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From the Foreword written by Erick M. Carreira:

“... The Organic Synthesis Workbook is an ideal compilation of sta-
te-of-the art modern syntheses which wonderfully showcases the la-
test advances in synthetic chemistry in combination with fundamen-
tals in a question-and-answer format. The structure of the book is
such that the reader can appreciate the intricacies of strategic plan-
ning, reagent tailoring, and structural analysis within the context of
the individual synthetic targets. In providing highlights of synthesis
from a wider range of natural products classes (alkaloids, terpenes,
macrolides) the reader is given a tour through a broad range of
reaction chemistry and concepts. Moreover, because in its scope the
authors have ignored international borders, the book effectively

parlays the global aspect of current research in the exciting field of

organic synthesis...

The Organic Synthesis Workbook promises to be to the current ge-
neration of graduate students, and even “students-for-life”, what
Ireland's and Alonso's books were to those of us who were gradua-
te students in the 80's [Alonso: The Art of Problem Solving in Or-
ganic Chemistry, Ireland: Organic
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Foreword

“He that questioneth much shall learn much...”

FE. Bacon, Of Discourse

At the core of synthetic chemistry is the desire to understand the re-
lationship between molecular structure and reactivity and to harness
insights into this relationship in forging reactions, reagents, or cata-
lysts for the synthesis of novel molecules and macromolecular en-
sembles. The sheer breadth and scope of modern synthetic organic
chemistry can seem to a newcomer a labyrinthine landscape that is
difficult to navigate. For all of us life-long students of organic
chemistry one of the most effective means of assimilating the dra-
matic advances that are continually taking place in reaction innova-
tion is a careful study of natural products syntheses. Indeed, this
endeavor can serve as a critical barometer that permits synthetic
science, its advances and persistent hurdles, to be gauged. Pedagog-
ically, the study of synthetic strategies provide a powerful means to
learn reaction chemistry, and the interplay between structure and re-
activity.

The last few years have seen a revolution in synthetic chemistry
as intriguing discoveries at the various interfaces of the chemical
sciences have engendered phenomenally new reagents and catalysts
for organic synthesis, allowing innovative new tactics and strategies
to be considered and implemented. Indeed, the report of innovative
methodology is followed quickly by ingenious applications to mole-
cule synthesis. The careful analysis and study of complex molecule
syntheses has much to teach the curious about various aspects of
chemistry that are brought into play in imaginatively crafting a
workable synthetic strategy. The Organic Synthesis Workbook is an
ideal compilation of state-of-the art modern syntheses which won-
derfully showcases the latest advances in synthetic chemistry in
combination with fundamentals in a question-and-answer format.
The structure of the book is such that the reader can appreciate the
intricacies of strategic planning, reagent tailoring, and structural
analysis within the context of the individual synthetic targets. In
providing highlights of synthesis from a wider range of natural
products classes (alkaloids, terpenes, macrolides) the reader is given
a tour through a broad range of reaction chemistry and concepts.
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Foreword

Moreover, because in its scope the authors have ignored interna-
tional borders, the book effectively parlays the global aspect of cur-
rent research in the exciting field of organic synthesis.

When I was a graduate student, I recall having two books on my
shelf that were frequently consulted for study: The Art of Problem
Solving in Organic Chemistry by Alonso and Organic Synthesis by
Ireland. Who could forget chapter titles in the latter such as
“Where in the Carbon Skeleton Is the Thing” or “Stereochemistry
Rears Its Ugly Head”. These books provided a source of challeng-
ing problems that kept my lab mates and I captivated and fuelled
energetic discussions. Moreover, whenever intriguing problems
were discussed at group meetings, many of us would jot these
pearls down for future reference and as a keepsake of that exciting
moment when a key concept had been made clear — the Eureka!
we all yearn for. It is interesting to note how much has transpired
in the science of synthesis in the intervening period by comparing
and contrasting each of these with the Organic Synthesis Workbook.
Even a cursory examination makes evident to the curious how little
overlap exists — and this in the course of at most 15 years! One can
think of few more powerful testimonies to the vitality of the con-
tinuously advancing field of organic synthesis. The Organic Synthe-
sis Workbook promises to be to the current generation of graduate
students, and even “students-for-life”, what Ireland’s and Alonso’s
books were to those of us who were graduate students in the 80’s.
The authors have wonderfully captured the thrill, the enjoyment,
and the intellectual rigor that is so characteristic of modern synthet-
ic organic chemistry.

Erick M. Carreira



Preface

We hope you’ll find working with this problem book to be an en-
joyable experience!

A wonderful tradition in the research group of Prof. L.F. Tietze
at the University of Gottingen is a seminar entitled Problems. This
seminar provides the opportunity in a relaxed, conversational set-
ting for participants to rack their brains over natural-product synthe-
ses presented to them in tantalizingly fragmentary form. No holds
are barred when it comes to questions that might be raised!

Insofar as possible we have attempted to recreate that same at-
mosphere in our exercise book.

The book is directed toward advanced students of organic chemistry
— graduate and undergraduate — who have a special interest in synthesis.

The subject matter is distributed over 16 mutually independent
chapters in such a way as to encourage individual study, but the so-
litary reader is never left entirely at the mercy of his or her own in-
genuity as far as solving the problems is concerned.

Each chapter begins with a brief Introduction, which serves
mainly to acquaint the reader with the nature and origin of the cur-
rent target molecule. This is followed by a double-page spread, the
Overview, which outlines the various challenges posed in that par-
ticular chapter, setting them within the context of an overall reac-
tion scheme. Already at this point the interested reader can begin
dealing with a fresh set of puzzles drawn from an imaginative and
timely total synthesis of a complex organic molecule.

Every Overview is followed by a detailed section entitled Synthe-
sis, where each individual problem is examined, beginning with its
restatement in the form of the appropriate chemical equation set
against a gray background for emphasis. Each problem is character-
ized by an interesting gap that must be bridged: a missing starting
material, product, or set of essential reagents. If reagents and reac-
tion conditions are to be elucidated, the corresponding equation ar-
row will lack the customary explanatory label. Sometimes several
steps are grouped together as one problem, in which case a clear in-
dication is provided of the number of operations required.




Preface

One by one the equations are then elaborated under three head-
ings: Problem, Tips, and Solution. A few cases have been supple-
mented with a somewhat broader Discussion. The beginning of
each new subsection is signaled in the outer margin in such a way
that the conscientious reader can easily hide with a sheet of paper
the ensuing clues (i.e., the 7ips, which become progressively more
explicit), to be unveiled one at a time as the need arises. One can
thus easily avoid premature exposure to too much information and
defer help until such time as it becomes essential.

We wish our readers much pleasure and satisfaction as they
work their way through this collection of Problems. Suggestions
for improvement —indeed, reader responses of every sort! —will be
enthusiastically welcomed.

Jan-Arne Gewert Gottingen, 2000
Jochen Gorlitzer

Stephen Gotze

Jan Looft

Pia Menningen

Thomas Nobel

Hartmut Schirok

and Christian Wolff



Contents

Chapter 1: Veticadinol (Tietze 1988) . . ... v . spauihe b s 1
Chapter 2: (x)-Mamanuthaquinone (Danishefsky 1994) .. 13
Chapter 3: (-)-Swainsonine (Pearson 1996) ........... 27
Chapter 4:  (-)-A’"?-Capnellene (Shibasaki 1996) . . . ... 41
Chapter 5: (-)-Epothilone A (Shinzer 1997) .......... 59
Chapter 6: Erythronolid A (Hoffmann 1993) .......... 77
Chapter 7: Tautomycin (Armstrong 1996) ............ 95
Chapter 8: (-)-a-Thujone (Oppolzer 1997) ........... 111
Chapter 9: (+)-Camptothecin (Ciufolini 1996) ......... 123
Chapter 10:  (-)-Cephalotaxin (Mori 1995) ............ 143
Chapter 11:  (+)-Streptazolin (Kibayashi 1996) . ......... 161
@hapter 12: S B-Amyrin (Corey 1993) L0 U A8 vk 179
Chapter 13:  (+)-Asimicin (Hoye 1995) ............... 197
Chapteral 4 (Z)-Dactomelyn (ILee 1995) ... ... . one. 217
Chapter 15:  Maehr’s Roflamycoin (Rychnovsky 1994) ... 233
Chapter 16:  Fluvirucin-B;-Aglycone (Hoveyda 1995) .... 249
ABDEEYARIONE o - oo s i S 5 A 3188 ed i el e e 263



List of Authors

Dr. J. A. Gewert
Am Brook 25
27476 Cuxhafen
Germany

Dr. J. Gorlitzer
Nikolaikirchhof 12
37073 Gottingen
Germany

Dr. S. Gotze

Gut Kallenhof
Rheydter Strale 301
41464 Neuss
Germany

Dr. J. Looft
Moosbergstralle 51
64285 Darmstadt
Germany

Dr. P. Menningen
Gut Kallenhof
Rheydter Strafle 301
41464 Neuss
Germany

Dr. T. Nobel
Mainstrae 8

67117 Limburger Hof
Germany

Dr. H. Schirok

2060 Ambherst Street
Palo Alto, CA 94306
USA

Dr. Ch. Wulff
Mollstraf3e 18
68165 Mannheim
Germany



Veticadinol: Tietze (1998)

1.1 Introduction

Veticadinol (1) is classified as a sesquiterpene. Terpenes are com-
pounds containing two or more isoprene units, and sesquiterpenes
consist of three isoprene units.

Terpenes are found primarily in higher plants, less commonly in
animals. They are often isolated by steam distillation or extraction.
The major commercial applications of terpenes are as fragrance and
flavoring agents. Terpenes often serve in organic chemistry as ver-
satile carriers of chiral information. For example, (—)-c-pinene (2)
is commonly used as a ligand for chiral induction. 2

Sesquiterpenes that contain the 2,8-dimethyl-5-isopropyldecalin
skeleton 3, like veticadinol (1), are referred to as candinanes. De-
pending on the nature of the ring junction these are subdivided into
the true candinanes 4 and bulgaranes 5, both with a trans ring fu-
sion, and the muurolanes 6 and amorphanes 7, both containing a 3
cis-fused decalin system.

Veticadinol (1) was isolated by Chiurdoglu and Delsemme in
1961 from Congolese vetiver oil,’ but could not at first be obtained
in pure form. Various groups attempted to synthesize a substance
with the structure 1 that had been assigned to veticadinol, but each
attempt led to mixtures of isomeric compounds.

The synthetic sequence presented here was the first that per-
mitted a stereoselective preparation of veticadinol 1.2
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1.3 Synthesis

e Piperidinium acetate deprotonates malonic ester 8.

e The malonic ester anion performs a nucleophilic attack on the al-
dehyde citronellal (9).

e The initially formed product eliminates water.

e The overall result is a condensation reaction.

This process represents a Knoevenagel condensation,’ a reaction in
which a compound with an acidic methylene group, such as di-
methyl malonate (8), condenses with a carbonyl compound like ci-
tronellal (9) to give an alkene. Reaction occurs in a weakly basic
or neutral medium. Catalytic amounts of piperidinium acetate suf-
fice to deprotonate malonic ester 8. The resulting anion 15 adds to
the aldehyde citronellal (9) to give alkoxide 16.

> =
e 13k —_—
MeO,C MaO:L.
mMeo,c 90
16
+H -H0
MeO,C
002Me

The latter is immediately protonated and, in the presence of an acid
catalyst, it loses water to give diene 10.
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N
MeOZC b \

COMe

10
o | FeCly/ALOs,
CH,Cl,, -78 °C — 20 °C
+
11a 11b
98.8:1.2

e A six-membered ring is closed.

e The process occurs as a pericyclic reaction.

e A hydrogen atom migrates in a 1,5-shift.

e The location of the allylic double bond changes.
e An ene reaction takes place.

. > g . 4

In a Lewis-acid catalyzed intramolecular ene reaction,” the alkene
(ene) reacts in a pericyclic fashion with an enophile to form two
new o bonds with concurrent migration of the allylic double bond.

En

AN
A X
—_— =
MeO;_CX(/’
Enophil
COMe
10

The result is two diastereomers in the ratio 98.8 to 1.2, where the
desired product 11a predominates.

The reaction occurs with frans selectivity, as would be expected
given the chair-like nature of the transition state. Of the four possi-
ble structures, the endo-Z-anti-transition state 17 is especially unfa-
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vorable due to pseudoaxial placement of the two ends of the chain,
which also results in considerable 1,3-diaxial strain. The exo-Z-syn
(18) and endo-E-syn (19) arrangements both include one chain ter-
minus in a pseudoaxial orientation and are thus roughly equivalent
in energy, but less favored than exo-E-anti transition state 20, in
which both chain termini occupy pseudoequatorial positions. This
corresponds to the energetically most favorable reaction pathway,
especially for six-membered rings.

CHy

H H
§H/L Me é\‘ﬁ
/&Cw Meo,cH
Moy |'4
H

CO,Me
exo-E-anti exo-E-anti
pseudoequatorial pseudoaxial
20a 20b

Two possibilities can be distinguished with compound 10 for an
exo-E-anti transition state: the methyl group might occupy either a
pseudoequatorial or a pseudoaxial position. Product 11a arises from
the energetically more favorable state 20a, whereas 11b is derived
from transition state 20b. It is in this way that the methyl group of
citronellal (9) determines the ratio of 20a to 20b.

The following nomenclature rules apply to describing the transition
state structures. The terms exo/endo refer to orientation of the chain
starting from the enophile and proceeding to the ene. Endo means
that the chain points in the direction of the ene, whereas in an exo
form it points away from the ene. E and Z describe the geometry
of the double bond of the ene. Syn and anti characterize the posi-
tions of the vinylic hydrogen atoms relative to each other.

Various reaction mechanisms are known for ene reactions. Both
single-step synchronous reaction and stepwise processes involving
diradicals or zwitterionic transition states have been discussed. One
of the three bonds broken in the course of the reaction is a ¢ bond,
which dictates a high activation energy relative to a Diels-Alder re-
action (see Chapter 2). For this reason if the reaction is conducted
thermally, temperatures above 100°C are required. However, the re-
activity of the enophile can be increased by addition of a Lewis
acid, permitting milder reaction conditions. The Lewis acid coordi-
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nates with the electron-withdrawing group of the enophile and thus
lowers the energy difference between the reacting orbitals, the
LUMO of the enophile and the HOMO of the ene, thereby acceler-
ating the reaction.’

e A gas is evolved.
e This gas is CO,.
e Only one equivalent of CO, is released.

The reaction is a decarboxylation of the Krapcho type.® in the
course of which one of the two ester groups of the starting malo-
nate is removed and replaced by a proton. What results is ester 12.
The only aspect of the reaction mechanism that has been estab-
lished is that it does not proceed via the free acid. Krapcho himself
has proposed the following mechanism:

The chloride ion thus carries out a nucleophilic attack on one of
the two carbonyl groups of malonic ester 11a. Ester anion 22 is

Problem

Solution

ot

CO.Me
12
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formed with cleavage of a carbon-carbon bond, as is chloroformic
acid 23. Ester anion 22 is subsequently protonated by water. Chlor-
oformic acid 23 hydrolyzes immediately to chloride ion, methanol,
and carbon dioxide.

The first step involves an attack on the double bond.

The chain is extended by one hydroxymethylene group.

This is an ene reaction with formaldehyde.

What results is a primary alcohol, which undergoes nucleophilic
substitution in the second and third steps.

The first step is a carbonyl ene reaction, also known in the litera-
ture as a Prins reaction.” A Lewis acid activates formaldehyde (25)
for attack on the double bond of 12. This results in zwitterionic in-
termediate 26, which leads to the ene product 27 in the form of a
dimethylaluminum complex through 1,5-migration of a proton. This
complex is unstable and spontaneously eliminates methane. Aque-
ous workup hydrolyzes aluminum alkoxide 28 to alcohol 24.

The resulting homoallylic alcohol 24 is next transformed into a
tosylate, which subsequently undergoes nucleophilic substitution
with sodium iodide in a Finkelstein reaction to give compound 13.
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25 H

H H
H"J\\/\ ]
J o] AlMe,Cl O—AlMe,Cl
—_—.
26

R
12 l
H H
(5]
O—AIMeCl &P~ AlMeCl
R X CH, x H
28 27
8
—
I ;
i H
COMe
14

* A strong base is introduced.
e Compound 13 has acidic hydrogen atoms on a carbon a (o an
ester function.

This is an intramolecular alkylation, through which the second six-
membered ring is closed, producing the candinane skeleton. The re-
agent employed is the strong base lithium diisopropylamide (LDA).
This generates ester enolate 13a, which carries out an intramolecu-
lar nucleophilic attack on the carbon bearing iodine, leading to
product 14.

If one assumes a chair-like transition state, ring closure of 13a
must generate product 14, whereas 13b leads to the diastereomer
29. Due to a pseudoequatorial placement of the ester function, 13a
is energetically preferred over the pseudoaxial form 13b, so that
ring closure produces exclusively product 14.

LDA, THF, -78°C — 20°C, 92%.

Problem
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Solution
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14
0@ H
[ oy "
w7 ¥ Hy S CH;
H H
13b 2

e A reagent is introduced in excess.
e Two equivalents of an organometallic compound are added.
* A magnesium compound is employed.

The process here is a double Grignard reaction of methylmagne-
sium iodide with the ester function of 14.° Addition of the first
equivalent of Grignard reagent leads to the metallated hemiacetal
31, which decomposes to ketone 32. The ketone is then attacked
nucleophilically once again by the magnesium species and trans-
formed into the magnesium alkoxide of a tertiary alcohol. Aqueous
workup leads to the target molecule veticadinol (1).

It is assumed that addition of Grignard reagents to carbonyl
compounds results in cyclic transitions states like 30, requiring two
equivalents of organomagnesium compound. Grignard reagents are
characterized by participation in the Schlenk equilibrium,® which
means that in addition to methylmagnesium iodide, contributions to
the cyclic transition states may be made by dimethylmagnesium
and magnesium iodide.

3 eq. MeMgl, Et,0, RT, 77%.
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1.4 Summary

Veticadinol (1) was prepared enantiomerically pure through a linear
eight-step synthesis with an overall yield of 36%. Starting with di-
methyl malonate (8) and citronellal (9), a Knoevenagel reaction is
used to prepare the starting material for a subsequent ene reaction.
The methyl group in the terpene citronellal (9) directs the rrans-se-
lective ene reaction in such a way that the desired diastereomer 11a
is obtained with a selectivity of 98.8 to 1.2. Decarboxylation, a
Prins reaction, and conversion into an iodide provides compound
13, the starting material for the final key step. Alkylative cycliza-
tion of 13 selectively generates the candinane skeleton. This total
synthesis is completed by a double Grignard reaction that leads to
veticadinol (1).
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(x)-Mamanuthaquinone: Danishefsky (1994)

2.1 Introduction

(-)-Mamanuthaquinone (1) was identified in 1991 as a secondary
metabolite of a marine sponge.’ Its name is derived from the site of
the organism's discovery, the island Mamanutha near the Fiji Is-
lands. The purple moss-like sponge is classified as Fasciospongia
Sp-

(-)-Mamanuthaquinone (1) is a combination of a sesquiterpene
and a quinone. Its skeleton, with both terpene and quinone or hy-
droquinone portions, is not unusual for a natural product derived 1
from a sponge.” An example is avarol (2), containing a hydroqui- -
none ring and the terpene skeleton of drimane.”

The absolute stereochemistry of (—)-mamanuthaquinone (1) was
established through degradation reactions and subsequent compari-
son with known substances.’

The sesquiterpene quinones and hydroguinones display a wide
range of biological activities." Some of the compounds are cyto-
toxic, whereas others show antimicrobial characteristics. Avarol (2)
has been the subject of investigation as a consequence of its ability
to inhibit reverse transcriptase, but no clinical value (as an anti-
AIDS agent, for example) has yet been established.’

Antitumor activity with respect to colon cancer has been demon-
strated for (-)-mamanuthaquinone (1)." This in itself makes a syn-
thesis of the substance of considerable interest. The synthesis de-
vised by Danishefsky provides racemic mamanuthaquinone 1 in 14
steps.”
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2 (+)-Mamanuthaquinone

2.3 Synthesis

* Aromatic species appear in the reaction sequence only after all
the heteroatoms have been introduced.

o The first step is a double |,4-addition to p-benzoquinone (3).

* Two equivalents of methanol are added in the first step.

* The second reaction transforms quinone 13, prepared in the first
step, into a hydroquinone. Is this an oxidation or a reduction?

e The reducing agent utilized is converted in a redox process into
hydrogensulfate.

e The third step is a double methylation.

In the first step, methanol is subject to a 1.4-addition to p-benzo-
quinone (3).The resulting 1,4-adduct (14) rearranges spontaneously
to hydroquinone 15, which is oxidized by atmospheric oxygen and
residual benzoguinone into a new benzoquinone 16. A second 1.4-
addition leads to benzoguinone 13.

The latter is reduced through a second reaction with sodium hy-
drogensulfite as reducing agent, and in a third reaction the resulting
hydroquinone is methylated at both phenol groups with dimethyl
sulfate. Extra sodium hydrogensulfite is introduced during this
methylation in order to avoid oxidation of the sensitive hydroqui-
none.’

1. ZnCl,, MeOH, reflux, 64%.
2. 2.5 eq. NaHSO;, H,0, reflux, 78%.
3. 6.3 eq. Me,S0,, 0.2 eq. NaHSO;, 6.2 eq. NaOH, EtOH/H,0,

80°C, 86%.




2 (+ )-Mamanuthaquinone
OMe
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OMe OMe
e OMe
4 5

A Friedel-Crafts acylation is not utilized.

Aromatic species 4 is first lithiated.

A special amide serves as the acylating reagent.

Amides of this type are also used to transform carboxylic acids
into aldehydes.

The Weinreb amide 17 of tiglic acid is employed.

L]

Methoxy-substituted aromatic compound 4 is lithiated metalation
with Buli in THF, a step in which it proves useful to include
lithium chloride. Because of the greater basicity of n-butyllithium
relative to 4, direct metallation is in fact possible thermodynami-
cally, but n-butyllithium is generally present in solution as a tetra-
mer, and this reduces its reactivity.” Addition of lithium chloride
destroys these aggregates, and that eliminates the kinetic inhibition.
Lithiated aromatic species 18 is further stabilized through chelate
formation between lithium and the orthe-methoxy groups (ortho ef-
fect).®

The N-methoxy-N-methylamide of tiglic acid (17) is used as an
acylating agent in a procedure developed by Weinreb.” Lithiated
aromatic species 18 attacks Weinreb amide 17 with formation of
the chelate 19, which is hydrolyzed to ketone 5. Use of Weinreb
amide 17 circumvents the primary threat here: multiple addition
and formation of a tertiary alcohol. Since complex 19 decomposes
only in the course of workup, the ketone 5 itself is protected
against further nucleophilic attack.'”
"BuLi, LiCl, THE, 0°C = RT; 17, 77%.
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Problem

KH, Mel,
——————————
THF, RT
Q
2%
6 7
Tips * Potassium hydride produces an enolate by deprotonation.

e Which regioisomer of the enolate will form, the thermodynamic
or the inetic one?
e The enolate is alkylated at carbon with methyl iodide.

Solution Deprotonation at room temperature leads to the thermodynamically
PEns more stable enolate 20. Treatment with methyl iodide produces cy-
S N clohexanone 7 doubly methylated in the 2-position (see Chapter
Y @t = 4 é
12).
20
Problem
//’\Mgg,f
-—
0 THF, reflux
72%
7 8
Tips e The carbonyl group of starting material 7 is subjected to nucleo-

philic attack by a Grignard reagent.
e The result is a tertiary alcohol.

Solution Nucleophilic attack by the vinyl Grignard reagent leads to tertiary
alcohol 8."" Grignard reagents react with formaldehyde to give pri-
mary alcohols and with other aldehydes to give secondary alcohols,
whereas ketones are transformed into tertiary alcohols.
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» Copper sulfate acts as an acidic heterogeneous catalyst.
¢ The driving force in the reaction is creation of a conjugated sys-
tem.

This reaction is an dehydration acid-catalyzed.'” The hexaaquocop-
per cation behaves as a weak cationic acid in copper-salt solution."’
Protonation of the hydroxy group produces an oxonium ion that de-
composes unimolecularly into carbocation 21 and water. Water is
removed from the reaction equilibrium by means of a water-separat-
ing device. Carbocation 21 eliminates an -proton with formation of
the energetically favorable conjugated diene 9.

The great stability of tertiary carbocations is the reason why al-
cohols like 8 undergo unimolecular elimination especially readily.

e Two new C-C bonds are generated.

* The desired reaction is a [4+2]-cycloaddition.

® The system EtAICI,/THF serves as a Lewis acid and coordinates
with the carbonyl oxygen atom.

19
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o This is a Diels-Alder reaction with the usual demand for elec-
trons.
¢ Compound 5 is the dienophile, 9 is the diene.

The Diels-Alder reaction leads exclusively to exo product 10. Steric
effects are responsible for this exe selectivity. In a hypothetical
endo transition state 22, a methyl group on the quaternary carbon
atom of the diene interferes with the aromatic residue of the dieno-
phile. For this reason the reaction does not proceed via this transi-
tion state to the endo product 24. Similar steric inhibition is absent
in the exo transition state 23.

_"%—AF
HaC {0
—

H4sC 3

23 exo

|

24 endo 10 exo

EtAICI,/THF added to the system serves as a Lewis acid that cata-
lyzes the Diels-Alder reaction.'* Introduction of THF is useful as a
way of diminishing the reactivity of ethylaluminum chloride, thus
making it suitable for the reaction.
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The reactivities of the diene and dienophile in a Diels-Alder reac-
tion are highly dependent on their electronic structures.'” In the
case of a Diels-Alder reaction with normal electron demand, the
dienophile is substituted with an electron acceptor Z, whereas the
dienophile carries an electron donor X. The reaction in question fol-
lows this pattern. Increased reactivity in such a case can be rationa-
lized with the frontier orbital theory of Fukui and Houk, according
to which the energy difference between the (HOMO) of the diene
and the lowest unoccupied molecular orbital (LUMO) of the dieno-
phile is reduced in a favorable way by the substituents.

The electronic structures of the diene and dienophile also influ-
ence the regioselectivity of the reaction. The regiochemistry of
Diels-Alder products 27, 29, and 31, derived from the variously
substituted dienes 25, 28, and 30, is illustrated by the scheme in
the margin.

The catalytic activity of Lewis acids in this reaction can also be
interpreted on the basis of frontier orbital theory. A Lewis acid co-
ordinates with the electron-withdrawing group on the dienophile (in
this case EtAICl, with the carbonyl group), thereby further lower-
ing the energy of the LUMO. This in turn leads to an energy ad-
vantage and thus acceleration of the reaction.

For a given regiochemistry of the Diels-Alder reaction there are
still two orientations that might be envisioned in the case of an un-
symmetrically substituted dienophile 26. Substituent Z (with the
highest priority) in dienophile 26 might be arranged in transition
state 33 so that it is pointed toward diene 32, which leads to the
endo product. Alternatively, substituent Z might be directed away
from diene 32 as in transition state 34, leading to exo product 36.'®
The endolexo ratio thus reflects the simple diastereoselectivity of a
Diels-Alder reaction,

Often one finds that Diels-Alder reactions lead primarily to the
formation of endo products. This is usually explained on the basis
of a secondary-overlap effect involving stabilizing interactions be-
tween orbitals not directly engaged in bond formation.'” Neverthe-
less, calculations show that the energy advantage gained in energy
through secondary overlap effects is minimal. The resulting prefer-
ence for an endo transition state can easily be overcome by steric
effects.'
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* A single step accomplishes both cleavage of an ether and reduc-
tion of the carbonyl group.
o The methyl ether is cleaved nucleophilically by hydride anion.

The keto function in compound 10 is reduced with lithium alumi-
num hydride in THF to a secondary alcohol. In the course of this
reaction one of the methoxy groups in the ortho-position is also
cleaved. It appears reasonable to explain this by an ortho effect: the
alcohol group forms an intermediate alkoxyaluminum hydride com-
plex 37 that coordinates with one of the methoxy groups, which is
thereby activated toward nucleophilic attack by hydride. A chelate
complex protects the product from cleavage of the second ortho-
methoxy group.

LiAlH,4, THF, reflux.

e The first step is a protecting-group operation at the phenolic and
benzylic hydroxy groups.
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¢ The protected benzylic hydroxy group is removed from the mol-
ecule in a second step.

® A Birch reduction of the benzylic acetoxy group is carried out in
the second step.

e The phenolic hydroxy group is deprotected in the course of the
Birch reduction, so it must again be protected.

The two free hydroxy groups are first protected with acetic anhy-
dride. In a second step the acetyl group is reductively cleaved by a
Birch rteduction with lithium in liquid ammonia.'” Lithium dis-
solves in the ammonia with the formation of solvated electrons.
Stepwise electron transfer to the aromatic species (a SET process)
leads first to a radical anion, which stabilizes itself as benzylic radi-
cal 38 with loss of the oxygen substituent. A second SET process
generates a benzylic anion, which is neutralized with ammonium
chloride acting as a proton source (see Chapter 12).

Since the phenolic hydroxy group is deacetylated during the
Birch reduction it must once again be acetylated in a third step.
l. Ac,O, NEt;, DMAP (cat.), CH,Cl,, RT.
2. 10 eq. Li, NHx(l), —=78 °C; NaOBz, NH,Cl.
3. Acs0, NEt;, DMAP (cat.), CH,Cl,, RT, 55% over four steps.

e In what sequence should transformation into a p-quinone and hy-
drolysis of the acetyl group be carried out?

e The first reaction converts protected hydroquinone system 12
into a p-quinone system. Should reducing or oxidizing condi-
tions be selected?

® In the course of oxidation to a p-quinone the p-methoxy groups
are demethylated.

23
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Methylated hydroquinone 12 is oxidized with the strong oxidizing
agent cerium(IV) ammonium nitrate (CAN) to a quinone.”” Protec-
tion of the phenol group by acetylation is useful here as a tech-
nique for controlling the regiochemistry of oxidation. In the ab-
sence of the acetyl group there might arise the doubly methoxy
substituted p-quinone 39. Mechanistically, oxidative demethylation
with cerium(VI) ammonium nitrate probably proceeds via hemiace-
tal 40.*' Following oxidation, the acetyl group is hydrolyzed under
basic conditions with potassium carbonate.

1. 2.5 eq. (NH4)>Ce(NO3)s, CH3;CN/H,0, RT.

2. K;CO;, MeOH, RT, 85% over two steps.

2.4 Summary

This synthesis by Danishefsky provides racemic mamanuthaquinone
(1) in 14 steps, with an overall yield of 13% based on p-benzoqui-
none.

Retrosynthetic analysis shows that mamanuthaquinone is com-
posed of a sesquiterpene and a quinone. Quinone building block 18
is constructed using a double 1,4-addition of methanol to p-benzo-
quinone. This is followed by acylation with the Cs building block
17, taking advantage of a Weinreb amide.

The key step in the convergent synthesis is a Diels-Alder reac-
tion. Diene 9 is accessible in three steps from 2-methylcyclohexa-
none 6. The dienophile is an acylated p-benzoquinone. Surpris-
ingly, this Diels-Alder reaction is completely exo selective and in-
troduces the sesquiterpene skeleton of the target compound with the
correct stereochemistry in a single step.

The subsequent six steps are necessary for removing a carbonyl
group and transforming the hydroquinone component regioselec-
tively into a quinone. Danishefsky succeeded in coupling the two
operations in an elegant way. The sequence of lithium aluminum
hydride and Birch reductions for removing the carbonyl group also
accomplishes selective demethylation of one methoxy group. This
selective removal of a protecting group thus ensures the correct re-
giochemistry in oxidative methylation to a quinone.
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(-)-Swainsonine: Pearson (1996)

3.1 Introduction

“Locoism” is the name applied to a poisoning condition that arises
with grazing animals and leads to weight loss and problems with
locomotion. Its symptoms resemble those of the inherited disease
mannosidosis. The problem appears subsequent to ingestion of leg-
umes of the genus Astragalus,' Oxytropis,” and Swainsona. Like
the phytopathogenic fungi of the genus Rhizoctonia and Metarhi-
zium,® these plants contain as an active ingredient the indolizidine
alkaloid swainsonine (1).* The compound was first isolated in
1973 from Rhizoctonia leguminicola by Broguist® and later (1979)
by Colegate from legumes of the genus Swainsona.® Structural
analysis showed it to be a 1,2.8-trihydroxyoctahydroindolizine®
with the absolute configuration 15,2R 8R. 8aR.’

Since mannosidose results from a genetically derived absence of
lysosomal o-mannosidase that leads to an accumulation of man-
nose-rich oligosaccharides, the effects of swainsonine (1) on this
enzyme were investigated. The alkaloid, which bears a structural re-
semblance to the open-chain form of D-mannose (2), was in fact
shown to be a reversible inhibitor of lysosomal ¢-mannosidase.®

Because of its significant biological activity as an azasugar ana-
log of mannose (2), swainsonine (1) is of considerable synthetic in-
terest. It has been observed that swainsonine (1) displays inhibitory
characteristics with respect to tumor growth and metastasis, and it
was the first glycoprotein metabolism inhibitor selected for clinical
trials as an anticancer drug.” Its high cost initially ruled out com-
mercial use of the substance. The first four total syntheses were re-
ported in l‘;‘84,IO and since then the number of such syntheses has
multiplied rapidly.'" The shortest synthesis, that published in 1990
by Pearson,'” is not suited to large-scale implementation. By con-
trast, the approach described below opens the way to multi-gram
quantities of swainsonine (1).
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3.3 Synthesis

* The byproduct one obtains upon acidification is oxalic acid.
Based on this, which bond must be cleaved during oxidation
with alkaline hydrogen peroxide?

» Both stereogenic centers in the starting material are retained.

s The product is a lactone.

This oxidation, which was developed with ascorbic acid,'* pro-
duces D-erythronolactone (4).'* Hydrogen peroxide is first reduced
to water and a hydroxy radical, leading to the formation from 3 of
the isoascorbic acid radical 12. The hydroxy radical oxidizes 12 to
dehydroisoascorbic acid (13), which in a subsequent step adds hy-
drogen peroxide. Adduct 14 is than cleaved with base via anion 15
to compound 16. Alkaline hydrolysis of the ester leads to hydroxy
acid 17 and the byproduct oxalic acid. Subsequent lactonization
produces D-erythronolactone (4).

(o] o] (o]
O—OH
+Hy0, o o +H0;
3 — o / . o] et
-H0 OH -H,0 OH
R OH R o] R (o]
12 13 14

o 0
)L ODOH ‘J +oH®
+H,0

HO 0 CO;H lo}
}—cozH - (CO,H), )—COZH . oHO é;”
R R R 0(‘_3

17 16 15
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Which of the following sets of reaction conditions is appropriate
for formation of the acetal: a) acetone, CSA; b) dimethoxypro-
pane, PTSA, acetone; c¢) 2-methoxypropene, PTSA: d) 2-tri-
methylsilyloxypropene, HCI, CH.Cl,?

Dimethoxypropane (18) was selected for acetal formation. Trans-
acetalization with the diol releases two equivalents of methanol,
which results in a positive entropy effect.

The oldest known method for producing isopropylidene acetals
is treatment of a diol with anhydrous acetone under acid catalysis.
However, in order to trap the resulting water it is also necessary to
include molecular sieves or copper sulfate. 2-Methoxypropene (19)
is roughly twice as expensive as acetal 18, but as an enol ether it is
also more reactive. In especially problematic cases one can in addi-
tion resort to 2-trimethylsilyloxypropene (IPOTMS =isopropenyl-
oxytrimethylsilane) (20), but for this situation it is inappropriate on
the basis of cost.

2,3-O-Isopropylidene-D-erythronolactone  (5) is commercially
available, but it can easily be prepared by the method described on
a large scale with an overall yield of 75%, whereby diol 4 need not
be purified.

Dimethoxypropane, PTSA. acetone, 75% starting from 3.
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® Are esters in noncoordinating solvents reduced at low tempera-
ture by DIBAH to alcohols or aldehydes?
® The product is a bicyclic compound.

Reduction of lactone 5 results in lactol 6, a cyclic hemiacetal.
Thus, the ester function is reduced only to the level of an aldehyde.

If an aldehyde and an ester group occur together in the presence
of a reducing agent like DIBAH (22), the aldehyde is reduced more
rapidly as a consequence of its greater electrophilicity. Selective re-
duction of an ester to an aldehyde is therefore possible only if
product 23 of the first hydride transfer does not collapse to an alde-
hyde. In nonpolar solvents at low temperature the tetrahedral inter-
mediate 23 is stable and decomposes only in the course of protoly-
tic workup. In a polar-coordinating solvent such as THF, on the
other hand, the O-Al bond is weakened to such an extent by coor-
dination of solvent with the metal atom in 24 that the aldehyde
arises even before hydrolysis and is immediately reduced further to
an alcohol."

R‘% R\ _-OR’ Q R'\<OR2
e Yo AiBu, H O—iﬁ(iBuh
®
21 22 “ 23 (‘i?
24

e Lactol 6 is a hemiacetal, which is in equilibrium with its open-
chain form 6a.

e The first step is a Grignard reaction.
* An alcohol function is silylated in the second step.
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Vinyl Grignard reagent reacts with the aldehyde function in the
open-chain form of compound 6. leading initially to diol 25 with a
diastereoselectivity of 71:2 (anti:syn). The diasteromeric alcohols
can be separated after silylation to 7, but this is unnecessary since
both isomers lead to the same product in the subsequent reaction.

The steric demand of the rert-butyl group in TBSCI reduces the
reactivity of this silylating reagent to such an extent that not only
the base imidazole but also the dipolar aprotic solvent DMF must
be added. Moreover, primary alcohols react more rapidly than sec-
ondary alcohols, while tertiary alcohols are inert under these condi-
tions.'® It is therefore possible to distinguish between the two free
hydroxy functions in diol 25.

* By how many carbon atoms is the chain lengthened?

* There exists a name reaction useful for preparing v,8-unsaturated
carboxylic acids from allylic alcohols.

e Arranging molecule 8 in a conformation in which the C-O and
C-C double bonds are incorporated into a six-membered ring
leads to insight into the transition state of the reaction.

® The process is a [3,3]-sigmatropic rearrangement with a chair-
like transition state.

o This amounts to a variant of the Claisen rearrangement.

e In the Johnson orthoester variant a weak carboxylic acid cata-
lyzes the first two steps of the reaction.

* Propionic acid catalyzes not only the first step, a transacetaliza-
tion, but also the second, which is an elimination to a ketene
acetal.
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Solution Seven equivalents of trimethyl orthoacetate and 0.3 equivalents of
propionic acid are heated under reflux with allylic alcohol 7 in to-

Iuene, with concurrent distillation of the resulting methanol.
The first step in the Johnson orthoester method is a transacetali-
MeO zation of the orthoacetate leading to mixed orthoester 26. The ke-
\io"{-‘&"“ tene acetal 27 required for rearrangement arises upon acid-catalyzed
elimination of methanol. The necessarily six-membered transition

28
state has a strong preference for a chair conformation (see 28), so
that reaction proceeds under kinetic control with complete trans se-
lectivity relative to the newly formed double bond.
WLO HsCC(OMe},
1 H®
O, 3 (cat.), Toluene
~ . — R
: - MeOH 3
OH 0
TBSO
7 MeO OMe
4\ 26
o C‘) H®(cat}
N y : R\/J‘/\ - MeOH
-— /.
o] oLz
TBSO \|/
OMe OMe
8 27
H;CC(OMe)s, propionic acid (cat.), toluene, reflux, 99%.
Problem
e /_ = AD-Mix-B,
J MeSO,NH,,
j 3 5.\/_,\7/0“@ BuOH/H,0 Py
‘ 79%
(o}
TBSO 70:9
8
Tips e AD-Mix-p is the shorthand designation for the reagent mixture
employed in a very well-known method for asymmetric dihy-

droxylation.

® In a standard representation of the Sharpless dihydroxylation,
the largest group is shown at the bottom left. The chiral reagent
used here then attacks preferentially from above.

e The product of the dihydroxylation cyclizes spontaneously.
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Sharpless dihydroxylation of 8 leads to diols that cyclize sponta-
neously to the diastereomeric lactones 9a and 9b, which are formed
in 70% and 9% vyield, respectively, and must be separated by col-
umn chromatography.

The catalytic cycle in the asymmetric Sharpless dihydroxylation is
illustrated below.'”

L: ligand R
R/:-'/ +L
R 32

(o] R

organic phase

aqueous phase

20

20HO, 2[Fe(CN)e’© 2 H,0, 2 [Fe(CN)gJ*©

In the currently preferred variant of this reaction, one introduces a
mixture of dipotassium osmate dihydrate (K,0s04-2H0) as a non-
volatile source of osmium (rather than osmium tetroxide), along
with potassium hexacyanoferrate(Ill) (K;[Fe(CN)gl) as cooxidizing
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agent together with the phthalazine-(29)-bridged dihydroquinidine
(30) ligand (DHQD),PHAL or, in the case of the u-Mix, its pseu-
doenantiomeric dihydroquinone (31) analog. Potassium carbonate
serves as a base. The accelerating effect of an equimolar addition
of methane sulfonamide (MeSO,NH,) on hydrolysis of the os-
mium(VT) glycolate 33 is known as the sulfonamide effect.

The oxidation is conducted in a two-phase system with tert-butyl
alcohol as the organic phase. The advantage of this procedure is
that osmium tetroxide (37) is the only oxidizing agent that enters
the organic phase.

e The first reaction is a protecting-group operation.

e The strength of the Si-F bond amounts to 142 Kcal/mol, that of
the Si-O bond only 112 kcal/mol.

o s a distinction between primary and secondary alcohol functions
to be expected in the mesylation?

s Azide reacts only at the most reactive position in the molecule.

The primary alcohol is released by cleavage of the silyl ether with
TBAF. With HF in acetonitrile there would be a risk of cleaving
the acetal group. Treatment with mesyl chloride produces dimesy-
late 38. Despite a large excess of azide, substitution in the third
step occurs only at the more reactive primary position.

TBAF, THF, H>0, SiO,, 0°C, 84%.
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O 1. Pd(OH), (cat),

‘_0 o =4 H; (1 bar), MeOH
/ = 2. NaOMe, MeOH, reflux
0 ”l Srs o _ >
i i 75%
. OMs
10 "

e The azide is catalytically reduced in the first step.
e The second step generates the bicyclic skeleton of swainsonine
(1).

Amine 39, prepared by catalytic reduction, is separated from the
catalyst by filtration through Celite, and the resulting methanolic
solution is treated with sodium methoxide. Under these basic condi-
tions the mesylate is replaced by an amine in an Sy2 reaction and
the lactone is also opened with formation of the thermodynamically
more stable lactam 11.

Reduction of amides is an important preparative method for the
synthesis of primary amines. Reducing agents used for this purpose
include lithium aluminum hydride, sodium borohydride, triphenyl-
phosphine (Staudinger reduction), and thiols. In the present case it
is important to consider the compatibility of the reduction system
with the carboxylic and methanesulfonic acid functions. Platinum
and palladium are often used for catalytic reduction.

OH 1 OH
A O\ H HO\ H 3
o"‘*-_ | —— === HOm— ‘
: NG =N
i
0
ik 1
(-)-swainsonine
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* Which reaction sequence is preferable: acetal cleavage before or
after reduction of the lactam to an amine?

e The first reaction is reduction of the lactam. A boron reagent
was utilized, one with which no additives are here required.

e The acetonide is cleaved under acidic conditions.

In contrast to lithium aluminum hydride, sodium borohydride does
not reduce amides. Another possible reagent would be DIBAH.
However, in the present case four equivalents of borane-dimethyl
sulfide complex was used as a 2M solution in THF. The amine was
obtained in 94% yield after workup with ethanol.

Isopropylidene acetals are cleaved under acidic conditions, with
the acid strength and reaction time varying considerably as a func-
tion of the substrate. In this case a 1M solution of the acetonide in
THF was treated with an equal volume of 6N hydrochloric acid at
room temperature. Final chromatographic purification was accom-
plished with an ion exchanger (Dowex® 1x8 200 OH").

1. BH3-SMes,, THF, 0°C — RT; EtOH, RT, 94%.
2. 6N HCI, THF, RT, 96%.

3.4 Summary

Pearson devised for his (-)-swainsonine synthesis a method that
makes this pharmacologically interesting alkaloid available in 11
steps from the readily accessible lactone 5 in an overall yield of
20%. Three chromatographic purifications and five recrystalliza-
tions are required. The primary advantage over the host of other
known (and in some cases very similar) total syntheses is the repro-
ducibility of the simple transformations on a large scale. The key
steps are reductive double cyclization of azido lactone 41, which is
obtained through a Sharpless dihydroxylation of the y,8-unsaturated
carboxylic ester 42. The latter is generated in a Claisen rearrange-
ment (Johnson variant) from allylic alcohol 43, which is in turn ob-
tained with a vinyl Grignard reaction from D-erythrose 44. The lat-
ter compound establishes the nature of two stereogenic centers in
the target molecule, whereas the other two are produced in the
Sharpless dihydroxylation.
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(—)-Agm)-Capnellene: Shibasaki (1996)

4.1 Introduction

(-)-A”"*-Capnellene (1) is produced by a soft coral known as Cap-
nella imbricata, and was first isolated in 1974." The compound
serves the coral as protection against colonization by algae and lar-
vae.

The capnellene (1) of marine origin and derivative capnellenols
such as 2 belong to the family of sesquiterpenes. Similar terpenes
with a tricyclic [6.3.0.0]Jundecane skeleton are also found in plants,
including such substances as hirsutene (3) and corioline (4).” *

Capnellenes and hirsutenes are of some pharmacological interest,
since they demonstrate both antitumor and antibacterial activity.

Generations of chemists have occupied themselves with the syn-
thesis of (-)-A’'®-capnellene (1). Roughly 20 total syntheses have
been published covering a wide range of approaches to the com-
pound’s distinctive skeleton, which is based on three anellated cy-
clopentane rings. These methods include such typical cyclopentane
syntheses as the Nazarov cyclization,” but also more remarkable
strategies like a sequence consisting of a Diels-Alder reaction,
[2+2]-cycloaddition, and subsequent cyclobutane ring opening.” Re-
cent efforts include enantioselective radical and palladium-catalyzed

zipper reactions. 4
The synthesis presented here. developed by Shibasaki’s research

group, is the first total synthesis of capnellene (1) to take advantage

of asymmetric catalysis as a way of introducing all the stereochemi-

cal information into the target compound.®
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4.3 Synthesis

NaOH (cat.)
—_——
MeOH, reflux
83% 0

e Basic catalysis produces a nucleophile that participates in a C-C
coupling reaction.

e The initial cyclopentane derivative is extended by a C,4 chain.

e The cyclopentane starting point is a [J-dicarbonyl compound.

o Introduction of the C, chain is accomplished with an o, p-unsatu-
rated carbonyl compound.

Cyclopentanedione 7 is prepared via a Michael addition.” Under ba-

sic conditions the CH acid 2-methylcyclopentanedione (5) adds to
methyl vinyl ketone (6).

™SO OT™MS

[o)
8
(@) Sm—— e B
0
TMSOTY, CH,Cly,
7 784 9

85%

e Reagent 8 is used for constructing cyclic systems.
e TMSOTT activates the carbonyl compound.

e The reaction itself is a protecting-group operation.
e One carbonyl group preferentially forms acetals,
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The sterically less hindered carbonyl function in the side chain is
selectively protected as a dioxolane. No reaction is observed with
the cyclopentane carbonyl group. This procedure amounts to a
modification of a method developed by Noyori, which permits acet-
al formation at low temperatures.

The Noyori method is often utilized for protecting acid-sensitive
substrates because, in contrast to the usual techniques for acetal for-
mation with ethylene glycol, it does not require the presence of free
acid. The original procedure employed not reagent 8, but rather the
bistrimethylsilyl ether 19 of ethylene glycol.'” Shibasaki succeeded
in using 19 as well on a small scale, but in larger batches the de-
sired product 20 was subject to transacetalization to compound 21.
Introduction of the sterically more demanding reagent 8 made it
possible to avoid this rearrangement.

™SO OTMS Dbt
Nl ‘T“\/ 7 —0
19 M Q
§ TSR I T ™Yy O s E
TMSOTf, CH,Cla,  \___/ Y\ o
-78 °C 0
7% 20 21
0.
1. NaBH,, MeOH
o Yol o) o 2. TsCl, DMAP,
Pyridine
3. DBU, toluene, reflux
9 o 10

e The first reaction is a reduction.

e Reduction of a single carbonyl group requires that only 0.25
equivalent of sodium borohydride be introduced.

¢ Two hydroxy functions undergo reaction in the second step.

¢ In the third step a bulky base attacks the newly introduced func-
tionality from the second step.
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The first step accomplishes reduction of both carbonyl groups to
hydroxy functions. Only 0.25 equivalent of sodium borohydride
suffices to reduce each carbonyl group. The p-toluenesulfonyl
group introduced in the second step is a good leaving group, which
is eliminated in the third step by the bulky base DBU with forma-
tion of product 10.

1. TsOH,

94 %

/ 2.LDA, PhNTfy,
THF, -78 °C,
10

e The reaction sequence accomplishes formation of a double bond.
The first step is a protecting-group operation.

s In the second step the strong base LDA reacts with the function-
ality introduced in the first step.

e Which of the two enolates is formed under these reaction condi-
tions, the Kinetically favored or the thermodynamically favored
one?

e In similar reactions, trifluoromethanesulfonic anhydride is used
in place of N-phenyl bistrifluoromethanesulfonimide. '’

In the first step the acetal of compound 10 is cleaved under acid
catalysis. Kinetic control (=78 “C) in the second reaction leads to
selective formation of the sterically less hindered enolate,'* which
is trapped as the enol triflate 11.

N-Phenyl bistrifluoromethanesulfonimide is a stable solid, and thus
an easy reagent with which to work."? It is also well suited to the
introduction of triflate groups on phenols and amines. The com-
pound reacts with secondary aliphatic amines, but not with second-
ary aromatic amines,'*
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* From a mechanistic standpoint a bicyclic system is constructed
first.

e Malonate 12 reacts only after the ring closure.

e The reaction is a catalytic process involving palladium.

e An allyl-Pd intermediate is trapped by malonate 12 in a nucleo-
philic substitution.

e Product 13, containing three stereogenic centers, is obtained with
87% ee. Stereochemical information is introduced into the reac-
tion by a chiral catalyst.

A palladium-catalyzed C-C coupling reaction—the Heck reaction
—is used in the construction of bicyclic system 13. Cyclization
leads to a n*-allyl-Pd complex, which undergoes nucleophilic at-
tack by malonic ester anion 12. This in turn leads to formation of
the C4 side chain. The mechanism of this reaction therefore differs
from that of a normal Heck reaction.

In an oxidative addition, Pd(0) complex 22 with BINAP as a li-
gand accepts alkenyl triflate 11. The resulting Pd complex 23 is
cationic, since the triflate anion is bound only loosely to the palla-
dium and dissociates from the complex.'> Syn insertion of one of
the two enantiotopic double bonds of the cyclopentadiene into the
alkenyl-Pd bond of complex 23 leads first to n'-allyl-Pd complex
24. This is in rapid equilibrium with n’-allyl-Pd complex 25.
Neither 24 nor 25 contains a -H atom in a syn relationship to pal-
ladium. Moreover, internal rotation is impossible in the conforma-
tionally fixed ring system. For this reason there is no possibility of
a subsequent P-hydride elimination that would once again release
the palladium catalyst. In a normal Heck reaction (see discussion)
the catalytic cycle would be broken at this point.

However, cationic allyl-Pd complexes are subject to attack by a
nucleophile.'® Such an attack releases the catalytically active Pd(0)
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species 22, which in turn facilitates a catalytic cycle. Malonic ester
anion 12 approaches n’-allyl-Pd complex 25 from the side away
from palladium. The nucleophile is thereby introduced regioselec-
tively at the less substituted end of the n’-allyl-Pd intermediate, re-
sulting in compound 13.

Starting material 11 for the Heck reaction is prochiral. The three
newly established stereogenic centers in product 13 are unambigu-
ously established relative to one another through the Heck and nu-
cleophilic capture mechanisms. In the absence of further chiral in-
formation the absolute configuration of the stereogenic centers
would remain undefined, and the two enantiomers 13 and ent-13
would be expected to arise in equal amounts.

In order to obtain an excess of one of the two enantiomers 13 or
ent-13, chiral information must be introduced into the Heck reac-
tion. Axially chiral ligands at a metal atom (e.g., BINAP) are often
used as bearers of chiral information in transition-metal catalyzed

reactions.'” Shibasaki in this case used the (S)-enantiomer of BI-
NAP (26).
[ - Ny
Ph --..Pd“mu\“"tt' NL?
I--lb ~ —
- Me
PhoP. P ¥ -
\P?/- jhz 13
'_;’Im F pe
23 Ph,
@f
| PI --..PG“‘"‘“ F:__: H ¥

ent-13

Two double bonds are available to palladium for oxidative addition
in alkyl-Pd complex 23. Both double bonds are prochiral in the ab-
sence of chiral ligands on the palladium, but they differ in their to-
picity. Introduction of a BINAP ligand provides a chiral environ-
ment around palladium in complex 23, so one of the double bonds
in the cyclopentadiene is attacked preferentially. This differentiation
within the previously prochiral cyclopentadiene unit of compound
23 leads to an enantiomeric excess of 87% in favor of the (+)-
(45,108,115) enantiomer 13.
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Shibasaki observed a salt effect in this synthesis. Addition of two
equivalents of sodium bromide increased the enantiomeric excess
from 66% to 87%.

2.5 mol% Pd(allyl);Cl,, 6.3 mol% (S)-BINAP, 2 eq.NaBr, 2 eq. so-
dium enolate 12 of the malonic ester, DMSO, RT, 77%, 87% ee.

The Heck reaction is a palladium-catalyzed C-C bond-forming pro-
cedure that joins benzylic, vinylic, and aryl halides or the corre-
sponding triflates with alkenes or alkynes. The result is an alkenyl-
or aryl-substituted alkene. The mechanism below is assumed to ap-
ply to the Heck reaction.'®

[Pd(PPrg)q] 27

l -PPhy

[Pd(PPhs)s] 28

l -PPh
-HX ;

[Pd(PPhs);] 29 R—X 30
oxidative
addition

=70 ®
[HPd(PPHy)2X] 36 [R! -Pd(PPhy)z-X] 31
R
R\ = R
RO -
elimination syn-insertion
}_{d(?l’habx R§_<Fd(PPh3)2x
R R2 H RZ

internal rotation

Pd(IT) compounds such as Pd(OAc), or Pd(PPh;),Cl, can be used
as the palladium species, and these are reduced to the correspond-
ing catalytically active Pd(0) complexes with phosphines, olefins,
or bases; alternatively, Pd(0) complexes such as Pd(PPhs)s (27) or
Pd,(dba); can be introduced directly. The catalytically effective spe-
cies is the coordinatively unsaturated 14-electron complex 29,
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which arises in situ from the corresponding Pd(0) compound 28
through endergonic loss of a ligand.

The catalytic cycle consists of the following basic reactions. In
the first step (A) of the cycle, Pd species 29 undergoes oxidative
addition of an alkenyl or aryl halide 30. The result is a c-alkenyl
or o-aryl palladium complex 31. In the second step, alkene 32 co-
ordinates with Pd(II) compound 31. This is followed by syn inser-
tion (B) of the double bond into the alkenyl or aryl palladium
bond.

A B-hydride elimination requires that there be a coplanar rela-
tionship between the appropriate hydrogen atom and palladium.
Since this syn arrangement is not present in conformation 33, inter-
nal rotation (C) of the alkyl palladium species is necessary. [3-Hy-
dride transfer to palladium from 34 leads to syn elimination with
formation of olefin 35. The catalyst is subsequently regenerated
through the presence of base with elimination of HX (E), after
which the catalytic cycle can be repeated.

OBz
(.5 H
2.
—"3. oTPS
14

e In the course of the reaction sequence a carboxyl group is re-
moved.

¢ The method used for decarboxylation does not require prior hy-
drolysis.

e The decarboxylating reagent is lithium chloride.

¢ In the second step an ester is reduced.

e The third step is a protecting-group operation.

First, one of the two ethyl ester groups is decarboxylated by the
method of Krapcho, in which compound 13 is refluxed with
lithium chloride and water in DMSO (see Chapter 1)."” This is fol-
lowed in a second step by reduction of the remaining ester function
with DIBAH to a hydroxy group.”” which is protected in the next
reaction with benzoyl chloride.

1. 2 eq. LiCl, 1 eq. H,O, DMSO, reflux, 84%.
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2. 3 eq. DIBAH, CH,Cl,, -78 °C, 96%.
3. 2 eq. BzCl, 0.1 eq. DMAP, pyridine, CH,Cl,, 0 °C, 100%.

e This reaction sequence accomplishes in two steps the conversion
of an alcohol into an iodide.

e In the first of the two reaction steps the protecting group is re-
moved from the alcohol function, and the latter is then trans-
formed into a good leaving group.

o The third step is a Finkelstein reaction.

The TPS group is a silyl protecting group that can be removed
using TBAF as a source of fluoride ion. After removing the protect-
ing group the alcohol function is converted into a mesylate, which
is transformed in the third step via a Finkelstein reaction into an io-
dide.

1. TBAF, THF, RT, 97%.

2. 10 eq. MsCl, 15 eq. NEt;, CH,Cl,, -23 “C, 100%.

3. 5 eq. Nal, acetone, RT, 100%.

Halides are often prepared in a single step from alcohols through
use of the Appel reaction.”’ The reagents in this synthesis are tri-
phenylphosphine and a halogen species such as tetrachloromethane,
hexachloroacetone, or iodine. In place of the Appel reaction it is of-
ten possible to use inorganic acid chlorides, including phosphorus
tribromide or thionyl chloride (see Chapter 16).
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e A ring closure occurs. This cannot be accomplished with the
Heck reaction.

The desired cyclization reaction can, like the Heck reaction, be
carried out with haloalkenes, but it leads to saturated products.
Organotin reagents are normally employed.

The process occurs as a radical chain reaction.

A radical cyclization was conducted with 2.2"-azobisisobutyronitrile
AIBN (37) as the radical initiator. Tributyltin hydride serves as the
chain transfer reagent. Radical 38 arises from halide 15 through ab-
straction of an iodine atom, and this in turn cyclizes to radical 39.
Compound 39 then abstracts a proton from tributyltin hydride. The
resulting tributyltin hydride radical reinitiates the radical mecha-
nism, in that it abstracts an iodine atom from another halide mole-
cule 15 (see Chapter 14).

Cyclization leads to formation of a new stereogenic center. How-
ever, since the radical-bearing side chain can attack the double
bond only from above as a result of its P linkage with the bicyclic
system, the stereochemistry of the new stercogenic center is defini-
tively established. This new stereogenic center is thus introduced
with substrate control.

2 eq. AIBN, ("Bu):SnH, benzene, reflux.

Construction of tricyclic system 16 via a Heck reaction is impossi-
ble for two reasons. On one hand, use of an alkyl halide with a 8-
hydrogen atom is excluded, because after oxidative addition the
palladium would undergo immediate syn elimination with formation
of an olefin. Therefore, syn insertion into the olefin component is
ruled out. On the other hand, during B-hydride elimination in the
normal catalytic cycle a hydride in the B position must be trans-
ferred to palladium, but there are no accessible B-hydrogen atoms
present in the olefinic component of compound 15.
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16 17

* In one of the two reactions a double bond is cyclopropanated.
The cyclopropanation reagent in the process transfers a methy-
lene group.

* The cyclopropanation requires a methylene carbene that can add
to the double bond. Under which of the following sets of condi-
tions can methylene be prepared in situ from diiodomethane: a)
CHsl>, Cuw/Zn; b) CH;1,, KMnOy; ¢) CHsl,, ZnEt?

* An organozinc compound is used in the cyclopropanation.

e Certain organometallic reactions can be accelerated by coordina-
tion of the metal with a hydroxy group in the substrate. This has
an influence on the preferred sequence of the desired reactions.

e The first reaction is the deprotection of an alcohol.

The first reaction is deprotection of the alcohol. Benzoate 16 is hy-
drolyzed with NaOH. What follows is a modified Simmons-Smith
cyclopropanation with diiodomethane (41) and diethylzinc (40).

) Zn—Et

Et—Zn—Et + CH, CH, ¥ B
| |

40 41 42 43

A mixture of 40 and 41 provides the active zinc species 42 in a re-
action similar to the Schlenk equilibrium (see Chapter 1).* This
presumably alkylates alkene 16 in a bimolecular process via the
carbenoid transition structure 44. No free carbenes arise.

1. NaOH, MeOH, RT, 95% over two steps.

2. 5 eq. ZnEt,, 10 eq. CH;l,, toluene, 60 “C, 95%.

The cyclopropanation reaction originally developed by Simmons
and Smith utilized for eliminating iodine from a geminal diodide
the reducing agent zinc, which had previously been activated by

23
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Allylic hydroxy groups in the substrate are able not only to ac-
celerate the Simmons-Smith reaction through coordination of 42,
but their active volume also allows them to direct attack of zinc
species 42 selectively to one side of the double bond.™

e New atoms of what element are introduced into compound 17?
o [s this ring opening a substitution, an oxidation, or a reduction?

The sterically readily accessible external bond of the cyclopropane
ring is reductively opened through hydrogenation. This can occur
due to the high degree of ring strain in the three-membered ring.”*
0.2 eq. PtO;, H, (1.013 bar), AcOH, RT, 80%.

Basic elimination of a good leaving group is not utilized in con-
struction of the double bond.

The second step involves a syn climination similar to the Cope
elimination of amine oxides.

An o-nitrophenylselenide is first generated.

The second reaction is oxidation to a selenoxide, which sponta-
neously eliminates.
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The exocyclic double bonds of methylenecyclopentanes are very
sensitive. Especially in the presence of acid catalysis the system
readily undergoes isomerization so that the double bond assumes
an endo position within the ring. In the creation of the exe methy-
lene group Shibasaki utilized a mild selenoxide elimination, a reac-
tion that occurs even at room temperature.

For this purpose the alcohol function in 18 is converted into the
o-nitrophenylselenide 51 by treatment with o-nitrophenylselenocya-
nate (45) in the presence of tributylphosphine (46). The mechanism
is assumed to be as follows:*®

ArSeCN  + PBu; —» ArSeF Bus CN°
45 46 47
OH oF°Bu,
°
ArSeP@Bu3 CN + /{ o ArSe®+ /{ + HCN
47 Ras 48 R 4R
0P Bu, SeAr
e
ArSe + —» BusPO + /{
R R R R
48 49 50 51

Oxophilic phosphonium compound 47 forms from tributylpho-
sphine (46) and the phenylselenide 45, and this then suffers nucleo-
philic attack by alcohol 18. The resulting free selenium nucleophile
48 displaces phosphine oxide 50 with the formation of phenylsele-
nide 51. Phenylselenide 51 is oxidized by hydrogen peroxide to
phenylselenoxide 52, which at room temperature undergoes an
elimination reaction to (—)-A”'®-capnellene (1). The mechanism is
similar to that of the Cope elimination, proceeding via a cyclic tran-
sition state.

1. 3 eq. 2-nitrophenylselenocyanate (45), 3 eq. P("Bu)s, pyridine,

RT.
2. H;0,, 10 eq. K;COs5, THF, RT; 78% over two sleps.
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4.4 Summary

The synthesis presented here leads to (—)—Aqﬂz’-capnellcne (1) in 19
steps starting from triketone 7, with an overall yield of 20% and an
enantiomeric excess of 87%. Shibasaki’s research group employed
a linear synthetic strategy. The first key step is a domino reaction
consisting of a Heck reaction on prochiral starting material 11 fol-
lowed by attack of nucleophile 12 on an allyl-Pd intermediate. This
reaction leads to the construction of three stereogenic centers
through asymmetric catalysis. Stereochemical information is pro-
vided by an axially chiral (5)-BINAP ligand on palladium.

The second key step is a radical cyclization utilized for creation
of the tricyclic system 16. The stereochemistry of the resulting
newly introduced stereogenic center is established entirely by sub-
strate control, and is thus also derived indirectly from the BINAP
ligand.

Dimethyl substitution at C-1 is achieved by a Simmons-Smith cy-
clopropanation and subsequent reductive ring opening. The last
step to (—)-Ag"z’-capnellene (1) is a mild selenium oxide elimina-
tion, through which the exo-methylene group at C-9 is obtained.
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(=)-Epothilone A: Shinzer (1997)

5.1 Introduction

The epothilones' A (1a) and B (1b) were isolated and characterized
by the research groups of Hofle and Reichenbach from myxobacte-
ria of the genus Sorganium cellulosum 90.> Since discovery of the
compounds in 1993 a number of total and partial syntheses have
been reported. The first total synthesis was achieved by Danishefs-
ky's research group." Shortly thereafter there appeared syntheses by
Nicolaou® and Schinzer.’

Much of the interest in the epothilones is a consequence of their
fungicidal properties and especially their selective activity against
tumors.” Their mode of action seems related to that of taxol,
although the epothilone structure differs significantly from that of
taxol. Similar to taxol, the epothilones bind to microtubuli’ and
thus inhibit cell division. Taxol is in fact displaced from the bind-
ing site by the epothilones. Nevertheless, the three-dimensional
structures cannol be regarded as equivalent, so it is assumed that
the relevant binding sites on the microtubuli are not identical but
rather overlap. Epothilones display a roughly 1000- to 5000-fold
higher activity relative to taxol against resistant tumor cell lines.
Other advantages of the epothilones with respect to therapeutic ap-
plications are their superior water solubility and their accessibility
via fermentation. Results of in vivo studies are not yet available.

Total synthesis of the epothilones cannot compete with fermenta-
tion from the standpoint of quantity, but it does open possibilities
for derivatization and thus the prospect of perhaps even more effec-
tive substances.”

Epothilone A (1a) can be constructed in a convergent synthesis
starting from three building blocks. All the published syntheses fol-
low essentially the same general pattern, including the Schinzer
synthesis presented here.
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5.3 Synthesis

Problem
1. 1 eq TBSCI, NaH, THF, 92%
HO OH 2 (COCI), NEt;, DMSO, CH,Cly, -78 °C, 80%
/\71\
2 3.(HpeB .E,0, -78 °C —» RT; 4
NaOH, H,0,, reflux, 49%, 95%ee
Tips * Only one end of the diol is protected.
' Does the second step amount to an oxidation or a reduction?
Step two is an oxidation. The crotyl reagent attacks the resulting
aldehyde.
* In essence this crotylation is analogous to an aldol reaction.
Solution Propanediol is first protected at one end as a TBS ether. The free
T alcohol function is then subjected to a Swern oxidation, leading to
\/l aldehyde 22.
2
(@) 0
N "
Q o Vo 88
Cl—S—Me co,coc® MeT “Me .
1
Ma 19 R—C—oH | H
18 H
2
H = H Cl
A EPEL .. R(’:océ;m
— R— —S—Me —L—U—o—Me
g o’ N
ICH; g e
N8 HNED
21 20
H
N S
Vo AR R T gy T
R
22 23

This mild procedure utilizes DMSO as the oxidizing agent. DMSO
initially reacts with oxalyl chloride, and subsequent elimination of
carbon dioxide, carbon monoxide, and chloride results in the acti-
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vated cation 19. This in turn reacts with the TBS-protected alcohol
to give sulfurane 20, which eliminates a chloride ion and is thereby
transformed into a sulfonium salt. The salt is deprotonated at one
of the methyl groups by the base triethylamine such that finally, by
elimination of dimethyl sulfide (23), aldchyde 22 is formed, in the
course ol which intramolecular migration of a proton occurs.

Aldehyde 22 is converted stereoselectively in the third step into
homoallylic alcohol 4 using boron reagent 3. developed by
Brown.'" In this case a prenyl residue is transferred.

The mechanistic course of the allylation reaction (see also Chap-
ter 6) is analogous to that of an aldol addition. A carbonyl carbon
atom undergoes nucleophilic attack by an allylic double bond,
whereupon boron migrates to the carbonyl oxygen atom and a ter-
minal double bond is created. The reaction presumably takes place
through a six-membered chair-like transition state, the so-called
Zimmerman-Traxler transition state 24."" The absolute stereochem-
istry of the product is determined by the ligands on the boron re-
agent.

The resulting dialkylalkoxyborane 25 is then oxidized with alka-
line peroxide and hydrolyzed to the desired alcohol 4.

Ipc\ &\e bC\ ,% |FIC\ lo'pc
g —» OB—n—0oN B
i el
R R R
25 26 o O\ : Olpe 5 27
3H,0 Fi' + 00H|
ROH + 2IpcOH + NaB(OH); «——————— 0
+ NaOH i -OIP
4 30 29 R
28

Nucleophilic attack by the hydroperoxide anion produces initially a
tetrahedral borate (26) in which one alkyl group, here (-)-Ipc 31,
migrates from boron to oxygen, in the course of which a hydroxide
anion is eliminated and a stable boron-oxygen bond develops in
compound 27. This step proceeds with retention of configuration at
the migrating carbon atom. The same step are repeated with the
second residue to give trialkoxyborane 28. Finally. hydrolysis re-
sults in release of alcohol 4, two molecules of (—)-Ipc alcohol 30,
and one equivalent of borate 29.
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e The first step effects a change in the protecting-group strategy.
e The double bond is first oxidized to a cis diol and then cleaved.
e The reaction is a periodate cleavage.

In a first step, the TBS ether is subjected to acid cleavage with cop-
per sulfate in acetone containing a catalytic amount of glacial acetic
acid. The resulting diol is then protected as an acetonide. Next, the
double bond is oxidatively cleaved with sodium periodate and a
catalytic amount of osmium tetroxide to give aldehyde 5.

Oxidative cleavage of the olefin is accomplished by the method
of Lemieux-Johnson.'* The process begins with dihydroxylation of
the double bond using osmium tetroxide (see Chapter 3), leading to
a cis diol and osmium(VI) oxide. The added periodate has two
functions: first, it reoxidizes the osmium(VI) species to os-
mium{VIII), but it also cleaves the glycol oxidatively to an alde-
hyde. This is the reason for utilizing several equivalents of period-
ate. The periodate is in turn reduced from the +VII to the +V oxi-
dation state.

Mechanistically, what forms first is diester 32 of periodic acid. This

can occur with both cis and trans diols. The ester then decomposes

in a single-step process to aldehyde 5. formaldehyde (33), and the

trioxoiodine(V) anion 34.

1. 2.3 eq. CuSO,, HOAc, acetone, RT, 81%.

2. 0.02 eq. OsO4, 5 eq. NalQ4, THF/phosphate buffer pH7. RT,
86%.
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e The Grignard reagent attacks at the most electrophilic position
in 5.

e The product is an alcohol.

e Is the second step a reduction, an oxidation, or an olefination?

The Grignard reagent first adds nucleophilically to the carbonyl
carbon atom and forms a secondary alcohol (see also Chapters 1
and 2). This is subsequently oxidized to ketone 6. The oxidation
step is based on a catalytic variant using TPAP."?

Similarly to oxidative olefin cleavage with periodate, the first in-
termediate formed is ester 35, here a perruthenate at the oxidation
level +VIL. A B-elimination releases ketone 6 and the ruthenium(V)
acid 36. N-Methylmorpholine-N-oxide (NMO) serves in this case to
regenerate the perruthenate(VII) species, and must therefore be in-
troduced in stoichiometric quantity.

o_ ,0
)
Ru‘_’?X X o)
G”\ooo £ 2888 '

—n |
35 6 36

Compound 6 constitutes the first of the three building blocks.
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* Notice the stereochemistry at C-2 in compound 8.

¢ In the first step the carboxylic acid is transformed into a reactive
species.

* The oxazolidinone is acylated with the active form of the acid in
the second step.

¢ The third step accomplishes an asymmetric alkylation.

The acid is converted with thionyl chloride into the corresponding
acid chloride, which reacts in a second step with the anion of the
Evans oxazolidinone 37" 1o give an N-acyloxazolidinone. This is
then deprotonated with sodium hexamethyldisilazide and subse-
quently alkylated selectively with methyl iodide to produce com-
pound 8.

Starting with the N-acyl derivative. sodium hexamethyldisilazide
selectively forms the Z-enolate 38 (amides usually form Z-eno-
lates). Chelate formation between sodium and the two oxygen
atoms requires a conformation for 38 in which the isopropyl group
shields the bottom of the molecule, so attack by the nucleophile oc-
curs from above. This method generally provides outstanding selec-
tivity. The Evans auxiliary has also been used successfully to
achieve stereocontrol in aldol'® and Diels-Alder reactions.'®
1. SOCl,, benzene, reflux, 92%.

2. "BuLi, oxazolidinone 37, THF, -78 'C, 65%.
3. NaHMDS, Mel, THF, -78°C, 82%.
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® The Evans auxiliary is removed.
e In the second step Schinzer employed a reaction that has already

appeared once in this synthesis.

The Evans auxiliary is first removed reductively. As a result, N-
acyloxazolidinone 8 is transformed into a primary alcohol.

This is only one possible approach to cleavage of the auxiliary."”
Other options include cleavage with alkaline peroxide to an acid or
transamidation to the Weinreb amide'® (see also Chapter 2), which
could be reduced directly to an aldehyde.

Finally, the alcohol is converted into aldehyde 9 by a Swern oxi-
dation.

The base LDA transforms 6 into an enolate.

This enolate attacks compound 9 at the aldehyde carbon atom.
What occurs is an aldol reaction.

Which relative stereochemistry would you anticipate: syn or
anti?
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In the first step ketone 6 is deprotonated with LDA. Based on the

Ireland model,'? it is the Z enolate 39 that forms. This attacks the

aldehyde carbon atom in 9 such that the Z lithium enolate leads to
the syn isomer. Because of intramolecular chair-like chelate com-
plex 39 the freedom of the transition state is limited and attack on
aldehyde 9 is so directed that only the desired diastereomer 10
arises.

The observed high degree of selectivity is a result of the fact
that substrate induction and reagent induction reinforce each other
and are thus intensified. This is therefore a case of double stereodif-
ferentiation.”® The two compounds constitute what is known as a
“matched pair.” In a “mismatched pair” the two inductive tenden-
cies would be in competition, and selectivity would be reduced.

1. TBSCI, Imldazale, DMF, RT,98%
2.0, PPha. CH,Cly, -78 °C, 70%

- —

3, MBuli, THF, -78 °C — RT, 75%

pesme S 3 _< P(OEf)z 13
\ 12

® The reagent TBS chloride has already been employed previously
in this synthesis under different conditions. Its role here is the
same.

o The second step consists of an oxidative olefin cleavage.

® Phosphonate 12 is a compound with an acidic C-H group that is
deprotonated by n-butyllithium.

e The third step is a Horner-Wadsworth-Emmons olefination.

Secondary alcohol 11 is first protected as a silyl ether with TBS
chloride, after which the terminal double bond is ozonized. The re-
sulting methyl ketone is subsequently converted stereoselectively
with a Horner-Wadsworth-Emmons reaction”' into olefin 13. This
reaction sequence leads to frans selectivity in the formation of the
terminal double bond in 13. 1

Ozonolysis of a double bond leads first to a so-called primary
ozonide 40 through 13-dipolar cycloaddition. Rearrangement of
primary ozonide 40 with ring cleavage produces a carbonyl oxide
42 and a carbonyl compound 41, which then recyclize to secondary
ozonide 43. The reaction terminates with a redox process involving
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added triphenylphosphine, which by reducing secondary ozonide
43 releases ketone 44 and formaldehyde.

Use of a stronger reducing agent such as lithium aluminum hy-
dride or sodium borohydride would generate the corresponding al-
cohols, whereas an oxidative workup with hydrogen peroxide
would cause the carbonyl compounds to be oxidized in situ to car-
boxylic acids.

The third step is a Horner-Wadsworth-Emmons reaction in which
a C-C double bond is created by condensation of ketone 44 with
the lithium salt of the B-thiazolephosphoric acid dialkyl ester 12.
The desired compound 13 is obtained selectively with rrans geome-
try. The precise mechanism of the Horner-Wadsworth-Emmons re-
action is not yet known, so the source of the rrans selectivity re-
mains uncertain. It is assumed that, analogous to the Wittig reac-
tion, an oxaphosphetane forms as an intermediate (see also Chapter
9).

o Prior to oxidation the primary TBS ether must first be cleaved.
e This is not a Swern oxidation.

First, the protecting group is selectively removed from the primary
(and thus more reactive) alcohol function using [luoride ion in a re-
action that proceeds only in the presence of glass fragments. The
fluoride in this case is introduced in the form of hydrofluoric acid.
Schinzer has postulated in this context the participation of hexa-
fluorosilicate as a catalyst.™
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The newly released alcohol is then oxidized to aldehyde 14 by the
mild method of Dess and Martin (see Chapter 7 for further discus-
sion of the Dess-Martin oxidation).

1. HE, CH;CN, glass fragments, 0°C, 87%.

2. Dess-Martin periodinane 45, CH,Cl,, RT, 78%.

e The process begins with formation of a quaternary phosphonium
salt from methyl bromide and triphenylphosphine, after which
the salt is deprotonated with sodium amide.

* The result is a phosphorus ylide, which attacks the aldehyde.

e The first step is thus a Wirrig reaction.

e Fluoride ion accomplishes an ether cleavage.

In the first step a Wittig reaction® is used to transform the alde-
hyde into a terminal olefin. This requires initial preparation of a
quaternary phosphonium salt. The latter is then deprotonated with
sodium amide to give phosphorus ylide 46, which after nucleophi-
lic attack on aldehyde 12 leads to the oxaphosphetane intermediate
47. This intermediate in turn decomposes into olefin 48 and triphe-
nylphosphine oxide.

Decomposition of the oxaphosphetane occurs with retention of
geometry. Thus, a cis oxaphosphetane reacts to give a cis olefin
and a trans-substituted oxaphosphetane gives a rrans olefin. The
ElZ selectivity of double bond formation plays no role whatsoever
in this case, since the new linkage is an unsubstituted terminal dou-
ble bond. Nevertheless, in general it is a function of the stability of
the ylides. Unstable ylides usually carry alkyl residues and lead pri-
marily to cis olefins. Semistable ylides typically contain aryl substi-
tuents that are able to slightly stabilize a carbanionic center, and
these usuvally give cis/irans mixtures. Ylides bearing strongly elec-
tron-withdrawing groups (e.g.. carbonyl groups) are stable and pro-
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duce olefins with rrans selectivity (see also Chapter 6). These selec-
tivities are directly related to the ratios of the resulting oxaphosphe-
tanes. Unstable ylides rapidly form cis oxaphosphetanes, but trans
oxaphosphetanes only slowly. With semistable and stable ylides the
rate of trans-oxaphosphetane formation increases, so the fraction of
trans olefin also increases.

The second step is a fluoride-induced desilylation to alcohol 15.

‘What follows is derivatization of 10 to 16, which is then
coupled with 15.

e This synthetic sequence encompasses not only protecting-group
operations, but also the creation of an acid function, and this re-
quires a particular order for the steps.

e The first step is cleavage of the acetal protecting group.

e In a second step the hydroxy functions are protected as TBS
ethers.

e The third step is selective deprotection of the primary alcohol.

e Oxidation to a carboxylic acid occurs as the last step.

In the first step the cyclic acetal is subjected to acid cleavage, after
which all the free alcohol functions are protected as TBS ethers
with the aid of the very reactive silylation reagent TBS triflate. The
primary alcohol is then deprotected under mild conditions and oxi-
dized with PDC to a carboxylic acid.

1. PPTS, MeOH, RT, 88%.

2. 12 eq. TBSOTT, 6 eq. 2.6-lutidine (49), CH,Cl,, -78°C, 96%.

3. 0.2 eq. CSA, McOH, CHCl,, 0°C, 82%.

4. 11 eq. PDC, DMF, RT, 79%.

Problem

Solution
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An ester is synthesized in the first step.

DCC activates the carboxyl group for esterification.

A ruthenium complex is responsible for catalytic ring closure to
a macrocyle.

The two double bonds are transformed into one endocyclic dou-
ble bond and ethene.

In the first step ester 50 is formed from secondary alcohol 15 and
acid 16. Dicyclohexylcarbodiimide (51) activates acid 16 for attack
by the nucleophile. First the acid is deprotonated and then the re-
sulting carboxylate 52 adds to the protonated carbodiimide species

53, leading to an O-acylisourea, 54. This activated ester is very re-

active with respect to nucleophiles, and as a result of attack by al-
cohol 15 the urea derivative 55 is eliminated, producing the desired
ester 50.

> >
N o) N
A il il e Il
R—C—0—H + ft: —_— R‘b—c—wﬁ_:b
16 IN HN® |
\/ 1 52 |
Cy Cy
51 ‘|3Y 53 ?v
Il H'I‘l R20H ﬁ ﬁ
RI—C—0—R? + 0=C 3 - R—C—0—C
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Cy Cy
55 54
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Ring closure occurs during the next step, which takes the form of
an olefin metathesis. The two terminal double bonds in 50 are
coupled together with release of ethene (58), thereby closing the
ring to 17.

Olefin metathesis™ is an equilibrium reaction. It is assumed that
in the first step olefin 50 adds to catalyst 56. This leads via [2+42]-
cycloaddition to a metallacyclobutane 57, from which ethene (58)
is released and equilibrium is displaced in the direction of product.
Metallacarbene 59 then reacts intramolecularly in an analogous way
with the second olefin to form another metallacyclobutane ring, as
shown in 60, in the decomposition of which catalyst 56 is regener-
ated and macrocycle 17 is released.

50
/3§
M= = M
o s1/

&

R e s
o u om

M f—
- — M

60 59/

Product 17 is obtained in 94% yield, but as a 1:1 mixture with re-
spect to the double-bond isomers.

Two possible catalytic systems for olefin metathesis are the com-
mercially available carbene complexes 61 and 62. Molybdenum
complex 62, developed by Schrock,”> was the first to be intro-
duced. Nevertheless, it has the disadvantage of being both unstable
and difficult to access. The newer Grubbs catalyst®® 61 is now pre-
ferred because it is stable and also easy to synthesize. Both cata-
lysts are also appropriate for starting materials containing heteroat-
oms (see also Chapter 16).

Discussion
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® The silyl protecting group is first removed.
e In a second step the macrocyclic double bond is epoxidized.
* A cyclic reagent is employed for the epoxidation.

Once the two TBS protecting groups have been removed with hy-
drofluoric acid as a source of fluoride, the epoxide at C-12 is con-
structed as the last step of the overall synthesis. For this purpose di-
methyldioxirane (63) is utilized. It is conceivable that epoxidation
could also have occurred at the exocyclic double bond at C-16, or
that attack by the dimethyldioxirane could have taken place from
the top face of the macrocycle. Schinzer obtained the desired natu-
ral product (—)-epothilone A (la) in 48% yield.

1. HE, CH;CN/Et,0, RT, 65%.

2. Dimethyldioxirane, CHCl,, —35"C, 48%.
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5.4 Summary

(-)»-Epothilone A (la) was prepared with a convergent synthetic
strategy starting from the three building blocks 6, 9, and 15. Frag-
ments 6 and 9 were coupled in a highly stereoselective aldol reac-
tion (C-6/C-7), and this was followed by esterification with the last
component, 15.

The final key step in the synthesis is a macrocyclization via olefin
metathesis (C-12/C-13). The step occurs unselectively albeit in high
yield and generates the double bond as an E/Z mixture with equal
contributions from the two isomers.

Overall, (-)-epothilone A (1a) was prepared in 16 steps starting
from propanediol (2) in a yield of 1.5%.
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Erythronolid A: Hoffmann (1993)

6.1 Introduction

Total syntheses of the highly effective antibiotics erythromycin A
(2) and (B) thread their way through the entire history of modern
organic synthetic chemistry."* Despite their clinical significance,
however, there is actually no immediate necessity for developing
efficient syntheses of the compounds, since adequate amounts are
available through fermentation with a strain of Streptomyces ery-
threus. Since Corey’s first preparation of enantiomerically pure ery-
thronolid B (4) in 1978 and Woodward’s synthesis of erythromy-
cin in 1981,%>° publications on this subject have concentrated pri-
marily on the further development of stereoselective syntheses.' At-
tempts to synthesize derivatives of the erythromycins often have
had the important goal of demonstrating the advantage or efficiency
of a particular method. From a structural standpoint, 2 and 3 con-
sist on one hand of two sugar units and on the other of a 14-mem-
bered macrocyclic lactone in each case. The lactones have been de-
signated erythronolid A (1) and B (4), and this particular chapter is
devoted to a synthesis”*? of erythronolid A (1) reported by Hoff-
mann in 1991.

The first retrosynthetic scission is cleavage of the lactone into a
suitably protected acid 5. Construction of the corresponding carbon
skeleton should now be possible starting with only two elementary
structural elements. In the process, the stereogenic centers at C-2,
C-3, C-4, C-5, C-8, C-10, and C-11 are generated by the attack of
carbon nucleophiles on carbonyl groups, while the remaining cen-
ters (at C-6, C-12, and C-13) are created by epoxidation of appro-
priate alkenes.

LRI =H R2=H R3=0OH

&R =HRZ=H,R3I=H

S
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6.3 Synthesis

e Both reactions are nucleophilic substitutions.
e The methyl group is introduced first.

With the help of zinc dichloride, dichloride 6 is treated first with
methyllithium and then with Z-propenyllithium. In the process, 6
reacts at —78 °C initially with methyllithium to give ar complex 20,
which at higher temperature decomposes to the substitution prod-
uct. The mechanism of the second reaction is analogous. If one in-
terchanges the two synthetic steps what results is an intermediate
(a-chlorerotyl)boronate, which proves unstable with respect to iso-
merization of the double bond and epimerization of the stereogenic
center in the allylic position.'?

1. MeLi, THF, —-78°C; ZnCl,, 78 °C — RT.

2. Z-Propenyllithium, THF, -78 °C - RT, 62%.

® An asymmetric epoxidation and an oxidation are carried out; in
what sequence is this done?

e Oxidation of the alcohol entails use, among other things, of
DMSO.

Allylic alcohol 8 is converted into epoxyaldehyde 9 with the aid of
a Sharpless epoxidation'” "' followed by a Swern oxidation'? (see
Chapter 5). Since an allylic alcohol functionality is essential for
Sharpless epoxidation, oxidation of the alcohol cannot be the first
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step. A hydroxy group in the allylic position in this case not only

provides good selectivity but also increases the rate of reaction, so

that allylic alcohols can be selectively epoxidized in the presence

of isolated double bonds.

1. Ti(O'Pr);, L-(+)-dimethyltartrate, ‘BuOOH, MS 3 A, CH,Cl,,
-25°C, 85%.

2. DMSO, (COCl),, NEt;, CH,Cl,, -78°C = 0°C, 95%.

The success of this approach is a result of the versatility of the
Sharpless epoxidation of allylic alcohols,'®'" which also has the
advantage of predictable stereochemistry.

R R R

B e S o ol Sl Q

RM D-(-)-tartrate R,S/?“ L-(+)-tartrate " i
R R

R
21 22 23

e What occurs is nucleophilic attack by the oxygen atom of cyclo-
pentanone on the epoxide.
* An acetal is then formed.

Lewis-acid catalysis causes the ketone to attack the sterically more

accessible C-3 carbon atom of epoxyaldehyde 9., which leads to

compound 10 with inversion of the configuration at this stereogenic

a
gt
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6 Erythronolid A

Compound 10 is an interesting building block for the synthesis of
several pharmacologically significant macrocyclic lactones.” The
method shown provides both enantiomeric forms of 10 enantiomeri-
cally pure in only three steps.

———
3. Oy, CH,Cl,,
-78 °C; PPh;

e The last step is an ozonolysis, which generates the aldehyde
function from an alkene.

e What is the reaction called that introduces the olefin functional-
ity into compound 107 Is it a) an aldol reaction; b) an allylation;
¢) an alkylation: or d) a crotylation?

e The process is a crotylation.

e Through reagent control this reaction produces selectively two
slereogenic centers.

e Should the reagent be a) 7, or b) ent-7?

e Induction is determined exclusively by the allylic stereogenic
center of the crotylboron reagent.

» Reaction proceeds through a 6-membered transition state.

e A p-methyoxybenzyl protecting group is introduced in the sec-
ond step.

In the first step, reagent 7, developed by Hoffmann, is used for
asymmetric crotylation in order selectively to create the stereogenic
centers at C-10 and C-11 (dr >98:2)."*"" This produces com-
pound 24, which is subsequently protected at C-11 as the p-meth-
oxybenzyl ether. Protection is accomplished by reaction of the an-
ion of the alcohol with commercially available p-methoxybenzyl
chloride."> '

The allyl and crotyl boron reagents are so-called Type I re-
agents.'”” A cyclic six-membered transition state forms because the
metallic center possesses sufficient Lewis acidity to coordinate with
the oxygen atom of the aldehyde. The result is that Z-pentenylbor-
on compounds give syn products, whereas E-pentenylboron com-
pounds give anti products (stereodivergence). In cases where the
metallic center does not show sufficient Lewis acidity (e.g., with
crotyltrimethylsilane), one refers to Type II reagents. These react by
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way of open-chain transition states, always producing syn products
(syn stereoconvergence). Type IIl reagents contain transition metals
such as titanium and react to give anti products (anfi stereoconver-
gence).

In the example here, the six-membered transition state 27 is de-
stabilized by the influence of the stereogenic center through a
powerful 1,2-diaxial interaction. It is worth noting that this one
stereogenic center alone is demonstrably responsible for the high
degree of induction.'?

\J |
27

2. Benzene, 7, 80°C, 81%.
3. PMBCI, NaH, DMF, RT, 97%.

The products of crotylation and aldol reactions of aldehyde 30 to
give 31 and 33 are shown below. Ozonolysis makes it possible to
transform 31 into 33. This leads to the possibility of replacing the
aldol reaction by a reaction sequence of crotylation and ozonolysis.
With respect to allylation reactions and ozonolysis, see Chapter 5.

crotylation
M/\\/\
29 0 a1 R

o Os

ﬂ/ L
—
H aldolyreaction e

32

Type I:

Type 11z

Type III:
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e A diol protecting group is prepared from the protecting group al-
ready present. What type of reaction does this represent: a) re-
duction; b) oxidation; ¢) nucleophilic substitution; or d) elimina-
tion?

e The method for generating the stereogenic centers has already
been employed in this chapter.

Aldehyde 11 is first crotylated with the ent-7 enantiomer of the re-
agent discussed above, leading to compound 34. Mild oxidation of
the PMB protecting group with DDQ results in the p-methoxyphe-
nyl protecting group, which corresponds to an acetal of anisalde-
hyde.ls’ 16

Oxidation with DDQ gives the oxocarbocation 35 pictured in the
margin, which is attacked nucleophilically by the oxygen atom of
the free hydroxy group.”'® The p-methoxybenzyl ether is thereby
transformed selectively into a diol protecting group. This can be de-
protected not only with acid (as with other acetals) but also, for ex-
ample, oxidatively with DDQ or CAN. These cleavage methods
can also be applied to the PMB protecting group.'>'®
1. Petroleum ether, ent-7, MS 3 A, 25°C.
2. DDQ, 0°C, MS 3 A, 79%.
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e There is an extra methyl group present at C-6.

® The bond is first cleaved between C-6 and C-7.

* A double bond must therefore be reestablished in the next step.
Which of the following methods of alkene synthesis appear rea-
sonable: a) Wirig; b) Horner-Wadsworth-Emmons; or c) Peter-
son olefination?

An ozonolysis of the double bond is carried out initially, and the
resulting aldehyde is then subjected to a Wirtig reaction. Wittig reac-
tions with stable ylides usually occur with greater than 90% £ se-
lectivity.'”?® The other two olefination methods can also generally
be applied to the synthesis of a,B-unsaturated esters.”" *

1. 05, CH,Cly, =78 °C; PPhs.

2. CH,Cl,, Phy*"CH (CH;)CO,Et, RT, 91%.
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* Which reducing agent should be used to transform 13 into 14:
a) LAH or b) DIBAH?

Ester 13 is reduced with LAH to allylic alcohol 14. Reductions of
a,f-unsaturated carbonyl compounds with LAH do not always lead,
as shown here, to allylic alcohols (1,2-reduction). In some cases
one observes simultaneous or even more rapid reduction of the
double bond (1,4-reduction). Success in this transformation can be
absolutely assured by reduction with DIBAH.>*?* In cases of
doubt one should always carry out exploratory experiments.
LiAlHy, Et,0, RT, 99%.

s Some of the synthetic methods utilized have already been men-
tioned in this chapter.

e The first step is a Sharpless epoxidation of the allylic alcohol to
a C-6, C-7 epoxide. Does application of L-(+)-dimethyltartrate
lead to attack from a) below or b) above with respect to the
structure as drawn?

o The functionality required for crotylation is achieved in the sec-
ond step with "PryN"RuQ,~ (TPAP).
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o Which of the possible diastereomers arises during crotylation
with reagent 77

TPAP is a standard reagent for oxidizing alcohols to aldehydes. It
can be introduced either stoichiometrically or, as here, in catalytic
amounts in combination with a cooxidant (NMO; see Chapter 16).

The absolute configurations of the new stereogenic centers in 15,
introduced through the Sharpless epoxidation and crotylation, can
be predicted with the aid of the rules cited above. It is worth no-
tice, however, that crotylation in the present case was carried out at
10 kbar. This is a frequently used modification of standard reaction
conditions (with other synthetic methods as well) designed to im-
prove selectivity and/or yield.

PMPh

72% | 1. 1.0 eq 'PrMgCl;
5.0 eq LiAlH,4, THF, 65 °C

97% | 2. PMBCI, NaH, DMF, RT

16

e Addition of a Grignard reagent leads only to deprotonation of

the alcohol at C-5 and thereby to intramolecular activation of the
epoxide.

e Lithium aluminum hydride opens the epoxide ring reductively.

e The final protecting-group operation takes place selectively at

the secondary alcohol.

Solution

PMPh

Problem

Tips




88

Solution

Problem

Tips

Solution

6 Ervthronolid A

Especially interesting is the fact that the epoxide ring is activated
by intramolecular chelation™ (37). Prior to this discovery, 18 stan-
dard reagents had failed in opening the epoxide.” The reducing
agent attacks activated epoxide 37 selectively from the sterically
more accessible side and produces a tertiary alcohol. Selective pro-

tection of the secondary alcohol leads to compound 16.

PMPh
) 1= R il PMBO
] ! '
\‘ | 4 :\
o ! o M
16
X PMPh PMPh
-

® An analogous synthetic sequence was used to construct the C-7
through C-9 fragment.

* The sequence is: cleavage of the double bond, then crotylation,
then protection.

e In this case there is need for one step more than with the C-7
through C-9 fragment.

¢ Cleavage of the double bond occurs in two steps.

The only difference in the synthetic sequence relative to the prepa-
ration of 12 consists of a variation in cleavage of the double bond.
Employed here was a dihydroxylation followed by periodic acid
treatment™® (see Chapter 5) rather than the ozonolysis used with the
C-7 through C-9 fragment.

1. NMO, cat. OsQy, acetone, RT.

2. NalO,, THF, H,0, 0°C.

3. Petroleum ether, 7, 10 kbar, RT, 70%

+

. DDQ, MS 3 A, -20°C, CH,Cl,, 82%.
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The acid function in 18 is derived from the double bond.

e To this end the double bond is first cleaved to an aldehyde.

e This takes place over two steps.

e After periodic acid cleavage of the double bond, the aldehyde is

oxidized to an acid. What reagents are best suited to the task:
a) CrOs/H,S0 /acetone (Jones reagent); b) NaClO-/NaH,PO,/2-
methyl-2-butene; ¢) TPAP; d) PCC; or e) PDC?

Jones reagent is used to oxidize the aldehyde here to an acid. In
general only the first two reagents listed in the “Tips” oxidize alde-
hydes to acids. TPAP can be used for oxidation of alcohols to alde-
hydes, ketones, or acids. The others are used for oxidizing alcohols
to aldehydes or ketones.”’

. NMO, 0s0O, (cat.), acetone, 0°C.

2. NalO,, THF, H-0, RT.

3. CrO4, H,S50,, acetone, —20°C.
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e In going from 18 to 19 the protecting groups are removed, but a
macrolactonization is also achieved. In what order are these
steps carried out?

» First the cyclopentylidene acetal is cleaved. What reaction condi-
tions are used for cleaving acetals: a) acidic conditions, or b) ba-
sic conditions?

e This is followed by macrolactonization.

e For this purpose the carboxyl group is activated.

e Finally, the PMPh acetals are cleaved.

Although successfully carried out with model compounds, the cy-
clopentylidene acetal here could not be hydrolyzed selectively in
the presence of the other protecting groups. Selective deprotection
occurred only upon addition of trinitrotoluene, which as a more
electron-deficient aromatic system forms a charge-transfer complex
with the electron-rich aromatic portion of the PMPh acetal. The
charge-transfer complex decreases the electron density of the acetal
and thus increases its stability, presumably due to reduced stabiliza-
tion of cation 38. In this way it proved possible to release the alco-
hol functions at C-12 and C-13 selectively with acid.

Macrolactonization of substrates such as 18 is a subject that has
been investigated intensively. It was early established that the reac-
tion proceeds well only if attention is paid to certain details.'™*®
First, the stereochemistry at C-9 is crucial, since only lactones with
a 9§ configuration are formed. For the same reason, the alcohol
groups at C-3/5 and C-9/11 must be protected by cyclic systems.
Furthermore, special activation of the carboxyl group as a thioes-
ter>? or anhydride ** is necessary. In this case the activation was in-
troduced by the Yamaguchi method?' through conversion into the
anhydride 40 of trichlorobenzoic acid.
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1. TNT (10 eq.), 2N HCI, CH,Cl,, MeOH, 35°C.
2. Trichlorobenzoic anhydride (39), DMAP, toluene, RT.
3. 2N HCl, MeOH, 45°C, 77%.

These steps constitute the end of Hoffmann’s synthesis, which thus
terminates with (9S5)-dihydroerythronolid A (19). Continuation of
the synthesis to erythronolid A (1) had already been accomplished
by Kinoshita." Glycosidation of erythronolid A to erythromycin A
(2) was carried out as early as 1981 by Woodward.® Thus, the syn-
thesis presented by Hoffmann formally represents a total synthesis
of erythromycin A (2).

® Acetalization under the conditions described is thermodynami-
cally controlled.

* Aldehydes preferentially form acetals containing 6-membered
rings, whereas ketones prefer 5-membered rings. Which of the
two possible 6-membered-ring systems is thermodynamically fa-
vored?

e A decisive factor is the relative stereochemistry of the hydroxy
groups.

e The OH group at C-9 can be selectively oxidized after protec-
tion of the alcohol functions at C-3 and C-5, although no simple
explanation is apparent for this selectivity.
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6 Erythronolid A

e The acetal is subsequently cleaved.
® Acid is avoided in this process to eliminate the risk of epimeri-
zation at C-8 and C-10.

If molecule 19 is written out in a zigzag fashion, the hydroxy
groups at C-9 and C-11 are seen to be trans to each other, whereas
those at C-3 and C-5 are cis. In the chair conformation of the cy-
clohexane the two large substituents R of the C-3, C-5 acetal thus
occupy equatorial positions (41), but this is not possible with the
corresponding C-9, C-11 acetal 42. For this reason the latter is un-
likely to adopt a chair-like conformation. Even if these considera-
tions represent only a first approximation, it is still possible to draw
the correct conclusion, namely that the C-3,C-5 acetal 41 is thermo-
dynamically favored, therefore leading to compound 43.

The hydroxy group at C-9 is later oxidized, after which the ben-
zylidene acetal is cleaved by hydrogenolysis.** This eliminates any
risk of epimerization that might accompany acidic cleavage.

1. PCC, MS 3 A, 0°C, 80%.
2. Pd/C, 1 bar H,, MeOH, 82%.

6.4 Summary

The synthesis of erythronolid A presented here is may be linear,
but it still represents the shortest known total synthesis of a com-
pound in this category. Construction of the stereogenic centers is
achieved exclusively through reagent control using the crotylation
developed by Hoffmann together with Sharpless epoxidation. It
thus proved possible to synthesize (95)-dihydroerythronolid A (19)
in an iterative procedure consisting of 23 steps with an overall
yield of 10%.
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