheme 2.18): The 

failure of silanes 2.39 to experience the cyclization to form the allene-ketone 2.35 was 

followed by a major tactical change. Now, an intramolecular Heck reaction [15] on 

iodide 2.45 was designed to achieve the piperidine ring closure. Iodide 2.45 would 

derive from the alkylation of hexahydroindolone 2.37 (this is the starting compound 

shared by both approaches) with bromoiodide 2.46. The carboxymethyl group that will 

become the C17 of strychnine could be placed at this stage by a tandem Heck 

cyclization-carbonylation on 2.45. These conditions would form 2.47 in a single 

synthetic step and supposedly to withdraw the allenylsilane approach to strychnine. 

2.46 

Scheme 2.18 

Alkylation of the hexahydroindolone 2.37 with allylic bromide 2.46 formed the 

cyclization substrate 2.45 in a 74% yield. After extensive experimentation, the Heck 

cyclization of 2.45 to form 2.48 was achieved in 53% yield using Pd(OAc)2/PPh3, as the 

catalyst and TEA as the solvent. The tandem cyclization-carbonylation process was not 

feasible. Therefore, the introduction of the carboxymethyl group was effected in an 

additional step of the synthesis, by methoxycarbonylation of the enolate derived from 
2.48 with NCC02Me to yield 2.47 (Scheme 2.19). 
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K2C03 Lil 

MeCN (74%) 

Pd(OAc)2/PPh3 
TEA ,90 °C 

(53%) 

Scheme 2.19 

Step 3. Completion of the synthesis of strychnine (Scheme 2.20): 

Access to the Wieland-Gumlich aldehyde 2.33 from 2.47 requires closing the indol ring 

B, and the reduction of the C17 ester group to an aldehyde. This operation should 

promote the formation of the cyclic hemiacetal of compound 2.33. The indol moiety was 

built from the o-nitrophenyl ketone moiety of 2.47 by reductive cyclization with Zn-dust 

in acid MeOH, followed by equilibration of the carboxymethyl group to the pure P- 

isomer 2.49, having the natural, more stable, configuration at Cl6, by base treatment 

(NaH/MeOH). Reduction of 2.49 with DIBALH formed Wieland-Gumlich aldehyde 

2.33. Finally, strychnine was obtained using the reported conditions [13], by heating in 

the presence of a mixture of malonic acid/Ac20/AcOH/NaOAc (Scheme 2.21). 
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1. Zn-dust, H2S04 
MeOH, A, (36%) 

2. NaH, MeOH 
A (72%) 

2.32 (-)strychnine 

CH2(C02H) 
Ac20,NaOAc 
- 
AcOH, 110°C 

(49%) 

DIBALH 
toluene 
-40 °C 
(65%) 

2.33 Wieland-Gumlich aldehyde 

Scheme 2.21 

Evaluation 
The example discussed above represents a major tactical change for access to an 

advanced intermediate in strychnine synthesis. However, the strategic plan to synthesize 

strychnine remains unaltered. In fact, the synthetic scheme requires the closure of the D- 

ring of the strychnine nucleus, while placing an adequate side-chain to continue with the 

building of the molecule. The propargylic silane approach failed to produce the ring 

closure but the alternate Heck intramolecular ring closure succeeded. 

2.39 2.35 
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Key synthetic reactions 

Heck coupling: The inter- or intramolecular coupling of a aryl- or vinyl halide and an 

olefin (usually an a,[3-unsaturated carbonyl derivative) [15]. The double bond of the 
olefin is maintained during the process. 

2.3 Strategic Changes 

A strategic change during a synthesis occurs when the planned transformation does not 

occur in the desired sense or does not take place at all. However, while a tactical change 

irons out "the problem for a deviation or a modification of the planned synthesis without 

affecting the overall synthetic scheme; a strategic change derives from a problem that is 

not resoluble within the planned scheme. That is, the synthesis reaches a dead-end. The 

insoluble problems emerging from either undesired transformations or the inertness of a 

functional group key, lead to major modifications of the synthetic planning. On 

occasions the problem ends with the inability to reach the synthetic target. As sketched 

above there are two reasons for giving up a planned synthesis: 

• Undesirable result of a specific synthetic operation. 

• Inert functional groups in a specific transformation. 
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2.3.1 The Core (2.52) of (+)-Lepicidin A Aglycon [16] 

Target relevance 
The tetracyclic macrolide lepicidin A 2.50 was isolated [17] from the fermentation broth 

of the soil microbe Saccharopolyspora spinosa and exhibits insecticidal activity, 

particularly against Lepidoptera larvae. 

Synthetic plan 
The synthesis of the core of (+)-lepicidin A aglycon 2.52 rests in the conjugate addition 

of a vinylstannane to macrolactone 2.53. This approach is appealing because it delays 

the introduction of the labile stannane moiety until the last step of the synthesis of 2.52. 

Access to 2.53 would be gained from fragments 2.54 and 2.55 by utilization of the 

y-selective crotonate aldol reaction methodology developed by Fleming [18] (Scheme 
2.22). 

Scheme 2.22 
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Predictable problems 
• -^Literature precedent for reactions of nucleophiles related to 2.55 with chiral 

aldehydes did not exist. Therefore, the stereochemical result of the reaction 

between 2.54 and 2.55 was uncertain. 

• Control of the stereochemistry of the chiral center at C3 formed during the 

vinylstannane addition was also uncertain. 

Synthesis 

Step 1. Synthesis of macrolactone 2.53 (Scheme 2.23): 

The synthesis of macrolactone 2.53 begins with the Lewis acid-promoted reaction of 

aldehyde 2.54 with silyl ketene acetal 2.55. This addition occurs in fact with good y- 

selectivity, to yield the Felkin adduct 2.56, which bears three of the four stereocentres of 

lactone 2.53 with the correct stereochemistry. Obtaining macrolactone 2.53 from adduct 

2.56 requires sequential selective oxidation of the terminal double bond, introduction 

of the ethyl substituent at carbon C21 and finally macrolactonization. Selective 

hydroboration of 2.56 followed by oxidation of the resulting alcohol under Parikh- 

Doering conditions provided aldehyde 2.57. Treatment of 2.57 with diethylzinc in the 

presence of (+)-A/,yV-dibutylnorephedrine yielded alcohol 2.58 as an inseparable mixture 

of C21 diastereoisomers. Base hydrolysis of ester 2.58 afforded the corresponding 

hydroxy acid that was submitted to Yamaguchi’s macrolactonization [6] providing 2.53 

(Scheme 2.24). 
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H 
2.54 

1. TiCI2(0/Pr)2, 
DCM, -50 °C 

2. TESOTf 

17:1 (81%) 

ODMPS 

2.55 

3. Py.S03 DMSO u 

/Pr2EtN,DCM 2 57 

0°C 
Et2Zn 
(+)-N,N-diBu- 
norephedrine 
hexanes,0°C 

1. LiOH, ffiuOH,35°C 

2. 2,4,6-trichlorobenzoyl 
chloride, /Pr2EtN,THF,rt 

3. DMAP,toluene,A 

2.53 2.58 

Scheme 2.24 

Step 2. Introduction of the vinylstannane appendage: The conjugated addition of the 

vinyl cuprate 2.59 to the macrolactone 2.53 proceeded readily at -90 °C to provide 2.60 

in a 64% yield and with a diastereoselection higher than 20:1. This is an exceedingly 

good result except for the fact that 2.60 has the wrong stereochemistry at C3 (the 

expected compound was 2.52). This is an unexpected outcome for this type of addition 

reaction, since the previous work [19] on the addition of Me2CuLi to macrolactone 2.61 

that yields exclusively 2.62, as well as computer calculations [20], pointed to the nearly 

exclusive production of the desired Michael adduct 2.52 having the right (3-stereo- 

chemistry (Scheme 2.25). These results forced authors to reevaluate the synthetic plan 

and to design a new approach to the macrocyclic stannane 2.52. 

Step 3. A new strategy for the synthesis of macrocyclic stannane 2.66: In this new 

approach the stereocenter at C3 was generated, with the correct stereochemistry, by 

conjugated addition of cuprate 2.59 to an a,[3-unsaturated5-lactone 2.63, a reaction for 

which the stereochemical outcome is well documented in the literature [21], This 

approach places the highly sensitive stannane moiety at the beginning of the synthesis. 

Cuprate 2.59 adds to lactone 2.63 delivering 2.64 with exceptional selectivity. 

The lactone 2.64 having the labile stannane appendage was hydrolized (LiOH) and in 

situ esterificated with CH2N2 to prevent the protodestannylation. The free alcohol at C16 

was further protected with TESOTf on the crude reaction mixture (the instability of the 

tin-moiety precludes the purification of the reaction intermediates) producing 2.65. The 

ester 2.65 was transformed into vinylstannane macrolactone 2.66 following an analogous 

route to that used for the synthesis of lactone 2.53 (Scheme 2.26). 
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2.53 

Li2(2-Th)CNCu 

2.59 
SnBu3 

-90°C (60%) 
de > 20:1 

2.60 
SnBu3 

LiMe2Cu 

de 99:1 

O Me 

2.62 

Scheme 2.25 

Li2(2-Th)CNCu 

2.59 
SnBu3 

BF3-OEt2, -78 °C 
de > 30:1 

^.OTIPS 

V°Y° 

2.64 > 
SnBuo 

1. LiOH, THF, 
CH2N2 

2. TESOTf, 
2,6-iutidine 
DCM, -78°C 
(90%) 

Scheme 2.26 
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Evaluation 
Both routes to the macrolactone core 2.66 of (+)-lepicidin A are clearly very similar in 

efficiency, with the exception of the essential advantage of the first approach that 

incorporates the stannane at the last stages of the synthesis. This strategy avoids the 

necessity of carrying this labile group through the whole synthetic scheme. Nevertheless, 

the fact that the problematic vinyl tin moiety could be incorporated at the end of the 

synthesis with both good yields and very high stereoselectivity, but with the wrong 

stereochemistry, forces a change in the strategy of the synthesis. This is an example of 

how a perfectly designed strategy can be thwarted because a reaction produces an 

unexpected and completely unpredictable result. 

2.52 SnBu3 

The synthesis of (±)-scopadulin exemplifies a concatenation of two events leading to a 

substantial change in strategy. First, the wrong stereochemistry was obtained in the 

incorporation of a carboxy-group equivalent to the tetracyclic core of scopadulin. 

Second, the attachment of a carboxyl-group equivalent, through an oxy-Cope 

rearrangement, was attempted. The molecule in which the oxy-Cope rearrangement 

would be effected was inert towards this transformation. This inertia forced a major 
strategic change to the synthesis. 
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2.3.2 (±)-Scopadulin [22] 

HO 

2.67 (±)-scopadulin 

Target relevance 

Scopadulin 2.67 is a tetracyclic aphidicolane diterpenoide isolated [23] from the widely 

distributed plant Scoparia dulcis (fam. Scrophulariaceae). The crude drug, known as 

Typcha-Kuratu in Paraguay, made from the whole plants of S. dulcis has been used as a 

traditional medicine for hypertension, toothaches, blennorhagia and stomach disorders, 

throughout South America, India and Taiwan. Isolated scopadulin 2.67 shows notable 

antiviral and cytotoxic activities. 

Synthetic plan for the final stages of the synthesis 

The key intermediate for the last stages of the synthesis of (±)-scopadulin 2.67 is enone 

2.68. The key transformation would be the stereoselective formation of the quaternary 

carbon center at C4. This step would be preformed by the a-face addition of a cyano 

nucleophile to 2.68 to form the nitrile 2.69, in principle, easily transformable to (±)- 

scopadulin by standard functional group manipulation (Scheme 2.27). 

2.67 2.69 2.68 

Scheme 2.27 



32 2 Tuning-up, Tactical and Strategic Changes 

Predictable problems 
It was assumed that the angular ClO-Me group of enone 2.68 would favor the addition of 

the cyano nucleophile by the a-face of the molecule. This is a priori a risky assumption 

since the ciano group is sterically very small and usually adds in an axial mode [24], 

Synthesis 

Step 1. Addition of the cyano-group to enone 2.68: Conjugate addition of Et2AlCN to the 

enone 2.68 afforded the undesired Michael adduct 2.70. Moreover, the reaction 

conditions used in the addition of cyanide epimerizes the trans-junction of the AB rings 

of 2.68 (the adequate stereochemistry of (±)-scopadulin 2.67) to the c/s-junction (the 

inadequate stereochemistry to access to (±)-scopadulin). Clearly, the strong bias for the 

axial attack of the cyanide group and its low steric bulkiness (small enough not to 

interact with the CIO Me-group) was responsible for the P-face attack. Further, the CIO 

Me-group still encourages the protonation of the enolate 2.71, resulting from the 1,4- 

addition of the cyanide anion, by the a-face. Thence, the result of the reaction is the cis- 

fused AB system. The addition of bulkier reagents that can be further transformed in a 

carboxy-group (for example allylmagnesium bromide or methoxyallylcooper) were 

unrewarding. It is clear that the steric hindrance of the C4 and CIO Me-groups thwarted 

the synthetic approach, which uses a conjugated addition to place any carboxy-group 

equivalent at C4 with an a-stereochemistry (Scheme 2.28). 

2.69 

Scheme 2.28 
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Step 2. Installation of an a-methoxycarbonyl equivalent in enone 2.68 by nucleophilic 

addition followed by oxy-Cope rearrangement: The failure of the conjugated addition of 

cyanide to produce the required a-isomer 2.69 forced a revision of the synthetic 

planning. The overall plan remains the same but now the carboxy-equivalent would be 

introduced through an anionic oxy-Cope rearrangement [25], carried out on intermediate 

2.72. Intermediate 2.72 would be derived from ketone 2.68 through 1,2-addition of an 

allyl metal to the carbonyl group. Provided that the 1,2-addition of the allyl group in 2.68 

would occur by the less hindered a-face of the ketone (this is warranted by the presence 

of the CIO (3-Me-group), the concerted rearrangement would place the C4 allyl-group in 

the right a-face giving 2.73. Compound 2.73 has now an allyl-group as a carboxy group 

equivalent (Scheme 2.29). The change effected on the original synthetic planning is on 

the borderline between a tactical change and a strategic change. However, it does not 

modify the original idea and thence it can be better considered a tactical change, since 

the goal is still to place an a-carboxy-group equivalent onto the C4 position. 

Scheme 2.29 

The substrate for the anionic oxy-Cope rearrangement, alcohol 2.72, was 

prepared by 1,2-addition of allylmagnesium bromide to the enone 2.68 in excellent yield. 

However, the different reaction conditions used to promote the oxy-Cope rearrangement 

in compound 2.72 met with no success. The desired product 2.73 could not be obtained 

(Scheme 2.29). Again, the steric hindrance due to the C4-Me substituent, coupled to the 

conformational bias of the quasi-equatorial pendant allyl group at C6 lead to a situation 

that does not favor the six-membered transition state needed for the rearrangement. 

These concatenations of facts are responsible for the very disappointing results. The 

failure of this new approach, to place a carboxy-group equivalent with the right 

stereochemistry at C4, lead to a complete strategic change. Therefore, this is a clear case 

where a change in a synthetic route results from the inertia of an intermediate to 

experience a specific transformation. 
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Step 3. Revised synthetic plan, access to the advanced intermediate 2.74 having a 

carboxy group equivalent and the desired stereochemistry at C4: It seems clear from the 

results above that the presence of the Me group at C4 is responsible for the failure of the 

original synthetic route to achieve the desired results. Therefore, the strategy was 

changed and enone 2.75, lacking the troublesome C4-Me group, was used in the new 

synthetic plan. Enone 2.75 had been prepared previously [26]. Now a P-cyanide group 

would be placed at C4 by conjugated addition and used as the C4-Me precursor, while 

the benzyloxymethyl group would be used as synthetic equivalent for the C4 carboxy- 

group. (±)-Scopadulin could be gained from this new key intermediate 2.74. Clearly, 

while in the two earlier attempts discussed above the topology of the molecule 

counteracted the synthetic effort, now the presence of the groups at C4, C6, and CIO 

would favor the desired stereochemistry during the alkylation of 2.76 (Scheme 2.30). 

2.75 2.76 2.74 2.67 (±)-scopadulin 

Scheme 2.30 

In the intering, conjugate addition of Et2AlCN to the enone 2.75 proceeds smoothly in 

the presence of TMSC1 to yield the cyanide 2.77 in 81% yield. The ketone group of 

cyanide 2.77 was reduced to the C6-P-alcohol that was obtained as a single stereoisomer 

[the ClO-Me efficiently directed the entry of the hydride for the less hindered a-face, as 

had happened before during the formation of the allyl adduct 2.72 (Scheme 2.29)]. The 

C6-P-alcohol was silylated (TMSCl/py/DMAP) to form 2.78. The nitrile 2.78 was 

alkylated by reaction with LDA/BOMC1 to yield, as expected, a single reaction product 

2.79. The cooperative efforts of C6 and CIO groups promoted the exclusive alkylation of 

the anion derived from 2.79 by its a-face. Reduction of the nitrile group of 2.79 and 

heating of the crude amine with KOH in ethylene glycol furnished diol 2.80 in 63% 

yield. Oxidation of the primary alcohol of 2.80 (RuCl2(PPh3)3/air) was followed by 

deoxygenation to the 4,10-dimethylated alcohol 2.81 using the Huang Minion reduction 
[27] (Scheme 2.31). 
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2.81 2.80 

Scheme 2.31 

2.79 

Step 4. Synthesis of (±)-scopadulin: The final access to (±)-scopadulin 2.67 from alcohol 

2.81 still requires two compromising synthetic manipulations. First, the benzoylation of 

the highly congested secondary alcohol at C6 and second the chemo- and stereoselective 

methylation at Cl6. Previous model studies suggested that BzOTf-2,6-lutidine system 

was the reagent of choice to effect the delicate benzoylation step (Figure 2.1). 

Figure 2.1 

However, attempts to use this reagent in the presence of the ketal functionality at C16 in 

2.81 resulted in the formation of small amounts of the desired benzoate 2.82, together 

with high amounts of unreacted starting material, and mixtures of several products of 

unknown structure. Only under very controlled reaction conditions and after recycling of 
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the starting material, was compound 2.82 obtained in a poor 35% yield. This is an 

unfortunate, hardly soluble situation, which appears occasionally at the late stages of a 

synthesis. This troublesome scenario creates serious logistic problems, due to the small 

amounts of material usually available in the final events of a multi-step synthesis. In any 

case, the completion of the synthesis (±)-scopadulin 2.67 requires the chemo- and 

regioselective incorporation of the C16 Me-group, a previous step to the oxidation of the 

protected primary alcohol to the carboxylic acid at C4. The hydroxyl group of (±)- 

scopadulin 2.67 is at an axial position. Therefore, a methylating agent with a bias for an 

equatorial attack is needed, with an additional requisite: it should not be reactive with the 

benzoate moiety. This was achieved with selectivity higher than 99:1 by reaction of 

MeTi(Oi-Pr)3 with 2.82 to yield alcohol 2.83. Finally, 2.83 was debenzylated and the 

primary alcohol oxidized to the acid by Ru04 to yield (±)-scopadulin (Scheme 2.32). 

MeTi(0-/-Pr)3 
rt,(66%) 

HO , 

2.83 

1. Pd/C, H2, MeOH, rt 

2. RuCI3-3H20, Nal04 
CCI4, MeCN, H20, rt 

(63%) 

HO 

2.67 (±)-scopadulin 

Scheme 2.32 

Evaluation 

The presence of the Me-group at C4 in enone 2.68 thwarted the original plan to access 

(±)-scopadulin 2.67 by 1,4-addition of cyanide to install the required carboxy-group. A 

major tactical change, from 1,4-addition of a cyanide to a sequence of 1,2-addition of 

allyl magnesium oxy-Cope rearrangement, to place a carboxylic acid equivalent 

having the right stereochemistry in the troublesome C4 carbon, was also unsuccessful. 

Two consecutive failures lead to a fully redesigned route that, even if successful, has a 

final undesirable low-yielding step, which is always problematic in a multi-step 
synthesis. 
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Comment 

Good axial versus equatorial selectivity during the nucleophilic methylation of fused 

cyclohexanones is a key synthetic transformation in many syntheses. The added value is 

that in some cases it is effected at the very end of the synthetic pathway. This 

compromising situation is exemplified by the reaction of ketone 2.82 with diverse 

methylation reagents. Thus, 2.82 reacts with MeLi leading to a nearly equimolar mixture 

(54:46) of alcohols 2.83 and its epimer 2.84. The mixture MeLi-LiC104 has been 

reported [28] as good reaction to incorporate a Me-group through an equatorial attack. 

The reaction of this mixture with 2.82 only produced low yields of the mixture of 

epimeric alcohols 2.83 and 2.84. Other reagents having good equatorial selectivity such 

as MeLi-Me2CuLi [29] were not used in this case because of competitive reaction with 

the benzoate group. The selected reagent to transform 2.82 into 2.83 was MeTi(0/Pr)3 a 

methylating reactive which is exceptionally efficient in effecting an equatorial transfer of 

the Me group. 

The equatorial transfer of the Me group is effective if coordination with the ketone group 

can occur prior to the transfer. Thus, the reagent MeLi-LiC104 is adequate to transfer the 

Me group in equatorial fashion to unhindered ketones. Thence, the failure of this reagent 

to achieve good selectivity with the highly hindered ketone 2.82 is due to the absence of 

coordination. In contrast, the complete selectivity of MeTi(0/Pr)3 is due to the steric 

repulsion of the bulky reagent with the axial hydrogens at Cl 1 and C14 (Figure 2.2). 
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MeLi, -78°C, (80%) de = 54:46 
MeLi-LiCI04, -65 °C, (24%) de = 50:50 
MeTi(0/Pr)3, rt, (66%) de > 99:1 

O 

Key synthetic transformation 

Huang Minion reduction: There are few procedures to efficiently transform a carbonyl 

group into CH2 moiety in one step. The Huang Minion [27] modification of the Wolff- 

Kisner reduction is one such. The procedure consists in heating the aldehyde or ketone 

with hydrazine in KOH or K2C03 /ethylene glycol at temperatures above 120°C. 
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The synthesis discussed above has exemplified tactical or strategic changes, which are 

more or less important depending on the original synthetic plan. All of them have one 

point in common: they have attempted to surpass a pitfall encountered during the 

application of the planned synthesis. There are situations in which a route to a 

determinate molecule is modified after the initial planned route has already succeeded. 

This is usually made for the sake of increasing the efficiency of the already completed 

synthesis. For example, in the words of Danishefsky, during his synthesis of 

Eleutherobin [30], the reasons to pursue a new synthetic scheme were given as ...though 

a great deal of progress had been achieved, the cumbersome and mediocre yielding 

nature of our route came to be of increasing concern as we sought to bring through 

substantial quantities of material in anticipation of in vivo biological evaluation... These 

synthetic changes are not going to be discussed in this book but are evident that tactical 

and strategic changes are introduced in the new route to the target in order to increase the 
efficiency level. 
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Chapter 3 
Working with Models 

New synthetic procedures are always developed using simple models and, after the 

efficiency of the method has been proved, the transformations are applied to a step on a 

total synthesis. Often, before effecting the desired transformation in the real synthetic 

intermediate, the suitability of the reaction is determined using a model molecule. 

But the question is how applicable to the real targets are the results obtained 

when working with models? Their usefulness in synthetic chemistry is obvious as 

demonstrated by the huge amount of work published, detailing the construction of model 

compounds of specific molecules. Thankfully for us, most of the time they are 

applicable, but sometimes they are not at all. Then, the synthetic plan based on reactions 

that have been developed for the model compound, needs to be changed, or at least 

thoroughly modified, to achieve the desired result. The following examples detail some 

cases in which the model transformation is not applicable at all to the real synthesis. 

3.1 (-)-Stenine [1] 

3.1 (-)-stenine 

Target relevance 
Extracts of Stemona species have been used in Chinese and Japanese folk medicine as 

insecticides, as drugs for treatment of respiratory diseases such as bronchitis, pertussis, 

arid tuberculosis, and as antihelmintics [2]. 

Dead Ends and Detours: Direct Ways to Successful Total Synthesis 
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Synthetic plan 

The key intermediate in the total synthesis of (-)-stenine 3.1 is bicycle 3.2 derived from 

jV-Cbz-/-tyrosine 3.3 by oxidative cyclization. After appendage of the four-carbon chain 

on C4 of bicycle 3.2, the seven-membered ring of trans-fused perhydroindole present in 

3.1 will be closed using a Mitsunobu reaction [3]. The lactone ring of 3.1 will be 

constructed prior to the ring closure (Scheme 3.1). 

Predictable problems 

• The oxidative cyclization of /-tyrosine derivative 3.3 should be effected to build 

the c/s-perhidroindole system of 3.2 with the right stereochemistry present in (-)- 
stenine 3.1. 

• The conversion of 3.2 to the tra/rs-tricyclic perhydroindole moiety of (-)-stenine 
3.1. 

Synthesis 

Step 1. Synthesis of cis-perhydroindolone 3.4 (Scheme 3.2): 

^.NHCbz 

C02H 
HO' 

3.4 

Scheme 3.2 

The oxidative cyclization of the /-tyrosine derivative 3.3 to form 3.4 was achieved in 

60% yield and with diastereoselectivities higher than 98:2, favoring the desired 

esteroisomer 3.4 by using PhI(OAc)2 as the oxidant. The exceptional selectivity of this 

cyclization is due to destabilizing steric interactions in conformer 3.6, specially due to 

allylic 1,3-strain (A -strain) [4] that would lead to the undesired diastereomer 3.7. 
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These interactions are minimized in conformer 3.5 leading to 3.2. Benzoylation of the 

tertiary alcohol of 3.2 was followed by the regioselective reduction of the ketone group 

using*"Luche conditions (NaBH4/CeCl3.7H20) [5] to form alcohol 3.4 as a single 
diastereomer (Scheme 3.3). 

H H 

3.6 

OBz 

HO'' 
Cbz 

3.4 

Pd2(dba)3-CHCI3, 
Bu3P, hco2h/tea 
(68%) 

Scheme 3.3 

Desoxygenation of the benzoate moiety at the bridge was achieved by reduction of the n- 

allyl-paladium complex obtained by treatment of 3.4 with Pd2(dba)3 • CHC13 at its more 

hindered tertiary carbon. The best conditions were found after extensive experimentation 

by using the mixture Pd2(dba)3 • CHC13/Bu3P/HC02H/TEA. Under these conditions the 

desired allylic alcohol 3.8 was obtained in a 68% yield. The stereochemistry of the ring 

fusion is now trans. The complete selectivity obtained at this point should derive from 

the assistance of the hydroxyl group both to the complexation of the Pd-catalyst and to 

the hydride transfer from the formiate reagent. Otherwise, it would be difficult to 

understand the transference of the hydride group by the highly encumbered concave face 

of 3.4. 
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Concept: 
Allylic 1,3-Strain (Au-strain) [4] 

Allylic 1,3-strain refers to the control of conformation in an alkene by a czs-substituent. 

It is represented by the symbol A13-strain and it is a determinant of the result of many 

asymmetric processes. The conformational preference in a simple alkene can be 

represented as depicted in Scheme 3.4. 

Conformer B is considerably higher in energy than conformer A because there is simply 

no room to place the methyl attached to the double bond and the aliphatic methyl group 

is eclipsed. Therefore, the conformation of these open chain compounds is usually fixed, 

with the hydrogen of the allylic center eclipsing the double bond, and they can be used to 

achieve good stereochemical results. In the case represented in Scheme 3.3 it is obvious 

that conformer 3.6 has a strong interaction between the carboxy-group and the quinone 

ring that is absent in conformer 3.5. Therefore, the sterochemical result of the cyclization 

is exceptional. 

Step 2. Installation of the C4 four-carbon ring chain and lactone ring closing 

(Scheme 3.4): 

3.9 3.10 3.11 

Scheme 3.4 

Oxidation of allylic alcohol 3.8 with tetrapropylammonium perruthenate (TPAP) [6] 

generated the enone 3.12. This enone was deprotonated with KHMDS and the enolate 

reacted with triflate 3.13 to afford, albeit in low yield (36%), exclusively compound 3.9. 
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Compound 3.9 has the required a-oriented carbon side chain. Luche’s reduction of the 

carbonyl group of 3.9 was followed by the Eschenmoser-Claisen [7] rearrangement to 

yield '$.14. Functionalization of the double bond of the pendant carbon chain was 

effected before closing the lactone-ring by treatment of 3.14 with Ad-mixP [8] and 

in situ breakage of the formed diol with NaI04. The resulting aldehyde was reduced to 

the corresponding alcohol that was protected as its TIPS derivative 3.15. Since the 

carboxymethyl group of 3.15 is not present in (-)-stenine 3.1, it was removed by 

reductive decarboxylation under Ireland conditions (hydrolysis, followed by treatment 

with PhOPOCWTEA, PhSeH and reaction with TBTH/AIBN) [9] yielding 3.16 (Scheme 
3.5). 

1. NaBH4, 
CeCI3-7H20 

2. CH3C(OMe)2NMe2 
130°C 

(77%) 

O O O 

Scheme 3.5 

The lactone ring present in (-)-stenine 3.1 was built by iodolactonizacion of the 

y,8-unsaturated amide 3.16. The resulting iodolactone 3.10 was reacted with neat 

allyltributylstannane/AIBN yielding 3.17 having the p-allyl group at C9 that will become 

the Et-group of (-)-stenine 3.1. The a-carbon of lactone 3.17 was methylated through 

enolization and quenching with Mel. The Me group of 3.18 was place in the most 

accessible convex P-face. Vinyl lactone 3.11 was formed by removing one carbon of the 

allyl moiety (osmilation (Os04), diol breakage (HI04), aldehyde reduction (NaBH4)), 

and Grieco-elimination [10] (Scheme 3.6). 
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3.16 3.10 3.17 

3.11 

1. 0s04, Nal04 

2. NaBH4 -40 °C 

3. o-(N02)PhSeCN 
BU3P; h2o2 

(47% from 3.17) 

I 1. LDA-HMPA 
1 2. Mel 

3.18 

Scheme 3.6 

Step 3. Closure of the seven-membered ring and completion of the synthesis 

(Scheme 3.7): 

3.11 

Scheme 3.7 
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The key step to complete the synthesis of (-)-stenine 3.1 was the Mitsunobu cyclization 

of amino alcohol obtained from 3.11, followed by hydrogenation of the vinyl group 

(whicfT should simultaneously eliminate the Cbz-nitrogen protecting group). The 

cyclization step was predictably troublesome. However, it had worked nicely on the 

related model 3.20 that had yielded the tricycle 3.21, resembling the stenine core, after 

submission to Mitsunobu reaction conditions. Surprisingly, cyclization of alcohol 3.22, 

obtained by removal of the protecting groups of 3.11 produced no (-)-stenine 3.1 

(Scheme 3.8). It was argued that, since the Mitsunobu reaction strongly depends on the 

rate of cyclization vs side reactions of the activated alcohol, 3.20 should be more 

preorganized towards the formation of the seven-membered ring than intermediate 3.22. 

This was probably the reason because the model, on which the key step of the synthetic 

plan was based, efficiently cyclized, but not the real intermediate. Therefore access to (- 

)-stenine 1.1 through a Mitsunobu cyclization was abandoned. 

OMe 

Ph3P, DIAD.DCM 

(59%) BnCf' 

3.21 

3.1 (-)-stenine 

Step 4. Re-evaluation of the methodology to effect the seven-membered ring-closure. 

A tactical deviation: Access to (-)-stenine 3.1 was obtained from the key intermediate 

3.11. Removal of the silyl protecting group was followed by sequential oxidation of the 

free alcohol to carboxylic acid and hydrogenation of the double bond to yield the acid 

3.23. Now the seven-membered ring was closed by lactone formation using pentafluoro- 

phenyl diphenylphosphinate (FDPP) as the condensing agent, to yield 3.24. Stenine was 

finally obtained by the reduction of the amide group of 3.24 in a two-step sequence: 

reaction with Lawesson’s reagent [11] and Raney-Ni desulfurization (Scheme 3.9). 

OMe 
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FDPP, DCM 

( 71% from 3.11) 

1. Lawesson's reagent 
2. Raney-Ni, EtOH 

(73%) 

Scheme 3.9 

Evaluation 
• No strategic changes of the original planning have been made. The oxidative 

cyclization of /-tyrosine derivative 3.4 gave, as designed, the c/s-perhidroindole 

system of 3.2 with the right stereochemistry to be transformed in the frans-fused 

system of (-)-stenine 3.1. 

• The main tactical synthetic change refers to the mode of cyclization to form the 

seven-membered ring of (-)-stenine 3.1. The Mitsunobu approach was based on 

the nice results obtained in a model system. However, how applicable to 

compound 3.22 are the results obtained with 3.20, since they are significantly 

different? The failure of intermediate 3.22 to cyclize may be attributable to 

reasons other than the absence of a hypothetical preorganization present in 3.20. 

In fact, molecular mechanic analysis showed no appreciable differences between 

the two compounds regarding a preorganization towards cyclization [12]. The cis- 

anti-tricyclic system 3.21 is 7.8 Kcal moE1 more stable than 3.25 (this compound 

would derive from the cyclization of 3.26), which harbors the ring stereo¬ 

chemistry present in the target compound 3.1. It is probable that the energetically 

more demanding cyclization to yield the trans-syn-fused system present in 

(-)-stenine 3.1 is responsible of the failure of compound 3.22 to cyclize under 
Mitsunobu conditions. 
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OH 

3.26 

Nevertheless, the seven-membered ring of (-)-stenine 3.1 was closed with a minor 

tactical change that added just one additional step to the original plan. 

Key synthetic reactions 

Eschenmoser-Claisen rearrangement: In situ formation of an 0-ally 1-aminoketene 

acetal by reaction of an allylic alcohol with MeC(OMe)2NMe2 followed by a Claisen 

rearrangement. The concerted mechanism accounts for the 1,3-chirality transfer with the 

simultaneous formation of a C-C bond and the incorporation of an amide functional 

group [7]. 
O 

A Me?N 

CO?Me 

MeO OMe 

^^NMe2 Jlo ^ 
-► Me2N O'' 
130°C 

- H 

C02Me C02Me 

H 1 Cbz (77%) 
£ H ) Cbz 

3.27 3.28 3.14 

Luche 1,2-addition conditions: 1,2-Nucleophilic addition to an a,P-unsaturated ketone 

or aldehyde in the presence of Nu/CeCl3.7H20. Nu = RLi, NaBtLj, etc [5], 

C02Me 
NaBH4 

CeCI37H20 HO' 

C02Me 

3.9 3.27 
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Especially interesting reagents 
Ad-mix/3: (Sharpless asymmetric dihydroxylation) [8]. Enantioselective svn-dihydroxy- 

lation reagent for olefins. It consists of a mixture of KiOsCUlOH^ (the catalytic 

hydroxylating agent), K3Fe(CN)6 (the stoichiometric oxidating agent) and (DHQD)2- 

PHAL 3.31 (the chiral ligand). Usually a base such as K2C03 is also added. 
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Ph AD-mix-p 

Ph 

OH 

Ph 

OH 

Lawesson ’s reagent: 2,4-bis(4-methoxyphenyl)-l,2,3,4-dithiadiphosphetan-2,4-dithione 

3.32 [11]. Transform a carbonyl group from an ester, amide, etc. into the corresponding 
thiocarbonyl group. 

3.32 

Lawesson's reagent 

OMe 

3.24 3.33 

The example of the failure to reproduce the Mitsunobu ring closure, effected in the 

model compound 3.20, in the actual intermediate 3.22 during the synthesis of (-)-stenine 

3.1 may be attributed to the noticeable differences between the model compound and the 

synthetic intermediate. Sometimes the structurally closest compound to the planned 

intermediate does not produce satisfactory results. However, the desired results are 

obtained with a structurally distant, yet synthetically equivalent, product. This situation 

arises quite often and may be exemplified by Boger’s synthesis of (+)-piperazinomycin. 
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3.2 (+)-Piperazinomycin [13] 

OH 

Target relevance 
(+)-Piperazinomycin 3.34 is a macrocyclic piperazine isolated as a minor metabolite of 

Streptoverticillium olivoreticuli subsp. neoenacticus [14], which constitutes, to date, the 

simplest naturally occurring agent having the parent 14-membered p- and 

metacyclophane diaryl ether subunit. This structural feature is the pharmacophore of 

cytotoxic and antitumoral agents like bouvardin, deoxybouvardin, and RA-I-X. 

Synthetic plan 
The key step of the synthetic approach to (+)-piperazinomycin 3.34 is the Ulmann 

reaction [15] of diketopiperazine 3.35 that would be accessed from the dipeptide 3.36. 

The advantage of this approach rests in the use of readily available amino acids to 

construct the appropriately functionalized diaryl ethers, which effect the diketo¬ 

piperazine formation and the Ulmann cyclization (Scheme 3.10). 

3.34 

OMe 

The synthetic plan was based on the exhaustive study effected on the cyclization of a 

number of compounds 3.37. The common feature of these models was the piperazine 

nucleus present in the natural product. Compounds 3.37 systematically failed to produce 

the desired macrocycles 3.38. However, compounds 3.37 were potentially better 
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substrates for the cyclization to piperazinomycin than diketopiperazines 3.35, as no 

possibility exists for their racemization under the conditions employed to close the ring 
(Scheme 3.11). 

3.37a R = H 
3.37b R = COOMe 
3.37c R = Cbz 

Scheme 3.11 

OMe 

3.38 

Predictable problems 
Racemization of the two chiral centers of diketopiperazine 3.35 during the cyclization 

process is the main predictable problem. 

Synthesis 

Step 1. Cyclization of diketopiperazine 3.39 (Scheme 3.12): The synthesis of diketo¬ 

piperazine 3.39 was achieved by using conventional amino acid chemistry from 

Z-tyrosine derivative 3.40. Ullmann macrocyclization of diketopiperazine 3.39 was 

carried out in very controlled conditions by treatment with NaH (4 equiv.) and 

CuBr • SMe2 in dry boiling DMF under moderately diluted reaction conditions. In these 

strict reaction conditions 53% of compound 3.41 was obtained. The Ullmann reaction of 

diketopiperazine 3.39 is conducted under conditions where the secondary amides are 

deliberately deprotonated prior to exposure to the thermal reaction conditions. 

Subsequent racemization of the tris-anion 3.42 requires anion generation a- to and cross- 

conjugated with the amide anion. It is clear that the tris-anion 3.42 is not further 

deprotonated under the Ulmann cyclization conditions and the level of racemization is 

maintained below 3%. Reduction of macrocyclic diketopiperazine 3.41 with BH3. THF 

and removal of the Me-group (HBr-AcOH) proportioned (+)-piperazinomycin 3.34 in a 

60% yield (Scheme 3.12). 
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OMe 

COCH3 

NHCbz 

C02Me 

3.40 

MeO 

3.39 

OMe 

3.42 

NaH/CuBrSMe2 

DMF.170 °C 
(53 %) 

OH 

Scheme 3.12 

Evaluation 
The synthesis of (+)-piperazinomycin 3.34 was achieved as planned after having 

examined and extensively studied the cyclization of piperazines 3.37. However, the 

question in this synthesis is why compounds 3.37 that were potentially better substrates 

for the cyclization than diketopiperazine 3.39 (since there is no possibility of their 

racemization during the conditions employed to close the ring) failed to cyclize under 

the Ullmann conditions? 
I 

3.39 3.41 
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Modeling compounds 3.39 and 3.37a clearly explain the observed differences found 

during Jhe cyclization step. Both compounds must adopt a boat conformation in order to 

cyclize. This conformational switch is energetically more demanding for piperazines 

3.37 (Eboat-Ecbajr= 6.6 Kcal mol') than for the flatter diketopiperazine 3.39, for which the 

preferred conformation is already boat-like (Eboat-Ecbajr = -0.4 Kcal mol1). 

Boger synthesis of (+)-piperazinomycin illustrates that it is not always the 

closer model to the real intermediate that is the best. Roush’s synthesis of (+)- 

damavaricin D 3.43 illustrates the risk of using the stereoisomer of the synthetic 

intermediate as a model to develop specific reaction conditions which are to be applied 
during the synthesis. 

3.3 (+)-Damavaricin D [16] 

Me 

3.43 (-t-)-damaravicin D 

Target relevance 
(+)-Damavaricin D 3.43 is a biosynthetic precursor of the streptovaricin antibiotic family 

[17]. It acts as an inhibitor of RNA-directed DNA polymerase, and some of its 

derivatives have potential usefulness as antiviral agents and for treatment of adult T-cell 

leukemia. 

Synthetic plan 
The synthesis of (+)-damavaricin D 3.43 was designed to use the coupling of the highly 

functionalized naphthalene 3.44 and the ansa-chain aldehyde 3.45. The elaboration of the 

pendant chain on intermediate 3.45, followed by macrolactonization and functional 

group manipulation of 3.46, should form the target molecule 3.43 (Scheme 3.13). 

Predictable problems 
The densely functionalized (+)-damaravicine requires a fine-tuning of the different 

protecting groups employed in its synthesis; the compatibility of all of them along the 

synthetic sequence may be difficult to ensure. 
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Scheme 3.13 

Step 1. Coupling of the ansa-chain 3.45 and naphthalene 3.44 and initial elaboration of 

the side-chain (Scheme 3.14). The coupling of the aryllithium derived from naphthalene 

bromide 3.44 with aldehyde 3.45, provided a mixture of epimeric alcohols, the oxidation 

of which, with the Dess-Martin periodinane, yielded enone 3.46 as a mixture (1:1) of 

atropisomers. Elongation of the ansa-chain requires the terminal aldehyde 3.47, which 

was obtained by sequential removal of the TBS-protecting group followed by Swern 

oxidation [18]. Two additional carbons were introduced at this stage via Still’s (Z)- 

selective olefination procedure, providing 3.48 in 72% yield, along with small amounts 

of the E-isomer (Scheme 3.14). 
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Scheme 3.14 

Step 2. Instalation of the carbamate functional group in the naphthalene ring, two 

carbon extension of the appendage and macrolactonization (Scheme 3.15): Prior to 

effecting the macrocyclization step, intermediate 3.48 has to be elaborated to incorporate 

two more carbon atoms in the ansa-chain, the carbamate functional group that will 

become the amino group, as well as to close the macrocycle. The aromatic ester of 3.48 

was hydrolyzed by TBAF treatment and the corresponding acid submitted to Curtius 

rearrangement in the presence of TMSCH2CH2OH. Carbamate 3.49 was obtained under 

these conditions. 
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DIBALH, THF 
-100°C—>-78 °C 

(82%) 

1. TAS-F, DMF 
2. W-methyl-2-chloro-pyridinium iodide 

TEA.DCM 

(76%) 

Scheme 3.15 
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Next, a very compromising selective reduction of the Z-enoate to the corresponding 

aldehyijp has to be achieved to build the full-carbon skeleton of the ansa-chain. It is 

evident that a very careful control of the reaction conditions is required to prevent 

competitive reduction of the Cll and Cl3 acetate moieties. A good solution to this 

problematic situation could not be found. Thus, treatment of 3.49 with DIBALH 

produced the mixture of the desired aldehyde 3.50 and the alcohol 3.51, together with 

high amounts of unreacted 3.49. After a tedious and time consuming separation and 

recycling process, the required aldehyde 3.50 was obtained in 82% yield. Aldehyde 3.50 

was elaborated to the E.Z-dienoate 3.52 by Horner-Wadsworth-Emmons olefination. To 

complete the synthesis, only unmasking of the amine and carboxylic acid groups, for 

macrocyclic amide ring closure, and the final removal of the protecting groups, 

remained. The crude amino acid, obtained from 3.52, yielded the macrolactam 3.53 in 

76%, under the Mukaiyama salt macrolactamization protocol [19], as a single atrop- 
isomer (Scheme 3.15). 

Step 3. Removal of protecting groups on 3.53 and failed access to (+fdamavaricin D 

(Scheme 3.16): The deprotection steps to be applied at the final stages of (+)- 

damavaricin D 3.43 were developed in the model compound 3.54. Removal of the MOM 

and acetonide groups was successfully achieved by acid treatment to yield 3.55 [20]. 

However, when the analogous conditions were applied to compound 3.53, the precursor 

of (-t-)-damavaricin D, this resulted in its complete decomposition. Therefore, which 

compound 3.53 is.a very advanced intermediate in the synthesis of (+)-damaravicine 

3.43 could not be converted in these conditions in the target molecule. Attempted 

oxidative. demethylation of 3.53 produced compound 3.56, which could not be 

elaborated either, to (+)-damaravicine. 

Step 4. Tunning-up the hydrolysis protocol and the achievement of the synthesis of 

damavaricin 3.43 (Scheme 3.17): Clearly, compound 3.54 was a poor model for the 

synthesis of damavaricin 3.43. Macrocycles 3.53 and 3.54 belong to opposite 

atropisomer series and their reactivity is substantially different. The ultimate reasons 

why these two structurally similar compounds have such different conformational 

characteristics and chemical reactivity still remains a mystery. 
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All = allyl 

Scheme 3.16 

The authors did not significantly modify the synthetic route in order to access the target 

molecule. However, they were forced to use very strict reaction conditions to eliminate 

the protecting groups of 3.53. Thus, acid hydrolysis of 3.53 yielded 3.57 together with a 

mixture of partially deprotected derivatives and considerable amounts of recovered 

starting material 3.53. Compounds other than the desired 3.57 were resubmitted to 

several cycles and the final yield of 3.57 was 54%. Removal of the allyl protecting 

groups was achieved by treatment of 3.57 with TBTH in the presence of catalytic 

Pd(PPh3)4. Base hydrolysis followed by esterification successfully yielding 3.58, which 

by hydrolysis with TFA and air oxidation finally provided (+)-damaravicine 3.1 (Scheme 
3.17). 
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3.53 

OH O H Me 

3.43 (+)-damaravicine 

3.57 

1. TBTH.AcOH 
Pd(Ph3P)4 

2. LiOH 

THF,MeOH,H20 
u 3. TMSCHN2 

MOM 
OH O' H Me 

Scheme 3.17 

Evaluation 
As noted before, compound 3.54 was a poor model for the synthesis of damavaricin 

3.43. Macrocycles 3.53 and 3.54 belonging to opposite atropisomer series presented 

substantially different reactivity. The ultimate reasons why these two structurally similar 

compounds have such different conformational characteristics and chemical reactivity 

still remains a mystery. Therefore, although the consequences on the overall planning 

were disturbing, the ultimate reasons for this failure, based on the assumption of similar 

reactivity of the atropisomeric series, are not known. 
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All = allyl 

MOM 
'O O' H Me 

MOM 
"O O' H Me 

Key synthetic reactions 

Swern oxidation: The oxidation of an alcohol to an aldehyde or ketone using an oxalyl 

chloride/DMSO/TEA system in DCM as the solvent. The method is very mild and 

compatible with different functional groups [18]. 
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To end this chapter, we describe an interesting situation, which arises when a reaction 

testedjn a model system (or in an earlier precursor in a synthetic route) does not work at 

all, but is thereafter successfully applied to the final synthetic route. Unfortunately, it is 

not easy to ascertain how often this situation arises due to the lack of reported instances. 

Nevertheless, even against the odds and coupled with negative results from models in 

hand, to try out a nice idea on a few milligrams of an advanced intermediate may be 

appealing. One of these examples is found in Danishefsky’s synthesis of dynemicin A. 

3.4 Dynemicin A [21] 

3.59 dynemicin A 

Target relevance 
Dynemicin A is a member of the endiyne family of antibiotics isolated from 

Micromonospora chersina [22], It effects single and double stranded DNA cleavage, and 

shows in vitro antitumor activity. 

Synthetic plan 
The synthetic plan to prepare dynemicine A 3.59 foresees the synthesis of intermediate 

3.60, which contains the cyclic endyine function of the final product. The coupling of a 

suitable vy/r-dyine precursor 3.61 with an adequately functionalized ethylene fragment, 

could access this key intermediate. The tricyclic core of 3.61 would derive from the 

quinoline 3.62 (Scheme 3.18). 

Predictable problems 
The synthetic approach depicted in Scheme 3.18 is highly demanding in terms of 

stereochemistry. Intermediate 3.61 requires a c«-relationship of the C2, C4 and C7 

substituents. While the cw-relationship of C4 and C7 will be ensured by the 

estereochemical bias of the Diels-Alder reaction used during its preparation, the 

introduction of a substituent at C2 by the same P-face was expected to be troublesome. 
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Scheme 3.18 

Synthesis 

Step 1. Synthesis of the key intermediate 3.64 (Scheme 3.19): 

TIPS 

3.62 3.63 3.64 

Scheme 3.19 

Access to 3.64 required the introduction of the ethynyl substituent at carbon C2 of 

quinoline 3.62 by means of an intermolecular Reissert reaction [23], The new substituent 

must be placed on the (3-face of C2 having cA-relationship with respect to the already 

existing substituents at C4 and Cl. As indicated above, this may be troublesome. It was 

anticipated that the intermolecular Reissert reaction on 3.62 would occur from the a-face 

of the molecule, avoiding the P-substituents at C4 and Cl. This troublesome situation 

arises from the topology of the substrate that dictates the stereochemical outcome of the 

reaction. In the end, this situation will result in the production of the undesired 

stereoisomer. One obvious solution is to use a new substrate whose topology works in 

the required sense, albeit that this would mean a detour in the synthesis. 

A thoughtful and elegant solution is to block the a-face of 3.62. In this situation 

the new substrate for the intermolecular Reissert reaction having the a-face more 

hindered than the P-face, would render the stereochemistry needed for desired key 

intermediate 3.64. For this purpose diol 3.66 was obtained by dihydroxylation of 3.65. 
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Compound 3.65 had been obtained from 3.62 by using very bulky silylating agents 

(TBS-gfoups). In the author’s words, the hope was to engage these alcohols in a 

protective devise which would render the a-face ....more hindred than the /3-face. The 

diol linkage was engaged as ketal by treatment of 3.66 with dimethoxybenzophenone to 

form 3.67. Submission of 3.67 to treatment with allylchloroformate, in the presence of 

the Grignard reagent derived from triisopropilsilylacetilene, yielded a 9:1 mixture!! 

favoring the desired P-addition product 3.63. Thus, the major problem of the syn 

required stereochemistry relating C2, C4 and Cl has been masterly solved. The price 

paid was the lost of the vinilogous carbonate function of the natural target that must be 

restored at a later stage of the synthesis. (Scheme 3.20). 

Me 

3.62 3.65 

TIPS 

BrMg = -TIPS 

CIC02AII, THF, 
-20°C,(80%) 

3.66 

(83%) 
Ph2C(OMe)2 
H2S04i DCM 

Me 

3.63 3.67 

Scheme 3.20 

Transformation of 3.63 into the cyclization precursor 3.64 requires installment of the 

terminal acteylene at carbon Cl. Removal of the TBS-protecting group of the primary 

alcohol, followed by Swern oxidation [18] yielded the labile aldehyde 3.68. This 

intermediate was submitted to Corey-Fuchs protocol [24] delivering diyne 3.69. 

Removal of the TIPS-group from the alkynyl fragment with TBAF caused as well 

deprotection of the phenol hydroxyl. The benzophenone ketal linkage was removed by 

acidic treatment. Protection of the phenolic hydroxyl again as TBS-derivative followed 

by acetylation of the secondary alcohols yielded diyne 3.64 (Scheme 3.21). 
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TIPS 

3.63 

1.HCIcc,THF 

2. (COCI)2, DMSO 
TEA.DCM, 

-78 °C (86%) 

TIPS 

3.68 

1. PPh3 CBr4 

DCM! -78 °C 

2. nBuLi, 

toluene, -78 °C 

TIPS 

.xOAc 

'OAc 

1. TBAFJHF, 0°C 
2. HCIcc, MeOH, rt 
<- 

3. NaH, TBSCI, THF 
4. Ac20, Et3N, 

DMAP.DCM 

AIIO 

Scheme 3.21 

Step 2. Synthesis of the endyine key intermediate 3.71 (Scheme 3.22): 

.sOAc 

'OAc 

3.64 

Scheme 3.22 
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The installation of the endiyne system is one of the most sensitive steps in the synthesis 

of dynemicin A. The insertion of the ethylene fragment, using a Sonogashira coupling 

[25], was first tested in the model compound 3.72, having the tetrasubstituted epoxide of 

dynemicin A in place. Submission of 3.72 to the action of Pd(PPh3)4/CuI in the presence 

of cA-l,2-dichloroethylene did not yield the expected endiyne 3.73. The Stille’s cross¬ 

coupling [26] between the bis-iodoalquine 3.74 and cA-diestannyl ethylene 3.75 did not 

produce the desired endiyne 3.70. Products arising from two intermolecular couplings 
were isolated instead (Scheme 3.23). 

3.72 3.73 

3.74 3.70 

Scheme 3.23 

The refusal of the model compounds 3.72 and 3.74 to yield the coupled endiyne 

derivatives 3.73 and 3.70, respectively, led to a rethinking of the way of installing the 

endiyne moiety. In the words of the authors: though the interpolation of the ethylene 

unit into 3.72 and 3.74 was unsuccessful, it was hoped that cyclization could be 

accomplished if the epoxide were in place. The C8-C9 epoxide might serve to shorten the 

approach of the two ethynyl units while providing some relief from the projected strain 

in the cyclization product. Therefore, based on this hypothesis and against the results 

obtained with the models, the transformation was undertaken. 
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Step 3. Installation of the ethylene moiety using the Stille coupling (Scheme 3.31): 

Scheme 3.24 

Epoxide 3.77 was prepared from diyne 3.64 by removal of the alloc-group and in situ 

acylation of the free aniline nitrogen with TEOCC1. The acetates were hydrolyzed on 

TEOC-protected 3.78 with ammonia and the free diol stereospecifically epoxidized with 

MCPBA yielding epoxide 3.76. Iodination of the alkyne was achieved by the action of 

NIS catalyzed by silver, and the diodide 3.79 submitted to the Stille’s cross coupling 

with tin reagent 3.75. The endiyne 3.77 was obtained in 81% yield (Scheme 3.32). 

Effectively, the presence of the C8-C9 epoxide shortens the approach of the two ethynyl 

groups, allowing for the success of the ethylene bridging. As a matter of fact, the 

introduction of this strain may be what forces the Bergman cyclization upon epoxide 

opening [27], The success of the bis-Stille cyclization step opens doors to achieve the 

total synthesis of dynemicin A. The completion of the synthesis involved the 

development of the C5-C6 vinilogous carbonate framework, for which differentiation of 

the two hydroxyl groups is needed. Treatment of 3.77 with TEO resulted in selective 

triflation of the equatorial C5 alcohol. Dess-Martin periodinane oxidation followed by 

reduction with CrCl2, afforded ketone 3.80. a-Carboxylation of 3.80 proved to be 

problematic and was achieved using the Rathke protocol [28]. Thus, treatment of ketone 

3.80 with MgBr2/TEA/C02 produced a highly unstable P-ketoacid that was isolated as 

the MOM ester 3.81, the key intermediate from where dynemicin A will be finally 
accessed (Scheme 3.25). 
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,sOAc 

'OAc 
1. NH3 MeOH 

2. MCPBA.DCM 
(78%) from 3.64 

,kOH 

''OH 

3.79 

Me3Sn SnMe3 

3.75 

5% mol Pd(PPh3)4 
0.023 M, 75 °C 

(81%) 

3.77 3.80 

Scheme 3.25 

3.81 

Step 4. Incorporation of the trihydroxyanthraquinone moiety and completion 

of dynemicin A synthesis (Scheme 3.26): 

Scheme 3.26 
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Incorporation of the DE region of dynemicine A was designed to use the protocol 

developed by Tamura [29]. Homophthalic anhydride 3.83 would be attached to the 

quinone imine 3.82 to form the rings DE of dynemicin A, following a well-established 

methodology to construct a naphtoquinone ring under very mild and efficient conditions. 

In the event, intermediate 3.81 was oxidized to the needed quinone imine 3.82 by 

removal of the TEOC-group followed by periodinane oxidation. Deprotonation of 3.83 

with LHMDS generates a species that adds to 3.82 to yield adduct 3.84, presumably 

through an unstable no-aromatic intermediate that is immediately oxidized with PIFA. 

Exposure of 3.84 to daylight under air gives the corresponding antraquinone, which on 

treatment with MgBr2 on ether, yielded (±)-dynemicine 3.59 in 15% yield (Scheme 
3.27). 

MOMO 

Scheme 3.27 

This is a low-yielding sequence attributable, according to the authors, to the instability of 

the intermediates, and the difficulty associated with the isolation and purification of 
3.59, rather than to failings in the chemical reactions per se. 
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Evaluation 

The installation of the ethylene subunit of the endyine bridge of dynemicin A was 

unsuccessful in both model reactions attempted, using the Sonogashira and Stille 

couplings. However, and in spite of these hardly encouraging results it was hoped that 

cyclization could be accomplished if the C8-C9 epoxide were in place. The C8-C9 

epoxide might serve to shorten the approach of the two ethynyl units while providing 

some relief from the projected strain in the cyclization product. Therefore, based on this 

hypothesis and against the results obtained with the models, the Stille coupling was 

undertaken and successfully achieved. Now, even against the odds, new approaches may 

succeed based on the experience of the negative results obtained on previous models. 

3.72 3.73 

3.79 3.77 
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Chapter 4 
The Unexpected Reactivity or Inertia 
of Common Functional Groups 

How predictable is the reactivity or the inertia of a certain functional group in a densely 

functionalized molecule? Taken at face value, this seems to be a silly question since, for 

instance, a ketone group is still a ketone group even in the more complex molecular 

environment. Nevertheless, even the simplest transformation of a functional group can 

be a nightmare when the reaction outcome is different from that expected, or when the 

functional group does not react at all. The examples discussed below demonstrate the 

necessity of gathering more information concerning the reactivity of densely 

functionalized molecules, and of learning more about the behavior of commonly used 

reagents in these systems. 

4.1 Pseudotabersonine [1] 

4.2 pseudotabersonine 

Target elevance 
Tabersonine 4.1 was first isolated in 1954 from Amsonia tabernaemontana [2], Soon 

after the initial report, the alkaloid was isolated from several other natural sources. 

Tabersonine is the biosynthetic predecessor of several members of the Aspidospenna 

family, and it is important not only for its biosynthetic relationship to the Vinca 

alkaloids, but also because it is the chemical progenitor of these alkaloids. 

Pseudotabersonine 4.2 is another Aspidospenna alkaloid and its biogenesis is closely 

related to tabersonine 4.1. In fact, both alkaloids are postulated to proceed from 
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the common intermediate dehydrosecodine 4.3. The biological properties of these 

compounds, their intricate pentacyclic structure and their biogenetic relationship, make 

these products exceptional targets for biomimetic total synthesis [3]. 

Synthetic plan 

The biomimetic synthetic approach to pseudotabersonine 4.2 rests in the intermediacy of 

a dehydrosecodine derivative 4.4 accessible from oxindole 4.5. Compound 4.5 may be in 

turn prepared by a tandem retro Diels-Alder/intramolecular aza Diels-Alder sequence 

effected on 4.6. This product will be accessed by the reaction of spiroaziridinium triflate 

4.7 and indolone 4.8 (Scheme 4.1). 

H 

4.8 4.7 4.6 

Scheme 4.1 

Predictable problems 

The synthesis of pseudotabersonine 4.2 features three potentially troublesome key trans¬ 
formations: 

• The use of spiroaziridinium salt 4.7 to prepare 4.6 through AdE to indolone 4.8 
may have regioselective problems. 

• The unique tandem retro Diels-Alder/intramolecular aza Diels-Alder sequence to 
gain access to oxindole 4.5. 

• The unprecedented transformation of oxindole 4.5 to dehydrosecodine derivative 
4.4. 
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Synthesis 

Step 1. Synthesis of oxindole 4.5 (Scheme 4.2): 

4.8 4.6 

Bn 

4.5 

Scheme 4.2 

Indolone 4.8 was reacted with KN/-Pr2 in THF at - 78°C and subsequently with 

spiroaziridinium salt 4.7 to yield the alkylated oxindole 4.6. The tandem retro Diels- 

Alder/intramolecular aza Diels-Alder sequence will be effected on intermediate 4.12 

arising from the unraveling of the azanorbomene fragment of 4.6. The oxindole nitrogen 

of 4.6 was benzylated prior to undertaking this transformation to yield 4.9. Exposure of 

4.9 to BF3.Et20 in toluene at 100°C formed a diastereomeric mixture (1.5:1) of 4.10 and 

4.11 (Scheme 4.3). The isolation of the mixture of adducts is of no relevance since both 

can be taken to dehydrosecodeine. 

4.9 

Bn 

toluene 
BF3.Et20 
100°C 
(61%) 

4.11 4.10 

Scheme 4.3 

4.12 
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Step 2. Formation of dehydrosecodine derivative 4.13 and failed entry 

to pseudotabersonine (Scheme 4.4): 

4.10 4.13 

Scheme 4.4 

4.2 

Oxindole 4.10 was reacted with 2-lithio-l,l-diethoxy-2-propene to form carbinolamine 

4.14. The in situ formation of (V-benzyl dehydrosecodine 4.13 was effected by acidic 

treatment (H20/TsOH) of 4.14. Under these conditions the intermediate 4.13 was formed 

and cyclized to the pentacyclic alkaloid 4.15. This compound possesses the full 

pentacyclic carbon skeleton of pseudotabersonine. To complete the synthesis of 4.2 the 

transformation of the formyl group at C3 of 4.15 into a carbomethoxy unit and the 

removal of the benzyl group at N1 is necessary. All attempts to oxidize the formyl group 

meet with no success (Scheme 4.5). 

4.10 4.14 4.13 

I TEA 
1 (50%) 

4.2 

Scheme 4.5 

4.15 
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Step 3. Sequential access to pseudotabersonine from aldehyde 4.15 (Scheme 4.6): 

4.15 4.16 4.2 

Scheme 4.6 

The bottle-neck caused by the unusual inertia of the formyl group at C3 of 4.15 was 

surpassed by the expedite method of its elimination and subsequent reinstallation as the 

desired methoxycarbonyl group. Thus, hydrolytic deformylation of 4.15 formed 4.17, 

which was debenzylated after many trials by treatment with a large excess of lithium 

4,4'-di-te/tbutylbiphenylide to yield 4.16. The installation of the C3-carbomethoxy 

group was realized in only 35% yield by lithiation of 4.16 and treatment with excess of 

MeOCOCl (Scheme 4.7). In this way pseudotabersonine 4.2 was prepared. 

Scheme 4.7 
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Evaluation 
• No strategic changes have been made during the synthesis of pseudotabersonine 

4.2. The synthetic plan presented in Scheme 4.1 has been implemented. 

• The failure of a simple transformation like the oxidation of the aldehyde group of 

4.15 to a carboxyl group led to a major tactical detour. In fact, the inert group had 

to be removed and reinstalled in a four-step sequence (Scheme 4.7). 

4.16 

• It is intriguing to note the inertia of the formyl group of 4.15 towards oxidation, 

while the related compound 4.18 was oxidized uneventfully to 4.19 in the final 

stages of Magnus synthesis of (+)-16-methoxytabersonine [4], The vinilogous 

amide nature of the formyl group in 4.15 may be responsible for the failure, while 

the carbamate group used to block the aniline nitrogen of 4.18 may attenuate this 

amide-like character, allowing for its oxidation. Overman has made analogous 

observations in his synthesis of (±)-akuammicine [5]. 

4.18 

R = COOMe 

4.19 
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4.2 Octalactins A and B [6] 

4.20 (-)-octalactin A 4.21 (-)-octalactin B 

Target relevance 

Octalactin A 4.20 and B 4.21 were isolated [7] from the marine bacterium Streptomyces 

sp. Octalactin A showed strong cytotoxicity toward B-16-F10 murine melanoma and 

HCT-116 human colon tumor cell lines while octalactin B was totally inactive in these 

assays. 

Synthetic plan 

4.24 4.25 4.26 

Scheme 4.8 
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The access to octalactins has as key point the construction of lactone 4.22. The strategy 

to construct this saturated eight-membered ring lactone 4.22 envisioned the facile 

lactonization of the unsaturated hydroxy carboxylic acid 4.23 followed by hydrogenation 

of the cA-olefin. Acid 4.23 will be accessed from alkyne 4.24 formed by the coupling of 

terminal alkyne 4.25 and aldehyde 4.26 (Scheme 4.8). 

After completing the building of 4.22, the exocyclic appendage will be fully 

elaborated by joining first the fragment 4.27. Further functional group manipulation and 

unmasking of the protected groups would lead to octalactin B 4.21. Epoxidation of 4.21 
would form octalactin A 4.20 (Scheme 4.8). 

Predictable problems 
No predictable problems are devised a priori. The geometric restriction imposed by the 

double bond of alkene 4.23 makes the success of the key lactonization step very 
plausible. 

Synthesis 

Step 1. Synthesis of hydroxy carboxylic acid 4.23 (Scheme 4.9): 

Scheme 4.9 

Iodination of alkyne 4.25 using I2/morpholine formed the terminal iodide 4.28 in 90% 

yield. The iodide was coupled with aldehyde 4.26 using the Ni(II)/Cr(II) protocol [8] to 

give an inseparable mixture of alcohols 4.29. Hydrogenation of the triple bond using the 

Lindlar s catalyst [Pd(CaC03), quinoline, rt], followed by acetylation, and removal of 

the MMTr-ether (PPTS/DCM-MeOH) gave 85% of a separable mixture of products, of 
which alcohol 4.30 was the desired product. 

Two-stage oxidation of the primary alcohol using the Dess-Martin periodinane 

[9] followed by NaCICb and finally deacetylation provided carboxylic acid 4.23 (Scheme 
4.10). 
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TBDPS 
^/CHO 

OMPP 
l2, morpholine 

OMPP 

OMMTr 

Me 

4.26 

OMMTr 
C6H6 rt (90%) 

4.25 

HO 

4.28 
CrCI2NiCI2 THF,rt 

(75-90%) 

Me 
1 • H2 Pd(Ca(CO)3), 

quinoline 

2. Ac20/DMAP/py/rt 

(85%, 3 steps) 
4. Separation 

OH Me 

TBDPSO OH 

OMPM 

4.30 

1. DMPI,DCM,rt 

2. NaCI02 2-methyl-2-butene, (82%) TBDPSO 

3. K2C03 MeOH.rt, (87%) 

OH Me 

COOH 

OMPM 

4.23 

Scheme 4.10 

Step 2. Lactonization of acid 4.23 and failed hydrogenation of a double bond 

(Scheme 4.11): 

OH 

TBDPSO COOH 

OMPM 

4.23 

OTBDPS 'OTBDPS 

Me 

Scheme 4.11 

Lactonization of 4.23 was achieved by using the Corey double activation method (2,2'- 

pyridine disulfide/PPh3/DCM followed by heating in the presence of AgBF4) in 63-75% 

yield [10]. Lactone 4.31 was thus obtained. Now, one of the first reactions learned at the 

introductory organic chemistry level, the standard olefin hydrogenation, was attempted. 

Unsaturated, eight-membered ring lactone 4.31 has the cyclic core of octalactin and it is 

properly functionalized to be transformed to the desired target. Unfortunately, in the 

words of the authors, the seemingly prosaic task of reducing the double bond could not 

be carried out under the many conditions tried, including heterogeneous and homo¬ 

geneous catalytic hydrogenation, diimide reduction ... (Scheme 4.12). Therefore, the 

planned route to octalactins had to be re-evaluated. 
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1.2,2’-pyridine disulfide, 
PPh3,DCM 

2. AgBF4 toluene, A 

(63-75%) 

OTBDPS 

OTBDPS 

Me 

4.22 

Scheme 4.12 

4.21 (-)-octalactin B 

Scheme 4.13 
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Step 3. The successful route to octalactins: Taking a worthy risk (Scheme 4.13): 

After the “simple” hydrogenation step failed in converting 4.31 to 4.22, the building of a 

saturated eight-membered lactone ring was devised through intramolecular esterification 

of the saturated hydroxy carboxylic acid 4.32. This maneuver would effect the 

compromising hydrogenation step on the open chain precursor 4.32. The literature 

offered little encouragement for this strategy. Nevertheless, based on the assumption that 

pre-organization of 4.32 due to stereochemical arrangements and steric factors, may 

approach the alcohol and acid termini, this route was pursued. 

Hydrogenation (Pd(C)) of 4.23 formed 4.32 that was lactonized to 4.22 by using 

2,2'-pyridine disulfide/PPh3/DCM followed by heating in the presence of AgBF4 in 73% 

yield (Scheme 4.15). Therefore, the a priori difficult operation was achieved in high 

yields. The side-chain of octalactins was elaborated after the successful assemblage of 

lactone 4.22. Desylilation and oxidation, followed by coupling of the resulting aldehyde 

with the vinyl iodide 4.27 (NiCl2/CrCl2(excess)/DMSO, rt), gave a 1.5:1 separable 

mixture of diasteromeric alcohols 4.33 in 74% yield. Oxidation of 4.33 yielded a single 

ketone 4.34, which gave synthetic octalactin B 4.21 in 88% yield by desilylation and 

oxidative removal of the MPM group (Scheme 4.14). 

To synthesize (-)-octalactin A, the syn allylic alcohol syn-4.33, obtained during 

the addition of 4.27 to the aldehyde derived from 4.23, was reacted with TBHP 

/VO(acac)2 in benzene at rt to afford a single epoxide, which was oxidized (Dess-Martin 

periodinane) to give the protected octalactin A 4.35 in 95% yield. Removal of the 

protecting groups following a sequence analogous to that used for the synthesis of 

octalactin B, afforded octalactin A in 77% yield (overall from syn-4.33) (Scheme 4.15). 
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H2Pd(C) 

EtOAc.rt 

(100%) 

1.2,2’-pyridine disulfide, 

PPh3,DCM 

2. AgBF4 toluene, A 

f (73%) 

DMPI/DCM,rt 
u (78%) 

1. TBAF/AcOH/THF 
(96%) MPMO/, 

2. DMPI/DCM,rt 
i- 

3. OTBS Me'' 

4.27 
NiCI2/CrCI2(excess)/ 
DMSO, rt 
(78%) 

4.22 

Scheme 4.14 

Evaluation 
The evaluation of the detours caused by failure in a simple process like the 

hydrogenation of a double bond is perfectly resumed by the words of the authors: the 

seemingly prosaic task of reducing the double bond could not be carried out under the 

many conditions tried, including heterogeneous and homogeneous catalytic hydro¬ 

genation, diimide reduction... The conclusion is that the behavior of simple reactions in 

complex systems is far away to be simple. 

[H], 

\_/'Y^'OTBDPS 

Me 

MPMO,. 

Me' 

O 

,GV OTBDPS 

Me 

4.31 4.22 
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1.TBHP, 

OTBS VO(acac)2 
PhH, rt 

2. DMPI, DCM, 
rt, (95%) Me uP 

4.35 

1. HF/MeCN.rt 
2. DDQ,DCM,H20 

(77%) 

4.20 (-)-octalactin A 

Scheme 4.15 

Key synthetic reactions 

The Nozaki-Takai-Hiyama-Kishi coupling: The Ni(II)/Cr(II)-mediated coupling of a 

vinyl iodide or alkynyl iodide and an aldehyde [8]. The process can be catalytic both in 
Ni and Cr salts [11]. 

+ tbdps^VCH0 

Me 

4.26 

CrCI2 NiCI2 
THF.rt 

(75-90%) 
TBDPSO Me MPMO OMMTr 

4.29 

Specially interesting reagents 

Dess-Martin periodinanes: The oxidation of a primary alcohol to aldehyde or a 

secondary alcohol to ketone by using a periodinane [9], The reagent is compatible with a 

wide variety of functional groups and it effects the oxidation in smooth reaction 

conditions. 
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O 

4.3 (-)-Polycavernoside A [12] 

4.36 (-)-polycavernoside A 4.37 (-)-polycavernoside A aglycon 

Target relevance 
Polycavernoside A 4.36 is an algal metabolite isolated from the widely consumed red 

alga Polycavernosa tsudai [13]. This compound is a powerful human toxin that is 

produced seasonally only during the months of April and May [14]. 

Synthetic plan 
The plan to construct (-)-polycavernoside A aglycone 4.37 rests on the building of the 

14-membered lactone core 4.38 from the seco-acid precursor 4.39. Evidently, the acid 

4.39 has to be in the adequate conformation to favor the macrocycle ring closure. The 

sensitive polyolefinic appendage would be introduced late in the synthesis once the 

lactone core was constructed. The fragments 4.40 and 4.41 are going to be joined during 

the synthesis of 4.39. Coupling of both fragments would be achieved by anion 

condensation (Scheme 4.16). 
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4.37 4.38 4.39 

Predictable problems 

• The construction of 14-membered lactone 4.38 depends critically on the 

attainment by the seco-acid precursor 4.39 of a conformation properly suited to 

effect the ring closure. 

• The establishment of the a-dicarbonyl moiety (C9-C10). 

• The introduction of the sensitive trienyl functionality. 
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Synthesis 

Step 1. Synthesis of seco-acid 4.42 (Scheme 4.17): 

Scheme 4.17 

Sulfone 4.45 was deprotonated with BuLi and reacted at -78°C with the aldehyde 4.44 to 

yield an alcohol whose oxidation with the Dess-Martin periodinane reagent delivered 

keto sulfone 4.46. The unmasking of the a-dicarbonyl moiety and the further 

deprotection of the alcohol at Cl3 would then form the five-membered ring hemiacetal. 

In this regard, sulfone 4.46 was deprotonated with KOrBu and the resulting anion 

oxidized with Davis oxaziridine 4.47 [15]. Oxidative desulfonylation took place in this 

way to yield 4.43 exclusively. Subsequent treatment of 4.43 with DDQ removed the 

PMB-protecting group to form the five-membered ring lactol 4.48 without traces of any 

other product. To access to the next intermediate 4.49, the chemoselective removal of 

the triethylsilyl group was attempted. None of the methods used were effective. 

Alternatively, since the origin of the problem may be the unprotected lactol moiety 

present in 4.48, the methylation of the free OH was pursued. Compound 4.50 could not 

be obtained under any of the conditions used. Therefore, access to seco-acid 4.42 was 

thwarted by the failure of the “simple” removal of a silyl protecting group in 4.48 
(Scheme 4.18). 
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Me Me 

OBn 

4.50 

Scheme 4.18 

Step 2. A tactical change to prepare seco-acid 4.53 and its macrolactonizacion to form 

4.54: The failure to access to the seco-acid 4.42 precursor 4.43 because of the reluctant 

removal of an “easily” removable TES-group forced to use an alternative route. Now, 

the removal of this protecting group was effected on sulfone 4.46. The standard 

chemoselective proteolisis (TsOH) of the TES-group was straightforward, leading to 

alcohol 4.51. In this new scenario the double bond was elaborated onto the correspond¬ 

ing aldehyde 4.52 that was further oxidized uneventfully to the carboxylic acid 4.53 
using buffered NaCKY in the presence of 2-methyl-2-butene. Macrolactonization was 

effected under modified Yamaguchi conditions (2,4,6-Cl3C6H2COCl/Et3N/DMAP/ 

boiling toluene) with excellent 82% yield, to afford lactone 4.54 (Scheme 4.19). 
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4.46 4.51 4.52 

NaCI02NaH2P04 
2-methyl-2-butene 
©u0H,H20, 0°C 

Me Me 

1.2,4,6-CI3C6H2COCI 
Et3N,THF, 25°C 

2. DMAP, toluene 
110°C (82%) 

Me Me 

4.53 

Scheme 4.19 

Step 3. Desulfonation 4.54, lactol installation and preparation of aldehyde 4.55, the key 

intermediate to join the polyene appendage (Scheme 4.20): 

Me Me 

4.54 4.56 

Scheme 4.20 

4.55 
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The successful synthesis of macrolactone 4.54 opens the way to prepare the new key 

intenflfediate, aldehyde 4.55. In fact, if the oxidative desulfuration protocol used to 

prepare diketone 4.48 is effective to desulfurate 4.54, the preparation of aldehyde 4.55 
would be just two “easy” steps away: silicon protecting group removal and alcohol to 

aldehyde oxidation. In fact, a-diketone 4.57 was smoothly prepared from 4.54 using the 

enol-generation-oxidation protocol as above (see Scheme 4.18), and the PMB-group 

protecting the C13-OH was removed by oxidation with DDQ. This resulted in the 

smooth formation of the five-membered lactol 4.56 as a single estereoisomer. The 

remaining silyl protecting group was removed using HF-py to form alcohol 4.58. 
However, the oxidation of the primary alcohol of 4.57 to the desired aldehyde 4.55 
totally destroyed the starting material. Apparently, the presence of the hemiacetal 

functionality renders the macrocycle vulnerable to their oxidation and thwarted the 

apparently easy access to the desired product 4.55 (Scheme 4.21). 

Me Me Me Me 

OBn OBn 

4.54 4.57 

Me Me 

4.55 

4.56 

HF.py 
py/THF 
(56%) 

V 

Me Me 

Scheme 4.21 
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Step 4. Re-evaluation of the strategy for the synthesis ofpolycavernoside A aglycon 4.37. 

Synthesis of vinyl-iodide 4.61 (Scheme 4.22): 

4.54 4.59 4.60 4.61 

Scheme 4.22 

The approach to (-)-polycavernoside A aglycone 4.36 was re-evaluated at this point. In 

fact, the unpredictable failure of the primary alcohol of the macrocycle 4.58 to 

experience oxidation, without the concomitant destruction of the molecule, was 

attributed to the lactol moiety (Scheme 4.21). The sensibility of the lactol moiety was 

also claimed to be responsible for the failure of the first undertaken approach, the 

drawback being in that case due to the impossibility of deprotecting a silyl group 

(Scheme 4.18). This extreme sensitivity of the lactol ring forced to delay its introduction 

to the late stages of the synthesis. In fact, the unmasking of the lactol moiety would be 

effected on compound 4.60 having all the anchors needed to attach the remaining 

moieties of (-)-polycavemoside A 4.36 in its structure. 

Thus, macrocycle 4.54 was deprotected to yield the alcohol 4.62 that was now 

smoothly oxidized in 90% yield to the aldehyde 4.59 using Dess-Martin periodinane. 

Clearly, the lack of the lactol moiety allows for this oxidation to occur without 

decomposition of the starting material. Further iodomethylenation of the aldehyde 4.59 
with the Takai reagent (CrCF/CH^I) [16] afforded vinyliodide 4.60, which was used as 

substrate for the oxidative elimination of the sulfone functionality to form diketone 4.63. 
Now, the removal of the PMB group at C13 resulted in the formation of 4.61. Therefore, 

the access to an appropriately functionalized lactol to pursue the synthesis of (-)- 

polycavernoside A was finally achieved (Scheme 4.23). 
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CrClz 

CHI/THF 

| (77%) 

Scheme 4.23 

Step 5. Completion of the synthesis: Glycosidation of 4.61 with sugar 4.64 by means of 

Nicolaou methodology (NBS, 4A-Ms, MeCN) [17] formed 4.65. The sugar PMB- 

protecting group was oxidatively removed to yield 4.66 to which the dienyl appendage 
was incorporated through the Stille coupling with (is^-l-iodo-S-methyl-l^-hexadiene. 

This yielded (-)-polycavemoside A 4.36 (Scheme 4.24). 
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Evaluation 
• The (-)-polycavemoside A synthesis is an intriguing case of how the predictable 

problems are beautifully solved without further complication of the synthesis, 

while very simple reactions like the removal of a silyl protecting group or the 

oxidation of an alcohol to the corresponding aldehyde resulted in several 

synthetic drawbacks. The conclusion of this example is clear: the reactivity of a 

functional group on a densely functionalized molecule is many times unpredict¬ 

able by the presence of other reactive groups. 
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• The above considerations result in a tactical change in the order of the sequence 

of events in the synthesis of the key seco-acid is going to be achieved. The mayor 

detours during this process were due simply to the impossibility of removing a 

TES-protecting group without affecting the rest of the molecule. 

• Most dramatic is the decomposition of compound 4.58 during its oxidation to the 

target aldehyde 4.55. This failure to effect the oxidation resulted in the re- 

evaluation of the synthetic strategy. Once identified, the lactol moiety of 4.49 and 

4.58, which are responsible for the troubles encountered during the synthesis, the 

unmasking of this moiety was delayed until the last stages of the synthesis, which 

was then successfully accomplished. 

Me Me Me Me 

The examples presented in this section are just a pale reflection of how matters can 

become complicated when, at first glance, simple transformations are carried out in 

complex molecules. Evidently, this does not mean that chemical reactions always have 

unpredictable outcomes. The conclusion here is that much more research is needed to 

learn how a “simple transformation” occurs in a densely functionalized molecule. 

Modern organic chemistry lacks the necessary knowledge of this kind of chemistry. 
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Chapter 5 
The Influence of Remote Substituents 

In the design of a target molecule, for each single step, many different possibilities are 

available, which are critically and carefully evaluated. In many cases, the key 

transformations are tested in model compounds and, except in those syntheses in which 

the objective is to demonstrate the usefulness of a new methodology, well-established 

synthetic procedures are generally chosen. However, it may happen that a very well 

tested transformation fails in the real synthetic intermediate due to the presence of an 

offending remote substituent. This may happen more frequently than believed by two 

different, albeit sometimes overlapping, situations: a remote substituent acting as a 

blocking group or the remote functional group that interferes with the desired reaction, 

producing undesired structures. Let us study the first of these two situations. 

5.1 “Alive” Dead Steric Volume 

The influence of apparently remote inert substituents thwarting a well-designed and 

well-tested reaction is a serious situation, which often entails undesired drawbacks to 

earlier steps on the synthesis in order to repeat the synthetic scheme without the 

troublesome group. Evidently, subsequent steps are required after the transformation has 

been achieved in order to introduce the troublesome remote substituent. The following 

two examples clearly illustrate this point. 

Dead Ends and Detours: Direct Ways to Successful Total Synthesis 

Miguel A. Sierra and Maria C. de la Torre 
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

ISBN: 3-527-30644-7 
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5.1.1 (±)-Lubiminol [1] 

5.1 (±)-lubiminol 

Target relevance 
Lubiminol is a phytoalexin produced by potato tubers infected with the fungi 

Phytophthora infestans or Glomeralla cingulata [2]. Lubiminol 5.1 is one of the most 

structurally complex oxygenated spirovetivane phytoalexins, and it is implicated in the 

toxicity of infected plants to humans and livestock. 

Synthetic plan 
The key intermediate in the synthesis of lubiminol 5.1 is the tricyclic cyclobutane 5.2, 
which should render the spirocyclic ketone 5.3 through a tandem radical fragmenta- 

tion/Dowd-Beckwith ring expansion [3]. Intermediate 5.2 may be derived from the 

photochemical intramolecular [2+2] cycloaddition on enone 5.4. 

Scheme 5.1 

Predictable problems 

• High levels of asymmetric induction, in the intramolecular [2+2] photocyclo¬ 

addition of 5.4, are required, in order to settle the configuration at carbons C5 and 

C7. The relative stereochemistry of the two stereogenic centers of the tether will 

influence the stereochemical outcome of the reaction, but no information about 

this point was available at that time and examples relating to the specific 

substitution pattern needed for lubiminol synthesis could not be found in the 
literature. 
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• ^4 he authors had previously studied the key tandem radical fragmentation/Dowd- 

Beckwith ring expansion for obtaining medium rings, which should be applicable 
to this case. 

Synthesis 

Step 1. Photocycloaddition of5.4. Preparation of the precursor for the 

fragmentation/Dowd—Beckwith ring expansion 5.2 (Scheme 5.2): 

Irradiation of 5.4 yielded the single adduct of tetracyclic keto ester 5.5, the 

stereochemistry of which matches the relative stereochemistry at C5 and C7 of lubiminol 

(Scheme 5.3j. Cycloadduct 5.5 contained all the carbons for lubiminol except for the C4 

Me-group. Therefore, the next task of the synthesis is the complexion of the lubiminol 

backbone. Cyclobutane 5.5 was transformed to enone 5.6 by treatment with ethyl 

trimethylsilyl acetate (EISA) in the presence of a catalytic amount of TBAF, followed 

by oxidation with PdfOAc)2. Addition of Me2CuLi takes place from the (3-face of enone 

5.6 yielding 5.7. It can be seen that the Me-group of 5.7 has the wrong stereochemistry at 

C4. Other organometallic reagents used to introduce the Me-group, as well as the use of 

additives, produced the same estereochemical outcome. Therefore, a detour in the 

synthetic planning was taken, to obtain the right stereochemistry at C4. Transformation 

of cyclopentanone 5.6 into enone 5.8 was achieved, connecting the oxidation of the sylil 

enol ether with the conjugate addition step of Me2CuLi. Hydrogenation of 5.8 proceeds 

exclusively through the convex face of the molecule, with concomitant cleavage of the 

acetonide miety, yielding 5.9 that has the required a-stereochemistry at C4 (Scheme 

5.3j. Completion of the synthesis of the precursor for the radical rearrangement 

thiocarbamate 5.2, was achieved by chemoselective esterification of the secondary 

alcohol of diol 5.9 with (Imj2C=S in the presence of DMAP. 
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Step 2. Tandem radical fragmentation/Dowd-Beckwith ring expansion: This step was 

the cornerstone of the planned lubiminol synthesis. The tandem radical fragmenta¬ 

tion/Dowd-Beckwith ring expansion was attempted on thiocarbamate 5.2 by heating in 

benzene in the presence of TBTH and AIBN. Disappointingly, a mixture of three 

products 5.10-5.12 was obtained. None of the obtained compounds was the planned 

lubiminol precursor 5.3 (Scheme 5.4). 

Step 3. Re-evaluation of the radical fragmentation/Dowd-Beckwith ring expansion step: 

It was reasoned that the failure of 5.2 to undergo the planned radical fragmenta¬ 

tion/Dowd-Beckwith rearrangement, was probably due to the interaction of the primary 

radical generated on 5.2, with the apparently distal C4 Me-group. This unpredicted 

interaction produces a very congested transition state for the addition of the radical to 

the carbonyl group in the Dowd-Beckwith rearrangement (see below Scheme 5.10). 

Alternatively, it can promote a hydrogen transfer from the Me-radical which also would 

inhibit the rearrangement. Interestingly, the C4-epimeric compound 5.13, when it was 

submitted to the above conditions, yielded the expected product 5.14, although in low 
yield (Scheme 5.5). 
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HO \ 

5.3 

Scheme 5.4 

Scheme 5.5 

In accordance with these results, the methyl group at C4 had to be introduced once the 

radical rearrangement had occurred. This forced a major tactical change in the planned 

synthesis. Now, the primary photoadduct 5.5 (Scheme 5.3) which lacks the troublesome 

Me-group, was converted to thiocarbamate 5.15, which reacted with TBTH/AIBN in 

benzene to yield, as predicted, the mixture of epimeric esters 5.16 in 92% yield (Scheme 

5.6). 
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Scheme 5.6 

After the successful implementation of the radical fragmentation/Dowd-Beckwith ring 

expansion step, it is necessary to install the C4-Me group to complete the synthesis of 

lubiminol from intermediate 5.16. 

Step 3. Introduction of the C4 Me-group and completion of the synthesis (Scheme 5.7): 

To accomplish the synthesis of lubiminol, three main tasks remain. First, the placement 

of the C4 Me-group with the right stereochemistry, second the stereoselective reduction 

of the carbonyl group, and finally the regioselective dehydratation of the tertiary alcohol. 

The mixture of epimers 5.16 was reduced to the corresponding mixture of alcohols 5.19 
with LiAlH4, after protection of the ketone as acetonide. The acetonide was cleaved and 

the primary alcohol was blocked as TBS-ether yielding 5.20. Compound 5.20 was 

transformed into dienone 5.21 by sequential treatment with NaH/methyl benzene- 

sulfinate, LDA/PhSeCl and final oxidation. Dienone 5.21 will be used as a key inter¬ 

mediate to introduce the C4 Me-group and to place the correct stereochemistry on the 

hydroxymethyl group. In this regard, the C4 Me-group was introduced by addition of 

Me2CuLi to dienone 5.21. The addition of the cuprate proceeded with complete regio- 

and stereoselectity, to yield exclusively 5.17 (Scheme 5.8). 

Having the C4 Me-group in place with the correct stereochemistry, the 

reduction of the two alquenes and the carbonyl group of bicycle 5.17 was undertaken. 

Hydrogenation of 5.17 [Pd(C)] occurred with high stereoselectivity yielding 5.22. 
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O 

5.17 

MegCuLi 
.OTBS EtzO - "C 
/ - 

(99%) 

1. NaH. PhSO^Me, A 
2. LDA, PhSeCI, 

>r3. HgOg (54%) 
O 

Scheme 5.8 

v,r. a a -. performed by heating 5.22 v.ith Al/Vpy- producing the isopropyli- 

oer*e de: -.at; ve 5.18 Treatment of 5.18 v.jth LiAJH; provided a 9:1 mixture of alcohols 

favoring toe isomer having the correct stereochemistry at C2. Removal of the sylil-group 

'■ ' 7 h Af- pro. :ded (±;->ubiminol 5.1 (Scheme 5.9). 

^ X 
or 

'7 

I.UAJH4 

OTBS 

5.1 lubiminol 

h valuation 
7Pc preparar.or. of (±, . obiminol is a nice example of how the unexpected appearance of 

ar inert group. >hich inhibits a key step in a rearrangement, can thwart a planned route. 

Ho>e-er in this case the dead-end is solved by using a new synthetic approach that is 

etser.* < .• identical to that originally designed, except for the order of the steps, but the 

.. .".he*;', riad to be restarted almost from the beginning. 
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Key synthetic reaction 

Dowd-Beckwith rearrangement: The Dowd-Beckwith rearrangement used as a key step 

in Lubiminol synthesis is a general procedure used to effect a radical ring-expansion [3], 

The generation of a radical in pendant group P to a carbonyl group promotes the 

rearrangement. For example, the fragmentation of the cyclobutane ring of 5.15, occurred 

after generation of the radical 5.23 from the thiocarbamate moiety. This fragmentation 

placed the new radical 5.24 in a suitable position to effect the Dowd-Beckwith 

rearrangement. The net result is a ketone 5.16 having a CH2 more than the initial ring 
(Scheme 5.10). 

Scheme 5.10 
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In thi ^context, the remote C4 Me-group of 5.2 inhibits the addition of the Me-radical to 

the carbonyl group, and hence the Dowd-Beckwith rearrangement. 

5.1.2 (±)-Myrocin C [4| 

Me 

5.26 (±) myrocin C 

Target relevance 
(±)-Myrocin C 5.26 is a pentacyclic pimarane diterpenoid, isolated from the fungus 

Myrothecium verrucaria [5J. It showed a broad spectrum of antimicrobial activity 
against Gram-positive bacteria. 

Synthetic plan 
The planned synthesis of (±)~myrocin C 5.26 features an intramolecular Diels-Alder 

reaction on a substrate like 5.27, to construct the bicyclic template 5.28 from which the 

remaining structure will be elaborated. The angular methyl group at C4 would be 

contributed by the diene fragment. Adduct 5.28 has to be elaborated to intermediate 

5.29, f rom which the cyclopropane fragment will be built by an intramolecular alkylation 

leading to an intermediate like 5.30. The final ring of myrocin will be constructed on 

intermediate 5.31 through an intramolecular Diels-Alder process (Scheme 5.11). 

Predictable problems 
• According to the precedents the behavior of /?-benzoquinones in Diels-Alder 

cycloadditions is sluggish [6J. 

• The primary Diels-Alder adducts 5.28 may undergo aromatization under the 

strong thermal conditions required to force /?-benzoquinone reaction. 
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5.27 5.28 

Scheme 5.11 

Synthesis 

Step 1. Initial intramolecular Diels-Alder cycloadditions of 5.27 and the synthesis 

of adducts 5.28 (Scheme 5.12): 

Attempts to realize the intramolecular Diels-Alder reaction of compounds 5.27 were 

unsuccessful. Thermolysis of these quinones resulted either in no reaction or, by forcing 

the reaction conditions, in the destruction of the starting material. The failure of this 

cycloaddition reaction is attributable to the presence of the Me-group in the diene 

fragment. In fact, the same reaction on model compound 5.32 produced the tricyclic 

intermediate 5.33 in good yield. 
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Albeit that it is a minor detour, the possibility of using 5.33 as an intermediate in the 

synthesis of (±)-myrocin C 5.26 was evaluated. Intermediate 5.33 was elaborated to 

bromide 5.34, which, under basic conditions, yielded a mixture of cis- and trans-fused 

cyclopropanic decalines 5.35. The preference for the cis-fused isomer (the undesired 

isomer) may be explained considering that in the natural trans-fused isomer there would 

be a 1,3-diaxial steric interaction between the cyclopropane and the carbomethoxy at C4 

position. This interaction is not present in the major cA-fused isomer. To become truly 

useful, intermediate 5.35 required the incorporation of the C4-Me group. However, 

precedents concerning the carbon-carbon bond formation at C4 position in related 

compounds [7], either via enolate esters or via conjugate addition to A4-6-keto-systems, 

indicated the preferential formation of an axial bond. This consideration, together with 

the unwanted stereochemical result of the cyclopropanation reaction, motivated the 

reconsideration of the Diels-Alder strategy, in order to incorporate the Me-group from 

the beginning, instead of taking the chance of a risky operation in latter stages of the 

synthesis. A strategic change, concerning the nature of the initial Diels-Alder reaction 

was made. 

O 

5.36 p-benzoquinone 

Scheme 5.13 

11 
O 

Step 2. A revised synthetic plan (Scheme 5.14): The revised plan to myrocin 5.26 begins 

with a drastically different approach to the first bicyclic intermediate. Now an 

intermediate like 5.29 will be prepared by the intermolecuiar Diels-Alder reaction of the 

cyclic diene 5.36 and p-benzoquinone. It was anticipated that the electronic nature and 

the s-cis configuration of diene 5.36 should favor the production of intermediate 5.37, 

from which the necessary substituents at Cl and C4 positions would be generated by 

oxidative cleavage (Scheme 5.14). The remaining synthetic design can be referred to the 

original plan. 
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Me 

O 

TBSO 
Me o 

5.36 p-benzoquinone 

Scheme 5.14 

O 

Step 3. Intermodular Diels-Alder and synthesis of the precursor for the installation of 

the cyclopropane moiety (Scheme 5.15): 

In the event and following the plan depicted in Scheme 5.14, diene 5.36 was reacted with 

p-benzoquinone for five days in THF at room temperature producing cycloadduct 5.37 in 

94% yield. The correct relative stereochemistry at carbons Cl, C4 and C5 was ensured at 

this stage. The oxidative fragmentation of the silyl ether on 5.37, would yield an 

intermediate related to 5.29 (see above), with the correct relative stereochemistry at Cl 

and C4. 

Oxidation of compound 5.37 was not an easy task. After extensive experimenta¬ 

tion, siloxy ketone 5.39 was obtained using 3,3-dimethyldioxirane as reagent. Reduction 

of 5.39, by using the Luche conditions, afforded hemiketal 5.40 in 62% overall yield. 

The reduction of the two ketone groups took place by addition of hydride from the 

convex face of the bicyclic system. Intramolecular trapping of the emerging alcohol at 

carbon C6 by the third ketone group formed ketal 5.40. This process was apparently 

faster than its reduction. Thus, the topology of the substrate 5.40 has flattered the correct 

installment of the chiral centers at carbons Cl, C4, C6 and CIO, as well as having 
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facilitated the production of an intermediate with the four oxygenated functional groups 

fully differentiated. The oxidative fragmentation was performed on the pseudodiol 5.41, 
obtained from 5.40 after acetylation and subsequent treatment with TBAF. Submission 

of 5.41 to the action of sodium metaperiodate (NaI04) produced the aldehyde lactone 

5.38. With the (3-aldehyde substituent at carbon Cl and the a-Me in place at C4, the 

doors for the synthesis of the cyclopropane ring are open (Scheme 5.16). 

Scheme 5.16 

Step 4. Cyclopropane installation (Scheme 5.17): 

CHO OAc 

5.38 

O 

5.43 

According to the synthetic plan, the installation of the cyclopropane fragment will be 

achieved by intramolecular alkylation. With this aim, the aldehyde group at Cl on 

intermediate 5.38 has to become a leaving group. This was achieved by treatment with 

NaBH4 yielding 5.44. The hydroxyl group at C20 was protected as silylether, and the 

ketone group on C9 was retrieved producing intermediate 5.42, on which the 

intramolecular alkylation was undertaken. Treatment of 5.42 with Ph3PBr2 produced an 

unexpected result, since the dihydrobenzofurane 5.45 was obtained instead of the desired 

bromide 5.46. The change in reactivity has been motivated by the proximity of the 
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silyloxymethyl group to the ketone at C9, which has participated in the reaction, 

thwarting the planned synthetic route (Scheme 5.18). 

5.46 5.45 

Scheme 5.18 

It was reasoned at this point that removal of the double bond could avoid interference of 

the ketone in the intramolecular alkylation, since now the driving force proportionated 

by the aromatization of the system will not be present. Therefore, intermediate 5.42 was 

epoxidated with H202 in alkaline methanol and the epoxide 5.47 was transformed into 

mesylate 5.48 in two steps by desilylation followed by reaction of the primary alcohol 

with mesyl chloride/TEA/DMAP. Again, submission of 5.48 to LiMeO yielded the 

dihydro-epoxyfurane 5.49. The intramolecular alkylation reaction was also tested in 

bromide 5.51, obtained by hydrogenation of 5.42 forming 5.50 and bromination with 

Ph3PBr2. Again, involvement of the ketone in the reaction was observed producing the 

dihydrofurane 5.52 (Scheme 5.19). 

Failures in the cyclopropanation reaction may be due to a common 

stereoelectronic effect. In the enolates derived from ketones 5.42, 5.48 and 5.52, the C20 

leaving group is in the equatorial position. In such a configuration, the emerging 

backside orbital at C20 cannot overlap with the 7i-system of the C9-C10 enolate. A 

tactical change for the cyclopropane formation was needed. In the authors’ words, a less 

traditional cyclization modality had to be considered. 
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Scheme 5.19 

Step 5. Second attempt at cyclopropane installation (Scheme 5.20): On a substrate like 

5.53, a carbanion can be generated at C20 that would interact with the C9-C10 double 

bond forming the cyclopropane 5.54, with concomitant opening of the C7-C8 epoxide 

(Scheme 5.20). This new approach is a drastic change in tactics to effect the cyclo¬ 

propane ring closure. 

Scheme 5.20 

To implement this new approach for cyclopropane ring formation, bromide 5.55 was 

prepared from ds-fused epoxide 5.47. This compound was converted to the vinyl triflate 

5.56 via the corresponding enol-phosphate. Diene 5.57 was obtained in 54% yield via 

Stille-like coupling with vinyltributyltin in the presence of Pd(II) and excess of LiCl. 

Buffered TBAF treatment of 5.57 liberated the C20 hydroxyl group affording alcohol 

5.58, which, upon reaction with triphenylphosphine-carbon tetrabromide, yielded 5.55 

(Scheme 5.21). 
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5.61 5.62 

Scheme 5.21 

Bromide 5.55 was treated with tBuLi in order to obtain 5.59 by lithiation of C20 

followed by cyclization. Interestingly, under these conditions, vinylcyclopropane 5.60 
was obtained in 35% yield, instead. Although intermediate 5.60 is not useful for the 

synthesis of myrocin C (5.26) its formation opens up the possibility of using a 

nucleophile that may serve as a substrate for the reductive opening of the epoxide. The 

reaction of mesylate 5.61, obtained from bromide 5.55, with (trimethylstannyl)lithium 

gave a 66% yield of cyclopropane 5.62. 
Thus, after many deviations we have arrived at the precursor of the originally 

designed intermediate 5.31 that was devised as the template to effect the full elaboration 

of the C-ring (Diels-Alder) and oxidation of carbon C6 to deliver, finally, myrocin C. 
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Step S timulation of the C-rin% by intramolecular Diels Alder reaction and completion 

of the synthesis (Scheme 5.22): 

'OH 

Me 

Ping C would be assembled using an intramolecular Diels-Alder reaction to achieve 

■m/A facial selectivity. Acid 5.64 was coupled with 5.62 in the presence of DCC/DMAP 

to form the ester 5.31 in excellent yield. Thermolysis of 5.31 yielded adduct 5.63 as a 

single stereoisomer. The facial selectivity has been imposed by the stereochemistry of 

C7 and by the predominance of endo control. The carboxylic carbon on 5.63, introduced 

/.‘he dienophile, was removed once its function was accomplished, to form 5.65. The 

mirocyne exo-vinyl group was introduced prior to the removal of the carboxylic acid 

(Scheme 5.23). 

Scheme 5.23 
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Introduction of the C8-C14 double bond and hydroxylation at the C6 and C9 positions, 

are all that remains in order to access myrocin. In this regard, alcohol 5.65 was oxidized 

to the corresponding ketone 5.66. Epoxidation with alkaline hydrogen peroxide yielded 

directly the a,(3-epoxiketone 5.67. Attempts to accomplish oxygenation of the enolate 

derived from 5.67 were completely unsuccessful. Surprisingly, reaction of 5.67 with 

Nozaki reagent [(p-MeOPhSjAlMejLi] yielded 5.68. Finally, oxidation of 5.68 with 3,3- 

dimethyldioxirane formed 6-desoxymyrocin 5.69, which upon exposure to potassium 

tert-butoxide in the presence of oxygen, followed by reduction of the hydroperoxide 

intermediate with triethyl phosphite, afforded racemic myrocyn C 5.26 (Scheme 5.24). 

(p-MeOPhS)AIMe3Li 

T 

Scheme 5.24 

Evaluation 
The synthesis of myrocin C involves two major deviations from the original planning. 

• The failure of the intramolecular Diels-Alder designed to place the C4 Me-group 

led, fortunately at an early stage of the synthesis, to a strategic change making use 

of an intermolecular Diels-Alder reaction. While compound 5.32, lacking the key 

Me-group, reacts nicely, the analogous reaction failed in the case of compound 

5.27, with the desired methyl group placed at the double bond. Attempts to 

promote the reaction, by replacing the original carbomethoxy by a cyano group to 

sterically outperform the carbomethoxy function, were in vain. Reduction of the 

ester followed by protection of the resulting alcohol to downgrade its electron- 

withdrawing power in the Diels-Alder reaction, did not produce the desired 

reaction either. These experiments resulted in the abandonment of this approach, 

which introduces the C4 quaternary group at the early stages of the synthesis. 
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• Later in the synthesis the introduction of the fused cyclopropane ring presents 

serious problems.The first approach attempted encountered a live reactive ketone 

group (initially in compound 5.42) that thwarted the planned route. All the 

modifications used to achieve the desired transformation: avoiding the inter¬ 

ference of the carbonyl group; including the hydrogenation of the double bond 

(compound 5.51), which may cause further problems since it is necessary to 

continue with the synthesis; or its epoxidation (compound 5.48) were fruitless. 

The live ketone remote group killed this approach. A major tactical detour was 

undertaken to construct the troublesome cyclopropane. 

5.46 
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(±)-Myrocin C synthesis shows two of the problems with remote groups that we are 

discussing in this chapter. The methyl group is acting as “alive” dead-stenc volume, 

while the ketone moiety of compounds 5.42, 5.48 and 5.51 is acting as a reactive remote 

group. The following section shows two more examples of this last very common 

situation. 

5.2 The Reactive Remote Group 

We have introduced this situation during the cyclopropane formation in the synthesis of 

(±)-myrocin (5.1.2). It is very frequent to encounter unexpected reactivity due to 

functional groups that, in principle, should not participate in the desired transformation. 

However, the densely functionalized and topologically complex intermediates in total 

synthesis made this scenario one of the most conflictive. The following examples teem 

in this topic. 

5.2.1 (-)-Chaparrinone [8] 

5.70 (-)chaparrinone 

Target relevance 
(—)-Chaparrinone 5.70 was first reported by Polonsky [9] and belongs to the quassinoid 

family of natural products, that were reported for the first time in 1961 from 

Simarubaceae plants [10], and some of them exhibit a moderate activity against P-388 

lymphocytic leukemia. 

Synthetic plan 
The synthesis of (-)-chaparrinone 5.70 is based in the construction of the tricyclic 

fragment 5.71 containing the ABC core of the quassinoid by a Diels-Alder reaction 

between diene 5.72 and (ZT)-4-methyl-3,5-hexadienoate 5.73 as dienophile. The 

intermediate 5.71 is further elaborated to (-)-chaparrinone through lactone 5.74 (Scheme 

5.25). 
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OMe 

5.73 

Scheme 5.25 

Predictable problems 
The main predictable problem of the synthetic planning depicted in Scheme 5.29 is the 

stereochemical outcome of the Diels-Alder reaction used to construct the tricyclic core 

present on intermediate 5.71. Among the four possible [4+2] adducts derived from endo- 

transition states, those obtained by the approach of the diene 5.73 from the p-face of 5.72 

(5.75 and 5.76) should be disfavored, due to the presence of the C19 Me-group. 

Therefore, the anticipated adducts 5.77 and 5.78 will have the undesired stereochemistry 

at C9. Subsequent inversion of the configuration at this center has to be considered 

(Scheme 5.26). 

OMe 

C02X 

5.73 

Scheme 5.26 
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Synthesis 

Step 1. Synthesis of the tetracyclic intermediate 5.74 (Scheme 5.27): 

The synthesis of (-)-chaparrinone 5.70 was initiated by the Diels-Alder reaction of 5.72 
and the sodium salt 5.80 to yield the adduct 5.79. The required selectivity in the Diels- 

Alder reaction was obtained by using this sodium salt in water. The use of the ester 

derived from acid 5.80 gave a mixture of diastereomeric adducts. It should be noted here 

that effectively compound 5.79 has the wrong stereochemistry at C9. Having accessed to 

tricyclic intermediate 5.79, the next step is the installment of the lactone ring. This task 

was accomplished by submitting ketoaldehyde 5.79 to the action of sodium borohydride 

in aqueous THF. These conditions produce the reduction of the aldehyde and the 

stereoselctive reduction of the C7 ketone group from the convex P-face, which yields a 

mixture of the corresponding lactones 5.81 and 5.74. This mixture was quantitatively 

equilibrated to the desired, and more stable, lactone 5.74 by acid treatment (Scheme 
5.28). 

Scheme 5.28 
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Step 2Anversion of the configuration at C9 and functionalization of ring C. Synthesis 

of intermediate 5.82 (Scheme 5.29): 

O 

Scheme 5.29 

Since the configuration at C9 was epimeric to chaparrinone 5.70, the inversion of this 

center was undertaken before proceeding with the functionalization of the C ring. 

1.B2H6i 

THF, 0 °C 

NaOH, 30% H202 

2. PCC, NaOAc 

DCM (72%) 

5.74 (99%) 5.84 

Scheme 5.30 

Inversion of the configuration at C9 was achieved by metal ammonia reduction of the 

A9j11-C12 ketone 5.83. To obtain 5.83 from lactone 5.74, the C20 alcohol group was 

protected as silyl ether, and the lactone was reacted with DIBALH followed by treatment 

with hydrochloric acid in MeOH-THF. These reactions produced intermediate 5.84, 

which was hydroborated and oxidized to yield the ketone 5.85. Ketone 5.85 upon 
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reaction with LDA, trapping of the kinetic enolate as silyl enol ether, and treatment of 

this A1‘-silyl enol ether with Na2C03/Pd(0Ac)2, afforded enone 5.83. As expected, 

metal-ammonia reduction of 5.83 produced 5.86 having the correct stereochemistry at 

C9 (Scheme 5.34). At this stage, functionalization of ring C began by the placing of a 

A11 double bond, dihydroxylation of which would render the 11,12-trans dihydroxy 

grouping of chaparrinone. Reaction of ketone 5.86 with TsNHNH2 and treatment of the 

hydrazone with BuLi yielded alkene 5.82 after Jones oxidation (Scheme 5.30). 

Step 3: Functionalization of ring A and failed completion of the synthesis (Scheme 5.31): 

To end the synthesis of chaparrinone, rings A and C have to be functionalized before 

effecting the final lactol ring closure. The instalment of the ip-hydroxy-2-oxo-A3 4 olefin 

of derivative 5.87 was accomplished starting with oxidation of the Cl alcohol from 

which derived the unmasking 5.82. Ketone 5.89 was elaborated to enone 5.90 using the 

standard sequence: enolization —> seleniation —> oxidation. The A'-olefin of key enone 

5.90 was selectively oxidized via its silyl enol ether, and the resulting hydroxy ketone 

5.91 isomerized to 5.87 by base treatment (Scheme 5.32). 

To complete the synthesis, in the words of the authors, the remaining task of 

installing the ring C hemiketal array appeared to be a straightforward exercise. It was 

reasoned that intermediate 5.87 could be transformed in chaparrinone 5.70 by selective 

espoxidation of the A11 double bond, followed by opening of the epoxide and selective 

protection of the Cl and C12 hydroxyl groups. Oxidation of the remaining Cl 1 hydroxyl 

group and exhaustive removal of the protecting groups would render chaparrinone. 

According to this synthetic plan, sketched in Scheme 5.35, intermediate 5.87 

was treated with MCPBA affording epoxide 5.92 in 60%yield. However, reaction of this 

epoxide 5.92 with HC104 produced exclusively deoxychaparrinone 5.93. The required 

trans-diol 5.88 was not detected. Deoxychaparrinone 5.93 may arise from the acid- 

catalyzed intramolecular epoxide opening by the hydroxymethyl group at C8 (Scheme 

5.36). In this case the remote C8 hydroxymethyl substituent is not quite so remote (see 

5.94) taking part in the reaction and driving the synthesis to a real dead-end (Scheme 

5.36). Changing the protecting group on the C8 hydroxymethyl did not modify the result 

of the reaction. Equally, it was impossible access to the P-epoxide from olefin 5.87. 

Therefore a new strategy to prepare (-)-chaparrinone 5.70 was designed. 
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The situation depicted in this example is a real nightmare for the synthetic chemist. 

There is, no other alternative than a major re-evaluation of the synthetic strategy. 

1. HMDS, TMSI 
TEA, CI(CH2)2CI 

2. PhSeCI, THF, 0°C 
then H202 py 0°C 

f 
OH 

Scheme 5.32 

Step 4. Development of a new strategy to complete the synthesis of (-)-chaparrinone 

5.70 (Scheme 5.33): Owing to the inability to obtain 5.88, the initial plan to access 

chaparrinone was abandoned. The new plan used, as starting material, intermediate 5.95 

obtained from methoxy removal of 5.82. The new plan will elaborate ring C to reach 

intermediate 5.96 from which elaboration of the A ring will be pursued to obtain 5.97. 

From 5.97 (-)-chaparrinone 5.70 should be immediately available. 
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To implement this sequence, alcohol 5.95 was transformed into the epimeric mixture of 

protected lactols 5.98. Acetylation of secondary alcohol at C1 was followed by reaction 

with 0s04 • py: and subsequent reduction with sodium bisulfite, affording diol 5.99 in 

overall 86% yield from 5.95. Besides dihydroxylation, a probable intramolecular 

transesterification, exclusively to the C12, position, has taken place. The completely 

unexpected outcome of this reaction provided a suitable intermediate for simultaneous 

oxidation of the Cl and Cl 1-hydroxyl groups and hydrolysis of the Cl 2-acetate yielding 

diketone 5.100. The fully functionalized A ring of chaparrinone was elaborated on 

MOMO-protected 5.101 to afford, in a multistep sequence, compound 5.97 in which the 

previously unsuccessful final lactol ring closure was attempted. Submission of inter¬ 

mediate 5.97 to TBAF produced chaparrinone 5.70 (Scheme 5.34). 

OAc 

1. Ac20, Et3N 
DMAP, DCM 

2. 0s04 py, 
-’-► 

O \)Me NaHS03 H20 

OH OMOM 

OTBDPS1 • Cr03'2py, 
DCM 

„ _ „ 2. NaOH, 
; H H OMe THF-MeOH 

5.99 
(86% from 5.95) 

OH 

Scheme 5.34 
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Evaluation 

The enormous disturbance caused by the inability of compound 5.92 to undergo the acid 

promoting epoxide aperture to form 5.88, complicated by the exclusive formation of 

deoxychaparrinone 5.93, was breathtaking. This is especially surprising when 

considering that this key step had been developed during the synthesis of klaineanone 

5.102. The key difference between chaparrinone 5.70 and klaineanone 5.102 that 

provokes a breakdown of the synthesis of compound 5.70, was produced by the presence 

of an innocent remote hydroxyl substituent on the C20-Me-group. 

OH 

5.93 deoxichaparrinona 

5.70 (-)chaparrinone 5.102 klaineanone 

In the next example, the distal substituent is a protecting group that does not take part in 

the reaction, but modifies the reactivity of the substrate. The success of the synthesis in 

this case requires a careful choice of the protecting group. 
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5.2.2 (±)-Akuammicine [11] 

5.103 (±)-akuammicine 

Target relevance 
Akuammicine 5.103, first isolated from the seeds of Picralima klaineana [12], has been 

found in different genera of Apocinaceae, in both optically active and racemic forms. Its 

structure was proposed by Robinson [13] and later confirmed by Smith [14]. 

Synthetic plan 
The synthetic planning to prepare (±)-akuammicine is based in the disconnection of the 

dihydroindol ring to form an intermediate like 5.104. The access to 5.104 was envisioned 

from intermediate 5.105 through the powerful and elegant aza-Cope-Mannich 

rearrangement [15] (Scheme 5.35). 

5.103 (±)-akuammicine 5.104 

Scheme 5.35 

Predictable problems 

No problems were anticipated since the central aza-Cope—Mannich rearrangement had 

been successfully used in the synthesis of indol derivatives such as 5.106 from 
aminoalcohols 5.107 (Scheme 5.36). 
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Scheme 5.36 

Synthesis 

Step 1. The aza-Cope-Mannich rearrangement of 5.109. Synthesis of (±)-dehydrotubi- 

foline 5.111 (Scheme 5.37): The use of KOH in refluxing Et20-H20 was necessary to 

release the amino group of 5.108 and to produce the amino alcohol 5.109. The harsh 

conditions were required as a result of the steric hindrance around the ring nitrogen. The 

submission of 5.109 to the standard mild conditions in which the aza-Cope-Mannich 

takes place (paraformaldehyde, CSA and Na2S04 in refluxing MeCN), caused the 

rearrangement, providing compound 5.110 in 88% yield. Hydrolysis of 5.110 with 

KOH/EtOH yielded (±)-dehydrotubifoline 5.111 (Scheme 5.37). 

NHCOfiu 

(CH20)n, CSA 
Na2S04 MeCN 

A, (88%) 

KOH, 
EtOH-H20, 

80°C,(90%) 

5.111 (±)-dehydrotubifoline 

Scheme 5.37 

Step 2. Acylation of (±)-dehydrotubifoline 5.111: Transformation of (±)-dehydrotubi- 

foline 5.111 into (±)-akuammicine 5.103 required only acylation at the C16 position. 

This is an apparently simple and straightforward operation. However, all attempts to 

directly acylate the C16 position were unfruitful. Thus, trapping of the lithium enolate, 

generated from (±)-dehydrotubifoline, resulted in complex reaction mixtures. Equally, 
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formylation under different Vilsmeier-Haack [16] conditions provided only the N- 

formyl derivative 5.112 (Scheme 5.38). 

5.112 

Scheme 5.38 

The inability to acylate the C16 position of (±)-dehydrotubifoline 5.111 reflects the 

severe congestion caused by the adjacent bridged ring E. Therefore a new tactic 

consisting of the introduction of the carbomethoxy substituent prior to ring closure, had 

to be considered. 

Step 3. Introduction of the troublesome methoxycarbonyl group before effecting the final 

ring closure: The acylation of intermediate 5.110 provided the ketoester 5.113. 
Unfortunately, efforts to produce ring closure on 5.113 were unsuccessful, leading to 

unreacted material or to the formation of (±)-dehydrotubifoline 5.111, The robustness of 

the pivaloyl protecting group hampers the ring closure to form the dihydroindol (Scheme 
5.39). 

5-110 5.113 5.103 (±)-akuammicine 

Scheme 5.39 

Step 4. The search for the suitable protecting group in order to achieve the ring closure: 

As depicted in Scheme 5.39 the tert-butoxycarbonyl (BOC) protecting group was chosen 

first, since the BOC group is removable under mild acidic conditions if access to 
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akuammicine is gained. Preparation of the needed BOC derivative 5.114 is by no means 

direct since it required repeating the synthesis from a very early step, from 5.115. In fact, 

intermediate 5.114, the new substrate for the aza-Cope-Mannich rearrangement, was 

obtained after major difficulties (Scheme 5.40). In the words of the authors: Although the 

general route (to the aza-Cope-Mannich substrates) is similar to that developed for the 

pivaloyl series, this seemingly small change in the nitrogen protecting group necessitates 

a number of critical modifications in the experimental sequence. 

Intermediate 5.114 was submitted to the standard aza-Cope-Mannich reaction 

conditions, yielding the dihydroindol 5.118 that could not be converted into 

akuammicine. In no case was the isolation of ketone 5.117 possible. The authors 

presume that the greater nucleophilicity of the BOC-protecting group ensures the 

cyclization to 5.118 (Scheme 5.41). It is clear that the BOC-protecting group is not 

suitable for the planned synthesis of akuammicine. The marked different reactivity 

between the pivaloyl and the BOC-protecting aniline series could not be known in 

advance. 

Scheme 5.41 

According to the above results, the right protecting group must survive to the aza-Cope- 

Mannich rearrangement conditions and be easily removed and also must lock both 

hydrogens of the aniline nitrogen group. The l,3-dimethylhexahydro2-oxo-l,3,5-triazine 

(“triazone”) group, seemed to fulfill all the requirements, and the synthesis was started 

again from the very beginning. Following a sequence of similar reactions to those used 
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for the first development of the pivaloyl series, the aza-Cope—Mannich rearrangement 

precursor 5.119 was accessed. Submission of 5.119 to the standard rearrangement 

conditions produced the havoc of the protecting group, but this time the result was not 

unexpected. In fact, driving the rearrangement in the absence of acid allowed isolation of 

ketone 5.120 in excellent yield. Acylation of 5.120 and subsequent acidic treatment of 

the resulting ketoester 5.121 furnished (±)-akuammicine 5.103 (Scheme 5.42). 

Scheme 5.42 

HCI, 23 °C 

5.103 (±)-akuammicine 

Evaluation 
• In the author’s words the striking difference in reactivity of BOC- and pivaloyl- 

protected anilines in these series underscores the profound effects on reaction 

outcome that can arise from small changes in electron density. The choice of the 

right group was made after two unsuccessful approaches. The question is whether 

these troubles could be predicted a priori with our actual knowledge. The answer 

is, at this point, no. The robustness of the pivaloyl group and the reactivity of the 

BOC group encountered in this example, are not general but specific to this 

synthetic approach. 

5.113 5.103 (±)-akuammicine 
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• The reactions on Scheme 5.42 elicit one additional intriguing question: why 

^couldn’t dehydrotubifoline 5.113 be transformed to (±)-akuammicine 5.103? 
Apparently, the C16 position is fully shielded by the adjacent bridged E-ring thus 

precluding any transformation at this carbon. In agreement with this is the fact 

that acylation of compound 5.122 to yield 5.123 occurred in the Aspidosperma 

alkaloid series, lacking the bridged E-ring of the Strychnos alkaloids [17]. 

R = COOMe 

To end this chapter we discuss the enormous influence in the outcome of well-planned 

synthesis that may be caused by a stereochemically badly placed remote functional 

group. 
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5.2.3 Mylbemycin D [18] 

5.124 mylbemycin D 

Target relevance 
(+)-Milbemycin D 5.124 is one of the members of the family of natural products 

commonly known as milbemycins, the first example of which was reported in 1975 [19]. 

Their properties as antiparasitic and insecticidal agents, together with their low toxicity, 

have made possible their use for the prevention and treatment of human and animal 

parasitic diseases. The complexity and rarity of the structures of the milbemycin family 

have encouraged numerous synthetic efforts. 

Synthesis plan 
The synthesis developed by Crimmins is based in previous observations on the chemistry 

of these compounds [20]. Thus, it was known that the A3 double bond of the 

hexahydrobenzofuran tends to migrate to the C2 position, causing C2 epimerization or 

aromatization by dehydration. At the same time, oxidation at Cl must be performed 

prior to installment of C3 and C8 double bonds, since it is not possible to oxidize Cl if 

both C3 and C8 are sp -hybridized. According to this, 5.125 was noted as a likely 

advanced intermediate in the synthesis of (+)-milbemycin D 5.124. Rearrangement of an 

allylic sulfoxide at C3 would eventually solve the problem of constructing the C3 

unsaturation. Intermediate 5.125 should be accessed by connecting spiroketal 5.126 and 

hexahydrobenzofuran 5.127 moieties through a Wittig olefination to form the C10-C11 

double bond (Scheme 5.43). 

Predictable problems 
The background for the coupling of fragments related to 5.126 and 5.127 through a Julia 

coupling or a Wittig olefination, have resulted in only modest yields and in the use of up 

to three-fold excess of one of the two components [21]. The expense of such an amount 

of 5.126 or 5.127, is at this point, unthinkable. Therefore, maintaining the stoichiometric 

reaction is indispensable and reaction conditions have to be carefully controlled to 

achieve the maximum yield and the maximum stereoisomeric purity in this coupling 
step. 
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5.124 5.125 5.126 5.127 

Scheme 5.43 

Synthesis 

Step 1. The Wittig coupling of 5.128 and 5.129 and the elaboration of substrate for the 

sigmatropic coupling: A careful study was undertaken to join fragments 5.128 and 5.129 
using a Wittig olefination reaction. Treatment of aldehyde 5.129 with the phosphorane 

derived from 5.128 by deprotonation with BuLi gave compound 5.130 as a 2:1 mixture 

of the E and Z-isomers across the newly formed double bond in only 33% yield. Clearly, 

these conditions are not appropriate at this advanced stage of the synthesis. A dramatic 

improvement in the yield of the coupling was obtained by preparing the phosphorane 

from phosphonium salt 5.128 using the MeLi.LiBr complex. In these conditions the 

coupled product 5.130 was a 10:1 mixture of E:Z isomers in 84% yield. Furthermore, the 

quantitative isomerization to the E isomer was effected by exposure of the mixture to 

traces of-iodine in benzene (Scheme 5.44). 

The next step requires oxidation at Cl followed by macrolactonization, prior to 

undertaking the rearrangement of the C3 sulfoxide. Oxidation of Cl was attempted after 

removal (K2C03/Me0H) of both the Cl-TBS and C7-TMS groups, to yield diol 5.131. 
The oxidation of 5.131 to the carboxylic acid 5.132 proved to be impossible. Therefore, 

both Cl and C7-hydroxyls were reprotected as TMS-derivatives. Slow silica gel 

chromatography produced selective cleavage of the primary TMS-group, affording 

5.133. Reaction of 5.133 with Pr4NRu04 [22] and consecutive oxidation of the 

corresponding aldehyde with NaC102, produced acid 5.134 in 43% overall yield from 

5.131. Again, the failure of a simple alcohol oxidation resulted in a significant detour to 

effect the same transformation. Release of the Cl 9-hydroxyl by reaction of 5.134 with 

TBAF followed by submission of the seco acid to Keck’s conditions [23] and caused 

macrolactonization rendering lactone 5.135 in 47% yield. At this point of the synthesis, 

since only rearrangement of the allyl sulfide and inversion of the resultant C5- 

estereocenter remained to be done, in the author’s words the completion of the synthesis 

seemed imminent (Scheme 5.44). 
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H 
5.128 5.129 5.130 

[O] 

k2co3 
MeOH 

5.131 

1. TMSOTf 
2,6-lutidine, DCM 

2. Silica gel 
(87%) 

1. TBAF, THF 
2. DCC, DMAP, 

\ HCI. CHCI3 70 °C,(47%) 

Scheme 5.44 
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Step 2. Sigmatropic rearrangement of the C3 sulfoxide on 5.136: It was anticipated that 

sulfoxide 5.136, obtained by selective MCPBA oxidation of 5.135, would render product 

5.137 having the correct structure of (+)-milbemycin D. However, no rearranged product 

5.137 was observed upon treatment of sulfoxide 5.136 with (MeO^P. The product of 

sulphoxide elimination, diene 5.138, was produced instead (Scheme 5.45). Epimerization 

of either C2 or C3 favorably competes with the [2,3]-sigmatroic rearrangement, placing 

the C2 hydrogen and the sulfoxide group in a syn relationship suited for easy 

elimination. This fact causes the synthetic planning to reach a dead-end. Now, the reason 

for the failed approach is an active hydrogen capable of deprotonation and therefore of 
stereocenter inversion. 

H 

5.138 

Scheme 5.45 

Step 3. Revised plan of synthesis. Introduction of the troublesome C3-C4 double bond at 

the later stages of the synthesis: The new synthetic plan considered the introduction of 

the C3-C4 double bond in the later stages of the synthesis, using the aldehyde 5.139 
in the coupling with the spiranic fragment 5.128. The new strategy avoids the com¬ 

promising sigmatropic rearrangement that is effected early during the preparation of 

5.139. Since the new fragment 5.139 lacks the double bond, oxidation problems at Cl 

will be avoided. Evidently, additional stages have to be included to rebuild the missing 

double bond. 

Joining of the aldehyde 5.139 with the spirane fragment 5.128 under the 

conditions described above (Scheme 5.44) afforded intermediate 5.140, after double 

bond isomerization by I2 treatment. Acid treatment of 5.140 caused deprotection of the 

primary Cl and C7 silyl ethers. Oxidation of the corresponding diol by a two-step 

sequence, yielded acid 5.141. Selective release of the C19 over C5 hydroxyl proved to 

be necessary prior to macrolactonization. Therefore, 5.141 was treated with TBAF under 

controlled conditions and the alcohol submitted to Keck macrolactonization [23] 
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conditions to produced macrolatone 5.142 in 53% yield. Transformation of 5.142 into 

milbemycin D 5.124 requires introduction of the C3-C4 double bond by means of 

selenylation and elimination on the ketone at C5. For this, the silyl ether at the secondary 

C5 was removed and the resulting hydroxyl was oxidized with Pr4NRu04 yielding 

ketone 5.143, the silyl enol ether of which was converted to the (1:1) mixture of 

selenides 5.144. Taking into account Ley’s observations, namely that the best endo:exo 

selectivity for the selenoxide elimination reaction [24] could be achieved if the a-isomer 

is used and the C(7) hydroxyl group is free, the [3-isomer was recycled to ketone 5.143 to 

increase the yield of the a-selenide. Deprotection of the C7 hydroxyl group on the a- 

selenide isomer 5.144, by the action of HF-pyridine, followed by reaction with sodium 

periodate and immediate reduction of the ketone, delivered a 6:1 mixture of milbemycin 

D 5.124 and the exo-olefin isomer (Scheme 5.46). 

Evaluation 
• A major strategic change has to be effected during synthesis of (±)-milbemycin 

5.124. The original synthetic planning was designed to achieve a [2,3] 

sigmatropic rearrangement on macrolactone sulfoxide 5.136. However, the 

epimerization of C2 or C3 results in an intermediate having a syn relationship 

between the sulfoxide and the C2 hydrogen, thereby allowing thermal elimination 

to occur. This fact was surprisingly overlooked. The alternative, and finally 

successful route to (+)-milbemycin D involved the removal of the alkene present 

in the six-membered ring of the furane fragment 5.139, to avoid the elimination 

problems. Obviously, most of the work had to be restarted from the beginning. 

The C3-C4 olefin was then introduced at the end of the synthesis, through 
selenylation and elimination. 

• There is another interesting point in the synthesis of (±)-milbemycin 5.124: the 

impossibility of oxidizing 5.131 to acid 5.132. This fact is quite intriguing and 

should deiive from the lability of the tertiary free hydroxyl group, since the 

protection of this alcohol (which assumes a few more synthetic steps) solves the 
problem. 
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1. MeLi-LiBr 
THF, -78 °C 

2. I2| C6H6i 25 °C 
(73%) 

5.140 

'OTMS 

OTBS 

1. HCI, THF, rt 
2. Pr4NRu04 NMO 

DCM, rt 
3. NaCI02 NaH2P04 

2-methyl-2-butene, 
ffiuOH, H20, rt 

(74%) 

Scheme 5. 46 
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5.131 

Particularly interesting reagents 

Ley oxidation reagent (aka Ley-Griffith Reagent) [22], (Pr4NRu04/NM0/4A-Ms): 

Pr4NRu04 is abbreviated TPAP and used in catalytic amounts. An extremely efficient 

reagent for the oxidation of alcohols, to the corresponding carbonyl groups at rt, in the 

presence of sensitive functional groups. The reagent is used in organic solvents and the 

presence of molecular sieves usually favors the reaction. 
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Chapter 6 
The Elusive Side Chain 

Many synthetic routes are designed to build the fully functionalized, fully protected main 

carbon skeleton of a target product. To complete the synthesis a few carbons (as few as 

one) in a side chain may remain to be included at a late stage. How easy is it to join these 

“harmless” side chains to the main body of the target molecule? Apparently, it should be 

quite easy, as very few comments about this question are found in the papers that deal 

with total synthesis. Nothing could be further from the truth. The problem of introducing 

a side chain is even more daunting since it occurs in the last steps of the synthesis, a fact 

that often involves making a complete strategic change or at least a significant detour. 

Let us discuss some of these situations. We will begin with synthesis of (±)-scopadulcic 

acid B as a good example of how difficult it may be to join a methyl group to a very 

elaborate molecular skeleton. 

6.1 (±)-Scopadulcic Acid B [1] 

6.1 (±)-scopadulcic acid B 6.2 (±)-scopadulcic acid A 6.3 (±)-scopadulciol 

Dead Ends and Detours: Direct Ways to Successful Total Synthesis 

Miguel A. Sierra and Marfa C. de la Tone 
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

ISBN: 3-527-30644-7 
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Target relevance 
Scopadulcic acid B 6.1 is a tetracyclic diterpene that contains a bicyclo[3.2.1]octane 

substructure which is also characteristic of many other diterpenes. Scopadulcic acid B 

6.1 was isolated from Scoparia dulcis L. and, together with scopadulcic acid A 6.2 and 

scopadulciol 6.3, it is responsible for the biological activity associated with this plant [2], 

Scopadulcic acid B 6.1 shows activity as H+,K+-adenosine triphosphate and against 

herpes simplex virus type-1 (HSV-1). 

Synthetic plan 
The tetracyclic skeleton of scopadulcic acid B 6.1 will derive from a tandem 

intramolecular Heck/cyclization on the dienyl aryl iodide 6.4, which would produce the 

tetracyclic ring system 6.5 in a single step. The key intermediate 6.4 would derive from 

the enoxysilane 6.6 (Scheme 6.1). 

Predictable problems 

• A risky tandem intramolecular Heck/cyclization. By the time that this strategy 

was designed (1988), only one precedent of a tandem intramolecular 

Heck/cyclization had been reported in the literature [3], Therefore, this was 

considered a quite intrepid strategy. Although the Heck reaction [4] has proved to 

be extremely useful for the synthesis of complex molecules and for the 

construction of quaternary centers, this synthesis relied on an unprecedented 
tandem reaction [5], 

• Functionalization of ring A. The ring A of the target molecule is introduced as an 

aryl ring that may be not adequate for the complete development of the full 
functionality of a scopadulan A ring. 
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Synthesis 

Step 1. Preparation of dienyl aryl iodide 6.4 (Scheme 6.2): 

Scheme 6.2 

The key intermediate 6.4, on which the Heck cyclization was to be effected, was planned 

to be accessed by using a divinylcyclopropane rearrangement [6] on the cyclopropane 

6.8. Compound 6.8 would be prepared from commercially available 2-iodobenzaldehyde 
6.7. 

The synthesis of 6.4 began with the reaction of 6.7 with allylmagnesium bro¬ 

mide, followed by protection of the resulting alcohol as TBS-derivative. Hydroboration 

of 6.9 followed by Swem oxidation [7] provided aldehyde 6.10. Addition of the lithium 

reagent derived from the cis/trans mixture of cyclopropylbromides 6.11/6.12 yielded 

alcohols 6.13-6.14 in low yield, though, due to the competing reaction with the aryl- 

iodide group. The result on the formation of alcohols 6.13-6.14 was not satisfactory 

in terms -of yield. It was found that the organomagnesium derivatives formed from 

6.11-6.12, produced an increment in the yield of alcohols 6.13/6.14 which, without 

further purification, were submitted to oxidation with PCC affording the required cis and 

rrans-cyclopropyl ketones 6.15/6.16 (Scheme 6.3). 

The mixture of isomeric ketones was treated with TMSOTf and the enoxysilane 

derivatives 6.17/6.18 were heated in refluxing benzene. As expected, only the enoxy¬ 

silane 6.17 derived from the cA-isomer underwent the divinylcyclopropane rearrange¬ 

ment, yielding, after selective cleavage of the enol ethers, cycloheptenone 6.19 in 51% 

yield together with 26% of unreacted /ra/is-cyclopropyl ketone 6.16. Hydrolysis of 6.19 
formed compound 6.20, which was transformed into the desired 6.7 by methylenation 

with Wittig methyleneylide followed by TBAF-removal of the silyl ether group and 

oxidation of the resulting alcohol with PCC (Scheme 6.4). 
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1. BH3-SMe2 
2. H202 NaOH 

3. Swern oxdn. 
(44% from 6.7) 

CHO 

6.11 Ft! = Br, R2= H 
6.12 R, = H, R2 = Br 

1. f-BuLi, Et20, - 78 °C 
2. MgBr2-OEt2 0°C 

Scheme 6.3 

Scheme 6.4 
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Step 2. The intramolecular tandem Heck/cyclization and the synthesis of the tetracyclic 

core qjjjscopadulcic acid B (Scheme 6.5): 

Scheme 6.5 

The Heck coupling of 6.4 was achieved by using 10% Pd(OAc)2, 20% of Ph3P and an 

excess of TEA in refluxing MeCN. These conditions ensure reproducible and high yields 

of enones 6.24 and its conjugated isomer in 3.1:1 ratio. Having successfully accessed to 

the tetracyclic intermediate 6.24, introduction of the oxidation at Cl3, the elaboration of 

ring A and finally, the introduction of the quaternary CIO Me-group, are all that remain 

for the completion of the synthesis. The functionalization of ring C was undertaken first. 

The mixture of ketones was treated with DDQ producing dienone 6.25. Reaction with 

MCPBA formed exclusively the epoxide product 6.26 arising from oxidation of the y,5 

double bond from the less hindered [3-face. Reduction of the epoxide with NaTeH 

yielded the C13 [3-alcohol 6.27 in 42% overall yield from the mixture of the ketones 

obtained-during the Heck cyclization. The saturation of the A7 double bond was achieved 

by reduction of the enone 6.27 with H4AlLi in THF. One single diastereomer (the one 

having the desired stereochemistry) 6.28 was obtained in 73% yield (Scheme 6.6). 

MCPBA 
-► 

(83%) 

6.26 6.27 6.28 

Scheme 6.6 
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Step 3. Functionalization of ring A and elaboration of the substrate for the final 

introduction of the CIO Me-group (Scheme 6.7): 

6.28 6.29 

Scheme 6.7 

Functionalization of ring A and the introduction of the angular methyl group are the 

tasks remaining to end the synthesis of (±)-scopadulcic acid B 6.1. To functionalize the 

aromatic ring was used a Birch reduction [8], This process was attempted on inter¬ 

mediate 6.30 delivered after protection of the C13 alcohol and the benzylic ketone as 

methyl ether and imidazoline, respectively. Reaction of 6.30 with excess Li in NH3-THF 

containing /BuOH, followed by cleavage of the diamine protecting group, and further 

hydrogenation of the disubstituted double bond delivered a low yield (15-25%) of 6.31 
(Scheme 6.8). 

Scheme 6.8 

This result is rather unsatisfying from a synthetic point of view. It was reasoned that the 

failure of the aromatic ring to undergo the Birch reduction could be overcome by using a 

C4 benzoic acid derivative as substrate for dearomatization. Also, the C4 Me-group 

could be introduced, taking advantage of the dianion generated from the Birch reduction. 

The desired acid 6.32 was accessed from alcohol 6.33, obtained by reduction of ketone 

6.34, by reaction of the dianion generated by an excess of BuLi in refluxing TMDA- 

pentane with solid C02. A 10% yield of lactone 6.35, which could be converted in acid 

6.32, was also obtained in this reaction. Birch reduction of 6.32 and in situ methylation 

was followed by hydrogenation over Rh/Al203 producing a 65% of lactone 6.36, on 
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which the C4 methyl group-has been introduced exclusively from the (3-face. The 

reduction of lactone 6.36 with H4AlLi and the oxidation of the C6 hydroxyl group 

rendered intermediate 6.37 (Scheme 6.9). 

Scheme 6.9 

Step 4. Introduction of the quaternary ClO-Me group: From the beginning, it was 

anticipated that introduction of the quaternary methyl at CIO would be a difficult task, 

since CIO was adjacent to a quaternary center of the bicyclo[3.2.1]octane of 6.37, 
Nevertheless, reaction of enone 6.37 with Me2CuLi was attempted, since the 1,4-adduct 

6.40 was produced in good yield in the reaction of (3,(3-disubstituted enone 6.39 with 

Me2CuLi (Scheme 6.10). 

O 

6.39 

Scheme 6.10 
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Disappointingly, compound 6.37 did not react at all, under similar reaction conditions. 

Enone 6.37 failed to produce the desired 6.38 in the many different reagents and reaction 

conditions used, including Me2CuLi/TMSCL, MeCu,Bu3P, “higher order” cyano methyl 

cuprates, BF3-Et20-catalysed cuprate addition, and nickel acetylacetonate-catalysed 

addition of dimethylzinc. Therefore, the introduction of the C20-Me group was 

unfeasible by the planned route. The introduction of the C20-Me group required a 

different tactic, and a detour had to be taken. 

Step 5. Alternate procedure for the introduction of the C20-Me group and completion of 

the synthesis: It was decided to introduce the C20-Me group of the scopadulane skeleton 

as cyanide and reduce it afterwards. With this aim, Et2AlCN was chosen as reagent since 

it is very effective for conjugate addition to highly congested centers [9], Reaction of 

6.37 with Et2AlCN in fact produced the 1,4-adduct 6.41 in 48% yield. At this point, the 

stereochemistry of the addition was not unambiguously established but tentatively 

assigned according to the, well known, axial bias of the addition. Reaction of 

intermediate 6.41 with LiAlH4 in refluxing THF, produced the P-alcohol at C6 and, 

unexpectedly, the C20 was blocked as aminal giving product 6.42. The resulting 6.42 

was submitted to Wolff-Kishner reduction providing 6.43 in 74% yield from 6.41. 

Selective protection of the primary alcohol as silylether and benzoylation of the 

secondary axial hydroxyl group, afforded 6.44. Cleavage of the silylether followed by 

oxidation of the primary alcohol with Ru04, produced (±)-scopadulcic acid B 6.1 
(Scheme 6.11). 

NH2NH2.2HCI 
nh2nh2.h2o 
hoch2ch2oh 
KOH, 195 °C 

(74 %) 

6.1 (i)-scopadulcic acid B 6.44 6.43 

Scheme 6.11 
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Evaluation 

In this-case, the impossibility of introducing the remaining ClO-Me group in the final 

stages of the synthesis has been circumvented by changing the Me group by a cyanide 

group, which is a better nucleophile. This modification entails the need for elaboration of 

the cyanide group to the Me group, adding steps to the synthesis. This is not a general 

solution because the required reduction must be compatible with the remaining 

functionalities of the molecule. In this particular case, the fortunate unexpected result of 

the reduction of the cyano-group, leading to aminal 6.42, facilitates the final installment 
of the angular Me group. 



150 6 The Elusive Side Chain 

The problem of placing a pendant chain in a preformed cyclic system is quite general. 

Many of the standard nucleophilic additions failed, probably due to the topology of the 

molecule or to the high steric hindrance of the center in which the chain is to be placed. 

The synthesis of (±)-scopadulcic acid can be solved with a significant detour using 

different nucleophiles. Other times, as in the following case, the pendant chain has to be 

built stepwise, adding many steps to the overall synthetic scheme. 

6.2 Dysidiolide [10] 

6.45 dysidiolide 

Target relevance 
Dysidiolide 6.45 was isolated from the sponge Dysidea ethereal by Gunasekara and 

Clardy [11]. It shows in vitro activity against A-549 human lung carcinoma and P338 

murine leukemia, probably due to inhibition of cdc25A protein phosphatase. Dysidiolide 

belongs to the sesterterpene class of natural products and it was the first member of a 

new structural type not previously encountered in nature. 

Synthetic plan 
The synthesis utilizes a linear strategy consisting of the introduction of the appendages at 

Cl and C5 on a performed [4.4.0] byciclic nucleus. The byciclic core of dysidiolide 6.47 

arises from decaline 6.46 through a biomimetic rearrangement, which simultaneously 

generates the Cl quaternary centre and the endocyclic double bond. The bicyclic ketal 

enone 6.48 is the starting point of the synthesis (Scheme 6.12). 
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Predictable problems 

The designed plan features a compromising biomimetic carbocation rearrangement [11] 

to create an unusual quaternary center at Cl as well as the endocyclic double bond. All 

these simultaneous transformations should occur within a highly substituted bicyclic 
core. 

Scheme 6.12 

Step 1. Functionalization of C5 in the decaline core. Formation of intermediate 6.49 

(Scheme 6.13): 

The first step of the synthesis is the introduction of the chain at C5. Birch reduction of 

enone 6.48 and trapping of the resulting enolate with allylbromide afforded the trans- 

decaline 6.51 as a single diastereoisomer in 82% yield. Introduction of a silane group 

at the C8 position was required to trigger the rearrangement that would produce 

the quaternary centre at Cl as well as the A's double bond. For this, ketone 6.51 
was transformed into the a,p-unsaturated derivative 6.50 by sequential deprotonation 

with LDA, phenylsulfenation with diphenyl disulfide, oxidation with MCPBA, and 

elimination of the resulting a-phenylsulfinyl ketone by heating in the presence of 

(MeO)3P. Reaction of enone 6.50 with an excess of LiTMS produced conjugate addition 
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affording exclusively the axial a -TMS ketone 6.52. Prior to introduction of the chain at 

the Cl position, the C6-Me group was introduced by reaction of 6.52 with methylene- 

triphenylphosphorane. The allyl appendage was transformed into a 2-hydroxyethyl group 

by Sharpless dyhydroxylation of the vinyl group, followed by glycol cleavage with 

NaKTj. Final reduction of the aldehyde thus formed, provided alcohol 6.53 in 91% 

overall yield. Release of the protected ketone and protection of the alcohol as silyl ether 

were followed by hydrogenation with the Wilkinson’s catalyst providing intermediate 

6.49 (Scheme 6.14). 

Having accessed intermediate 6.49 the next goal was the introduction of the 

chain at position Cl. 

6.48 

_ 1.LDA, PhSSPh 
' ' HMPA-THF, 23 °C 

2. MCPBA.DCM 
-78 °C - 

3. (MeO)3P, C6H6 
80 °C 

TBDPSO 

6.49 

1. PPTS, acetone/HjO 
2. TBDPSCI, DMAP, 

2,6-lutidine, DCM.rt 
3. (Ph3P)3RhCI, H2i 

TMS 1 ^ 0_0 1. Ph3PCH3Br, KH, DMSO 
2. Sharpless dihydroxylation 

3. Nal04 THF/H20 (4:1) O 
4. NaBH4 THF/EtOH (6:1 

’ (91%) 

LiTMS 
HMPA-Et20 

-78 °C,(64%) 

™? 0C0 

6.52 

Step 2. Placing the appendage at Cl, an apparently innocuous task (Scheme 6.15): 

TMS O 

6.49 6.54 

Scheme 6.15 
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The introduction of the side chain at Cl seems obvious. The straight nucleophilic 

addition of 4-methyl-4-pentenyl lithium to ketone 6.49 produced only the recovery of 

starting material. None of the desired product 6.54 was observed. The same result 

derived from the use of the corresponding magnesium or cerium reagents. This is one of 

the most unpleasant situations in a synthesis, namely the lack of reactivity of a given 

substrate towards a key transformation, since it represents a dead-end. The problem had 

to be solved by effecting a serious tactical detour. 

In view of the impossibility of introducing the side chain in one step, ketone 

6.49 was reacted with allylmagnesium bromide with the aim of completing the 

elaboration of the full chain later in the synthesis. Treatment of 6.49 with allyl¬ 

magnesium bromide gave stereospecifically the tertiary alcohol 6.55 in excellent yield. 

Therefore, why cannot the 4-methyl-4-pentenyl fragment be introduced in the same 

way? (Scheme 6.16). No answer to this question is available. 

6.56 

Scheme 6.16 

The chain at Cl of 6.55 was transformed into the TBS-protected 3-hydroxy-propyl group 

through a hydroboration-oxidation sequence, followed by selective reaction of the 

primary alcohol with TBSC1. In this way, compound 6.56 was obtained in 92% overall 

yield. Intermediate 6.56 was used as the substrate for the biomimetic rearrangement that 

would yield the hydrocarbon core of dysidiolide. The full description of the side chains 

will be delayed to the later steps of the synthesis. 
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Step 3. Biomimetic rearrangement of 6.56 and completion of the synthesis 

(Scheme 6.17): 

6.45 dysidiolode 

Scheme 6.17 

The critical biomimetic rearrangement on which the synthetic planning rests, will be 

effected on intermediate 6.56. The tertiary alcohol 6.56 was treated with an excess of 

BF3 followed by reaction with PPTS to produce the cleavage of the silyl ether, yielding 

the desired 6.57 in 70% overall yield for the two steps. The TMS group at carbon C8 

plays a double role in the rearrangement. First, the TMS group facilitates the migration 

of the Me group by stabilization of the emerging cationic center. In addition, the 

subsequent easy elimination of the TMS ensures the correct location of the double bond. 

The rearrangement only works with the TMS derivative. The analogue DMPS does not 

allow elimination as replacement of the DMPS group by HOMe2Si is the main reaction 

pathway. Having accessed to the carbocyclic core of dysidiolide, transformation of 

intermediate 6.57 into the target molecule required elaboration of the two side chains at 

carbons Cl and C5. The side chain at Cl was responsible for a major tactical drawback 

because its introduction thwarts the biomimetic rearrangement. This drawback is due to 

the competition between the cation-olefin cyclization and the rearrangement of the Me 

group. The Cl side chain was completed by coupling of the vinyl cuprate derived from 

2-lithiopropene, with the iodide derived from alcohol 6.57. Compound 6.58 has the full 

Cl side chain and was obtained in 94% overall yield from 6.57. 

The hydroxybutenolide moiety was introduced as a ^-substituted furan ring. 

Cleavage of the TBDPS group was followed by oxidation of the resulting alcohol with 

Dess-Martin periodinane. The aldehyde reacted with 3-lithiofuran to afford a mixture 

(1:1) of epimeric alcohols 6.59 separable by silica gel chromatography. Finally, 

photochemical oxidation of furane 6.59 provided dysidiolide 6.45 in 98% yield (Scheme 
6.18). 
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6.56 6.57 
(97%) 

02} hv, Rose Bengal 

/Pr2EtN, DCM, -78 °C 
from a-epimer (98%) 

TBDPSO 
6.58 

6.45 dysidiolode 

Scheme 6.18 

Evaluation 
The reluctance of the 4-methy-4-pentenyl lithium to react with ketone 6.49 forces the 

sequential introduction of the side chain at Cl. This fact means that five more steps have 

to be added to the synthesis. Nevertheless, it is interesting to note that, even if the 

placement of the appendage succeeds and the major tactical drawback had not occurred, 

the side chain at Cl would have thwarted the rearrangement since cation-olefin 

cyclization onto the exocyclic olefin double bond, competes successfully with the 

movement of the Me group to form a spiro ring. 
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TBDPSO 

6.55 

6.3 (+)-Epoxydictymene [13] 

6.60 (+)-epoxydictymene 

Target relevance 
(+)-Epoxydictymene 6.60 belongs to the diterpene family of natural products. It is 

isolated from the brown algae Dictyota dichotoma [14], From a structural point of view 

it has a tetracyclic fused ring system, part of which is an eigh-membered ring and a 

strained trans-fused 5-5 ring systems. 
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Synthetic plan 

It wa^reasoned that (+)-epoxydictymene 6.60 could be obtained from enone 6.61 by a 

reductive methylation. Therefore, intermediate 6.61 became the primary objective of the 

synthesis. The authors, using an acid-promoted Nicholas reaction followed by an 

intramolecular Pauson-Khand reaction [15], had previously obtained cyclopentenone 

analogues to 6.61. Accordingly, the designed precursor 6.61 of (+)-epoxydictymene 

could arise from the dicobalt cluster like 6.62, obtained using an intramolecular acid- 

promoted Nicholas reaction on enyne 6.63. The synthesis of 6.63 would be attempted by 

joining the allylsilane 6.65 and the propargylic acetal 6.64 using a nucleophilic 

displacement (Scheme 6.19). 

6.65 

.0. 
O^Me^e 

Me Me 

6.64 

Scheme 6.19 

Predictable problems 
• The building of the trans 5-5 ring system was uncertain. The reductive 

methylation on the late intermediate 6.61 might install the quaternary carbon at 

Cl, but it is highly speculative that this reaction would render the trans 5-5 ring 

system. In fact trans-fused 5-5 systems are less stable than the cis isomers 

(approximately 6 Kcal/mol) [16]. The calculated difference in the heats of 

formation of the cis- and /rans-3-oxabicyclo[3.3.0]octanes is over 10 Kcal/mol 

[17], Nevertheless, similar fused 5-5 enones had been obtained via intramolecular 

Pauson-Khand reactions [18] . 

• Formation of eight-membered ring via cyclization of acyclic precursors in a 

Nicholas reaction. 



158 6 The Elusive Side Chain 

Synthesis 

Step 7. Synthesis and coupling of allylsilane 6.65 and propargylic acetal 6.64 

(Scheme 6.20): 

Me 

6.66 (ff)-pulegone 6.67 6.65 

Scheme 6.20 

Allylsilane 6.65 was obtained from (7?)-pulegone 6.66 as follows. Favorskii ring 

contraction [19] yielded exclusively the /rans-isomer of the methylester 6.68. 

Saponification and acid catalysed intramolecular cyclization of 6.68 afforded the cis- 

fused lactone 6.69 in 56% overall yield. Reduction of lactone 6.69 with LiAlH4 followed 

by selective acetylation of the less-hindered primary alcohol, yielded the acetate 6.67, 

which under boiling acetic anhydride and subsequent elimination of the tertiary acetate 

group rendered a 1:2 mixture of the two possible separable alkenes 6.70 and 6.71. 

Reaction of 6.71 with Schlosser’s base [20] produced an intermediate dianion that was 

reacted with TMSC1 producing, after hydrolysis of the silyl ether, a 50% yield of 

allylsilane 6.65 (Scheme 6.21). 

665 6.71 (2:1) 6.70 

Scheme 6.21 
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The synthesis of the propargylic acetal 6.64 was attempted by acid-catalysed 

transaeetalization of the de diethyl acetal 6.72, but disappointingly, all efforts were 

unsuccessful. The mixed acetal 6.73 was obtained in 54% yield by treatment of 6.72 
with bromodimethylborane followed by trapping of the bromomethyl ether with 

2-methyl-3-buten-2-ol. Because the site-selectivity in the mixed acetal 6.73, during the 

Nicholas reaction was uncertain this reagent was discarded as the starting material. 1,3- 

Dioxane 6.74 was considered a more suitable substrate for the acid-promoted Nicholas 

reaction, due to its reported complete site selectivity [21]. Compound 6.74 was obtained 

in 66% yield by reaction of 6.72 with 3-methyl-1,3-butanediol in the presence of TsOH 

(Scheme 6.22). The impossibility of preparing the designed starting material 6.64 will 

assume, as matter evolves, a change in the plan of synthesis that will increase the 
number of steps (see below). 

6.72 

OEt 1. Me2BBr,DCM, -78 °C 

QEt 2- 'Pr2NEt 
2-methyl-3-buten-2-ol 

(54%) 

~L 
3-methyl-1,3-butanediol 

TsOH, C6H6 A,(66%) 

Scheme 6.22 

Coupling of allylsilane 6.65 and cyclic acetal 6.74 required a rigorous control of the 

reaction conditions. The triflate generated from alcohol 6.65 was treated immediately 

with the lithium anion derived from 6.74, yielding the coupled product 6.75 as a mixture 

(1:1) of diastereoisomers in the ketal center (Scheme 6.23). 
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6.65 

\ H „ Me, 
O 

6.74 

-78 °C to -35 °C 

Me H 

:Me BuLi.THF.HMPA, 

OTf 

Me^Si 

\ Me, 
O rMe 

Scheme 6.23 

Step 2. The intramolecular Nicholas cyclization-Pauson-Khand cyclocarbonylation 

(Scheme 6.24): 

The required alkyne-dicobalt cluster 6.76 in which the Nicholas reaction was to be 

carried out, was obtained in 90% yield by reaction of 6.75 with Co2(CO)8 in ether. 

Treatment of 6.76 with a stoichiometric amount of Et2AlCl in DCM produced 91% of 

the fused 5-8 ring as a single diastereoisomer. It is worth noting the complete site- 

selectivity of the reaction. Having efficiently accessed the fused ring system, the side 

chain primary alcohol was converted to terminal olefin 6.62. Since mild conditions 

compatible with the sensitivity of the dicobalt cluster to oxidation were required, the 

method of Grieco and Nicolaou [22] was used. The oxidation step was performed using 

the phenyloxaziridine of Davis [23] under basic conditions. Intermediate 6.62 was 

obtained in 61% yield from 6.77 (Scheme 6.25). 
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Me h 

O.^VIe Co2(CO)8 
Et20 

Me3Si 
Me3Si 

6.75 6.76 

OH 

1. Bu3P, o-N02-PhSeCN 
DCM, 23 °C 

2. PhS02N-CHPh 

NaHC03 H20,DCM 

O 

6.77 
(61%) 

6.62 

Scheme 6.25 

It is necessary to. note at this point that the sequence 6.77 —» 6.62 was necessary because 

the planned substrate 6.63 for the Nicholas reaction was not accessible due to the 

impossibility of preparing acetal 6.64. Lateral failures in trivial reactions resulted in 

increasing the number of steps of the overall synthetic scheme. The next step was the 

Pauson-Khand cy'clization of 6.62. Oxidative conditions were used for initiating the 

reaction. Treatment of 6.62 with NMO leads to the isolation of the tetracyclic enone 6.61 
in a 70% yield as a (11:1) mixture of epimers at Cl2, favoring the undesired isomer. It 

has to be mentioned that the thermally initiating Pauson-Khand reaction in an 

atmosphere of air, yielded a (5:1) mixture of isomers at C12 also favoring the undesired 

isomer (Scheme 6.26). Attempts to isomerize the undesired epimer at C12 were fruitless. 

Therefore, to follow the planned synthesis, the authors had to choose to go ahead with 

the minor isomer, or to continue with the main isomer delaying the inversion at C12 to a 

further stage of the synthesis. This second option was the one chosen. 

desired undesired 

6.62 6.61 (1:5) 

Scheme 6.26 



162 6 The Elusive Side Chain 

Step 3. The introduction of the C4-Me group and the selective reduction of the enone 

double bond leading to a full dead-end (Scheme 6.27): 

Scheme 6.27 

The installation of the quaternary Cl a Me group as well as the (3-selective reduction of 

enone 6.61 at Cl 1, were attempted jointly. Dissolving metal reduction followed by 

reaction of the resulting enolate with iodometane produced ketone 6.79 in high yield. 

The cis fused 5-5 ring was obtained exclusively, as predicted on the basis of literature 

precedents. However, the methyl group of 6.79 has been installed with the undesired 

stereochemistry. It was recognized that methyl ketone 6.79 could not easily be 

transformed into epoxyditymene (Scheme 6.28). Therefore, this intermediate is a 

complete dead-end of the synthesis. A new strategy for introduction of the methyl group 
had to be devised. 

Scheme 6.28 



6.3 (+)-Epoxydictymene 163 

Step 4.^A new strategy for the introduction of the C4-Me group and the introduction of 

the right stereochemistry at Cl leading to the completion of the synthesis (Scheme 6.29): 

Scheme 6.29 

6.60 (+)-epoxydictymene 

Results depicted in Scheme 6.28 show that the synthesis of epoxydictymene by means of 

a deconjugative methylation probed to be unfeasible. The impossibility of introducing a 

methyl substituent on a performed hydrocarbon backbone was not predicted in advance 

at all. All the above results suggest that the a-configuration of the methyl group will not 

be achieved unless prior inversion of the stereochemistry at C12 is performed. Therefore, 

inversion of the configuration at C12 became the prime task before going ahead with the 

completion of the synthesis. On account of the failure to invert the configuration at C12 

on the complete tetracyclic skeleton, an approach based on the fragmentation of ring C 

was considered (Scheme 6.29). 

Enone 6.61 was reduced with a Li/NH3 system followed by isoprene/NH4Cl 

quench, affording ketone 6.81, which has the correct configuration at Cll in the 8-5-5 

fused system. Double a-hydroxylation of 6.81 proceeded from the less-hindered |3-face 

yielding keto-diol 6.82, which, upon directed reduction of the carbonyl with 

NaHB(OAc)3 afforded triol 6.83. Pb(OAc)4 oxidation of 6.83 followed by treatment with 

DBU, and produced keto aldehyde 6.80 as a mixture (3:1) of diastereoisomers favoring 

the isomer having the configuration at C12 inverted (Scheme 6.30). 

6.83 

Scheme 6.30 
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The inversion of the configuration at C12 could be accomplished but only by paying the 

price of opening a five-membered ring that then had to be reclosed. This is by no means 

a trivial task. The methodology involved in building the 8-5-5 fused system was based 

on the procedure developed by Bailey [24] for the synthesis of ?ran5-bicyclo[3.3.0]- 

octanes based on the intramolecular anionic cyclization of 5-hexenyl iodides. In this case 

intermediate 6.84 was prepared from ketoaldehyde 6.80 in a five-step sequence. The 

critical anionic cyclization step was attempted by exposure of the iodide 6.84 to metal- 

halogen exchange conditions. Surprisingly and contrary to the results obtained with 

simpler substrates, 6.84 yielded only the protodehalogenation product 6.85. A radical 

cyclization was tested using (trimethylsilyl)silane and AIBN. In this case cyclization 

occurs but in a 6-endo way, producing a 5-8-6-5 fused system 6.86 (Scheme 6.31). 

6.80 6 84 

Me 

“1 
(TMS)3SiH 
AIBN, PhH 

(64%) 

Scheme 6.31 

The cyclization 6.84 —> 6.86 was not surprising with hindsight, since it is known [25] 

that the radical cyclization of 5-alkyl-5-hexenyl iodides occurs in b-endo mode 

preferably to the 5-exo-mode. Nevertheless, having a possible substrate for a given 

reaction even contrary to predictions is a temptation chemists cannot resist. Precisely 

because we are conscious of the many variables we do not count on obtaining the desired 

product but to do so against the odds is always a temptation few can resist. Nevertheless, 

epoxydictymene will not be accessed from iodide 6.84, which has clearly closed another 

pathway in the synthesis, but the knowledge acquired in these reactions facilitates the 

design of a new substrate for radical cyclization. This new substrate has to present a 

clear bias for the 5-exo-mode of cyclization. The best way to solve this problem is to use 

a compound like 6.87 having a cyano group at Cl5. This group may facilitate the radical 

as well as the anionic cyclization alternate processes. In addition, the cyano grouping 

could be removed in a single step. The cyanomethylene group will thus finally become 

the solution to placing the troublesome C15-Me group. 
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The iodo acrylonitrile 6.87 was prepared from keto aldehyde 6.80, through the methyl 

enol ether 6.88 by a double Wittig sequence. Submission of iodide 6.87 to radical 

cyclization conditions afforded again the 6-endo product 6.89. On the contrary, the 

anionic process promoted by halogen-metal exchange on 6.87, yielded 74% of a 

cyclization product 6.90 containing the complete 5-8-5-5 fused-ring system of epoxy- 

dictymene. Finally, reductive decyanation delivered synthetic (+)-epoxydictymene 6.60 
(Scheme 6.32). 

OMe 

6.80 

f-BuLi, TMDA 

(74%) 

Me h 

1. TBTH, AIBN 
benzene 

2. K, 18-C-6 
toluene 

(76%) 

6.88 

1. HCI.THF 
2. NaBH4 

MeOH/EtOH 

. I I I13 12 11 ■ 1 

Et20/MeCN 

(91%) 

,.vH K, 18-C-6 
Me toluene 

Me h 

O Me (82% 
H/7 H 

6.60 (+)-epoxydictymene 

Scheme 6.32 

Evaluation 
• The construction of the tetracyclic core 6.61 of (±)-epoxydictimene is an 

impressive “tour de force” considering that the fused-ring system can be built, 

from the appropriate starting materials, in three steps. However, the cyclization 

mainly formed the undesired stereisomer. This intermediate 6.61 failed to attach 

the remaining Me group and to correct the stereochemistry at Cl 1. Therefore, a 

tedious redesign of the synthesis had to be undertaken. 
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• Installation of the C4-Me group involves ring-C breakage, differentiation of two 

carbonyl groups after correcting the wrong troublesome stereochemistry, and 

final ring-C closure. This is an important strategic change since it extends the 

entry to (+)-epoxydictymene in many steps; especially considering that the fused 

ring system is constructed in an amazing way. 

Key synthetic reactions 

Favorski rearrangement (aka Faworski-Wallach rearrangement) [19]: Ketone ring 

contraction promoted by a-halogenation followed by base treatment. The reaction 

produced an acid or acid derivative through an a-cyclopropanone intermediate. 

(56% from 3.8) 
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Especially interesting reagents 
Grieco’s alcohol dehydrating protocol: The method of Grieco [22] for dehydration of 

alcohols consists of the displacement of the alcohol by o-nitrophenyl selenocyanate in 

the presence of Bu3P followed by oxidation of the selenoether and elimination of the 

corresponding selenoxide. The oxidizing agent is usually chosen to be compatible with 

the remaining functional groups of the molecule. Even complexes, which are extremely 

sensitive to oxidation, such as Co-clusters 6.87, can be dehydrated using this method. 
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6.87 

1. Bu3P, o-NOj-PhSeCN 
DCM, 23 °C 

o 
2. PhS02N-'cHPh 

NaHC03 H20,DCM 

6.4 (±)-Lepadiformine [27] 

6.91 (±)-lepadiformine 

Target relevance 
Lepadiformine 6.91 was isolated from the tunicate Clavelina lepadiformis in 1994 [28], 

but its structure was not unambiguously established until 2000 when Kibayashi and co¬ 

workers synthesized the hydrochloride salt of the natural product [29], 

Synthetic plan 
The planned synthesis is based on the construction of the trans-perhydroquinoline 

fragment of the natural product using a Diels-Alder reaction of the amidoacrolein 6.92 
with diene 6.93. The resulting tosylamide 6.94 could be elaborated to an activated 

oxaziridine 6.95, on which the homoallylic appendage should be introduced by reaction 

with the corresponding organometallic reagent. Iminium ion 6.96 should be capable of 

stereochemically controlling the introduction of the hexyl side chain, forming 6.97. 
Finally, electrophile-promoted cyclization of the amine, derived from tosylamide 6.97, 
should deliver lepadiformine 6.91 (Scheme 6.33). 
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6.91 (±)-lepadiformine 6.97 6.96 6.95 

Scheme 6.33 

Predictable problems 
• No problems were anticipated since the synthesis relies on the well known 

intermolecular Diels-Alder reaction of an amidoacrolein with a diene. These 

Diels-Alder reactions show complete regio and stereocontrol, in the sense 

required for the synthesis for the final construction of the /rans-perhydroquinoline 

core. 

• With respect to the introduction of the hexyl substituent, addition of an 

organometallic reagent to the iminium ion 6.96 should be stereoelectronically 

controlled proceeding via chair conformation from the a-face. 

Synthesis 

Step 1. Diels-Alder reaction and construction of aziridine intermediate 6.95: Thermal 

Diels-Alder reaction of 6.92 with diene 6.93 produced mainly polymerization of 

dienophile. However, submission of the reagents to high pressure (12 Kbar) gave only 

the expected endo-cycloadduct 6.98. The aldehyde was reacted with NaBH4 to form 

6.94, which, in the presence of hydrogen and Pearlman’s catalyst, simultaneously hydro¬ 

genated the double bond and removed the benzyl group. Cyclohexane 6.99 was obtained 

in 94% yield. Intramolecular Mitsunobu ring-closure of 6.99 was accomplished under 

standard conditions (Ph3P/I2/Im) yielding aziridine 6.95 (Scheme 6.34). 
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NaBH4 

(99%) 

PPh3i l2 

lm,C@H6 

(86%) 

Scheme 6.34 

Step 2. Introduction of the side chains. Failure in obtaining 6.97: First, the butenyl side 

chain that would eventually form the pyrrolidine fragment of the lepadiformine 6.91 was 

introduced. Nucleophilic ring opening of the tosylaziridine 6.95 with excess 

allylmagnesium bromide yielded tosylamide 6.100. At this point attempts to introduce 

the hexyl substituent were made. In any case the desired adduct 6.97 was obtained under 

a variety of acid catalysts and in the presence of hexylmagnesium bromide. Enamide 

6.101 was obtained using BF3 at 0 °C. Due to this serious failure in the planned 

synthesis, compound 6.100 was transformed to aldehyde 6.102. Compound 6.102 is not 

in ring-chain tautomerism with the cyclic form 6.103 (the precursor of iminium salt 

6.104) in a variety of solvents. Therefore, the planned addition of a hexyl-nucleophile 

onto the iminium salt 6.104 failed (Scheme 6.35). 

Step 3. Re-evaluation of the methodology to appendage placement. Completion of the 

synthesis: It was obvious that the introduction of the hexyl group should be effected 

independently of the formation of the second ring, contrary to the original synthetic 

planning. Aldehyde 6.102 was reacted with hexylmagnesium bromide in the presence of 

Yb(OTf)3 yielding alcohol 6.105 as an inseparable (10.9:1) mixture with its C13 epimer. 

This increase in the stereoselectivity could be the consequence of a process controlled by 

quelation, on which the greater steric bulk of the organoytterbium reagent, coupled to the 

attenuated reactivity of the magnesium-chelated aldehyde, may favor the formation of 

the desired isomer. The tran.wperhydroquinoline 6.106 was accessed by submission of 

the mixture of alcohols to Mitsunobu cyclization conditions, followed by removal of the 

tosyl group. Nucleophilic cyclization promoted by iodine yielded an (iodomethyl)pyrro- 

lidinium salt intermediate 6.107, which was directly treated with aqueous NaOH 

containing Bu4NI, delivering racemic lepadiformine 6.91 in 77% yield (Scheme 6.36). 
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H 

CHO 

Scheme 6.35 

CHO 

6.102 

6.91 (±)-lepadiformine 

Scheme 6.36 
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Evaluation 
The lepadiformine synthesis is a simple example of the difficulties encountered in 

appending a side chain in a preformed bicyclic molecule. In this case the key point of the 

planned process was the ability to generate an iminium salt from an, in situ, generated 

carbinol amine. Tosylamides are probably not sufficiently nucleophilic in these cases to 

effect this cyclization as demonstrated by the second attempt made in aldehyde 6.114. 
The failure on generating the iminium salt thwarted the planned synthesis. 
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Chapter 7 

The Unpredictable Stereochemistry 

Up to what point is the stereochemistry of one synthetic step or one synthetic scheme 

controllable? Following the superb achievements in the development of methodologies 

to control the stereochemistry of many fundamental processes, it might be thought that 

this question has been answered. In fact, during the last twenty years the highly 

stereoselective methods developed to effect chiral control and chiral discrimination, with 

the help of internal or external chiral auxiliaries and catalysts, have produced exceptional 

results [1], Nevertheless, the wrong stereochemistry obtained in one key synthetic step or 

the impossibility of controlling the stereochemistry, even in well established processes, 

is still a problem, causing several tactical and strategic modifications to planned routes. 

The following examples show the diverse situations in which the formation of the wrong 

isomer causes deviations or modifications in the synthetic plan. 

7.1 Nocardiones A and B [2] 

OH O 

O 

O- 

OMe O 

O 

O- 

7.1 nocardione A 7.2 nocardione B 

Dead Ends and Detours: Direct Ways to Successful Total Synthesis 

Miguel A. Sierra and Maria C. de la Torre 
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

ISBN: 3-527-30644-7 
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Target relevance 
(-)-Nocardione A 7.1 and (-)-nocardione B 7.2 were isolated in minute amounts from 

the culture broth of Nocardia sp. TP-A0248 [3]. Both compounds are new tyrosine 

phosphatase inhibitors with moderate antifungal and cytotoxic activities. The absolute 

configurations of these two furano-o-naphtoquinones remained unknown and their 

synthesis was undertaken in order to solve this problem. 

Synthetic plan 
The planning devised to prepare compounds 7.1 and 7.2 delayed the construction of the 

unstable o-naptoquinone system to the final stages of the synthesis. Both compounds 

will be derived from a common intermediate 7.3 that will be accessed from tetralone 7.4 
and (/?)-propylene oxide 7.5. The furan ring would be closed through a Mitsunobu 

reaction (Scheme 7.1). 

7.1 R = H 7.3 
7.2 R = Me 

Scheme 7.1 

Predictable problems 

The simple approach to nocardiones A and B sketched in Scheme 7.1 should not. in 

principle, present problems, since it is based on well tested reactions. There are no 
compromising transformations in the scheme. 

Step 1. Synthesis ofnocardione A 7.1 (Scheme 7.2): 

Scheme 7.2 
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Lithjuqj enoJate derived from 7.6 was reacted with (.S'J-propylenc oxide 7.5 in the 

presence of Sc(Olff-) and the resulting alcohol 7.8 was protected as the 2,2,2- 

trichloroethoxycarbonate (Troc) derivative. Compound 7.9 was then oxidized to the 

corresponding quinone 7.10 with SeO> Reduction of quinone 7.10 concomitantly 

eliminated the Troc-protecting group giving the easily oxidized hydroquinone 7.11. Ring 

closure of 7.11 to give tricyclic naphthol 7.12 was accomplished with inversion of the 

configuration under the standard Mitsunobu conditions in poor yield (28%). The 

. nation of 7.12 to rn>cardione B 7.2 was effected with benzeneseleninic anhydride 

\J- y:()> () achieving the preparation of this product, f inally, demethylation of 7.2 was 

accomplished in the presence of AI Cl. in DCM. In this way, nocardione A 7.1 was 

obtained in quantitative yield but as a racemic mixture. All the attempts to effect the 

demethylation without racemization were unsuccessful (Scheme 7.3). Evidently, the 

conditions to remove the methyl group were too harsh to be compatible with the 

stereochemical integrity of the stereocenter present in 7.2. 

The.obvious solution to this problem is to use a more readily removable group 

to protect the phenolic hydroxy group. 7 he group of choice was the benzyl group and the 

full synthetic scheme was repeated from compound 7.13. After obtaining benzyl- 

protected o-quinone 7.14 the benzyl group was removed by hydrogenolysis leading to 

t CScheme7.3). 

Evaluation 

7he racemization during the removal of a protecting group in the last step of the 

synthesis.of nocardione A, 7.1, does not result in a strategic change but in a major 

drawback. In fact, the choice of the MeO-protecting group instead of a benzyl group to 

access both nocardiones A and B, results in the necessity of repeating the full synthetic 

/.heme to prepare nocardione A, since its removal resulted in complete racemization. 

7.2 

irc-rfi 
(quant) 

OB' O 
^ Pd(C) 
DMF 

(50%) 

OH O 

7.14 

O- 

(->-7.1 
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Se02 dioxane 
A, (32%, from 1.6) 

7.12 7.11 7.10 

(PhSeO)20 
THF,50°C 

v (71%) 

OBn 

O- 

(—)“7.1 

Scheme 7.3 

O 

7.13 
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7.2 ~(±)-Breynolide [4] 

Target relevance 

Aglycon nucleus of the orally active hypocholesterolemic agent Breynin A (7.16). 
Breynins A (7.16) and B (7.17) are isolated from the Taiwanese woody shrub Breynia 

officinalis Hemsl [5]. 

7.16 X = S, breynin A 
7.17 X = SO, breynin B 

Concept 

Stereochemically linear synthetic approach. A stereochemically linear approach employs 

a series of substrate-controlled operations to derive the relative configuration of the 

remaining stereocenters, from the chirality of a racemic or enantiomerically pure starting 

material. However, compared with a convergent synthetic strategy the stereochemically 

linear approach may entail additional steps. But, the overall efficiency may be increased 

by the use of a single chiral substrate. The key point of this kind of strategy is that a 

stereochemically linear synthesis of a racemate circumvents the formation of unwanted 

diastereomers. This is an operation that frequently accompanies the coupling of racemic 

fragments in a convergent synthesis. 
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Synthetic plan 
Based on previous work, by the same authors, during the 

The key point of the synthetic planning would be the 

protocol to access 7.19. 

The implementation of this process requires: 

• Introduction of the methyl group at carbon Cl2. 

• Chemo- and stereoselective reduction of the Cl 

alcohol. 

• Installation of the C6-C7 trans-vicinal diol. 

Spiroketal 7.19 would derive from the coupling of lithiated dihydropryranone 7.21 and 

the perhydrobenzothiofene aldehyde 7.22. Preparation of compound 7.22 would involve 

the thioannulation of enone 7.23. 

Predictable problems 
• The introduction of the sulfur atom anti to the adjacent hydrogen in 7.23. 
• Introduction of the C6-C7 fra/iv-vicinal diol. 

• Incorporation of C12 methyl group in the ketone 7.19. 

synthesis of phyllanthocin [6], 

spiroketalization-equilibration 

1 carbonyl group to the axial 

Scheme 7.4 
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Synthesis 

Step 1 .Thioannulation (Scheme 7.5): 

Thioanulation of enone 7.23 involved the following steps: 

• Introduction of the sulfur atom by functionalization of the enone via 1,4-addition 

with a suitable sulfur nucleophile. 

• Installation of the leaving group at the Me group a to the ketone. 

• Liberation of the thiol function and cyclization. 

Enone 7.23 was reacted with thiolacetic acid to form a mixture (3:1) of epimers 7.26 and 

7.27. Both epimers embodied the required C17 configuration, which should arise from 

the preferred axial attack anti to the alkoxy and methoxy groups. However, the 

subsequent and required introduction of the halogen leaving group in the methyl ketone 

of 7.26 and 7.27 proved to be unfeasible. Thus, the sequence of events was reversed. 

Next the bromine group present in 7.28 was introduced via the silyl enol ether 7.29 
obtained by deprotonation of 7.23 with LDA and further treatment with TESC1. 

Exposure of 7.29 to NBS effected the desired a-bromination to yield enone 7.28. 
Standard treatment of 7.28 with H2S rendered a mixture of diastereomeric disulfides 

7.30. Other agents were useless to effect this apparently simple transformation (Scheme 

7.6). Therefore, access to the planned intermediate 7.31 was not possible by this route. 
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■C02Me AcSH, PhH 

TESO 

7.29 kinetic 

(100%) 
O, 

>',C°2Me nbs.thf 

''OMEM (58 %) 

T 

v.C02Me 

17^"'OMEM + 0 

SAc 

7.26 

FAILED HALOGENATION 

^C02M© 

'OMEM 

H2S, py, CI3CH 

O 
.// 

'OMEM 

ALTERNATE REACTIVITY 

Scheme 7.6 

Clearly, not only the C=C bond but also the highly electrophilic a-bromo ketone moiety 

of 7.14 have reacted with H2S, inducing an alternate reaction. Since the reaction with the 

halogen atom was undesirable, the less reactive chlorine group was used instead of the 

bromide. Treatment of the dianion derived from 7.23 with NCS formed the a-chloro 

ketone 7.32 as the major product (59%) in a mixture of mono-, di- and trichloro ketones. 

The chlorination of the MEM-derivative was even less efficient. Next, thiolacetic acid 

was added as expected to 7.32, giving the mixture of epimers 7.33, which was cyclized 

and equilibrated to the desired c/s-fused product 7.34 by base treatment (the basic 

medium hydrolyzed the thioester, liberating the sulfur nucleophile). Finally, the 

secondary alcohol was protected as its MEM-derivative (Scheme 7.7). 
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MeONa 
MeOH 

T (61 %) 

MEMCI 

(84 %) 

Scheme 7.7 

The introduction of the sulfur group caused unexpected problems. In fact, a 

compromised, inefficient step (the chlorination of 7.23) was unavoidable. Nevertheless, 

no deviations in the designed synthetic plan were derived from this tactical change. The 
strategy compiled in Scheme 7.5 was accomplished. 

Step 2. Installation of the C3 a-hydroxyl group (Scheme 7.8): 

Scheme 7.8 

At this point of the synthetic sequence, intermediate 7.25 embodies four of the five 

contiguous stereocenters of the advanced 7.35. The remaining stereocenter will be 

derived from the C3 carbonyl group to form the desired a-isomer 7.35, on paper an 

apparently simple task. The convex character of bicyclo 7.25 should force the production 

of the undesired (3-isomer 7.36 in the hydride reduction of the ketone. However, it was 

assumed, based on the solid-state conformational analysis of 7.25 that the a-hydroxyl 

would be pseudoequatorial and, therefore, accessible by protocols directed to afford the 

more stable epimer. Nevertheless, consistent experimental results showed that this was 

not the case. The best ratio of epimers was obtained with DIBALH, which furnished a 

2.5:1 mixture favoring the [3-isomer 7.35. Besides, all attempts to invert the configura- 
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tion of the alcohol using standard Mitsunobu methodology or any nucleophilic attack in 

the mesylate 7.37 met with no success. Those reactions formed a major product 7.38 
arising from the intramolecular alkylation of sulfur, followed by fiagmentation of the 

resulting sulfonium ion (Scheme 7.9). 

..CC^Me 

"'OMEM 

Scheme 7.9 

Reversible oxidation of the sulfur moiety seemed the obvious solution and it was in the 

end, although not in the way predicted. In fact, the oxidation of alcohol 7.36 or its 

mesylate 7.37 with Davis phenyl oxaziridine [7] formed 7.39 and 7.40 both as mixtures 

of diatereomeric sulfoxides. Attempted inversion of the alcohol group at C3 in 7.39 or 

7.40 gave the vinyl sulfoxide 7.41. The elimination of the alcohol moiety occurred even 

in non-basic conditions. This unexpected result was the indication to continue with the 

synthesis. Reduction of 7.41 to the vinyl sulfide 7.42 followed by the sequence 

hydroboration-oxidation, exploiting the convex topography of the substrate, this time 

gave the desired a-alcohol 7.35 (Scheme 7.10). Compound 7.35 finally had the required 

C3 a-stereochemistry. Silylation with TBDPSOTf, followed by reduction with DIBALH 

afforded the advanced intermediate 7.43. 
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O 
1. TBDPSOTf 

2,6-lutidine 
(94 %) 

2. DIBALH, 
toluene ,(90 %) 

1, BH3.THF 

2. NaOH, 
H2O20°C 
(78 %) 

,,C02Me 

"OMEM 

7.42 

Scheme 7.10 

This detour does not result in significant deviations from the synthetic scheme planned 

in Scheme 7.4 but requires the incorporation of five additional synthetic steps (Scheme 

7.11). What is the origin of the unpredictable inability to effect the inversion of the 

alcohol at C3? Could it be predicted? 

[H] 

IPLANNED 
1 Step 

n_ 
REQUIRED 

5 Steps 

Scheme 7.11 
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Step 3. Spiroketal formation (Scheme 7.12): 

Incorporation of methyl group here 
may be problematic 

7.44 

Scheme 7.12 

The next key transformation in the synthesis of (±)-breynolide is the coupling of 

aldehyde 7.43 with the lithiated dihydropyrane 7.21. As commented under the section on 

predictable problems, the chemo- and regioselective installation of the C12-Me group 

onto an advanced intermediate, like 7.19, may be problematic. Instead, the incorporation 

of the potentially conflicting methyl group could be effected prior to spiroketalization, 

using a lithium derivative 7.44 (Scheme 7.12). Therefore, lithium derivative 7.44 was 

reacted with aldehyde 7.43 leading to 7.45. The ketal group was removed and the 

secondary alcohol oxidized to ketone 7.46 using the Swern conditions [8]. Ketone 7.46 
was the substrate in which the key spiroketalization step would be effected and so the 

stereocenter on C12 should now be established concurrently. Treatment of 7.46 with 

ZnBr2 removed the MEM group and the free alcohols were exposed to TsOH. The 

product was the desired spiroketal 7.47 showing that the intended equilibration has 
occurred (Scheme 7.13). 
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1 .Oxalic acid 
dcm/h2o 

2.Swern [O] 
(80%, 3 steps) 

O 

Me 

Scheme 7.13 

Step 4. Incorporation of the trans-vicinal diol moiety and completion of the synthesis 

(Scheme 7.14): 

To complete the task of accessing (±)-breynolide 7.15 it is necessary to selectively 

reduce the pyranone carbonyl group to the axial alcohol and to install the C6-C7 trans- 

diol moiety. The first transformation could be achieved chemoselectively by using the 

bulky L-Selectride to reduce 7.47. The chemoselectivity of this transformation yielding 

exclusively alcohol 7.48, derived from the higher accessibility of the pyranone ketone of 

7.47, compared with the more hindered five-membered ring ketone. Again the topology 

of the molecule determines the result of the reaction, but this time in our favor. Sylilation 

of 7.48 formed 7.49, which was elaborated to the C6,C7-unsaturated enone 7.50 by 

treatment of the enolate with PhSe(0)Cl [9] (the use of this reagent avoids the oxidation 

of the sulfur) (Scheme 7.15). 
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TBSOTf 
2,6-Lutidine 
DCM (89%) 

1. LDA.HMPA 
TFH,—10°C 
i- 

2. PhSe(0)CI, —78°C 
(79 %) 

TBDPSO' 

Scheme 7.15 

The incorporation of the vicinal diol moiety was effected on the C6,C7-unsaturated 

enone 7.50. Enolization of 7.50, followed by a-hydroxylation of the extended enolate 

with (+)-camphorsulfonyl oxaziridine [7], leads to alcohol 7.51. Reduction of the 

carbonyl group was the single result obtained in all the attempts to hydroborate-oxidize 

this alcohol 7.51. Therefore, it was necessary to attempt dihydroxylation of enone 7.50 

with stoichiometric amounts of 0s04, reactions which produced extensive oxidation of 

the sulfur atom, and a side reaction which substantially decreased the reaction yields of 

diol 7.52, Desilylation with acidic methanol then afforded 6-epibreynolide 7.53. Again, 

any attempt to invert the C6 P-hydroxyl group were futile (Scheme 7.16). 

Finally, the serendipitous discovery that enone 7.50 isomerizes to the p,y- 

unsaturated isomer 7.55 upon exposure to aqueous K2C03, opened up a new way of 

solving the problem. This isomerization is a manifestation of the highly strained 

architecture of the conjugated enone 7.50. Due to this strain, the Michael addition of 

alcohols to this enone also occurred easily. A variety of alcohols in conjunction with 

several base catalysts were then examined. The best results were obtained with cesium 

carbonate as catalyst. Treatment of 7.50 with benzyl alcohol furnished 7.56. The 

completion of the syn-diol fragment would entail hydroxylation at C7 followed by 

deprotection of the benzyl group at C6. The hydroxylation of the enolate derived from 

7.56 placed the needed hydroxyl group at C(7). At this point, deprotection of the benzyl 

group seems the single remaining task to finally obtaining (±)-breynolide. However, 

none of the methods used to remove the benzyl group succeeded (Scheme 7.17). 
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HCl.MeOH 
(99%) 

Wrong stereochemistry 
here 

7.53 6-epibreynolide 

Scheme 7.16 

Alternatively, the sequence can be repeated with allyl alcohol in the presence of CsC03 

to obtain a 3:1 mixture of a- and p-adducts 7.58. Hydroxylation of the a-adduct at C7 

formed the allyl protected diol 7.59. Deallylation was effected employing [(Ph3P)3RhCl] 

to isomerize the allyl ether to vinyl ether [10] followed by hydrolysis. This treatment 

simultaneously eliminated the silyl protecting groups, finally affording synthetic (±)- 

breynolide 7.15 (Scheme 7.18). 

This method of accomplishing the last steps of the synthesis, represents a minor 

detour from the original synthetic plan that cannot even be considered as a tactical 

change. However, the enormous effort devoted in tuning up the introduction of the diol 

moiety is not truly reflected in the final work, even if the problem was predicted from 

the beginning. Further, the impossibility of eliminating the benzyl group in 7.57 the fully 

elaborated precursor of (±)-breynolide, has to be considered a major drawback. 

Evidently, changing the protecting groups would solve the problem. However, it means 

repeating a series of reactions on a very advanced intermediate, with the logistical 

problems of availability of advanced materials associated with the last steps of a multi- 

step synthesis. 
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BnOH 
CsC03 0°C 
(80%) ' 

7.15 

Scheme 7.17 

Evaluation 
• No strategic changes have been made during the synthesis of (±)-breynolide. The 

synthesis plan depicted on Scheme 7.4 has been fully implemented. 

• Major tactical changes have been made during the synthesis, especially to install 

the C(3)-a-OH. 

• The planned synthesis is complicated by the concave topology of many of the 

synthetic intermediates. 

7.25 
REQUIRED 

5 Steps 
7.35 
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Especially interesting reagents 
PhSe(0)Cl [9]: Obtaining of a,(3-enones from ketones via their enolates. The use of 

benzeneseleninyl chloride allows the presence of functional groups susceptible to 

oxidation. 

7.49 7.50 
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7.3 Hamigerans A and B [ 11 ] 

OH O 

7.60 hamigeran A 7.61 hamigeran B 
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Target relevance 

Hamigerans were isolated from the poecilosclerid sponge Hamigera tarangaensis 

Bergquist & Fromont (family Anchinoidae, syn. Phorbasidae) from the Hen and Chicken 

Islands off the coast of New Zealand [12]. These compounds show a moderate 

cytotoxicity against P-388 leukemia cells and a strong antiviral activity. In spite of the 

small size of the molecules, the complexity of their structures offers a challenge for 

synthesis as well as the possibility of obtaining analogs to improve their biological 
activities. 

Synthetic plan 

The cornerstone of the synthetic plan to access to hamigerans was the photo-enolization 

and intramolecular trapping of hydroxy-o-quinodimethanes 7.63 generated from the 

corresponding o-tolualdehydes 7.62 having a tethered dienophile [13] (Scheme 7.19). 

Scheme 7.19 

OH 

Based on this general construction of the tricyclic skeleton of hamigerans, the approach 

to hamigeran A 7.60 was devised from the benzaldehyde 7.65. In fact, the 

photocyclization of 7.65 will form tricycle 7.66 having the full carbon framework of 

hamigeran A 7.60. This compound will be derived from 7.66 by adjusting the oxidation 

levels and placing the bromine group in the aromatic ring of an intermediate derived 

from 7.67. Moreover, the oxidative cleavage of the hydroxy acid derived from hydroxy 

ester 7.67 would lead, after protecting group manipulations, to hamigeran B 7.61 
(Scheme 7.20). Clearly, and according to this synthetic plan, the epimerization of the C5 

center has to be effected during the synthesis (7.66 —> 7.77). 
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7.61 

Scheme 7.20 

Predictable problems 
• The establishment of the relative stereochemistry at the four contiguous 

stereocenters (C5, C6, C9 and CIO) would be predictably difficult. 

• The suitability of the required inversion of the stereochemistry at C5, at any stage 

of the synthesis, is not clear. 

Step 1. Synthesis of hydroxy ester 7.67: Following the synthetic plan depicted in Scheme 

7.23, the irradiation of aldehyde 7.65 produced in an exceptional 91% yield, the 

expected hydroxy ester 7.66. The relative configuration of the substituents at the C5. C6, 

C9 and CIO carbons was fully controlled by the single stereocenter at C6. Compound 

7.66 was formed as a mixture of 3:1 epimers at CIO as a consequence of 3:1 E/Z-mixture 

used as the starting material 7.65. This is irrelevant since the configurations of CIO and 

Cll will be further removed. Most important is that the stereochemistry of C5 in 

compound 7.66 was the wrong one, causing a necessary correction to a further step of 

the synthesis. Acid treatment of 7.66 efficiently formed 7.68, which was dihydroxylated 

with 0s04/NM0 in the presence of pyridine to form the dihydroxy derivative 7.69. 
Dihydroxylation occurred mainly by the a-face (12:1) and the benzylic alcohol of 7.69 
was oxidized to ketone 7.70 with SO, • py in DMSO. Any attempts to epimerize the C5 

stereocenter on 7.70 or its precursors 7.66 or 7.69 were unsuccessful. Therefore, access 

to hamigeran A by this route was thwarted (Scheme 7.21). 
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OMe 

OsO^cat.j.NMO 
py.THF,BuOH,H20 
rt (93%) 

7.67 7.70 7.69 

Scheme 7.21 

Step 2. New entry to hamigerans by placing a hydroxyl group on C6 to facilitate C5- 

epimerization: Since the problem with the first synthetic design was its inability to effect 

the necessary epimerization of C5, it was thought that the introduction of one adjacent 

ketone moiety to C5 would facilitate this epimerization while allowing for the further 

introduction of the isopropyl group. In this regard, compounds 7.71 and 7.72 will be 

used as key synthetic intermediates (Scheme 7.22). 

7.71 7.72 

Scheme 7.22 
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Photo-irradiation of 7.71 led to the hydroxy ester 7.73, which was transformed to diol 

7.74 following an analogous sequence to that depicted in Scheme 7.23. Diol 7.74 was 

protected as the acetonide 7.75, the free alcohol oxidized and, as predicted, with the 

carbonyl group in place, the base-induced isomerization at C5 required only a short 

exposure to DBU at 0°C to give the as-fusion compound 7.76. The isopropyl moiety 

was attached to the main skeleton using the cerium-mediated Grignard addition, giving 

the product derived from the attack by the exo face 7.77. Reductive removal of the 

tertiary alcohol proved to be unfeasible. Ether 7.78 was formed, probably in all the 

conditions tested, by intramolecular trapping of the tertiary carbonium ion being 

developed a- to the pendant methoxycarbonyl group by the proximal C5 hydroxy group. 

7.71 7.73 7.74 

7.77 7.76 7.75 

Scheme 7.23 
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Alternatively, the elimination of the C5 alcohol formed olefin 7.79 together with its 

conjugated and exocyclic double bond isomers (10:2:1 ratio). No reduction methods 

used to reinstall the correct stereochemistry of the isopropyl group were satisfactory 

since they led to complex mixtures of products together with the desired 7.80. Therefore, 

this approach to hamigerans was also discarded (Scheme 7.23). 

Step 3. Installation of the correct C6 stereochemistry on 7.79 and final entry to 

hamigerans: The failure to establish the right C6 stereochemistry discussed above forced 

authors to search for a detour from the original sequence leading to hamigerans. The 

problem increased during the attempts to manipulate the five-membered ring double 

bond. This was attributable to the facial selectivity of 7.79. Now the intrinsic facial 

selectivity of 7.79, together with the regioselectivity of the hydroboration of double 
bonds, could be used to access hamigerans (Scheme 7.24). 

7.79 l 

Therefore, 7.79 was hydroborated with BH3.SMe2 under sonication to form, after the 

standard oxidative work-up, the needed alcohol 7.81 (44% yield) together with its a- 

estereoisomer 7.82 (24% yield). Alcohol 7.81 has the stereochemistry of hamigerans, 

therefore it was separated and submitted to the radical (TBTH,AIBN) deoxygenation 

[14] of its phenylthiocarbonate, and to removal the ketal moiety to yield 7.83. The diol 

7.83 was oxidized to ketone 7.67 with PDC. Debromohamigeran 7.84 was obtained by 

BBr3 induced cleavage, and transformed to hamigeran A 7.61 by NBS bromination. 

Oxidative decarboxilation of 7.61 formed the second target, hamigeran B 7.62 (Scheme 

7*25). Therefore, both synthetic targets were finally achieved. 
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1. PhOC(S)CI,py 
(85%) 

2. TBTH.AIBN 
C6H6A, (75%) 

3. HCI,THF,H20 
j 80°C (88%) 

7.61 hamigeran B 7.60 hamigeran A 7.84 debromohamigeran A 

Scheme 7.25 

Evaluation 
• The synthesis of hamigerans A and B represents a concatenation of problems. 

This is due to the difficulties encountered in the installation of the desired 

stereochemistry at different points of the synthetic plan. The predictable problem 

of installing the relative stereochemistry at the four contiguous stereocenters (C5, 

C6, C9 and CIO) was cleverly solved by the intramolecular o-quinodimethane 

cycloaddition. However, the task of epimerizing the C5 center on 7.70 was not 

accomplished, which forces a strategic change by placing a group at C6, which 

would facilitate such epimerization. This new approach matches perfectly the task 
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for which it was designed. Nevertheless, the installation of the isopropyl pendant 

^group with the right stereochemistry could not be done. This new failure resulted 

in a significant tactical detour, involving construction of two stereocenters in 

compound 7.79 with low selectivity via hydroboration-oxidation. When the 

isomer has the right stereochemistry, the synthesis of hamigerans is finally 

achieved. 

• It is interesting to note that a very powerful synthetic transformation like the 

intramolecular o-quinodimethane cycloaddition happens exactly as planned. 

However, the synthesis becomes really complicated by stereochemical problems 

caused by the intrinsic facial selectivity of different intermediates (for example 

7.79) or the inertia of, a priori, reactive positions (the benzylic position of 7.68 to 

7.70). 

A clear situation that may cause unresolvable problems during a synthesis is the intrinsic 

selectivity during the coupling of two enantiomerically pure intermediates. This is a key 

step in many convergent syntheses, and with regard to controlling the outcome of the 

process, causes serious problems, which result in significant deviations from or 

drawbacks to the original planning. 
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7.4 Calphostin A [15] 

Target relevance 
The calphostins are isolated from the phytoparasitic mold Clcidosporium cladosporioides 

[16]. Calphostins A 7.85 and C 7.86 are potent and selective inhibitors of protein kinase 

C, a regulatory enzyme important for cellular differentiation and proliferation, playing a 

key role in the trans-activation event in HIV infected T-lymphocytes. 

Synthetic plan 
The plan to access calphostin A 7.85 relies on the atropdiastereoselective Cu(I) 

promoted coupling [17] of two units of a chiral naphthalene moiety like 7.87. The 

stereogenic side chains will be introduced in the naphthalene moiety by addition of a 

chiral lithium reagent 7.89 to a naphthalene aldehyde 7.88 (Scheme 7.26). 

Scheme 7.26 
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Predictable problems 

The compromising step of the synthetic plan is the sense of the atropdiastereoselection 

during the joining of the two chiral fragments derived from 7.87 to build the 

perylenequinone skeleton of calphostin A. This process should give the right 

stereochemistry, assuming that it is based on the previous work by Broka [18] who 

reported the closely related dimerization of the lithium derivatives 7.90 promoted by 
FeCl3 to yield 7.91 (Scheme 7.27). 

OMe OBn Me 

Scheme 7.27 

Step 1. Synthesis of naphthalene 7.92 and its dimerization reaction: Compound 7.92 was 

prepared by the addition of the configurationally stable lithium derivative 7.93, prepared 

by treatment of stannane 7.94 with BuLi, to aldehyde 7.95. Alcohol 7.96 was obtained as 

a 1:1 mixture of diastereomers. The hydroxyl group of 7.96 was then removed by using 

the Barton-McCombie [14] procedure to provide naphthalene 7.97. The regioselective 

bromination of this compound was achieved by treatment with NBS affording 

enantiomerically pure naphthalene 7.92. 

The halogen-metal exchange was realized on 7.92 by treatment with BuLi, and 

the dimerization was accomplished in the presence of CuCN/TMDA followed by 

oxygen. In this way, an astonishing 8:1 atropselectivity was obtained with compound 

7.98 as the main isomer. Unfortunately, this compound had the wrong ^-configuration 

around the axial chiral axis. Therefore, the choice of the configuration of the chiral 

center in the side chains was adequate because it is the one present in calphostin A. 

However, the complete absence of stereocontrol in the formation of the new chiral 

element (the chiral axis) makes the stereochemical outcome a question of chance that, in 

this case, acted against the authors (Scheme 7.28). 
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Scheme 7.28 

Step 2. Changing the stereochemistry of the chiral side chain and accessing to 

calphostin A: Obviously, the enantiomer of compound 7.92. naphthalene ent-1.92 should 

afford the desired axial stereochemistry. However, the side-chains of binaphtyl 7.99 
would now bear the wrong configuration at both stereocenters. Therefore, additional 

steps to invert this stereochemistry have to be included to reach calphostin A 7.85. For 

this reason, naphthalene ent-1.92 was prepared following a reaction sequence identical 

to that depicted in Scheme 7.31 but now using ent-7.93. Binapthyl 7.99 was prepared in 

this way, and the correction of the stereochemistry of the side chains was effected by a 

double Mitsunobu inversion under carefully controlled conditions, which concomitantly 

introduced the required benzoate groups, affording 7.100. Removal of the benzyl- 

protecting groups, followed by p-phenoxy radical cyclization and oxidation, gave the 

perylenequinone 7.101. Finally, selective cleavage of the methyl ethers formed 

calphostin A 7.85 (Scheme 7.29). 



7.4 Calphostin A 203 

ent- 7.92 

1. nBuLi, THF, 
-78 °C 

2. CuCN.TMEDA, 
THF,-78 °C 

3. 02 -78 °C 

(70 %) 

7.99 
7.100 

7.101 
7.85 calphostin A 

Scheme 7.29 

Evaluation 
Efforts to control the troublesome intrinsic selectivity of the oxidative coupling of 

naphthalene 7.92 were not made. The route to the final product was chemically efficient 

but it involved repeating the sequence and introducing an additional inversion step to 

achieve the desired target. No ways of exercising this kind of control efficiently are yet 

known [19]. 
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Key synthetic reactions 

The Barton-McCombie radical desoxygenation: Desoxygenation of secondary alcohols 

to methylene fragments. The process is sequential and involves the preparation of a 

xanthate (many times isolable) by reaction with Im2C=S/base (usually NaH), followed 

by radical reduction by reaction with TBTH/AIBN in boiling toluene [14] (Scheme 

7.33). 

OMe OBn Me 

MeO 

1. lm2C=S 

THF,67°C 
2.TBTH.AIBN 

toluene,A 
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The use of enantiomerically pure reagents to overwhelm the presumed modest diastereo- 

facial preferences of the chiral substrate and to control the stereochemical outcome is 

now standard synthetic methodology. In these cases, especially for aldol-type and related 

condensations the configuration of the products is highly predictable [20]. Nevertheless, 
surprises are still encountered. 

7.5 Fragment C3-C10 of Cytovaricin [21] 

Me 

Me 

7.103 

Target relevance 
The macrolide cytovaricin 7.102 is produced by Streptomyces diastatochromogenes [22] 

and is highly active in vitro against Yoshida sarcoma cells. The successful synthesis of a 

molecule having the extreme complexity of cytovaricin represents one landmark among 

the many synthetic successes in the late 80’s of the 20th century. The example that 

follows will be devoted to the preparation of the fragment C3-C10 7.103 to exemplify 

the problem of well-established techniques for stereocontrol failing, in a key trans¬ 

formation. This situation requires the undertaking of risky detours to achieve the final 

goal. 

Synthetic plan 
To prepare the fragment 7.103, the asymmetric aldol reaction is the obvious method. 

This would lead to compounds 7.104 and 7.105 as precursors, both derivable from easily 

available products (Scheme 7.30). 
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7.103 

Scheme 7.30 

Predictable problems 
The extensive body of knowledge for this kind of reaction predicts complete control of 

the stereochemical outcome [20] [23], by the facial bias of the chiral enolate derived from 

7.104, its geometry, and the cyclic transition states for the aldol condensation, regardless 

of the configuration of the aldehyde 7.105. Therefore, no problems are foreseeable. 

Step 1. Aldol condensation and synthesis of fragment 7.103: The boron enolate derived 

from 7.104 was condensed with aldehyde 7.105. Surprisingly, the anti aldol adduct 

7.106 was obtained as a single diastereomer instead of the expected syn aldol adduct 

7.107. This reversal of the stereochemistry was unprecedented in this condensation using 

this chiral enolate reagent. Apparently the configuration of C9 is defined by the chiral 

enolate, while the inherent bias (predicted by the Felkin-Anh model [24]) of the chiral 

aldehyde, determines the formation of the C8 stereocenter. Other organometallic 

reagents such as MeLi and MeMgBr add to the same carbonyl diastereoface with 

selectivity greater than 20:1. All efforts to override the diastereofacial preference of 

aldehyde 7.105 were fruitless. In the words of the authors: Ironically, all three of the 

undesired aldol diastereomers could be obtained as major products by variation of 

reaction conditions. A variety of metal etiolates (B. Li, Ti, Zr, Mg) were surveyed. 

Stoichiometry, solvent, and auxiliary were also varied to no avail. 

This unexpected result led to the difficult problem of how to invert the 

stereochemistry of the C8 center in a very sensitive molecule. This task was under¬ 

taken on transaminated intermediate 7.108 formed by the reaction of 7.106 with 

AlMe^/MeONHMe.HCl (formation of the Weinreb amide). The key was using the 

diastereofacial bias of a trigonal carbon of 7.109 at C8. Oxidation of the alcohol at C8 

followed by immediate reduction of the [3-ketoamide 7.109 with L-Selectride gave a 

single diastereomer of the desired syn alcohol 7.103. In spite of the fact that [3-ketoamide 

7.109 is the intermediate in the transformation of 7.108 to 7.103, no epimerization at C9 

was observed (an explanation of this fact is that allylic 1,3-strain forces the molecule 

into a conformation that sufficiently reduces the acidity of C9 methyne hydrogen, to 

avoid the epimerization at this center) (Scheme 7.31). 
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Evaluation 
Was the formation of anti-aldol 7.103 instead of its syu-diastereomer 7.104 predictable? 

Probably, after exhaustively studying the facial selectivity of aldehyde 7.102 towards the 

nucleophilic addition and aldol condensation reactions, the answer would be “yes”. At 

the beginning, when designing an extremely difficult task such as preparing synthetic 

cytovaricin, previous experience of the stereochemical outcome of the aldol reactions of 

enolates derived from oxadolidinones like 7.101, is overwhelming and therefore makes 

the experimental result surprising. 

Me 

Ph 

Me O 

O A. 
O 

7.104 

OPMB 

1. nBu2BOTf,Et3N 

PhCH3 -50 °C 

2. 
Me 

DMPI 

DCM 

Scheme 7.31 

7.107 

Me 
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7.108 
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The inability to obtain the right stereochemistry in a synthetic sequence may even totally 

thwart the approach to the synthetic target, leading to a completely new synthetic design. 

The examples above represent four different situations in which the stereochemical 

outcome of one synthetic step is wrong, but can be corrected by introducing additional 

synthetic steps. Some times this is not the case and the planned route has to be 

abandoned due to the impossibility of obtaining the stereoisomer needed. This situation 

may be intrinsic to the methodology used. 

7.6 Goniocin [25] 

7.110 goniocin 

7.111 cyclogoniodenin T 

Target relevance 
Goniocin 7.110 and cyclogoniodenin T 7.111 have been isolated from Goniothalamus 

giganteus [26]. They show remarkable cytotoxic, antimalarial, immunosuppressive, 

pesticidal and antifeedant properties, like other Annonaceous acetogenins. Compounds 

7.110 and 7.111 are structurally similar but stereochemically very different, yet they 

share the same biological activity. Therefore, the fact of encountering goniocin and 

cyclogoniodenin T in the same plant may lead to fascinating biogenetic conclusions. 

Since the absolute configuration of 7.110 and 7.111 was unknown, prior to discussing 

biogenetic implications [27], the stereochemistry of both products has to be confirmed 

by synthesis. 
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Synthetic plan 

Goniojin 7.110 will be accessed by the Wittig joining of two fragments 7.112 and 

lactone 7.113. The fragment 7.112 will be prepared by the oxidative cascade cyclization 

of alcohol 7.114. This is the key transformation and the point is to transfer the chirality 

of the single estereocenter of alcohol 7.114, derived by the Sharpless asymmetric 

epoxidation of alcohol 7.115 to the all-trans tricyclic tetrahydrofuran rings of 7.110 
(Scheme 7.32). 

Predictable problems 
The key point of the synthetic design represented in Scheme 7.32 is the chirality transfer 

from the single alcohol stereocenter in 7.115 to the ms-tetrahydrofuran system. This has 

to be accomplished during the oxidative tandem ring closure in an impressive “tour de 

force”, which creates seven stereogenic centers in a single synthetic step. Although 

previous work by these authors had shown the possibility of carrying out two 

consecutive cyclizations [28], to translate these findings to the scenario depicted in 

Scheme 7.36 is risky at the very least. 

7.115 

Scheme 7.32 
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Step 1. Building of the alcohol 7.114 and its oxidative cyclization: The asymmetric epo- 

xidation of alcohol 7.115 using Ti(0/'Pr)4 and DIPT produces epoxy alcohol 7.116. The 

reductive cleavage of the epoxy ring of 7.116 using Red-Al affords 1,3-diol 7.117. This 

diol was selectively protected at the primary position to give 7.114. The secondary alco¬ 

hol 7.114 was submitted to oxidative cyclization [29] using CF3C02Re03/(CF3C02)0. 

These reaction conditions produced a single tra-THF product 7.118. However, this 

product has a trans-threo-cis-threo-cis-threo stereochemistry, not the desired trans- 

threo-trans-threo-trans-threo as in 7.119. Therefore, this entry to goniocin was thwarted 

(Scheme 7.33). 

7.115 

Ti(0/Pr)4 (-)-DIPT 

TBHP, Ah Ms,-20°C 

(84%) 

7.116 

Red-Al 
THF, 0°C 
(77%) 

7.117 
OH 

TBSCI,/Pr2NEt 
DCM, rt (87%) 

7.114 OH 

Re207/TFAA 
—1 thf rM.n. THF,CH2CI2 

(48%) 

7.118 7.119 

Scheme 7.33 
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Step 2. Second route to goniocin, deferring the cyclization step to a latter step on the 

synthesis: Since the tandem oxidative cyclization reaction induced by Re(VII) seemed to 

be fully compatible with many functional groups, it was though that delaying this 

cyclization to a much more advanced substrate, 7.120, would led to a different and much 

more satisfactory stereochemical result. This assumption was made on biomimetic 

grounds. Therefore, alcohol 7.114 was elaborated to phosphonium salt 7.121 by 

protecting the secondary alcohol as its MOM-derivative, removing the silyl protecting 

group and final reaction with I2/PPh> Wittig coupling with aldehyde 7.122 formed the 

cyclization precursor 7.120 having the complete carbon skeleton of goniocin 7.110. The 

substrate 7.120 was submitted to Re207/TFAA cyclization and again the tris-THF 

compound 7.123 having the stereochemistry of compound 7.118 was obtained. 

Therefore, access to goniocin was not possible by this route (Scheme 7.34). 

Step 3. Re-evaluation of the synthetic planning. Designing a stepwise oxidative route to 

goniocin 7.110: It is clear that the tandem oxidative THF-cyclization produced the trans- 

threo-cis-threo-cis-threo stereochemistry, not the needed trans-threo-trans-threo-trans- 

threo stereochemistry, which is present in goniocin. This unfruitful approach led to a re- 

evaluation of the synthetic strategy [25b]. Now, the problematic tris-THF moiety of the 

key phosphine 7.112 will be step-wise constructed. The first THF-ring will be closed in 

diene-ol 7.125 through oxidative ring closure, and subsequently the second and third 

THF-rings will arise from the bis-mesylate 7.126. This new entry to goniocin is 

drastically different form the first failed approach (Scheme 7.35). 

Step 4. First THF-ring closure and synthesis of mesylate 7.126: The oxidative 

cyclization of alcohol 7.125 in the presence of CF3C02Re03 and lutidine produced the 

trans-THF derivative, which, by protection of the free hydroxyl group as TBS- 

derivative, formed 7.127. Asymmetric dihydroxylation using AD-mix-a and double 

mesylation of 7.127 yielded the key mesylate 7.126 (Scheme 7.36). 
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1. MOMCI,/Pr2EtN 
DCM,0°C->rt 

2. TBAF,THF,0°C 
3. l2,PPh3 
4. PPh3NaHC03 

MeCN, 45°C 

(72%) 

C1?H 12n25' 
,PPho 

7.121 OMOM 

Scheme 7.34 
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MOMO PPh3l 

7.112 

Scheme 7.35 

7.125 

1. AD-mixa, 
f-BuOH-HgO, 0°C 

2. MsCI, TEA, DCM 
(87 %) 

Scheme 7.36 

Step 5. Building the two remaining THF rings and preparation of phosphonium iodide 

7.112. The synthesis of the two remaining THF rings requires simply the hydrolysis of 

the acetonide moiety as well as of the silyl ethers. This was achieved by heating 7.126 in 

the presence of TsOH and resulted in the formation of the a/Z-tran.v-tris-THF 7.128. To 

prepare 7.112 it was necessary to protect the primary alcohol of 7.128 as TBS-derivative, 

followed by the protection of the secondary alcohol as MOM-derivative. Hydrolysis of 

the silyl-protecting group was followed by iodination of the primary alcohol (F/PPh3) 

and formation of 7.112 by treatment with PPh3 (Scheme 7.37). 
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1. TBDPSCI,/Pr2NEt 

DCM.rt 
2. MOMCI,/Pr2NEt 

DCM,0°C—>rt 
3. TBAF,THF,0°C—>rt 
4. I2 PPh3 Im 
5. PPh3NaHC03 45°C 

,, (50%)’ 

MOMO 

Ci2H: 

pph3l 

12n25 

7.112 

Scheme 7.37 

Step 6. Wittig reaction and completion of the synthesis of goniocin 7.110: Phosphonium 

salt 7.112 has the full tris-THF skeleton of goniocin with the correct stereochemistry in 

all its stereocenters. The Wittig reaction of the ylide derived from 7.112 with aldehyde 

7.122 leads to the full carbon skeleton of the target. Homogeneous hydrogenation 

followed by removal of the protecting groups lead finally to goniocin 7.110 (Scheme 

7.38). 

7.123 7.124 
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Evaluation 
The change in strategy derived from the inability to achieve the desired stereochemistry 

in the key cascade oxidative formation of the rm-THF moiety of goniocin, resulted in a 

conceptually different approach to this compound. It is impressive to see the major 

troubles that a failed key transformation causes in a synthetic plan. In this case, it simply 

hampers access to the desired molecule. 

MOMO ■PPhd 

CipH 12n25 
SG' N0°'V 

7.112 

1. H2 Wilkinson's catalyst 
(20% w/w), C6H6-EtOH, rt 

2. 4% AcCI, MeOH, DCM 

(58%) 

7.110 goniocin 

Scheme 7.38 
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Chapter 8 
Reluctant Ring Closures 

One of the most exciting topics in total synthesis is the formation of rings. Many 

synthetic routes devise a ring closure reaction at some stage, since many synthetic targets 

have at least one cycle in their core structure. Not surprisingly, the development of 

methodologies for ring formation has been (and still is) a priority in chemistry. The 

following cases exemplify that cyclization processes are not totally under our control. 

On the other hand, it is also worth noting that failures in closing the desired ring may 

cause greater changes to the planned synthesis than any of the problems discussed 

previously. In other words, the changes in strategy produced by the reluctant closure of 

one ring will lead, in many cases, to a complete redesign of the synthetic planning. This 

is especially serious since the key ring closure is commonly delayed until the final stages 

of the synthesis. 

8.1 Discorhabdin C [1] 

o 

Dead Ends and Detours: Direct Ways to Successful Total Synthesis 

Miguel A. Sierra and Maria C. de la Torre 
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

ISBN: 3-527-30644-7 



220 8 Reluctant Ring Closures 

Target relevance 
The discorhabdin alkaloids were isolated from the sponge of Latrunculia du Bocage in 

New Zealand [2], Discorhabdin C is the first of the discorhabdin alkaloids reported and 

it exhibits extreme toxicity toward tumor cells (P388 and L1210 leukemia). 

Synthetic plan 
Access to discorhabdin C was planned by intramolecular imine formation between the 

tryptamine nitrogen and the quinone carbonyl group on intermediate 8.2. This 

intermediate would be prepared from tricyclic dibromophenol 8.3. This key intermediate 

will be synthesized from quinone 8.4, which is accessible from 2-hydroxy-4-methoxy- 

benzaldehyde by using conventional methodologies (Scheme 8.1). 

O 

8.1 discorhabdin C 

O OH 

Scheme 8.1 

Predictable problems 

The construction of highly fused ring system of discorhabdin C may be problematic. 

The formation of the acid-sensitive indoloquinone imine moiety present in discorhabdin 
C will be difficult to handle. 

Synthesis 

Step 1. Preparation of indoloquinone amine 8.2 (Scheme 8.2): 

Scheme 8.2 
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The starting materials for the synthesis of compounds 8.2 were indoloquinone amines 

8.4a and 8.4b. Both compounds differ exclusively on the primary amine protecting 

group* trifluoracetyl for 8.4a and f(trimethylsilyl)ethoxy]carbonyl (TEOC) group for 

8.4b. Both compounds were treated with 3,5-dibromotyramine hydrobromide 8.5 in the 

presence of TEA to form phenol derivatives 8.3a,b. Sylilation of the phenol group of 

compounds 8.3 was effected with MeCH=C(OMe)(OSiMe3) to yield 8.6, which was 

oxidized with PhI(OCOCF3)2 (PIFA) [3], effecting the oxidative phenol coupling while 

unmasking the quinone moiety on the phenol moiety. Compounds 8.2a and 8.2b were 
obtained in this way (Scheme 8.3). 

8.4a R = COCF3 8.5 
8.4b R = TEOC 

8.3a R = COCF3 (58%) 
8.3b R = TEOC (55%) 

8.2a R = COCF3 (58%) 
8.2b R = TEOC (62%) 

Scheme 8.3 

8.6a R = COCF3 

8.6b R = TEOC 
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Step 2. Failed intramolecular imine formation leading to a major strategic change 

(Scheme 8.4): 

O 
O 

Scheme 8.4 

To complete the synthesis of discorhabdin C 8.1 the apparently simple task of closing 

the last ring, remained. This final step was to be effected by formation of an imine 

between the tryptamine nitrogen atom and the quinone carbonyl group of 8.2. Neither 

8.2a nor 8.2b formed discorhabdin C in the attempted conditions. The failure of the 

imine formation from compounds 8.2 may be due to the weakly electrophilic nature of 

the carbonyl group of the quinone nucleus. Furthermore, compound 8.2b may be 

considered a vinilogous urea and it is, additionally, very sterically hindered. Activation 

of the carbonyl group by decreasing the electron-donating ability of the vinilogous 

nitrogens was attempted by protecting these nitrogens with strong electron-withdrawing 

groups. This tactic was also fruitless due to the instability of compounds 8.2 under the 

basic conditions (LDA or NaH) used to effect this transformation (Scheme 8.5). 

Scheme 8.5 
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Step 3. Re-evaluation of the strategy: An alternate route to discorhabdin C 

(Scheme 8.6): 

The sensitivity of the quinoneimine moiety of discorhabdin C was a predictable problem. 

However, it was not finally responsible for the failure of the synthesis of discorhabdin C 

8.1. The failure to close the remaining ring to access compound 8.1 from 8.2 was 

attributable to the low electrophilia of the quinone carbonyl group of the last compound. 

The solution to this problem would be, in principle, to effect the imine formation in an 

earlier intermediate, such as 8.7, having the carbonyl group activated by the presence of 

the methoxy group conjugated with the quinone-carbonyl. Therefore, the new approach 

to discorhabdin C carried the sensitive quinone-imine group from a very early 

intermediate 8.9 (Scheme 8.6). 

Step 4. Formation of the tricyclic quinone-imine 8.8 (Scheme 8.7): 

Direct formation of imine 8.9 by deprotection of the TEOC group of 8.7, followed by 

condensation under diverse acidic or basic dehydrative conditions, failed. Probably, the 

intermediate amine 8.10 is still very slightly electrophilic due to the vinilogous indole 

nitrogen. The donating ability of the nitrogen group was diminished by tosylation of 

8.7 and the TEOC group of the tosylated derivative 8.11 was deprotected with 

Ts0H/NaHC03/3A-Ms to yield the highly unstable trycyclic imine 8.9. This imine was 
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not isolated but reacted with 3,5-dibromotyramine hydrobromide 8.5. Compound 8.8 
was obtained in this way by substitution of the C6-MeO group of 8.9 and subsequent 

detosylation (Scheme 8.8). 

O Ts OH 

8.11 

8.5 

NaHCOyEtOH 
A (51%) 

OH 

Scheme 8.8 

O 

8.8 
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Step 5. Intramolecular oxidative coupling of 8.8 and completion of the synthesis 

of discorhabdin C (Scheme 8.9): 

Completion of the synthesis of discorhabdin C was achieved by sylilation of the phenol 

group of aminoindoloquinone imine 8.8 to yield protected derivative 8.12 and its further 

oxidative coupling using PIFA. Discorhabdin C 8.1 was obtained in this way in a 42% 
yield (Scheme 8.10). 

Scheme 8.10 

Evaluation 
The problem presented by the construction of the ring system of discorbhadin C was not 

the major challenge of its synthesis. The oxidative coupling methodology resolved this 

problem. In fact, the main drawback found on the synthesis of discorbhadin C was the 

failure to close the last ring by forming a quinone-imine. This situation was, in principle, 

predictable due to the vinilogous urea nature of 8.2, the substrate in which the 

cyclization was planned. In fact, in the successful approach to discorbhadin C the 

formation of the quinone-imine feature onto a quinone carbonyl group (8.11) required 

not only one activating methoxy group, but the decrease in the donating ability of the 

vinilogous indole nitrogen by tosylation. Only in these conditions could the quinone 

imine 8.9 be formed. 
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O 
O 

8.2 Discorhabdin A [4] 

o 

The discussion of some of the steps of the synthesis of discorhabdin A 8.13 is of 

relevance at this point to illustrate how closely related cyclization processes may lead 

either to success or failure. Discorhabdin A 8.13 synthesis was planned by using the 

methodology for effecting the oxidative ring closure developed for the preparation of 

discorhabdin C 8.1. In this regard, tritilated aminoester 8.14 was reacted with 

pyrroloquinone 8.9 used as an advanced intermediate in the synthesis of discorhabdin C 

(see above) to form 8.15. Interestingly, the PIFA oxidative coupling used efficiently in 

discorhabdin C synthesis to prepare discorhabdin 8.1, gave only complex reaction 

mixtures with 8.15 (Scheme 8.11). The presence of the pendant ester group seemed to be 

incompatible with the PIFA le“ oxidation. Therefore, the amino ester 8.14 was reduced 

with DIBALH to the corresponding alcohol and protected as TBS-derivative. The 

aminoalcohol 8.16 was attached to the tosilated pyrroloquinone 8.17 to produce 8.18 
which, by submission to PIFA treatment in the presence of MK10, yielded the desired 

pyrroloiminoquinone 8.19 (Scheme 8.11). 
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1. DIBALH, DCM 
-78°C —> rt 

2. TBSCI, DBU 
DCM, 0°C 

T (83 %) 

O Ts 

8.17 

Scheme 8.11 

This example clearly shows another failure of a well-tested reaction (in this case PIFA 

oxidative cyclization) to effect a ring closure in very similar substrates. In this case, it is 

probably the ester group of 8.15 that is responsible for the failure of the cyclization. 



228 5 Reluctant Ring Closures 

8.3 Frondosin B [5] 

8.20 frondosin B 

Target relevance 
Frondosins A-D are isolated from the sponge Dysidea frondosa [6]. Each of them 

inhibits the binding of interleukin-8 (IL-8), a chemo-attractant for neutrophiles that is 

produced by macrophages and endothelial cells, at the low-pM range. Since IL-8 has 

been implicated in different acute inflammatory disorders, including psoriasis and 

rheumatoid arthritis, an IL-8 receptor antagonist such as frondosin is a good target for 

the development of novel drugs against autoimmune illness. 

Synthetic plan 
Synthetic planning to access to frondosin B has as the paramount feature, the installation 

of the skeleton of the natural product by the Claisen rearrangement of compound 8.21, 
obtained by joining two fragments 8.22 and 8.23. The closure of the seven-membered 

ring present in the frondosin B skeleton would be effected on the Claisen product 8.24, 
thereafter leading to frondosin B 8.20 (Scheme 8.12). 
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Scheme 8.12 

Step 1. Coupling of fragments 8.22 and 8.23 and Claisen rearrangement (Scheme 8.13): 

8.25 8.26 8.27 8.28 

Scheme 8.13 

Standard esterification of cyclohexanol 8.25 and benzofuran carboxylic acid 8.26, 
formed ester 8.29 in 78% yield. Ester 8.29 was transformed to the precursor of the 

Claisen rearrangement 8.27 by reaction with Tebbe’s reagent [7], Heating (toluene, 

80°C) of 8.27 smoothly formed the product derived from Claisen rearrangement 8.30 in 

excellent yields. The ketone 8.30 was converted to the required C19 methyl derivative 

8.28 by successive addition of BrMgMe and reduction of the resultant carbinol with 

NaCNBH3 in the presence of anhydrous Znl2 (Scheme 8.14). 
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Scheme 8.14 

Step 2. Failed ring closure of 8.28 and re-evaluation of the synthetic strategy 

(Scheme 8.15): 

Scheme 8.15 

The structure of benzofurane 8.28 is nicely suited to close the fourth ring of the 

frondosin B skeleton through a Heck reaction. Treatment of vinyl bromide 8.28 under 

different conditions and Pd-catalysts was, however, unsuccessful in effecting the ring 

closure to yield 8.31. Stille-type reactions were devised as the alternative. To meet this 

objective, benzofurane 8.29 was transformed into vinyl triflates 8.33 and 8.34 through 

ketone 8.32. This ketone was accessed from 8.29 via hydroboration-oxidation, followed 

by Jones oxidation of the alcohol thus formed. Enol triflation of ketone 8.32 with triflic 

anhydride (Tf20) in the presence of 2,6-di-tcr/-butylpyridine as the base gave a 2:3 
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mixture of the needed triflate 8.33 and its isomer 8.34. The mixture of triflates was 

inseparable and it was submitted to different Pd-catalyzed Stille-type reactions. Each of 

the experiments were successful (Scheme 8.16). This failure to close the remaining ring 

of the skeleton of Frondosin B requires the design of new strategy to reach the target 
molecule. 

Scheme 8.16 

Step 3. A new strategy: formation of the troublesome C10-C11 bond by intermolecular 

coupling of 8.35 and 8.36 followed by Claisen rearrangement (Scheme 8.17): 

SnMe3 

Scheme 8.17 

Since the previous Claisen rearrangement works very efficiently in the above reactions, 

it was decided to alter the sequence of events: first forming the C10-C11 linkage by 

intermolecular coupling of fragments 8.35 and 8.36 of lactone 8.37, Introduction of a 

methylene group in the lactone carbonyl, followed by Claisen rearrangement should lead 

to ketone 8.38 having the tetracyclic skeleton of frondosin B. 
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Compounds 8.35 and 8.36 were coupled under ligandless conditions and the adduct 8.39 
was successfully isolated, albeit in low yields. Installation of a carboxylic acid at C9 on 

the bezofuran ring was achieved by Vilsmeier formylation [8] followed by AgN03 

oxidation yielding acid 8.40. The building of the spirocyclic lactone moiety of the 

desired tetracyclic compound 8.37 was attempted by activation of the tetrasubstituted 

alkene of 8.40, with the idea of effecting the halolactonization reaction. Unfortunately, 

this lactonization step did not progress. This disappointing result reflects the difficulties 

of attacking with a viable iodonium equivalent at C5, even in the presence of a proximal, 

and presumably participating, carboxylate function (Scheme 8.18). It is difficult to 

express this situation in words other than those used by the authors: This negative 

outcome provided further testimony to the high risks in attempting to conduct chemistry 

proximal to the gem-dimethyl quaternary center. 

8.40 8.37 

Scheme 8.18 

Step 4. A totally revised approach to the problem, following a major change in strategy 
(Scheme 8.19): 

COOH 

Scheme 8.19 
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The revised approach to frondosin B 8.20 involved incorporation of the cyclohexene 

ring, having the gem-dimethyl group onto a prebuilt skeleton like 8.41, which has the 

troublesome seven-membered ring already in place. Now, a homoprenyl group will be 

used to construct the cyclohexene ring and it will be added to a tricyclic ketone like 8.42 

derived from benzofuran 8.43. The remaining cycle will be closed on 8.41 by acid 

catalyzed cyclization, exploiting the activated benzofuran ring to promote and guide the 

sense of the electrophilic attack on the cycloheptenyl double bond. One premise for the 

success of this new and radically different approach is that the tetrasubstituted olefin 

between C5 and Cll would be markedly more stable than trisubstituted isomers and 

could therefore be generated under equilibrating conditions. 

In this regard, the benzofuran 8.44, having the side chain from which the seven- 

membered ring will derive, was treated with oxalyl chloride and subsequently with 

SnCl4 to effect a Friedel-Crafts ring closure. Ketone 8.45 was obtained in good yield. 

The cerium reagent derived from the treatment of 4-methyl-3-pentene magnesium 

bromide 8.46 with CeCl3 was added to ketone 8.45, and the tertiary alcohol formed was 

dehydrated by dissolving the compound in chloroform to form the diene 8,47 as a 5:1 

mixture with its exo-isomer. Various acid combinations (BF3.OEt2, HCOOH, H3P04) 

systematically resulted in the formation of the six-membered ring in an approximately 

2.5:1 mixture favoring the desired isomer 8.31. This ratio reflects the thermodynamic 

stability order of rapidly equilibrating isomers. In any case, frondosin B 8.20 was 

prepared, together with its olefinic isomers 8.49 in 87 % yield. An analogous result was 

achieved starting from either separated olefin 8.31 or 8.48. This fact indicates that, in 

order to control the synthesis, the cyclohexene ring has to be formed strictly excluding 

acidic conditions (Scheme 8.20). 

Step 5. Finally, a totally regiocontroiled entry to frondosin B 8.20 (Scheme 8.21): 

8.45 8.50 8.31 8.20 frondosin B 

Scheme 8.21 

The key to installing the C5-C11 double bond of frondosin B without resorting to acid 

reagents that cause the formation of isomeric mixtures, was to use a Diels-Alder 

reaction. The cyclohexene ring would be formed in this way concomitantly with the Cl- 

C2 and C3-C4 bonds. To implement this new strategy, a diene 8.50 would be built onto 

ketone 8.45. The Diels-Alder adduct 8.31 derived from the diene 8.50 will meet all the 

requirements to lead to frondosin B, provided that acid treatment is avoided. 
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COOH 1 

8.46 
CeCI3 THF,-78°C 

2. CHCI3 (93%) 

BBr3 DCM 

-78°C->rt 
(98%) 

8.49 

Scheme 8.20 

(2.5:1) 
8.20 frondosin B 

The Zn-enolate derived from tricyclic ketone 8.45 was reacted with acetone to yield the 

sensitive aldol adduct 8.51. Compound 8.51 was prone to retro-aldol fragmentation, 

especially in acidic media. The best conditions to effect its dehydratation were treatment 

with mesyl chloride/TEA followed by isomerization of the 1:1 mixture of olefins thus 

obtained with NaOMe. The base treatment effected isomerization to provide the ketone 

8.52. The diene 8.53 was formed by reaction of 8.52 with Tebbe’s reagent buffered with 

pyridine. Reaction of this diene with nitroethylene in the presence of di-/crt-butyl 

pyridine at 80°C formed adduct 8.54 in excellent yields. Radical reduction of the nitro 

group of 8.54 was achieved with TBTH/AIBN to form 8.31 from which frondosin B 

8.20 was obtained by MeO-removal with NaSEt. Therefore, this route accomplished the 

total synthesis of frondosin B without the concomitant formation of additional isomers 

(Scheme 8.22). An asymmetric synthesis of (+)-frondosin could also be achieved using 

this synthetic scheme, using chiral (-)-8.45. 
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1. MsCI,Et3N,DCM 
0°C (88%) 

2. NaOMe,MeOH 

0°C(96%) 

8.54 8.31 8.20 frondosin B 

Scheme 8.22 

Evaluation 
• Two major strategic changes were made during frondosin B 8.20 synthesis. Both 

changes were due the difficulty in effecting a ring closure by bond formation 

proximal to the dimethyl group of the six-membered ring of frondosin B. 
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8.40 837 

• Frondosin B six-membered ring building through a cationic ring closure on a 

substrate, having the preformed seven-membered ring, occurred efficiently. 

However, the acidic conditions needed to effect the Friedel-Crafts ring closure 

produced a regioisomeric mixture of olefins. Only one of the two regioisomers 

led to frondosin B. 

8.31 (2.5:1) 8.48 

• The final and most successful approach to frondosin B involved the construction 

of the six-membered ring through a Diels-Alder process. This approach 

unambiguously placed the double bond on the pertinent position of the seven- 
membered ring. 

8.53 8.31 
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The synthesis of laulimalide, discussed below, exemplifies the problems encountered 

during a macrocyclization process, one step that is delayed in many cases to the last 

stage!? of the synthesis. Failure in this step results, in general, in serious synthetic 
problems. 

Especially interesting reagents 

Tebbe's reagent: The reagent “Cp2Ti=” generated in situ by reacting Cp2TiCl2 with 

MeAl3. This reaction forms dimetallacyclobutane 8.55 which is able to methylenate 

ketones, esters or even amides with very good efficiencies [7], The Petasis’ methylena- 

tion reagent [9] 8.56 is an alternative to Tebbe’s. In this case, the reagent is a solution of 

Cp2TiMe2 generated from MeLi and Cp2TiCl2 in an ethereal solvent, usually THF. 

Heating this solution in the presence of a carbonyl group effects its methylenation. 

Cp2TiCI2 + Me2AI -► Cp2Tis AIM62 

8.55 Tebbe reagent 

Cp2TiCI2 + MeLi -► Cp2TiMe2 

8.56 Petasis reagent 
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8.4 (-)-Laulimalide [10] 

8.57 (-)-laulimalide 

Target relevance 
Laulimalide 8.57 (aka as figianolide B) was isolated from the marine sponge 

Cacospongia mycofijiensis [11]. Laulimalide exhibits very potent antitumor activity 

against numerous NCI cell lines and it has maintained a high level of potency against the 

multidrug-resistant cell line SKVLB-1. The mechanism of action of compound 8.57 is 

analogous to that encountered on taxol, making laulimalide one of the few non-taxane 

natural products that share the ability to stabilize microtubules. 

Synthetic planning 

Laulimalide 8.57 was to derive from the metathesis ring closure of the open-chain fully 

functionalized advanced intermediate 8.58. This metathesis would set the structure of 

laulimalide with the unravelling of the epoxide moiety remaining, to accomplish the 

synthesis. The intermediate 8.58 will be prepared by Julia olefination [12] joining 

moieties 8.59 and 8.60 (Scheme 8.23). 

Step 1. Synthesis of the metathesis precursor 8.61 and its attempted cyclization: 

Fragments 8.62 and 8.63 were prepared through multi-step sequences and submitted to 

Julia olefination to generate the Cl6-07 double bond of laulimalide. Thus, sulfone 8.62 

was first lithiated with 2.1 equiv of BuLi in THF at —78°C and the dianion reacted with 

aldehyde 8.63 to yield the mixture of a-hydroxy sulfone derivatives. 
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8.57 (-)-laulimalide 

Acylation of this mixture with Ac20/TEA in the presence of a catalytic amount of 

DMAP, followed by exposure of the diacetate to Na(Hg) in methanol, furnished an E/Z 

mixture of the C16-C17 olefin 8.64 (unreported yield). To incorporate the acryloyl side 

chain needed to effect the ring-closing metathesis [13], the free alcohol group of 

compound 8.64 was protected as its TIPS-derivative, the PMB group was removed by 

DDQ treatment and the free alcohol of 8.65 was acylated with acryloyl chloride in the 

presence of base to proportionate the metathesis substrate 8.61. All the conditions 

designed to effect the ring-closing metathesis, led exclusively to decomposition (Scheme 

8.24). No traces of the desired metathesis product were detected. Therefore, this 

approach was abandoned and the strategy used to construct laulimalide was re-evaluated. 
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OH 

CI2(PCy3)2Ru=CHPh 
DCM 

'r 

Scheme 8.24 
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Step 2. First re-evaluation of the synthetic approach to laulamide: an intramolecular 

Horner-Emmons reaction (Scheme 8.25): Since the failure of the metathesis route, 

depicted in Scheme 8.24, to produce the macrocyclic ring of laulimalide 8.66, the 

ring-closure methodology was re-evaluated. Now, a Horner-Emmons ring closure on 

phosphonate 8.67 should produce the compound 8.68 having the macrocyclic structure 

of laulamide. At first glance the approach represented in Scheme 8.25 looks very similar 

to the failed metathetical route, even more so, considering that the phosphonate 8.67 

derives from the Julia coupling of fragments 8.69 and 8.70. However, the preparation of 

aldehyde 8.70 required again a multi-step synthesis, which was quite different from that 

used to prepare aldehyde 8.63. 

1.BuLi,THF,-78°C 

1. (CF3CH20)2P(0)CH2C02FI 
CI3C6H2COCI,/Pr2NEt,DMAP 
c6h6 

2. AcOH,THF,H20, rt, 
(99% from the F-isomer) 

OPMB 

1. DMPI 
DCM, rt, (79%) 

2. K2C0318[C]6, toluene 
-20°C —>0°C (84%) 

Scheme 8.25 
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The Horner-Emmons ring closure of the phosphonate 8.67 occurred very efficiently. 

However, compound 8.68 was obtained as a 2:1 isomer mixture. Even worse, the major 

compound was the undesired trans-isomer. This chemically acceptable, but stereo- 

chemically poor, result forced the authors to redesign the ring closure. Before designing 

a different way to close the ring, many attempts were made to improve the selectivity, 

which would favor the formation of the minor cA-isomer. The best results were obtained 

when the PMB-protecting group was substituted by a MOM-protecting group (1.7:1). 

Nevertheless, the selectivity of this reaction is far from the optimum. 

Step 3. Second re-evaluation of the synthetic approach to laulimalide, cyclization using 

the Yamaguchi protocol (Scheme 8.26): Now, the sequence of events that should lead to 

the macrocycle precursor of laulimalide was inverted. Instead of manipulating the north 

hemisphere, the side chain of the hydropyrane ring was selected for modification. In fact, 

the alcohol 8.72 was protected as the THP derivative and the primary alcohol in the side 

chain of the hydropyrane ring deprotected to yield alcohol 8.73. Alcohol 8.73 was oxi¬ 

dized to the corresponding aldehyde and reacted with (PhO^PlC^CHjCCEC^C^SiMes 

under Horner-Emmons conditions to yield the Z-olefin 8.74. Removing the PMB- 

protecting group and further treatment with TBAF resulted in the formation of acid 8.75 

that was submitted to Cl3PhCOCl, z'Pr2NEt (Yamaguchi conditions) to yield again an E/Z 

mixture of macrocycles 8.76 favoring (2:1) the undesired E-isomer (Scheme 8.26). This 

new drawback, which derived from the isomerization of the double bond in the 

dihydropyrane side chain, was not an unexpected result, taking into account analogous 

observations during Roush’s synthesis of verrucarin B [14], 

In fact, Roush had proposed that the reason for this olefin isomerization was 

probably the reversible Michael addition of the acylating catalyst (DMAP) to the active 

acylating agent. Both, the Horner-Emmons approach (Scheme 8.25) and the Yamaguchi 

macrolactonization (Scheme 8.26) of the cA-a,p-unsaturated acid 8.75 succeeded in 

assembling the macrocyclic structure of laulimalide. However, both were unable to 

produce a single isomer of the macrocyle, or at least the desired cA-isomer, as the main 

reaction product. These drawbacks resulted in a tactical change based on the successful 

application of the Yamaguchi macrocyclization to the preparation of the macrolactone 

ring of laulamide using an alkyne, and in the end the selective cA-hydrogenation of the 

triple bond resulted in the successful entry to laulimalide. 
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OH 

OTHP 

OTHP OTHP 

1. DDQ, pH 7 

2. TBAF, THF (60%) 

1. CI3PhCOCI 
/Pr2NEt,THF 

2. DMAP,C6H6 
(65%) 

8.76 (E/Z 2:1) 

Scheme 8.26 

Step 4. Yamaguchi macrolactonization of a hydroxy alkynoic acid and the successful 

entry to laulimalide (Scheme 8.27): The starting material for this approach was again 

alcohol 8.71, which was protected as its THP-derivative and the TBS-group were removed 

by reaction with Bu4NF to yield the primary alcohol 8.77. Oxidation of the primary 

alcohol to the corresponding aldehyde, followed by Corey-Fuchs homologation [15] 

afforded dibromo olefin 8.78. Compound 8.78 was converted to alkynyl ester by lithiation 

to form the corresponding alkynyl anion, which was trapped with methyl chloroformate 

at -78°C. Removal of the THP group was effected by CSA treatment in MeOH and was 

followed by ester hydrolysis by treatment with aqueous LiOH. Hydroxy acid 8.79 was 

obtained and submitted again to Yamaguchi macrolactonization conditions (2,4,6- 

trichlorobenzoyl chloride, /Pr2EtN, DMAP) affording macrolactone 8.80 in 68% yield. 
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MOMO, 

OPMB 

MOMO,. 

OPMB 

1. BuLi.THF,-78°C ^ 
- 

OTHIP 

2. CIC02Me, (59%) Me*y Br 

3. CSA,MeOH < 
4. LiOH,THF,H20 

(74%) 

r<y^Br 
8.78 

,0. 

Me 

1. CI3PhCOCI, 
/Pr2NEt,THF 
2. DMAP,C6H6 

(68%) 

PMBO 
MOMO, 

1-hexene, EtOAc 

(94%) 

OPMB 

8.81 

8.57 (-)-laulimalide 

PPTS, 
(BuOH,A, 

V (45%) 

1. TBHP, (+)-DET 

Ti(0/Pr)4 DCM 

2. DDQ.pH 7,DCM 
(48%) 

8.82 

Scheme 8.27 
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Now, compound 8.80 was hydrogenated over Lindlar’s catalyst to ensure the adequate 

c/s-stereochemistry, and compound 8.81 was obtained as a single isomer in 94% yield. 

The completion of the total synthesis of laulimalide required the selective 

removal of the Cl 5-MOM protecting group to direct the epoxidation of the allylic 

alcohol formed. This critical step was achieved by treatment of 8.81 with excess of PPTS 

in rBuOH followed by heating the resulting mixture under reflux for 8h. The desired 

alcohol 8.82 was obtained in 45% isolated yield. Sharpless epoxidation of 8.82 with (+)- 

DET furnished the corresponding epoxide as a single isomer. Removal of the PMB-ether 

(DDQ) yielded synthetic (-)-laulimalide 8.57 in 48% yield (Scheme 8.27). 

Evaluation 

• The progressive development of different approaches to building the macrocycle 

ring of laulimalide clearly represents the different problems encountered during 
macrocyclization steps. 

• The first approach failed because of the inability of the metathesis reaction to 

effect the ring closure. In spite of the fact that this reaction has demonstrated its 

efficiency in macrocylization reactions, on this occasion no results, other than 

decomposition, were obtained. 

OTIPS 

• The second approach, using a Horner-Emmons reaction, placing the phosphonate 

in the north hemisphere and the acceptor aldehyde over the dihydropyrane ring, 

succeeded in creating the macrocycle, but without control of the stereochemistry 

of the double bond. 

OPMP 

8.67 8.68 (E/Z 2:1) 
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• The control of the stereochemistry was attempted by using a fixed Z-configura- 

tion by attaching a double bond to the side chain of the dihydropyrane ring in the 

south hemisphere. Unfortunately, albeit that the ring was closed with excellent 

yield, E/Z-isomerization occurred. This type of isomerization has already been 

described [14]. 

OTHP 

1. CI3PhCOCI 
/Pr2NEt,THF 

2. DMAP,C6H6 
(65%) 

8.75 8.76 (E/Z 2:1) 

• Finally, the successful synthesis of laulimalide recurred with the placement of the 

right stereochemistry, once the macrocycle was closed. The sequence required the 

introduction of a compromised cyclization step using an alkynoic acid. Lindlar’s 

hydrogenation gave the right Z-stereochemistry. 

8.5 ew£-Rubifolide [16] 

8.83 rubifolide 8.84 enf-rubifolide 
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Target relevance 

The furanocembrane rubifolide 8.83 is a secondary metabolite of the soft coral, 

Gerspfnia rubiformis, a subtidal species that inhabits the cold temperate waters off the 

coast of British Columbia [17]. The synthesis of 8.83 or its enantiomer 8.84 will 

demonstrate the applicability of the methodology to construct 2-vinylfurans 8.85 by base 

treatment of 2-hexen-4-yn-l-ols 8.86 (Scheme 8.28). Additionally, the synthesis of 8.84 
will establish the relative and absolute configuration of the natural product 8.83 and 

taxonomically related natural products. At the time of Marshall’s synthesis the absolute 
configuration of no member of this family was known. 

base 

R4 

8.86 8.85 

Scheme 8.28 

Marshall’s synthesis of cnt-rubifolide 8.84 represents the reverse situation of the above- 

discussed synthesis of lauliamide 8.57. Now, the drawbacks caused for a reluctant ring 

closure did not emerge during the closing of a macrocycle ring but in the process of 

constructing a furan ring onto an already-built macrocyclic system. 

Synthetic plan 
The synthetic planning to access to erct-rubifolide 8.84 was devised to effect the furan 

ring closure on the macrocyclic enynol 8.87 by base treatment to form 8.88. The 

butenolide ring closure will be effected by manipulation of the enynol moiety of the 

south hemisphere of 8.88. The assembling of precursor 8.87 would be done by the 

Homer-Emmons cyclization on open chain diynal 8.89. This compound would be 

derived from (S)-(-)-perillyl 8.90. The starting material was chosen arbitrarily since it 

was considerably cheaper than its enantiomer (/?)-(+)-perillyl. The sequence connecting 

8.90 with 8.89 involves ring fragmentation, Corey-Fuchs homologation to form 8.91 and 

the incorporation of the west part of the molecule from aldehyde 8.92 (Scheme 8.29). 

The proposal written in Scheme 8.29 was based on the exceptional yield 

obtained on the cyclization of enynol 8.92 that was reacted as a mixture of four 

diastereomers with KOfBu to afford the bridged Z-vinylfuran 8.93 [18] (Scheme 8.30). 
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8.90 8.91 8.92 8.89 

Scheme 8.29 

Scheme 8.30 

Step 1. Synthesis of phosphonate 8.94 from (S)-(—)-perillyl 8.90 (Scheme 8.31 ): 

OMOM 
/ 

PMBOCH2-C=C-C-CH2CHO 

OMe 

MeO | Me 
--► J _ - _ . 

8.90 8.91 
DPSO 

8.94 

Scheme 8.31 
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Reaction of (S)-(-)-perillyl 8.90 with VO(acac)2 effected a hydroxyl directed 

epoxidation that was followed by epoxide breakage with periodate and treatment with 

MeOfi in the presence of TsOH to yield the ester-acetal 8.95 in 52% overall yield. 

DIBALH reduction of the ester group on 8.95 led to the corresponding aldehyde that was 

homologated following the Corey-Fuchs protocol. Then, treatment of the aldehyde 

derived from the reduction of 8.95 with CBr4 in the presence of PPh3 and finally BuLi 

led to the corresponding lithium acetylide 8.96, which was reacted in situ with aldehyde 

8.92 to yield adduct 8.97 as a mixture of the four possible diastereomers. Alcohol 8.97 

was protected as the DPS-derivative, the acetal group was hydrolyzed and the 

corresponding aldehyde reacted with the lithium salt of MeCH2PO(OEt)2. Compound 

8.94 was obtained in 70% yield (Scheme 8.32). 

1. VO(acac)2,©uOOH 
2. H5I06 

3. MeOH.TsOH (52%) 

8.90 

OMe OMe 

pmboch2-c=c 

8.92 

OMOM 
/ 

-c-ch2cho 

Me 

-PMBO 

;.94 

1. TBDPSCIJm 
DMF (100%) 

2. TsOH,H20 
3. PDC.MeOH 
4. MeCH2PO(OEt)2 

BuLi (70%) 

PMBO OMe 

8.97 

Scheme 8.32 

Step 2. Macrocycle ring closure and initials attempts to close the furan ring 

(Scheme 8.33): 

8.94 
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The phosphonate 8.94 was designed to close the macrocycle ring using a Horner- 

Emmons reaction after removing the PMB protecting group and oxidizing the alcohol to 

aldehyde. This was achieved by treatment of 8.94 with DDQ and subsequent oxidation 

of the alcohol under Swern conditions to yield aldehyde 8.100. Treatment of aldehyde 

8.100 with DBU in the presence of LiCl resulted in the cyclization to compound 8.98. 

Now, the enone 8.98 was reduced to the alcohol 8.101 providing a mixture of all the 

eight diastereomers. Treatment of 8.101 with the KOrBu to form the furan ring did not 

lead to the expected bicycle 8.99 (Scheme 8.34). 

8.98 8.101 

These results are quite suiprising since this strategy to construct the bicyclic furan was 

based on an, at least apparently, very closely-related model, namely the transformation 

of 8.92 to 8.93. However, in the words of the authors ...it soon became apparent that the 

similarity between 8.92 and 8.101 was superficial. The obvious (a posteriori) difference 

between substrates 8.92 and 8.101 is clearly the triple bond present in 8.101. This may 

cause severe steric constriction in 8.101 avoiding the cyclization, a restriction that is not 
present in 8.92. 
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Step 3. Releasing the steric constrains of the macrocyclic endiyne ring by using an 

allene moiety and new attempts to built the furan ring: The severe steric constraints of 

macrocycle 8.101 are due to the presence of the triple bond in the south part of the 

molecule. The obvious solution for this problem would be to transform this triple bond 

into a, less sterically demanding but equivalent, functional group. The choice was the 

less constrained allenoate 8.102. The allene moiety will, moreover be, used to build the 

butenolide moiety of rubifolide. Conversion of the alcohol derived from 8.98 into 8.102 
was achieved by mesylation and Pd-catalyzed carbonylation of the mesylate in the 

presence of /?-TMS-ethanol. The enone moiety of 8.102 was selectively reduced by 

LiBH3N/Pr2 to form 8.103. Hydroxy-ester 8.103 was reacted with AgN03 producing 

exclusively recovered starting material or, when the reaction conditions were forced, 

decomposition products. Furane 8.104 was not observed. 

8.107 8.108 

Scheme 8.35 

The base treatment of 8.103 was not attempted since it was clear that it would cause 

isomerization of the allenoate to a conjugated dienoate. The corresponding acid 8.105 
would be, however, less prone to this isomerization. Therefore, the y?-ethylsilyl ether was 
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hydrolyzed and the resulting acid 8.105 submitted to treatment with /BuOK leading to a 

furane derivative. Unfortunately, this compound 8.106 did not retain the allene moiety 

but it was the conjugated trienoate. To introduce an additional constraining element in 

order to avoid this isomerization, acid 8.105 was transformed into butenolide 8.107 
which, upon treatment with /BuOK, led exclusively to decomposition products (Scheme 

8.35). Furan 8.108 was not obtained. The base decomposition of the butenolide moiety is 

probably responsible for the lack of success of this transformation. 

It was clear at this point that the enynol-furan cyclization methodology was not 

energetic enough to overcome the steric factors associated with the formation of highly 

strained furanocycles like those used above. 

Step 4. Re-evaluation of the synthetic approach. Construction of the furan ring 

by Ag-catalyzed ring closure on a macrocyclic allenone like 8.109 (Scheme 8.36): 

Me 

8.84 enf-rubifolide 8.110 8.109 

Scheme 8.36 

The above failed attempts to construct the furan ring, clearly show that a more efficient 

furan ring building methodology must substitute the enynol-furan cyclization. This could 

be the silver-catalyzed cyclization of allenones (like 8.109 8.110), which has been 

applied to the building of 12- and 14-membered furanocycles under very mild conditions 

[19]. Fuithermore, no strategic changes have to be introduced since this approach uses 

essentially the same starting materials as the failed approaches to cz/t-rubifolide 8.84. 
Now, macrocycle 8.111 was prepared starting again from (S)-(-)-perillyl 

alcohol as a mixture of eight diastereomers, and the intra-anular furan formation was 

effected in 84% yield by reaction with Ag+ on silica-gel. Furanocycle 8.112 was 

transformed to the 1:1 diastereomeric mixture of vinylic furans 8.113 and 8.114 by 

reaction with TsOH. Since only 8.113 has the right stereochemistry to effect the 

butenolide ring closure through a SN2' reaction (which means an inversion of 

configuration at the alcohol center), 8.114 was epimerized through the ketone 8.115 by 

reduction with K-Selectride (the calculated lowest energy conformers of ketone 8.115 
show shielding of the "top-face” of the carbonyl group by the vinylic Me-substitutent). 

Finally, alcohol 8.116 obtained by saponification of 8.113 was mesylated and treated 

with Pd(0)-catalysts to form the butanolyde ring and complete the synthesis of ent- 

rubifolide 8.84. This compound was obtained in a 49% yield (Scheme 8.37). 
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Me 

Me 

Me 

Me Me 

8.113 

Me 

Me 

8.84 enf-rubifolide 
(49%) 

8.116 

Scheme 8.37 

8.115 

Evaluation 
The synthesis of rubifolide, discussed in this section, shows how troublesome it may be, 

to close a furanocycle embedded into a macrocycle system. Any of the solutions 

attempted, such as reducing the steric strain (moving from an alkyne to an allene, using a 

preformed butanolide, etc) were unsuccessful. A different procedure for closing the ring 

had to be found. In fact, the combination of different methodologies, which will effect 

the closure of five-membered rings, is the solution to the problem. 
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Difficulties to attach fused heterocyclic rings to existent macrocyclic system seem to be 

a very general problem. The difficulties encountered during roseophilin tricyclic core 

synthesis discussed below are another example. In this case the macrocycle cyclophanic 

structure was constructed in a relatively easy way by using a metathesis ring closure 

step. However, the building of the fused pyrrole ring in a very advanced intermediate 
turned to be problematic. 

8.6 Roseophilin Tricyclic Core: 
The Formal Total Synthesis of Roseophilin [20] 

8.120 roseophilin 8.121 roseophilin tricyclic core 

Target relevance 
Roseophilin 8.120 was isolated as a deeply colored hydrochloride salt from the culture 

broth of Streptomyces griseoviridis [21]. It showed significant cytotoxicity against K562 

human erythroid leukemia cells and KB human epidermoid carcinoma cells. 

Synthetic plan 
The approach to roseophilin involves the final connection of the heterocyclic side chain 

8.122 to the tricyclic core 8.121. This tricyclic core was the target of this synthesis, since 

other authors have reported the joining of fragments 8.121 and 8.122, The formation 

of the pyrrole moiety will be effected from the allyl alcohol 8.123. The isopropyl group 

will be introduced on diene 8.124 using the macrocyclic bridge to control the 

stereochemistry. Diene 8.124 may in turn derive from the enyne metathesis of 8.125 
(Scheme 8.38). 
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11 

Scheme 8.38 

Step 1. Ring closure metathesis of 8.125 and incorporation of the isopropyl moiety 

(Scheme 8.39): 

Scheme 8.39 

Compound 8.125 was the metathesis substrate and was cyclized both with PtCE or (p- 

cymene)RuCl2 dimer in the presence of tri-o-tolyl phosphite in essentially quantitative 

yields to afford diene 8.124. The next step requires a regio- and diastereocontrolled 

addition of a hydroxyl and an isopropyl group across the diene fragment. This was 

devised to occur by addition of a cuprate from the less hindered face of epoxide 8.126. 
The chemoselective epoxidation of the less reactive double bond of diene 8.124 was 

achieved by reaction with NBS in wet THF. These reaction conditions gave the 

corresponding mixture of bromohydrins, which were highly unstable. This instability 

required in situ treatment with base to form the mixture of the two regioisomeric 

epoxides 8.126 and 8.127. This last epoxide was the minor product (9:1 ratio). Epoxide 

8.126 was in turn a 3:1 mixture of diastereomeric epoxides 8.126a and 8.126b. 
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It is known that cuprate additions to vinyl epoxides like 8.126 occur syn to the epoxide 

fragnient [22], Therefore, the isopropyl group was introduced on the same face of the 

cyclopentene of both diastereomeric epoxides 8.126 by reaction with isopropyl- 

magnesium bromide in the presence of catalytic amounts of CuBr. These reactions lead 

to the stereoisomeric (at the double bond) alkenes 8.128 and 8.129, which were oxidized 

to the corresponding ketones 8.130 and 8.131. Only 8.130 has the right stereochemistry 
to produce roseophilin (Scheme 8.40). 

.OTBS 
PtCI2, 

toluene 

TBSO.. 

80tC (99%) 

8.125 

TBSO... 

/PrMgBr 8.128 

TBSO. 

1.NBS 

thf,h2o 
2. NaOH,H20 

8.124 8.126:8.127 (9:1) 
8.126a:8.126b (3:1) 

TBSO. 

8.129 

8.127 

Scheme 8.40 

8.130 

Step 2. Construction of pyrrole nucleus and. completion of the roseophilin core: In order 

to finish the synthesis of the roseophilin core only the construction of the pyrrole nucleus 

remains. There are several methods of achieving this task. The attractive route that uses 

the introduction of the needed amino-group via an intramolecular insertion of an 

acylnitrene, was considered first. The removal of the TBS protecting group resulted in 

alcohol 8.132, which dehydrated easily to form enone 8.133 during derivatization. To 

avoid this undesirable dehydratation, the double bond of 8.130 was hydrogenated and the 

ketone 8.134 was transformed into the azidoformate derivative 8.135 after removal of 

the TBS-protecting group by treatment with CI3COCO2CCI3 and reaction with lithium 

azide. Neither photolysis of hydrazide 8.135, nor thermolysis, afforded any of the 

expected oxazoline 8.136 (Scheme 8.41). 
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H2 Pd(C) 
(95%) 

Second attempt: The mixture of alcohols 8.128 and 8.129 was easily dehydratable with 

methanesulfonyl chloride to form diene 8.137 that could be, in turn, used in the 

preparation of dihydroisoxazines 8.139 by oxidation of the intermediate hydroxamic 

acids 8.138. The idea was to convert compound 8.139 to diketone 8.140 through a 

fragmentation reaction of the heterocyclic ring. Diketone 8.140 would then be converted 

to the desired pyrrole 8.141 through intramolecular ring closure (Scheme 8.42). The 

problem emerged when compound 8.139 spontaneously cyclo-reverted to the 

corresponding diene 8.137. This thwarted the entry to the fused pyrrole ring. The 

synthesis of 8.141 was next pursued by hydrogenation of 8.139 leading to alcohol 8.142 
that, upon oxidation, formed ketone 8.143. All attempts to effect the heterocycle ring 

closure to convert ketone 8.143 into pyrrole 8.141 met with no success. 
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Bu4NI04 
V 

8.140 

Scheme 8.42 

Third and final, successful, attempt: the venerable Paal-Knorr ring closure: The Paal- 

Knorr pyrrole ring synthesis [23] uses the condensation of an amine and a 1,4-diketone. 

Therefore, to construct the roseophilin pyrrole nucleus a diketone like 8.144 is needed. 

Treatment of the mixture of enones 8.128 and 8.129 with DBU formed the deconjugated 

ketone 8.145. Borane treatment of 8.145 resulted in the diastereomeric mixture of 

alcohols 8.146 after H202 work-up. Oxidation of the diol with catalytic TPAP formed 

diketone 8.144 as a single product. The best conditions for achieving pyrrole formation 

were treatment of 8.144 with ammonium acetate in the presence of catalytic amounts of 

CSA, followed by capturing in situ the parent pyrrole as its SEM-derivative 8.145. 

Finally, TBS-protecting group removal following by oxidation of the alcohol 8.147 gave 

the target 8.121 that has been converted by Fiirstner and Weintritt [24] in roseophilin 

8.120. Therefore, the formal synthesis of this compound was achieved (Scheme 8.43). 
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CSA(Cat) 
2. SEM-CI 

(54%) 

Scheme 8.43 

Evaluation 
The synthesis of roseophilin exemplifies the difficulties encountered during the 

apparently slightly complex task of building a simple heterocyclic ring in a preformed 

macrocyclic substrate. This example, together with the above synthesis of cm-rubifolide 

8.84, demonstrates that these ring closures may determine the fate of a synthetic scheme. 

This assertion may be contrary to the general belief that it is the macrocycle part of a 

fused macrocyclic policycle, which is the most difficult part of a synthesis. The truth is 

that, as always, this part of the synthesis has attracted much more attention than the 

HN 
BOC' 

8.143 8.141 
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“simpler” building of furane or pyrrole rings, because the question of aromatic five and 

six-membered ring synthesis was considered solved since the 19th century. Evidently, 
this is far from the truth. 

The last example in this chapter, shows clearly that, in a highly convergent 

synthesis where, at the end, two fragments are to be joined to yield the skeleton of the 

final product, orchestration of the sequence, in which the fragments are joined to effect a 

macrocyclization, may become the cornerstone of the synthesis. 

8.7 (-)-Papuamine [25] 

Target relevance 
Papuamine 8.148 and its epimer haliconadiamine 8.149 display significant inhibitory 

activity against the growth of Candida albicans, Bacillus subtilis, and Staphylococcus 

aureus. Papuamine also shows antifungal activity against Trichophyton mentagrophytes. 

Papuamine is the major metabolite of the bright red encrusting sponge Haliclona sp, 

growing near South Lion Head Island, Papua New Guinea [26]. 

Synthetic planning 
The key point of the synthetic planning is the homocoupling of an enantiomerically pure 

perhydroindane system 8.150, to first generate a tetracyclic E,E-1,3-diene 8.151, 

followed by introduction of a three-carbon unit between the nitrogens to generate the 13- 

membered macrocyclic ring. This approach effects the ring closure by the north (diamine 

moiety) of the molecule and takes advantage of the C2 symmetry axis present in 

(-)-papuamine. 
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Implementation of this planning requires the vinyl synthon 8.150, derived from alkyne 

8.152 by yyn-addition of HX across the triple bond (Scheme 8.44). Alkene 8.150 would 

be the substrate for the homocoupling leading to 8.151. Alkynyl amine 8.152 would be, 

in turn, derived from the intramolecular cyclization of an imino-allenyl silane 8.153. 
Imino-allenyl silane 8.153 would be derived from lactone (+)-8.155 through the 

successive incorporation of the triple bond to form the alkyne diol 8.154. Further 

manipulation of the triple bond and the alcohol groups of 8.154 would form the required 

allene and imine moieties of 8.153, respectively (Scheme 8.44). 

C2 axis 

H 

(+)-8.155 

N 
,R 

SiR3 

11 

8.152 

Scheme 8.44 

Predictable problems 

The transformation imino-allenyl silane 8.153 bicyclic amine 8.152, had been 

demonstrated only in intermolecular reactions [27], The question was whether the 

intramolecular transformation would be as efficient, both in yield and in stereoselectivity 
as the intermolecular reaction. 

Synthesis 

Step 1. Synthesis offormyl-allenyl silane 8.155 (Scheme 8.45): 

(+)-8.155 8.157 

Scheme 8.45 

8.156 
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The preparation of the key intermediate 8.156 started with DIBALH reduction of lactone 

(+)-8.155 to the corresponding lactol, followed by addition of ethynylmagnesium 

bromide to form the mixture of epimeric alcohols 8.157. It is not evident at this point 

that the formation of an epimeric mixture of alcohols 8.157 may be of relevance in the 

development of the synthesis, especially in the cyclization of the imino-allenyl silane 

derived from 8.156. This assumption turned out to be wrong (see below). To continue 

with the synthesis, both alcohols 8.157 were separated. The less-hindered primary 

alcohol was selectively tritylated, while the propargilic secondary alcohol was acetylated 

to form epimers 8.158. The allene moiety was introduced using the anti SN2' addition of 

a silylcuprate 8.159 (the Fleming-Terret cuprate) [28] to alkynes 8.158. Allenyl silanes 

8.160a and 8.160b were formed stereospecifically. Nitriles 8.161a and 8.161b were 

obtained from 8.160a-b by detritylation followed by mesylation of the primary alcohol 

and cyanide displacement. The cyanide group was then cleanly reduced by DIBALH to 

yield the desired aldehydes 8.156a and 8.156b (Scheme 8.46). 

o 

1. DIBALH 
(95%) 
-► 
2. ^—MgBr 

O THF, 95% 

(+)-8.155 

H PH 

n OH 

8.157 

1 .TrCI/TEA/DMAP 
DMF 

2. Ac20/Et3N/DCM 

(99%) 

H pTr 

OAc 

8.158 

H PNh 

y + 
.C'"^SiMe2Ph 

8.161a 8.161b 
(67%) 

DIBALH 
Toluene 
(77%) 

u CHO 
SiMe2Ph 

cr h 

H 

8.156b 

(PhMe2Si)2CuCNLi2 

8.159 
THF, -78°C 
(88%) 

^^by°TrSiMe2Ph 

H 

8.160a 8.160b 

Scheme 8.46 
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Step 2. Cyclization of imino-allenyl silane 8.162 —> bicyclic amine 8.163 (Scheme 8.47): 

8.162 

Scheme 8.47 

It was presumed that the Danheiser cyclization [27] of either benzylimines 8.162a or 

8.162b would yield the desired bicyclic amine 8.163. However, the reaction was 

stereoespecific with compound 8.162a yielding product 8.163 having the desired 

stereochemistry, while diastereomer 8.162b yielded isomer 8.164, which has the wrong 

stereocheistry. It should be noted that reaction products 8.163 and 8.164 were neither 

terminal alkynes nor chloro vinylsilanes. These would be the expected products if the 

cyclization of 8.162 involved an intermediate vinyl cation (as in the Danheiser process). 

In fact, the reaction occurs more probably through a concerted imino-ene reaction [29] 

involving the transition states depicted in Scheme 8.48. 

SiMe2Ph 

H 

8.163 

CHO 
SiMe2Ph 

C^H 

8.156b 

H ^ wrong 

8.164 SiMe2Ph 

From a synthetic point of view, this means dividing the amount of material in an 

advanced stage of the synthesis. However, this is a rather useful means of increasing 
chemical knowledge and it was therefore thoroughly investigated. 
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Step 3. Homocoupling of perhydroindane system 8.166 and ring closure (Scheme 8.49): 

i 

t 

Scheme 8.49 

To complete the synthesis of (-)-papuamine 8.14 it is necessary to accomplish the 
following steps: 

• -Stereoselective formation of E-vinyl perhydroindane 8.166. 
• Homocoupling of olefin 8.166 to form the macrocyclization substrate 8.167. 
• Macrocycle ring closure to obtain the papuamine 8.148 skeleton. 

These final stages of the synthesis were not effected using amine 8.165 but the (3- 

tosylethylamine derivative as a benzylamine substitute [30], This change would avoid 

potential interferences derived from the reducing conditions needed to eliminate the 

benzyl group and the instaurations present in the compound. The imino ene reaction was 

repeated from the imine derived from aldehyde 8.156a and (3-tosylethylamine, to yield 

8.168 in 62% yield. The amine was aceylated and converted to the E-vinyl stannane 

8.166 by Pd-catalyzed addition of TBTH to the terminal alkyne [31]. Cu(II) 

homocoupling [32] of 8.166 yielded the desired E,E-diene 8.169 in acceptable yields. 

Base elimination of the TSE groups formed the bisacetamide 8.167, which was designed 

to form the skeleton of papuamine by double alkylation. However, the diverse 

experiments made to accomplish this target, including treatment with 1,3-dihalopropanes 

and the change of the acetate groups by trifluoracetate groups in order to increase the 

nucleophicity of the nitrogens, met with no success (Scheme 8.50). Product 8.168, the 

immediate precursor of papuamide, could not be accessed. This is a major and 

unpredicted drawback to the synthetic scheme. 
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CHO 
H 1.TsCH2CH2NH2 

SiMe2Ph SnC|4 phH.RT 

H 2. TBAF.THF 
8.156a (62%) 8.168 

1. Ac20,DMAP 

py 

2. PdCI2(PPh3)2 
TBTH 

(75%) 

H 

8.166 SnBu3 

Cu(N03)2 
THF (69%) 

Scheme 8.50 

Step 4. Change in the synthetic plan (Scheme 8.51): The failure of diamide 8.167 to yield 

8.168 by ring closure of the northern hemisphere of papuamine 8.148, made it necessary 

to re-evaluate the synthetic plan. This time the southern hemisphere of papuamine would 

be closed first by using a double imino ene reaction from aldehyde 8.156a to form 8.169. 
The aldehyde 8.156a is the connecting point of the new synthetic scheme with the 

original plan. The closure of the southern hemisphere will be effected on the 

intermediate 8.170 derived from dialkyne 8.171. 

8.148 (-)-papuamine 

SiMe2Ph 

a 

Scheme 8.51 
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Step 5. Double imino-ene reaction and southern ring closure. Formation of (-)- 

papj^amine 8.148: The key to the success of this new route to (-)-papuamine 8.148 is the 

ability to perform the double imino-ene reaction on the diimine formed from aldehyde 

8.156a and 1,3-diaminopropane. Heating of 8.156a and 0.5 equiv. of 1,3-diamino- 

propane in toluene, smoothly formed the bis-acetylene 8.172 in a respectable 70% yield 

and as a single stereoisomer. The highly concerted nature of this reaction, which should 

occur through transition state 8.173, is responsible for this exceptional result. Removing 

the silyl groups and hydrostannylation under radical conditions, formed the bis-stannyl 

derivative 8.174. This compound experiences Pd-catalyzed ring closure to yield 

(-)-papuamine 8.148 in 48% yield (Scheme 8.52). 

SiMe2Ph 

H2N(CH2)3NH2 
PhMe,A 

(70%) 

PdCI2(PPh3)2 
DMF,02 RT 

„(48%) 

8.148 (-)-papuamine 

Scheme 8.52 
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Evaluation 
• A major change in strategy was made during the synthesis of (-)-papuamine 

8.148. By comparing the original synthetic plan with the route that finally led to 

(-)-papuamine (Scheme 8.55) it is clear that the orchestration of the sequence in 

which fragments are joined may prove to be the cornerstone of the synthesis. The 

unpredictable refusal of 8.167 (or any of its amide derivatives) to experience the 

ring closure by a double SN, led to a re-evaluation of the synthetic planning 

inverting the sequence to effect the ring closure. It is not clear why intermediate 

8.167 fails to yield the closed-ring compound while 8.173 leads to (-)-papuamine 

8.148 in good yields (Scheme 8.53). One can reason that a conformational change 

to the s-c/s-conformer has to occur prior to the closure of the ring in compounds 

8.151, while this conformational change is not necessary in 8.170. The energy 

associated with this change is 6.5 kcal mol'1. However, the N-N distance on s- 

trans- 8.167 is 5.1 A shorter than the 6.3 A on s-cw-8.167. Moreover, s-trans- 

papuamine is 1.6 kcal mol'1 more stable than s-cw-papuamine [33], The 

perplexing conclusion, which is drawn is that cyclization should in theory occur, 
but does not. 

8.148 (-)-papuamine 

X 

8.152 

11 

8.170 8.169 

Scheme 8.53 

• The expected problem of effecting the intramolecular version of the Danheiser 

cyclization of imino-allenyl silanes was not encountered. Furthermore, the 

reaction led to the discovery of a new stereoespecific imino-ene cyclization, 

which resulted in an impressive novel synthetic methodology. Nevertheless, it 

caused a practical synthetic problem, since it was expected that both dia- 

steieomeiic allenes, derived from 8.156a and 8.156b, would cyclize to the 

single isomer ot the bicyclic amine 8.163. The stereoespecificity of the imino-ene 

cyclization causes a major advance step in synthetic methodology, but it meant 

that half of the material in an advanced intermediate was of no further use in the 
synthesis of (-)-papuamine, 8.148. 
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