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PREFACE

The inspiration for this book came from an article by I. Ernest on R.
B. Woodward’s prostaglandin synthesis.! In his paper Ernest describes
the trials and tribulations that had to be endured before success was
finally attained. As Ernest states in his introduction “. . . the sober and
dispassionate form of today’s scientific pubhcadons does not leave much
room to express or even suggest the creative motivation and atmosphere
in which ideas originate and are further developed.” At that time there
were no books in which chemists described their syntheses in the way
that Ernest djd in his paper. 1 felt that such a book would be especially
valuable to students learmng organic synthesis. To try and rerquy this
situation 1 asked a group of outstanding chemists to give a “. . . sincere
and more or less complete account of the chronological devclopmem of
ideas and expenmemqu(m whicn finally led to the solution of the prob-
lem.” -

Many symheses only appear as terse communications in journals. Very
rarely do chemists discuss the blind alleys and dead ends that were
‘encountered in a synthesis. This is unfortunate for the student who
wants to learn about synthesis. I think many students have the mistaken
impression that organic chemists conceive a brilliant “paper” synthesis in

1 hour and hand it over to their graduate students who see it through to
completion- without any problems or difficulties. However, in almost
every synthesis there are problems to be overcome and obstacles to be
surmounted. The outstanding chemists in this book have done an excel-
lent job in describing the strategies and tactics that they have used in
synthesis. One can easily see that the road from a “paper” synthesis to
the final product is a long and difficult one. I believe that students and

"Ernest, 1. (1976). Agnew. Chem. Int. Ed. Engl. 15, No.4, 207.
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Xiv PREFACE

chemists will find these accounts of synthesis to be interesting-and in-
formative. '

Finally, I would like to express my sincere appreciation to the contrib-
utors, for without their efforts there would be no book.

Thomas Lindbérg



CONTENTS

CONTRIBUTORS xi

PREFACE

xiii

1. THEME AND VARIATIONS: A SYNTHESIS OF

SUPERPHANE
Virgil Boekelheide
1. Introduction, Goals, and Synthetic Philosophy 1
I1. Theme 4
II1. Vamnations 9
IV. A Synthesis of Superphane 12
V. Further Variations 16
References 18

2. THE TOTAL SYNTHESIS OF GIBBERELLIC ACID
Rick L. Danheiser

I
1L
1.
Iv.

V.

VL

VIIL.
VIIL

Introduction 22

The Synthetic Challenge 23

The Synthetic Strategy 25

Preliminary Studies: Stereocontrolled Elaboration of the A
Ring 29

Model Studies: The Intramolecular Diels—Alder Strategy Is
Tested 30

Model Studies: A Method for the Construction of the C and D
Rings 34

The Hydrindane Approach 36

The Hydronaphthalene Approach: (1) The Advance to
Chandra’s Dione 43

v



CONTENTS

IX. The Hydronaphthalene Approach: (2) Operations on the C
Ring 48
X. The Hydronaphthalene Approach: (3) The D Ring 52
X1. The Hydronaphthalene Approach: (4) Subjugation of the B
Ring 56 .
XI1. The Hydronaphthalene Approach: (5) The Triumph of the
Intramolecular Diels—Alder Strategy 60
XIII. The Hydronaphthalene Approach: (6) Stalemate at the A
Ring 63
XIV. The Total Synthesis of Gibberellic Acid 65
References 68

3. A PROSTAGLANDIN SYNTHESIS
Josef Fried
1. Introduction 71
I1. 7-Oxaprostaglandins 72
11, Prostaglandin Fy, 74

IV. 13,14-Dehydroprostaglandins 79
References 82

4. SYNTHESIS OF INDOLE ALKALOIDS

Philip Magnus
L. Introduction 83
1. Early Thoughts 84
HI. Initial Results: First Phase 87
1V. Flexible Strategy—Flexible Tactics: Second Phase 92
V. Synthesis of (+)-Aspidospermidine: Third Phase 98
VI. Reverse Roles: Fourth Phase 160 '
VIL. Completion of the "Model Work” 107
VIII. New Territory 110
References’ 122

5. SYNTHESIS OF TYLONOLIDE, THE AGLYCONE OF
TYLOSIN :
William P. Jackson, Linda D.-L. Lu Chang, Barbara Imperiali, William Choy.
Hiromi Tobita, and Satoru Masamune

I. Introduction 123
1. General Strategy 125
* 111 Preliminary Work 126



INTENTS : vii

IV. Synthesis 131
V. Concluding Remarks 151
References 152

6. PERICYCLIC REACTIONS IN ORGANIC SYNTHESIS AND
BIOSYNTHESIS: SYNTHETIC ADVENTURES WITH
ENDIANDRIC ACIDS A-G

K. C. Nicolaou and N’ A. Petasis

L. Introduction: The Appealing Endiandric Acid

Cascade 155

I1. Retrosynthetic Analyis of Endiandric Acids A-G 158

I1i. Synthesis of the Key Bicyclic Intermediate 164

IV. Functionalization of the Bicyclic Intermediate: Synthesis of
Endiandric Acids D, E, F, and G 164

V. The Intramolecular Diels—Alder Reactions: Synlhesns of
Endiandric Acids A, B, and C 168

VL. Conclusions 171
References 172

7. PLATO’S SOLID IN A RETORT: THE DODECAHEDRANE
STORY

Leo A. Paquette

I. Introduction 175
II. The Decision against Convergency and Building of the
Cornerstone 176
IIL. A Retrosynthetic Glimpse and Symmetry
Considerations 177
1V. Arrival at the “Closed” and “Open” D:lactoncs 179
V. Chemical Reactivity of the “Open” Dilactone 180
V1. Functionalization Reactions of the “Closed” Dilactone 182
"VH. (Cy)-Dioxa-Cgg-octaquinane, a Heterocyclic
Trisecododécahedrane 183
VIII. The Pilot Photochemical Experiment * 187
IX. Trisecododecahedranes via Dichloro Diester
Reduction 189
X. The Monoseco Level of Elaboration 191
XI. Installation of the Final Bond: Formatinn of
1,16-Dimethyldodecahedrane 192
XH. Further Developments 193
XIII. Controlled Monosubstitution and Isolation of an
Isododecahedrane 195



viil

8.

XIV.
XV.

CONTENTS

Bypassing the Uriwanted Reaction Pathway 197

(CH)gp: The Parent Dodecahedrane 197
References 199

THE SYNTHESIS OF FOMANNOSIN AND ILLUDOL
M. F. Semmelhack

L.
IL.
IIL.
Iv.

V.

Introduction 201
The Target 202
The Ketene Cycloaddition Approach to Fomannosin 204

Synthesis of lHludol and Fomannosin from a Common
Intermediate 211

Summary 221

References 221

EVOLUTION OF A SYNTHETIC STRATEGY: TOTAL

SYNTHESIS OF JATROPHONE
Amos B. Smith [1]
1. Introduction 224
I. General Background 226

111
Iv.

V.

VI

VIL

VIIL

IX.

XI.

XIL
XIIi.

X1V.

A Strategy for the Total Synthesis of Jalr()phone 227
Synthesis of Simple 3(2H)-Furanones: The First Major Spin-Off

of the Jatrophone Program . 231
A Successful Conclusion to Phase I: Synthesis of
3(2H)-Furanone 21 236

Synthesis of a-Hydroxymethylcyclopentenone: An Initial
Solution 237

An Alternate Approach to a-Hydroxymethylcyclopentenone:
Development of a Versatile Latent a- Ketovmyl Anion
Equivalent 239

Synthesis of the Pemenomycms Their Epimers, and
Dehydropentenomycjn: A Major Diversion 242
Return to the Jairophone Problem: A Successful

Failure 243

. Development of An Alternative 3(2H)-Furanone Protocol: A

New 1,3-Diketone Synthesis 244
pr[ouatlon of the Improved 3(2H)-Furanone
Protocol 245

Macrocyclization: A Difficult Step 247
Completion of Phase 1I: Synthesis of
Normethyljatrophone 250

Phasc 1I1: The Stereochemical Problem - 254



CONTENTS X

10.

11.

12.

XV. Total Synthesis of Jatrophone and Its Epimer: The Final

Goal 258

XVIL. Further Diversions during the Jatrophone Synthetic
Program 260

XVII. Reactions of Simple 3(2H)-Furanones and Furadienones with
Propanethiol 262

XVIIL Jatrophone Analogs: cis- and trans-

Normethyljatropholactones 265

XIX. Isolation of Three New Jatrophone Derivatives 267

XX. Interplay of Structure and Conformation of the Jatrophone

Nucleus vis-a-vis Antitumor Activity 268
Reterences 271

ON THE STEREOCHEMISTRY OF NUCLEOPHILIC
ADDITIONS TO TETRAHYDROPYRIDINIUM SALTS: A
POWERFUL HEURISTIC PRINCIPLE FOR THE
STEREORATIONALE DESIGN OF ALKALOID SYNTHESES

Robert V. Stevens

Text 275
References 297

A NONBIOMIMETIC APPROACH TO THE TOTAL
SYNTHESIS OF STEROIDS: THE TRANSITION METAL-
CATALYZED CYCLIZATION OF ALKENES AND ALKYNES

K. Peter C. Volthardt

I. Introduction 300
11. Model Studies in Cobalt-Mediated Alkyne Cyclizations 303
L. Cobalt-Mediated [2 + 2 + 2]Cycloadditions en Route 10
Annulated Cyclohexadienes 315
References 323

EVOLUTION OF A STRATEGY FOR TOTAL SYNTHESIS
OF STREPTONIGRIN

Steven M. Weinreb

. Introduction 325

I1. Synthetic Strategy 326
II1. Preliminary AB-Ring Studies 329
IV. Preliminary CD-Ring Studies 330
V. Synthesis of Streptonigrin . 336 -

References 344



X CONTENTS

13. METHYNOLIDE AND THE PRELOG-DJERASSI LACTONIC
ACID: AN EXERCISE IN STEREOCONTROLLED
SYNTHESIS

James D. White

I. Introduction 347
1I. Excursions from 2.4-Dimethylfuran 350
I1I. Further Expeditions from 8-Oxabicycio[3.2.1]Joctanes 354
IV. The Prelog-Djerassi Lactonic Acid (4) 358
V. A Cycloheptanoid Route to Methynolide 362
References 365

INDEX " 367



Chapter 1

THEME AND VARIATIONS:
A SYNTHESIS OF SUPERPHANE"!

Virgil Boekelheide
Department of Chemi':hj
* University of Oregon
Eugene, Oregon
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L hmd.cﬁu,cuu,-;uy-aeﬁemwy

The word cyclophane designates the general class of bridged aromatic
compounds. The field was pioneered by Cram and Steinberg,' who first
synthesized [2.2]paracyclophane (1) and who invented the nomenclaturce
used for these compounds. The numbers in the brackets indicate how many

* 1 have long felt that painting and the composition of music, more than most other academic
disciplines, have much in common with the conceptional aspects of-scientific research. The
intellectual ferment leading to the creation of a painting or a musical composition seems quite
akin to the intellectual ferment leading to the creation of a new idea, a new concept, or a new
principle in science. Just as the style of cighteenth century music is repiete with compositions that
are a theme with variations, o also are scientific ideas often exploited by variations to discover the
limits and generality of the idea. This aside is offered in explanation of the title.

t We thank the National Science Foundation for their geherous financial support of the work
described in this review. )

STRATEGIES AND TACTICS 1 Copyright € 1984 by Acadvemic Press, Inc.
IN ORGANI( SYNTHESIS All rights of reproduction in any form reserved.
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2 BOEKELHEIDE

bridges there are and how many bridging atoms in each bridge. Although
the prefixes ortho-, meta-, and para- continue to be used, the positions of
bridging are more commonly indicated by numbers in parentheses following
the brackets. Thus, [2.2]paracyclophane can equally as well be designated as
[2.2](1,4)cyclophane. Where all of the bridges have the same number of
bridging atoms, the number of bridges may be indicated by a subscrlpt
number. For example, structure 3 is [23](1,3,5)cyclophane.

g G

From the very bcgmnmg of his work Cram apprcaated the great. valuc
such rigid, caged structures would have in providing insight into ques-
tions of ring strain, bond stretching, bond angle distortion, aromatic ring
deformation, and n—=n orbital interactions. The extremes for such behavior
are to be found in examples where the aromatic rings are forced together
face-to-face in the closest proximity possible. Thus the mulubnd ed cyclo-
phanes having two bridging atoms in each bridge are of y | mtemt
There are only 12 such possible [2,]cyclophanes with the same Nb!tltutnon
pattern in each deck. These are shown in Scheme 1.

At the time we began the work under discussion only compounds 1,23,
5 and 6 shown in Scheme 1 were known. It was important todeiise: qnthews
for the remaining members of the series so that a complete ooﬁ'ehhon could -
be made of the variations in‘physical propettics with viisiations irrgeometry, '
particylarly in the distance between aromatic.decks. It was already well
appreciated that molecules suchr as [2.2]paracyclophane exhibit a-strong, .
between decks, - orbital interaction, and how much this mm!acnon wauld
be imensrﬁed as ‘the distance between decks was.shiortened was of prime
interest. For this purpose: the molecule most desired was [26]-(1,2,3,4,5,6)-
cyclophane (12), bearing the trivial name superphane.? Superphane is the
ultimate in bndgmg in the series, is the most symmétrical, and should have
the aromatic rings forced in closer proximity than for any other member. -

Before discussing posubk synthetic routes to the multibridged [2,]Jcyclo~ -
phanes and superphane, some basic points in the philosophy of designing
any synthesis need to be restated. A synthesis should be designed to be efficient, -
short, and, if possible, display cither novel chemistry or new applications of
known chemistry. Because 'our purpose ‘in making these molecules was to




1 THEME AND VARIATIONS: A SYNTHESIS OF SUPERPHANE 3.

examine théir physical and chemical properties, we had an additional require-
ment: the synthesis must be convenient and practical enough to provide
sufficient quantities for studying these properties. Specifically, we felt that a
good synthesis should be capable of providing at least 1 g of the final product.

This latter requirement ¢f designing a synthesis to provide the final product
in adequate quantities, whether it be for biological testing, studying its chemi-
cal and physical properties, or preparing analogs, is frequently neglected in
the design of syntheses and deserves greater emphasis. All too often in the
competition for syntheses of natural products or novel structures, success is
Jjudged by who is the first to accomplish the goal rather than whether a useful
synthesis has been developed. Developing new syntheses that fail to provide
the target molecule in useful quantity may have heuristic value, but modern

g

@ © o
LI L

ScHeEME 1. Possible symmetrical [2,]cyelophanes. (Although 3 and 4 appear to be conforma-
tional isomers, the energy barrier for interconversion is sufficiently high that the separate struc-
tures can be isolated.)
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synthetic chemistry should now have the ability to advance beyond that point.
One of the requirements for any significant new synthesis should be that it
provide the desired product in adequate quantity to satisfy the avowed pur-
poses for which the synthesis was undertaken.

Also, before designing the synthesis of a particular molecule, the status of
the ficld needs to be examined to ascertain whether the goal can be reached
efficiently by simple extension of known methods or whether a completely
new approach is needed. The first two decades of cyclophane syntheses were
dominated by two methods: (1) the Wurtz coupling reaction * and (2) the
1,6-elimination of p-methylbenzylammonium hydroxides.* Around 1970 the
dithiacyclophane route to cyclophanes was introduced and quickly became
an important general method for making all types of cyclophanes.*”” Then,
in 1972, Hopf introduced a Diels—Alder method for making polysubstituted
[2.2)paracyclophanes, which had important advantages of convenience and
adaptability for preparing large quantities®

Thus valuable methods for synthesizing cyclophanes were already at hand.
However, to apply these to the synthesis of the highly bridged cyclophanes

" looked to be a cumbersome and tedious task, involving many steps for the

introduction of each bridge beyond those of {2.2]paracyclophane itself.

1. Theme

The present account, describing a trail of research leading to the synthesis
of superpi.ane, begins in the fall of 1974 with a remarkable graduate student,
Richard T. Gray. At the time, our interest in a synthesis of superphane was
somewhat remote.

Gray had. begun his doctoral research on a project directéd toward a
synthesis of cyclophanes having cyclooctatetraene units as decks, a project
not yet accomplished but still of much « -.tcrest. My suggestion to Gray regard-
ing a possible route to the desired cyclooctatetraene cyclophane involved first
synthcsmng [24](1,2,4,5)cyclophane (8) as a precursor. Based on our experi-
ence in developing the dithiacyclophane route to cyclophanes, it seemed that
this synthetic method would be appropriate for a synthesis of [2,](1,2,4,5)-
cyclophane. In fact, as shown in Scheme 2, Gray’s first successful synthesis of
[24](1,2,4 5)cyclophanc (8) followed this approach.’

While pursuing experimentally the synthetic route shown in. Scheme 2,
Gray, as is typical for a good graduate student, gave serious thought to how to
improve on his mentor’s proposal. As a result he conceived the idea of a one-
step synthesis of [2,](1,2,4,5)cyclophane (8), as outlined in Scheme 3. The
exploitation of Gray’s idea led to some false starts and some disappointments,
as will be pointed out, but eve~+~llv to a new, general method for preparing



