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Foreword 

"He fhat questioneth much shalllearn much ... " 

F. 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, aIlowing innovative new tactics and strategies 
to be considered and implemented. Indeed, the report of innovative 
methodology is followed quicldy 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 formato 
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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Moreover, because in its scope the authors have ignored intema­
tional borders, the book effectively parlays the global aspect of cur­
rent research in the exciting field of organic synthesis. 

When 1 was a graduate student, 1 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 Heacf'. These books provided a source of challeng­
ing problems that kept my lab mates and 1 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 foro 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 modem synthet­
ic organic chemistry. 

Erick M. Carreira 



Preface 

We hope you'lI 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 Gbttingen 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 formo No holds 
are barred when it comes to questions that rnight 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 concemed. 

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 rnissing 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 labe!' Sometimes several 
steps are grouped together as one problem, in which case a clear in­
dication is provided of the number of operations required. 
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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 c1ues (i.e., the Tips, 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! - wiU be 
enthusiasticall y we1comed. 

Jan-Ame Gewert 
Jochen Gorlitzer 
Stephen G6tze 
Jan Looft 
Pia Menningen 
Thomas Nobel 
Hartmut Schirok 
and Christian Woljf 

Gottingen, 2000 
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Veticadinol: Tietze (1998) 

1.1 Introduction 

Veticadinol (1) is cIassified 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, (-)-a-pinene (2) 
i commonly used as a ligand for chiral induction. 

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 
cis-fused decalin system. 

Veticadinol (1) was isolated by Chiurdoglu and Delsemme in 
1961 from Congolese vetiver oil , J but could not at first be obtained 
in pure formo 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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~ 
HO 
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1.2 Overview 

~ 
0.1 eq pipeñdinium acetate, 
CH2CI2, 20 oC 

82% 

9 

92% 
FeCI:¡IAI20 3, 

CH2CI2, -78 oC -.20 oC 

+ 

98.8 1.2 

N.CI, H20, 
DMSO,150°C 

92% 

11b 

1 

10 

12 
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1 Veticadinol 

1. (CH20)n, 1 eq AIM~CI, CH2C~, 
O oC ..... 20 oC, 81% 

2. TsCl, pyridina, O oC ..... 5 oC, 83% 
3. Nal, acetona, 20 oC, 86% 

3 

13 

1 

veticadlnol 
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Solllfion 

1l
C 0 0 

N-I2 OAe 

-HOAc 

c;1<c02Me 

H C02Me 
15 

1 Veticadinol 

1.3 Synthesis 

Me02C 

> Me02C ~ 0.1 eq piperid inium acetate. 
+ CH2CI2• 20 oC • 

0 '& -......... 82% 

8 9 10 

• Piperidinium acetate deprotonates malonic ester 8. 
• The malonic ester anion performs a nucIeophilic attack on the al­

dehyde citronellal (9). 
• The initially formed product eliminates water. 
• The overall result is a condensation reaction. 

This process represents a Knoevenagel condensation,3 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. 

15 9 

M~~ 
Me02C °e 

16 

~~~ 
Me02C~ 

C02Me 

10 

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



M'O'~~ 
C02Me 

10 

FeCI3/AI20 3• 

1 

CH2CI2• -78 oC --? 20 oC 

+ 

11a 11b 

98.8 : 1.2 

• A six-membered ring is cJosed. 
• The process occurs as a pericycJic reaction. 
• A hydrogen atom migrates in a 1,5-shift. 
• The location of the allylic double bond changes. 
• An ene reaction takes place. 

Veticadinol 

In a Lewis-acid catalyzed intramolecular ene reaction,4 the alkene 
(ene) reacts in a pericycJic fashion with an enophile to form two 
new cr bonds with concurrent migration of the allylic double bond. 

Jo 

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

The reaction occurs with (fans 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-

5 

Problem 

Tips 

Solution 

)"'(1 
Meo2c~ 

C02Me 

113 

~~ 
CO,Me 

11b 
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endo-Z-anti 
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exo·Z·syn 
18 

endo·E·syn 
19 

exo·E·anti 
20 

Discussion 

exo-E-anti endo-Z-anti 

H ~H 

t:) ~H 
=-
exo·Z·syn endo-E-syn 

1 Veticadinol 

vorable due to pseudoaxial placement of the two ends of the chain, 
which al so results in considerable 1,3-diaxial strain. The exo-Z-syn 
(18) and endo-E-syn (19) arrangements both inc1ude one chain ter­
núnus in a pseudoaxial orientation and are thus roughly equivalent 
in energy, but les s 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. 

+ + 

[ ~~ ~ 1 [M.o,c~I--r 1 MeO~/I~ ~ 
H C~Me 

exo-E-anti 
pseudoequatorial 

20a 

exo-E-anti 
pseudoaxial 

20b 

Two possibilities can be distinguished with compound 10 for an 
exo-E-anti transition state: the methyl group núght occupy either a 
pseudoequatorial or a pseudoaxial position. Product lla arises from 
the energetically more favorable state 20a, whereas llb 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 nomenc1ature rules apply to describing the transition 
state structures. The terms exo/endo refer to orientation of the chain 
starting from the enophile and pmceeding 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 (J 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 aboye 100 oC 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.5 

). ('1 
MeO:!C~-....... 

C02Me 

118 

• A gas is evolved. 
• This gas is CO2 . 

NaCl, H20 , 
DMSO, 150 oC 

• 
92% 

• Only one equivalent of CO2 is released. 

The reaction is a decarboxylation of the Krapcho type,6 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 vía the free acid. Krapcho himself 
has pro po sed the following mechanism: 

);n 
e02Me 

12 

.. )~" .. 
Me02e 

~ el 
eo tOMe 

'-----/ 21 

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

)~ 
C02Me 

12 
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Solution 

/(1 
HO ~ 

C02Me 

24 

/;n 
CO,Me 

13 

1 Veticadinol 

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 irnrnediately to chloride ion, methanol, 
and carbon dioxide. 

)..Q 
( 
C02Me 

12 

1. (CH20)n, 1 eq AIMe2CI, CH2CI2, 

O oC -t 20 oC, 81% 

2. TsCI, pyridine, O oC -t 5 oC, 93% 
3. N 1, acetone, 20 oC, 95% 

• The first step in vol ves an attack on the double bond. 

13 

• 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.7 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 l,S-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~r-.,.. ~e j O AIMe,c1 O-AIMep 

RKH 
• o H 

R 26 
12 

~ 
H H H H 

~e rO-AIMeO • <±p¡-AIMeP 

R "'- -CH. "'- H 
R 

28 27 

/p" • Cb~ 
, H 

Co,Me co,Me 

13 14 

• A strong base is introduced. 
• Compound 13 has acidic hydrogen atol11s on a carbon a to an 

e~ter function. 

This i!\ an intramolecular alkylation, through which lhe \ccnnd six­
mcmbcred ring is cJosed. produeing me eandinane ,kclclon. The re­
agenl employed is lhe slrong base lilhium diisopropylamidc (LDA). 
Thi ... generales cslcr cnalate 13a, which cmies out an intramolccu­
lar nucleophilic atLack 011 lhe carban bearing iodine. leading 10 

produCl 14. 
ft" onc a ... sumc~ a chair-Iike transition state. ring closure of 13a 

must generatc product 14, whereas 13b leads to lhe diastereomcr 
29. Due lo a pseudocquatorial plaeemenl of lhe ester funelion, 13a 
is energetically prcferred over me pseudoaxial forrn 13b, so mal 
ring closure produces cxclusively producl 14. 
LDA, THF, -78 e -+ 20 C,92%. 
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So/ution 

' ........ ' 
11 

11 
Mef.4g + MgI:2 

R 
}" 

Me-Mg. MgI 
-'1/ 

Schlonk-equilibrium 
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H 

'I\-t~CH' 
MeO H °e 

13. 

~~ I~ H CH, 

'-./ H 
H 

13b 

Cb~ 
¡ H 
CO,Me 

14 

• A reagenL is introduced in excess. 

H 

~ • CH, 

MeO,C H 

14 

H 

~ CH, 

HH 
29 

• 
H 

/f'--
H0 1 

vetlcadlnol 

• Two equivalenLs of an organometallic compound are addcd. 
• A magnesium compound is employcd. 

The process here is a double Grig"ard reacLion of methylmagne­
sium iodide wilh lhe esler [unelion of 148 Addilion of lhe first 
equivalent of Crigllard rcagent leads to the rncla llated hemiacctal 
31 , whieh deeomposes tn kelone 32. The kelone is tllen attackcd 
nuclcophilically once again by the magnesium ~pecies and trans­
fonned into the magnesium alkoxide of a tertiary alcohol. Aqucous 
workup leads !O lhe target moleeule velieadinol (1 l. 

11 is assumed that addilion of Grigllard reagents to earbunyl 
compounds resuhs in cyclic lransitions states likc 30, requiring two 
equivalents of organomagncsium compollnd. Grigllllrd reagents are 
characLcri zed by participation in the Sc}¡fellk cq uilibrilllll ,8 whkh 
mean s thal in addition to mClhy lmagnesillll1 iodidc, contriblltions lo 
the cyclic lransition states muy be made by dimcthylmagnesiull1 
and magncsium iodide. 
3 eq. MeMgl , EtzO. RT, 77%. 

-
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CO,Me 

14 

+ 2 MeMgl 

~ v:.. ~.>-----
jI-Me - MeOMgl 

O 
32 

1.4 Surnrnary 

Velicadinol 

&: .. ,Me ... MeO-1í V ';1g-1 
O? ~Me 

30 ~g 
I 

1- MeMgl 

&: Me 

MeO-f 
O, 

31 Mg 
I 
I 

Veticadinol ( 1) was prepared enallliomericaHy pure Ihrough a linear 
eight-stcp synthesis with an overall yield of 36%. Starting with di­
methyl malonatc (8) and citroneHa! (9). a Klloel'ellaRe! reaction is 
used lo prepare lhe !o.laning material fOf a subseql1cnt ene rcaclion. 
Tile melhyl group in !he terpenc citronellal (9) directs the Iralls-sc­
lective ene rcaclion in such a way that the desired diastereomer Il a 
is oblained with a selectivity of 98.8 lo 1.2. Decarboxylalion. a 
Pr;ns reaclion. and conversion ¡OlO an iodide provides compound 
13, Ihe starting matenal for the final kcy step. Alkylative cycliza­
tion of 13 selectively generates !he candinane skeleton. This total 
synthesis is completed by a doublc Grigllllrel reaclion that leads to 
veticadinol (1). 

II 
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(±)-Mamanuthaquinone: Danishefsky (1994) 

2.1 Introduction 

(-)-Mamanuthaquinone (1) was identified in 1991 as a sccondary 
metabolite of a marine sponge,l Its name is derived from the silC of 
lhe organism's discovery, the ¡stand Mamanutha near the Fiji Is­
lands. The purple moss-like sponge is classified as FasciospO/lgia 

sp. 
(- )-Mamanuthaquinone (1) is a combination of a sesquiterpene 

and a quinone. lis skclclOn, with both terpene and quinone oc hy­
droquinone portions, is nol unusual for a natural product derived 
from a sponge2 An cxample is avaro I (2) , containing a hydroqui­
none ring anu lhe tcrpcnc skclcLon of drimane.3 

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

The sesquiterpene quinones and hydroquinoncs display a wide 
range of biologicaJ actjvities.4 Sorne of lhe compounds are cyto­
toxic, whereas others show antimicrobial characLcrislics. Avarol (2) 
has been the subject of investigation as a consequence of its ability 
10 inhibit reverse transcriptase. but no clinica] value (as an anli ­
AlDS agent, for example) has yet been established3 

Antitumor activity with respect to colon cancer has becn dcmon­
strated for (-)-mamanuthaquinone (1).1 This in itself makcs a syn­
thesis of the substance of considerable interest. The synthesis de­
vised by Danishefsky provides racemic mamanuthaquinone 1 in 14 
steps5 

o 

2 
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2.2 Overview 
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2.3 Synthesis 

o 0Me 

Q , . 

~ • 
2. ~ 0Ma 

O 3. 0Ma 

3 • 

• Aromatic species appcar in lhc reaction scquence only alter all 
the heteroatoms have becn introduced. 

o The firs, s'ep is a double 1,4-addition Lo p-benzoquinone (3). 
o Two equivalents of metllanol are addcd in the tirsL sLep. 
• The second reaction transforms quinonc 13, prcpared in the first 

stcp. ¡nto a hydroqllinone. Is this an oxidation or a redllction? 
• Thc rcducing agent lItilized is converted in a rcdox process into 

h ydrogensul faLe. 
o Thc Lhird sLep is a double meLhylation. 

In Lhe tirsL sLep, meLhanol is subjeet to a J A-addiLion Lo p-benzo­
quinone (3).Thc rcsu lLing l A-adduet (14) rearranges sponLaneously 
Lo hydroquinonc 15, whieh is oxidized by atmospherie oxygen and 
residual benzoquinonc into a new benzoquinone 16. A secand 1,4-
addiLion lead, Lo bcn¿oquinone 13. 

The lauer is reduecd Lhrough a seeond reaetion with sodium hy­
drogensulfite as reducing agcnl, and in a third reaction the resulLing 
hydroquinone is methylated at both phenol groups with dimethyl 
sulfate. Extra sodium hydrogensultite is introdueed during Lhis 
methylation in arder lO avoid oxidation of the sensitive hydroqui-
1l0ne.6 

l. ZnCl2 , MeOH, re!lux, 64%. 
2. 2.5 eq. NaHS03, H20, rcnux, 78%. 
3. 6.3 eq. Me,S04' 0.2 eq. NaHS03, 6.2 04. NaOH, EtOHlH20, 

80 C,86%. 
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M~~ 
yOMe 

OMe 

4 

• 

• A Friedel-Crafts acylation is nOL utilizcd. 
• Aromatic spccics 4 is first lithiatcd. 
• A spccial amidc serves as Lhe acylating rcagcnt. 

DMe 

DMe 

• Amidcs of this typc are also used lo transform carboxylic acids 
into aldehydes. 

• Thc Wei"teb amide 17 uf Liglic acid is cmploycd. 

Methoxy-substituted aromatie eompound 4 is lithiated metalation 
with Buli in TIIF, a step in whieh it pro ves useful to inelude 
lithium ehloride. Beeause of the greater basieity of II-butyllithium 
relative to 4, direct metallation is in faet possible thermodynami­
eally. but II-butyllithium is generally present in solution as a tetra­
mer, and lhis reduces its reactivity.7 Addition of lithiuITI chloride 
destl'Oys these aggregates, and that eliminares lhe kineüc inhibitjon. 
Lithiated aromatie speeies 18 is further stabilized through ehelate 
formation between lithium and lhe urlhu-methoxy groups (orillo ef­
feet)" 

The N-melhoxy-N-melhylamide of tiglie aeid (17) is used as an 
aeylating agenl in a procedure developed by Weillreb 9 Lithialed 
aromatic loIpccics 18 altacks Weinreb amide 17 with ronnatíon of 
the ehelale 19, whieh is hydrolyzed to kelone S. Use of Weillreb 
amide 17 circUmVCnL\ Lhc primary Lhreat hcrc: multiplc addition 
and rormalion or a lertiary alcohol. Sinee eomplex 19 decomposes 
only in lhe eourse or wurkup. lhe ketone S ilselr is proleeled 
againsL rurthcr nuclcophilic aLlack. 1O 

"BuLi, LiCl, THF, O e -+ RT; 17,77%. 
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~o 
KH, Mel. 

THF, RT 

72% 

6 7 

• POlassium hydride producc~ an enolme by deprotonation. 
• Which regioisorncr 01" lhe enolme will fOfl11 , lhe Ihennodynamic 

or Ihe inetic one? 
• The enolate is alkylated al earbon with methyl iodide. 

Deprotonation al room tcmperature leads lo lhe Ihennodynamically 
more stable enolate 20. Trcatmcnt with methyl iodide produces ey­
c1ohexanone 7 doubly rnelhylaled in the 2-position (see Chapter 
12). 

~o 
7 

THF, reflux 

72% 

8 

• The carbonyl group of starting material 7 is subjeeled to nucleo­
philic attack by a Grig1lllrd rcagcnl. 

• The result is a tertiary alcohol. 

ucleophilic attack by the vinyl GrigllGl11 reagent leads to lertiary 
alcohol 8." Grigllard rcagenls rcacl wilh formaldehyde lo give pri­
mary alcohols and wilh olher aldchydes lo give secondary alcohols. 
whereas ketones are lrcmsronncd inlO tcrtiary alcohols. 
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~ 
CuSO. 

• 
Benzene, relux, 

Water separator 
'7% 

8 9 

• Copper sulfate aels as an acidic heterogeneolls catalyst. 
• Thc driving force in t.he reaction is creation of a conjugated sys­

temo 

This reaction is ao dehydration acid-catalyzed. 12 The hexaaquocop­
per cation behaves as a weak cationic acid in copper-salt solution. 13 

Protonation of the hydroxy group produces an oxonium ion that de­
composes unimolecularly inta carbocatían 21 and water. Water is 
removed from lhe reaetian equilibrium by means of a waler-separal­
ing device. Carbocation 21 eliminates an -proton with fonnation of 
the energetically favorable conjugatcd dicnc 9. 

The great stability of tcrtiary carbocations is lhe reason why al­
cohols like 8 undergo unimolccular climination especially readily. 

0Me 

MeO ,y 

O ""- OMe 

OMe 1.5 eq AtEtCl" 

'" 1 eq THF, 

~ 
5 • 

CH2C/2, RT 
,." 

9 10 

• Two new C-C bonds are generated. 
• The desired reaclion is a [4+2]-cycloaddition. 
• The syslem EtAICI,!fJ-IF serves as a Lewis acid and coordinates 

with the carbonyl oxygen atom. 
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• This is a Die/s-Alder reaelion with the usual demand for clcc­
trons. 

o Compound 5 is lhe dienophile, 9 is lhe diene. 

The Diels-Alder reaelion leads exc1usively lo exo producl 10. Steric 
effects are responsible for this exo seleclivily. In a hypothetical 
elido transition slale 22, a l11elhyI group on lhe qualernary earban 
alom of lhe dJene intcrfcres with the aromatic rcsidue of the dieno­
phile. For this rcason lhe reaction does nol procecd via this transi­
tion state lo lhe endo producl 24. Sünilar stcric inhibition is absent 
in the exo transition sLalc 23. 

o~ 

~
r'- ~ 

H3C ¡ j 
ó : 

--= 
H,C 

22 endo 

f 

~
Arc 

~ • . o" 

"" 
24 endo 

~; Ar 

H~~ : 

~ 
H,C 

239XO 

! 

~
---t 
~ . 

"" 
10 exo 

EtAICI2rrHF added lo lhe system serves as a Lewis acid lhat cata­
ly7eS lhe Diels-Alder reaclion. 14 Introduction or TI-IF is useful as a 
way of diminishing lhe reactivity of elhylaluminum chloride, thus 
making it suitablc for lhe rcaelion. 



2 (± )-Mamanutlwqu inone 

The reaclivitic~ 01' the dicnc and dienophile in a Diels-Alder reac­
tion are highly dependenl on lheir eleetronie slmetures.l.' In lhe 
case of a Diels-Alder rcactian wiLh normal electron demand, the 
dienophiJe is substitutcd wilh an electron acceptor Z. whereas the 
dienophile carnes an electron donar X. The reaetion in question fol­
lows this pattern. Incrcascd rcactivily in such a case can be rationa­
lized with lhe frontier orbilal lhcory of Fllklli and HOllk, aeeording 
lo whieh the energy difference bclwcen lhe (HOMO) of lhe diene 
and the lowest unoccupied molecular orbilal (LUMO) of lhe dieno­
phile is redueed in a favorable way by lhe subsliluenls. 

The eleetrollie slruetures of the diene and dienophile also in!lu­
enee the regioseleelivity of the reaction. The regioehemistry of 
Die/s-A/der produets 27, 29, and 31 , den ved from the variously 
substituled dienes 25, 28, and 30, is illustralcd by the seheme in 
lhe margino 

The catalytic activity of Lewis acids in this rcaction can also be 
interprcted on lhe basis of frontier orbital thcory. A Lewis acid co­
orctinates with lhe eleclron-withdrawing group on lhe dienophile (in 
this case EtAICI2 wilh the carbonyl group), thercby funher lower­
ing the cnergy of the LUMO. This in tum leads to an energy ad­
vantagc and lhus acceleration of the reaction. 

For a given regiochemistry of the Diels-A/der reaction there are 
still two orientations that might be envisioned in the case of an un­
symmetncally substiluted dienophile 26. Substituent Z (with lhe 
highest pnonly) in dienophile 26 might be arranged in transition 
stale 33 so that it is pointed loward diene 32, which leads to the 
endo product. Altemativcly, substituent Z might be directed away 
from dicnc 32 as in lransition state 34, leading to exo product 36. 16 

The endo/exo ratio thus rcnccts lhe simple diastereoselectivity of a 
Die/s-A/der reaction. 

Oflen one finds thal Die/s-A/c/er reaetions lead primarily lo lhe 
fonnation of elido produC1S. This is usuaBy explained 011 the basis 
of a secondary-overlap effect involving stabilizing interactions be­
(ween orbitals not directly cngagcd in bond formation,17 Neverthe­
less, eaJculations show that the energy advantage gained in energy 
through seeondary overlap effeclS is mini mal. The resulting prefer­
ence for an elldo transition state can ca'\i1y be overcome by steric 
effeets." 

21 
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MeO 

~ b 0Me 

10 

MeO 

--. 

11 

• A single step aeeomplishes both cJeavage of an ether and redue­
tion of the carbonyl group, 

• The methyl ether is cJeaved nllcJeophilically by hydride anion, 

The keto funetion in compollnd 10 is redueed with lithium alu mi­
num hydridc in THF to a ,econdary alcohol. In the eourse of this 
rcaclion onc of lhc mClhoxy groups in me ortho-position is also 
elcaved. It appear., rea,onablc to explain this by an OrillO effect: the 
alcohol group forrm. an inlcrmcdiatc alkoxyaluminum hydride com­
plex 37 thal coordinatcs wilh (mc of lhe rnethoxy groups, which is 
thereby aetivated toward nucleophilic attack by hydride, A chelate 
complex protects lhc product from clcavage of Lhe second ortho­
melhoxy group. 
LiAIIi" THF, reflux. 

MeO 

11 

2, 

3. 

• Thc first SlCp is a prolccling-group operation al the phenolic and 
benzylic hydroxy groups. 
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• The protected ben7ylic hydroxy group is removed rrom lhe mol­
ecule in a second stcp. 

• A Birc" reduction of lhe benzylic accloxy group is carried out in 
lhe seeond slep. 

• The phenolic hydroxy group is dcprotcctcd in lhe course of the 
Bireh reduction, so it must again be protcctcd. 

The lwo free hydroxy grol1pS are tirst protected wilh aeclic anhy­
dridc. In a seeond slep tile acetyl grol1p is redl1etively c1eaved hy a 
Birch rcduclion with Iithium in ¡iquid 3111Jl10nia.

1
1,I Lithium dis­

sol ves in lhe ammonia with lhe formation of solvated clcctroos. 
Slcpwise eleelron lransfer lO lhe aromalic speeies (a SET proccss) 
Icads tirsl lo a radical anion, whieh stabilizes itself as ben7ylic radi­
eal 38 wilh loss of lhe oxygen substituenl. A seeond SET process 
generales a bcnzylic anion. which is neutraUzed with ammonium 
ehloridc aeling as a prolon souree (see Chapter 12). 

Sinee lhc phcnolie hydroxy group is deaeetylated during the 
Birch rcduction il musl once again be acetylated in a third step. 
l. Ae20, NEt" DMAP (cal.), CH2Cl2, RT. 
2. ID eq. Li. NH,(I), -78 ' C; NaOBz, NH4Cl. 
3. Ae20, NEt" DMAP (eal.), CH2Cl2, RT, 55% over four steps. 

MeO 
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1 
(t)-Mamenuthaqulnone 

• In what sequence should transfonnation into a p-quinonc and hy­
drolysis of lhe aeetyl grollp be earried out? 

• The liest reaelion eonveI1s proteeted hydroqllinone syslem 12 
inlo a ,,-quinone syslem. Should redueing or oxidizing eondi­
lions he sclcctcd? 

• In thc coursc of oxidation LO a p-quinone the p-methoxy groups 
are dcrnelhylated. 

23 

Solulion 

M.o 

;Jf 
38 

ProhJem 

Ti"s 



24 

SO/tilio" 

QM. 

A'~OM. 
~. 

"HO .. 

MeO 

~0Me 
U 18 0Me 

2 (± )-Maman utlzaquinolle 

Methylated hydroquinone 12 is oxidized with the strong oxidi7ing 
agent cerium(IV) ammonium nitrate (CAN) to a quinone?O 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 4021 Following oxidation. the acetyl group is hydrolyzed under 
basic conditions with potassium carbonate. 
1. 2.5 eq. (NH4 hCe(NO')6, CH,CN/H20, RT. 
2. K2CO" MeO H, RT, R5% over two steps. 

2.4 Surnrnary 

This synthesis by DanisheJsky provides racemic mamanuthaquinone 
(1) in 14 steps, with an overall yield of 13% based on p-benzoqui­
nonc. 

Rctrosynthctic analy~is shows that mamanulhaquinone is com­

poscd of a sesquiterpcne and a quinone. Quinone building block 18 
is conslructed using a doublc 1,4-addition of methanol lo p-bcnLO­
quinone. This is followed by aeylation with the e, building block 
17, taking advantage of a Weinreb amidc. 

The key step in the convergent synthesis is a Diels-Alder rcac­
tion. Diene 9 is accessible in three slcps from 2-methylcyclohexa­
none 6. The dienophile is an acylated p-benzoquinonc. Surpris­

ingly. this Diels-Alder reaclion 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 transfonning the hydroquinone component regioselee­
tively into a quinone. Danishefsky succeeded in coupling the two 

operations in an elegant way. The seqllence of lithillm aluminlllTI 

hydride and Birch reductions for removing the earbonyl group also 
accomplishes selective demethylation of one methoxy group. This 

seleetive removal of a proteeting grollp thus ensures the correet re­

gioehemistry in oxidative methylation lo a quinone. 



2 ( ±)-Mamanufhaquinone 

2.5 References 

J.e. Swcrscy, L.R. Barrows, C.M. lreland, Terrahedmll Lea. 1991. 
32,6687. 

2 L. MinaJe in Marine Nafllral ProdUC1S: ChemicaJ and Hiological 
Perspectives Vol. J, (Ed.: P. J. Scheuer), Academic Prcss. Ncw York 
1978, Chapo 4. 

3 J. Rodríguez, E. Quiñoá, R. Riguera, B. M. Peters, L.M. Abrcll. 
p, Crews, Tmahedroll 1992, 48, 6667, 

4 M.-L. Kondracki. M. Guyot, Tetrahedroll 19H9, 45, 1995; H.S. Ra­
tleke, C.A. Digits, S.D. Broner, M.L. Snapper, J. 0'1:. Chem. 1997, 
62, 2823, 

5 T. Yoon, S.1. Danishersky, S. de Gala, Allgew. Chem. /111. Ed. ElIgl. 

1994,33,853, 
6 F. Bcnington, R, D, Morin, L. C. Clark, Jr, J. Org. ehem. 1955, 20, 

102. 
7 C. Elschcnbroich, A. Salzer, Orgwwmelallics: A cOllcise imroduc­

tiOll, Teubner, Sluugart 1993. 
8 P.R. Jenkins. OrgmlOmetallic reagents in chemi.,rr)', Wiley-VCH, 

Wcinhcirn 1995. 
9 S. Nahm, S. M. Weinreb. Tetrahedron Lett. 1981 ,22.3815. 

10 In a similar way aldehyde can be selectively protected in the pres­
ence of kelones: M. T. Reelz. B. Wendcrolh, R. Pctcr,1. Chem. SUL"., 
Che",. COn/nI/m. 1983, 406. 

11 S. P. Tanis, Y. M. AbdaJlah, Syfllh. Commulf. 1986, 251; Metlwden 
der Orgonischefl Chemie (Houben-Weyl), \4,/. XI/lila (Ed.: 
E. Müller), Georg TIlie"'e Verlag. Stuttgart 1973. p. 86, 

12 D.M. Hollinshead, S.e. HowclL S. V. Ley, M. Mahon. 
N.M. Ratcliffe, J. Chem. Soc. PerK.in Trans. J 1983,1579. 

13 A. F. Holleman, E. Wiberg, Lehrbuch der Anorgallischen Chemie, 
Walter de Gruyter. Berlin 1985, p. 878. 

14 L. F. Tielze. C. Schneider. Synlett 1992. 755. 
15 1. Fleming. Fromier Orbitals and Orgall;(" Chem;cal Reactiolls. 

VCH Verlagsgesellschaft, Weinheim 199(1. 
16 Die Nomenk1atur folgt den Cahll-Ingold-Prelog-Regeln. See.: L. F. 

Tietle, G. Keuschau in: Topies in Curre1l1 Chemistr)', Vol. 189, 
$pringer-Veriag, Berljn 1997. p. l. 

17 R.B. Woodward, T.J. Katz, Tetmhedmn 1959,5.70. 
18 J.G, Martin, R.K. Hill. ehem, Rev. 1961,6/,537; y, Kobuke, T. 

Fueno, J. Furukawa, 1. Am. Chem. SOl'. 1970, 92, 6548. 
19 S. Sinc1air, W. L. Jorgensen. J. Org. Chem. 1994. 59, 762. 
20 A. Fischcr. G. Hcndcrson, S.)'fl/hesis 1985,641. 
2 1 p, Jacob IJ 1. , P. S. Callery, A. T. Shulgin, N. Castagnoli Jr., J. Org. 

ehelll, 1976,4/,3627, 

25 



QH 3 
(-)-Swainsonine: Pearson (1996) 

3.1 lntroduction 

"Locoism" is the name applied to a poisoning condition lhal :lrises 
with grazjng animals and leads to weight 10ss and problems with 
locomotion. Its symptoms cesemble lhose of the inhecited disease 
mannosidosis. The problem appeacs subsequent to ingestion 01' leg­
umcs of lhe gcnus As/raga/us; Ox)'tropis,2 and Swainsofla. Like 
lhe phYlopalhogenie fungi of lhe genus Rhi:octollia and Metarhi­
zillln .3 lhese planl"i contain as an active ingrediem lhe indolizidine 
alkaloid swainsonine (1)4 The eompound was ficst isolated in 
1973 from RhizoclOnia legumillicola by Broqui.\'15 and later (1979) 
hy eoJegare from Icgurncs of lhe genus Swainsona.6 Structura] 
analysis showed il lo be a 1,2,8-lrihydroxyoelahydroindoliziné 
wilh lhe absolule eonliguration I S,2R,8R,8aR7 

Sincc mannosidose result'i from a gcnctically dcrivcd absence of 
Iysosomal u-mannosidase that leads lo an accumulation of man­
nose-cieh oligosaecharides, lhe effects 01' swainsonine (1) on this 
enzymc were investigated. The alkaloid, which bcars a ~lruclural re­
semblance to lhe open-chain form of D-mannose (2), was in faet 
shown to be a reversible inhibitor of Iysosomal u-mannosioasc.8 

Because of its significant biological activity as an al.a"iugar ana­
log of mannose (2), swainsonine (1) is of considerable synlhetic in­
tecest. Jt has been observed lhat swainsonine (1) displays inhibitory 
characteristics with respect to tumor growth and metastasis, ano it 
was lhe ficst glycoprotein metabolism inhibitor seleeted for elinical 
tríals as an anticancer dmg.9 Its high cost initially ruled out com­
mercial use of lhe substance. The first four total syntheses werc rc­
ported in 1984,10 and si nee then the nllmbec of slleh syntheses has 
multiplied rapidlyIl The shortest synthesis, that published in 1990 
by Pellr.wJIl,12 is nOl suited lo large-scale implemcntation. By con­
trast, lhe approach ocscribcd bclow opens lhe way to mu1ti-gram 
quantilics of swainsonine (1). 
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3.3 Synthesis 
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ft" H20 2. K2C03, 
H,O 

• 
\ OH 77% 

Ha OH 

3 4 

• The byproducl une obtains upon aciditication is oxalic acid. 
Based on lhis, which bond must be cleaved during oxidation 
with alkaline hydrogen peroxide? 

• Both stereogenic centers in the staning material are retained. 
• The product is a lactone. 

This oxidation, which was developed with ascorbic acid. 13 pro­
duces D-erythronolactone (4).14 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 c1eaved with base via anion 15 
to compound 16. Alkaline hydrolysis of lhe ester leads lO hydroxy 
acid 17 and lhe byproducl oxalic acid. Subsequent lactonization 
produces D-erythronolaclonc (4). 

3 

HO 
)-CO,H 

R 

17 16 15 



3 (-)-Swa;nsolline 

HO OH O O , , LJ ----. 

O 
""0 

O 
····0 

4 5 

• Which of the following seiS of rcaclion conditions is approprialc 
ror rormation or lhe acelal: a) acclone, CSA: b) dimethoxypro­
pane, PTSA. aeetone: c) 2-melhoxypropene, PTSA; d) 2-lri­
methylsilyloxypropene, HCI, CH2C1,? 

Dimcthoxypropane (18) was selecled ror acelal rormarion. Trans­
ac.:ctali¡:aLion with lhe diol releases two cquivalenls of methanol, 
which rc~ulls in a positive entropy effecl. 

The oldesl known melhod for producing isopropylidene acelals 
is trealmcnl or a diol wilh anhydrous accIone under acid calalysis. 
Howevcr. in order 10 trap lhe resulting water il i~ also necessary to 
inelude molecular ,ieves or copper sulfate. 2-Melhoxypropene (19) 
is roughly Iwice a .... cxpensive as acetal 18. bUI u.<.; an enol elher it is 
also more reactive. In cspecially problematic ca .... e .... one can in addi­
lion reson lo 2-trimclhylsilyloxypropene (lPOTMS=isopropenyl­
oxylrimelhylsilane) (20), bul ror lhis situalion il is inappropriale on 
lhe basis or COSI. 

2,3-0-lsopropylidene-D-crylhronol'Clone (S) is commereially 
a,.ilable, bUI il can ea,ily be prcparcd by lhe melhod described on 
a large scale with an overall yic1d or 75<;i, whereby diol 4 need nOl 
be purified. 
Dimclhoxypropane. PTSA. acelonc. 75<;i starting from 3. 

5 

1.2 eq DIBAH. CH,CI" -78 ·C; 
MeOH, ·78·C • RT 

84" 
• 
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3 (-)-SlVoillsoll ine 

• Are csters in noncoordinating solvents reduccd al low tempem­
lure by DIBAH la alcohols or aldehydcs? 

• The producl is a bicyclic compound. 

Reduction of laClone 5 results in lactol 6. a eyelie hemiaeeta!. 
Thus, the ester funelion is rcduced only to !he level of an aldehyde. 

If an aldehyde and an e,ter grnup oceur together in the presenee 
of a redueing agent like DIBAH (22), the aldehyde is redueed more 
rapidly as a eonsequenee of its greater electrophilicity. Selective re­
duelion of an ester to an aldehyde is lherefore possible only if 
product 23 of !he rtest hydride transfer docs not collapse to an al de­
hyde. In non polar solvents al low temperature the tetrahedral inter­
mediate 23 is stable and decomposes only in !he course of protoly­
tic workup. In a polar-coordinating solvent such as THF, 011 the 
olher hand, !he O-Al bond is weakened to such an extent by coor­
dination of solvent with the metal atom in 24 !hat the aldehyde 
ariscs even befare hydrolysis and is immediately reduced further 10 
an alcoho!. 15 

Q 
21 22 23 

24 

1.3.0 eq MgBr, THF, -78'C 
o o 2.1.2 eq TBSel, ImH. 

'-1 THF/DMF (3 1), O'C 

o OH 

6 7 

• Lactol 6 is a hemiacelal, which is in equilibrium with it<.; opcn­
chain fonn 6a. 

• The firsl SlCp is a Grignard reaction. 
• An alcohol funetion is silylated in the seeond step. 



3 (-)-Sl\'ainson;lle 

Vinyl Gr;wwrd reagenl reaelS wilh lhe aldehydc funelion in the 
open-ehain fonn of compound 6. leading inilially 10 diol 25 wilh a 
diastereoselectivily of 71:2 (anli:s)'n). The dia.\lcromeric alcohols 
can be separated aftcr !o.ilylation lo 7, but this ¡ ... unnecessary since 
bolh isomers lcad 10 lhe same produel in lhe sub,cquenl reaction. 

The sleric demand of lhe lerl-butyl group in TBSCl reduces !he 
reaetivity of this silylating reagenl lo sueh an exlenl lhal nOI only 
lhe base imidazole bul abo lhe di polar aprolie solvcnl DMF must 
be added. Moreover, primary aleohols reaet more rapidly lhan see­
ondary alcohol s, while tertiary alcohols are inen under lhese eondi­
lions.'6 lt is therefore possible 10 dislinguish belween lhe lwo free 
hydroxy funetions in dial 25. 

° 0, , 
OH 

, 
lBSO 

° 7 0, , 0Me 

° lBSO 
8 

• By how many earbon atoms is lhe chain lenglhened? 
• Thcrc cxists a name reacuon uscful for preparing 'Y,o-unsaturatcd 

carboxylie aeids from allylie alcohob. 
• Armnging moleeule 8 in a eonfonnalion in whieh lhe C-O and 

C-C double bonds are ineorporated inlo a six-membered ring 
leads to insight inlo lhe transition statc of lhe reaction. 

• The proccss i. a 13.3]-sigmatropie rearrangemenl Wilh a ehair­
like transition stale. 

• This amounls 10 a variant of the Cla;sen rcarrangement. 
• In lhe Johllsrlll orthoester variant a wcak carboxylic acid cata­

Iyzes lhe firsl lwO sleps of lhe reaelion. 
• Propionic acid caLalyL.cs nol only lhe fi~l ... lep, a transacetaliza­

tion. but also lhe second, which is an elimination to a ketene 
acetal. 

? 
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J (-)-S11'oiIlSO/1 ;lIe 

Seven equivalents of trimclhyl orthoacetate and 0.3 equivaJents of 
propionic acid are heated undcr reflux with allylic alcohol 7 in to­
luene. wilh concurrent di,tillation of lhe resulting methanol. 

The fLrst step in the johnwJ1l onhocster method is a transacetall­
zation of the orthoaeetatc Icading to mixed orthoester 26. The ke­
lene acetal 27 requircd for rcarrangcmcnl arises upon acid-catalyzed 
elimination of rnclhanol. The necessarily six-membered transition 
state has a slrong preference for a ch<lir confolTI1arion (see 28). so 
that rcaclion procccds undcr kinetic control with complete trans se­
leetivity relative to the newly formed double bond. 

--1-0 
o,~ 

lllSO) OH 
7 

--1-0 O'M 
lllSO""'" 0y 

DMe 

8 

• 

H3CC(OMeh, 

~(cat.), Toluene 
• 

• MeOH 

R~ 
jI", 
ó?, 

DMa 

27 

26 

J ~(cat.) -MeOH 

H,CC(OMeh, propionic aeid (eat.). toluene. rellux, 99%. 

o 
lllSO 

8 

AD·Mix·~. 
MeS02NH2> 

OMe l'BuOH/H20 

,." 
.. 9a + 9b 

70 9 

• AD-Mix-~ is lhe shoT1hund designation for rhe reagent mixture 
employed in a vcry well-known method fol' asymmetric dihy­
droxylaLion. 

• In a ,tan<lard represenlalion of the Silor"less dihydroxylation, 
the largcst group is shown al the bOllO m left. The chiral reagent 
u,ed here then atlaeh preferentially from above. 

• Thc product 01' the dihydroxylation cyclizes spontaneously. 



3 ( -}-Swainsonine 

Slwrple.u dihydroxylation 01' 8 Icads to diols that cyclize sponta­
ncously to the diastereomeric lactones 9a and 9b. which are rormed 
in 70% and 9% yield, respectively, and must be separated by enl­
umn chromatography. 

t;¿J' 
1850 

t;¿:J0 O 

O I I , 
OH 

1850 

9a 9b 

The catalytic cycle in the a'ymmetric SIU/rpless dihydroxylation is 
illustrated below. 17 

33 

20HEl 
2H,O 

L: ligand 

R R 
1--< +L 

HO OH 

34 ~7 organic phase 
--- ----- ------ ------ -- --- --- -- - -. - -- ---- -----

aqueous phase 

~ HO ~ OH~2e ~ Ho, ~",0~2e 20He 
...... OS........ Os~ 

HO/ 11 ' OH HO/ 11 "'O 
O O 

3S 36 

2 OHe. 2 [Fe(CNXJ3€l 2 H,o. 2 [Fe(CNXJ49 

111 ule currently prcferrcd variant of utis reaction, one introduces a 
mixture of dipotassium o,matc dihydrate (K,OS04' 2H 20) as a non­
volatile source of osmium (rather lhan osmium tetroxidc), along 
with potassium hexacyanorcrrate(ll1) (K,[Fe(C )6]) as c()oxidizing 

35 
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agent together with the phthalazine-(29)-bridged dihydroqllinidine 
(30) ligand (DHQD),PHAL or, in the case of the a-Mix, its pseu­
doenantiomeric dihydroquinone (31) analog. Potassium carbonate 
serves as a base. The accelerating effect of an equimolar addition 
of methane sulfonamide (MeSO, 11,) on hydrolysis of the os­
mium(VI) glycolate 33 is known as the sulfonamide effec!. 

The oxidation is conducted in a two-phase system with ter/-butyl 
alcohol as the organic phase. The advantage of this procedure is 
Lha1 osmium tctroxidc (37) is Lhe only oxidi¿ing agcnl lha1 cnlers 
lhe organic phase. 

--h . p-{ 
rb:~ 

lBSQ 

9. 

1. 

2 3.0 eq MsCI. DMAP. 
PY. O ·C. 90% 

3. 5.0 8q NaN3. 
DMSD. 80 ·C. 7'% 

• 

• The first reaction is a protecting-group operation. 

10 

• Tile strength of the Si-F bond amollnts 10 142 Kcal/mol, that of 
the Si-O bond only 112 kcal/mol. 

• I5 a distinction between prilllary and secondary alcohol fUllctions 
to be expected in the mesylation? 

• Azide reacts only al lhe most reactive position in the molecule. 

The primary alcohol ¡s released by eleavage of the silyl ether with 
TBAF. Wilh HF in aeetonitrilc there would be a ri,k uf eleaving 
the acetal group. Trcatmcnt with mesyl chloride produces dimcsy­
late 38. Despite a large cxcess of a7ide, substitution in the third 
step occurs only al the more reactive primary position. 
TBAF. THF. H20, Si02, O e, 84'10. 
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1. Pd(OH), (cal.), 
H, (1 bar), MeOH 

2. NaOMe, MeOH, reflux 

,,% 

(-)-Swainsonine 

11 

• The aLide is catalylically reduced in tile flrsl slep. 
• Thc sccond step generales the bicyclic skeleton of swainsolline 

( 1 ). 

Amine 39, prepared by ealalylie rcduelion, i, separaled from lhe 
calalysl by fillralion lhrough eelile, and lhe resulting melhanolie 
solution is treated with sodium melhoxide. Undcr lhc~c ba~ic condi­
lians rhe mesylate is replaced by an amine in an SN2 rcaclion and 
lhe laclone is also opened wilh fOffilation of Ihe lhermodynamically 
more slable laelam 11. 

Reduction of amides is an important preparative method for (he 
synthesis of primary amines. Reducing agents lIsed for this purpose 
inelude lilhium alulllinulll hydride, sodium borohydride, Iriphenyl­
phosphine (SllIlIdinger reduction), and thiols. In lhe present case il 
is impOItanl lo consider the compatibility of lhe reduction system 
with lhe carboxylic and methanesulfonic acid functions. PlatinulTI 
and palladiulll are oflen used for catalytic reduction. 

O 
OH 1. HO OH 

H H 
\ 2. 

, 
0 ___ 

~ HO-
N N 

O 
11 

(·)-swalnsonlne 
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• Which reaction sequence is preferable: acetal c1cavagc befare or 
after reduction of lhe lactam lo an amine? 

• The first reaction is reduction of rhe lactam. A boron rcagenl 
was utiUzed, one with which no additives are here requircd. 

• The acetonide is c1eaved under acidic conditions. 

In contrast to lithium aluminum hydride, sodium borohydride does 
not reduce amides. Another possible reagent would be DIBAH. 
Howcvcr, in lhe present case fouT equivalents of borane-dimethyl 
sulfidc complcx was used as a 2M solution in TI-IF. The amine was 
obtained in 94% yield after workup with ethano!. 

Isopropylidene acetals are cleaved under acidic conditions. with 
lhe acid slrengLh and reaclion time varying considerably as a fune­
lion of lhe substratc. In lhis case a 1M solution of lhe acetonide in 
THF was treated with an equal volume of 6N hydrochloric acid at 
room temperaturc. Final chromatographic purification was accolTI­
plished with an ion cxchanger (Dowex® Ix 8 200 OH-l. 
1. EH,· SMe2, THF, QOC --+ RT; EtOH, RT, 94%. 
2. 6N HCI, THF, RT, 96%. 

3.4 Summary 

Pearson devised tor his (-)-swainsonine synthcsis a method that 
makes thjs pharmacologically interesting alkaloid available in 11 
steps from lhe readily accessible lactonc 5 in an overall yield of 
20%. Three chromatographjc purifications and fivc rccrystalliza­
tians are required. The primary advantage Qver the host of other 
known (and in some cases very similar) tolal synthcscs is lhe repro­
ducibility of the simple transformations on a large scale. Thc key 
steps are reductive double cyclization of azido lactone 41, which is 
obtained through a Sharpless dihydroxylation 01' the y,8-unsaturatcd 
carboxylk ester 42. The latter is generated in a Claisen rC3rrangc­

menl (10hllsoll variant) from allylic alcohol 43, which is in tum ob­
tained with a vinyl Grigllard reaction from D-erythrose 44. Thc lat­
ter compound establishes the nature of two stereogenic centers in 
the targel molecule, whereas the other two are produced in the 
Sha/pless dihydroxylation. 
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4 
(_ ) _,,\9(12) -Capnellene: Shibasaki (1996) 

4.1 Introduction 

(-)-ó9
(121-Capnellene (1) is produeed by a soft coral known as Cap­

lIella imbrica/a, and was first isolated in 1974, I The eompound 
serves the coral as proteetion against eolonization by algae and lar­
vae. 

The eapnellene (1) of marine origin and derivative eapnellenols 
sueh as 2 be long to the fantily of sesquiterpenes, Similar terpenes 
with a trieyelie [6.3,Q,Qlundeeane skeleton are also found in plants, 
ineluding sueh substanees as hirsutene (3) and eorioline (4)2, 3 

Capnellcnes and hirsuLcnes are of sorne pharmacological ¡nteTest, 
since they demonstrate both antitumor and antibacterial activity. 

Gencralions of chemists have occupicd thcmsclvcs with the syn­
lhesis of (- )-ó9(12)-capnellene (1)_ Roughly 20 lOlal synlheses ha ve 
been published eovering a wide range of approaches lO lhe com­
pound's distinctivc skelclon, which is bascd on thrcc ancllated cy­
clopcnLanc rings. These methods ¡nelude such typical cyc10pentane 
synthcscs as the Na:.arov cycli7ation,4 bUl a1so more remarkable 
stratcgics Iike a sequence consisting al' a Diels-Alder rcactian, 
[2+2j-cyeloaddition, and subsequent eyelobutane ring opening, ' Re­
cent efforts ¡nelude enantjoselective radical and palladium-catalyzed 
7ipper reactions. 

The synthesis presented here, developed by Shibasaki' s research 
group, is the ¡irst total synthesis of capnellene (1) to take advantage 
01' asymmetric catalysis as a way of introducing all the stereocheoti­
cal infoffimtion into the target compound.8 
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4.2 Overview 
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1. TsOH. 
acetona 

2. LOA, PhNTf2, 

THF. -78 C 

NaOH (cat.) 

• 
MeOH, reflux 
" .. ~O 

O 

7 

1. NaBH4 . MeOH 

2. TsCI. DMAP, 
Pyridine 

3. DBU, toluene, reflux 
,,% 
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4 (-)-6 9{ /2) -Capne"ene 

4.3 Synthesis 

NaOH (cal.) 

MeOH, reflux .", 
• ~O 

o 

5 + 6 7 

• Basie eatalysis produces a nueleophile that partieipate, in a C-C 
coupling reactiol1. 

• The ¡Ilitial cyclopentane derivative is extended by a C4 chain. 
• The eyc\opentane starting point is a p-diearbonyl eompound. 
• lntroduction of lhe C4 chain is accomplished with an u,p-unsatu­

rated earbonyl eompound. 

Cyelopentanedione 7 is prepared via a Michael addition.9 Under ba­
sic eonditions Ihe CH aeid 2-methy\cyc\opentanedione (5) adds to 
methyl vinyl kClOnc (6). 

~O 
TMSO OlMS 

K 
8 

• 
O 

TMSOTf. CH,CI,. 
7 -78 ·C 9 

OS" 

• Reagent 8 is used for constructing cyclic systems. 
• TMSOTf aetivates dle carbonyl eompound. 
• The reaetion itself is a protecting-group operation. 
• One earbonyl grollp preferentially forms aeetals. 



4 (_)_69( /2) -Ca/JIlellene 

Thc !'Ilcrically le:;:; hindcrcd carbonyl function in thc !o.idc chaio is 
seleclively protccted as a dioxolanc. No rcaction is obscrved with 
the cycJopenlllne carbonyl group. Thb procedurc amouot:; Lo a 
modiflcalion or a mClhod dcvclopcd by Noyori, which pcrmiL' acel­
al formation al low temperatures. 

The Noyori method is oflen utilized for protecting acid-sensitive 
substrates because, in contrast to the usual techniques for acetal for­
malion with ethylene glycol, it does not require the presenee 01' free 
aeid. The original procedure employed not reagent 8, bur rather the 
bistrimethylsilyl ether 19 or cthylene glycol. lO Shibasaki succeeded 
in using 19 as well on a small scale, but in larger batches the de­
sired product 20 was subject to transacetalization la cOl11pound 21. 
lntroductiOll of lhe sterically more demanding reagent 8 made it 
possible lO avoíd this rearrangement. 

7 

TMSO eTMS 

~O 
'--.1 

19 

• 
TMSOTf, CH,CI" \........J 
-78 oc 

,,% 20 

~O 1. NaBH4 . MeOH 

2. TsCI, DMAP, 
Pyridine 

• 

K 
9 

3. DBU, toluene, reflux 
.. % 

• The tirst reaction is a reduction. 

~O 
O 

21 

10 

o Reductien ef a single earbonyl group requires that only 0.25 
equivalent of sodium borohydride be introduced. 

o Two hydroxy funetions undergo reaction in the second step. 
o In lhe third step a bulky base anacks the newly introduced fime­

tionality from the second step. 
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4 (_)_69( IZ¡ -Capnellene 

The fiN Slep accomplishes reduction of bolh earbonyl groups 10 
hydroxy funClions. Only 0.25 equivalenl of sodium borohydride 
suffices lo reduce each carbonyl group. The p-loluenesulfonyl 
group introdueed in lhe second step is a good Icaving group. which 
is eliminaled in lhe lhird slep by lhe bulky base DBU Wilh forma­
lion of produel 10. 

() 
~ 
K 10 

1. TsDH. 
Acetona, .. " 

2 LDA. PhNTf,. 
THF. -78 "C. m, 

• 

11 

• The reaclion sequenee aecomplishes formalion of a double bond. 
• The fina step is a protecting-group opcration. 
• In lhe second slep the strong base LDA reacLS with lhe function­

alily inlroduced in the fust step. 
• Which of the tWQ enolntes is fonned under thcsc reaction condi­

lions. lhe kinelically favored or lhe lhermodynamically favored 
one? 

• In simi lar rcactions, lrifluoromethanesulfonic.: anhydride is used 
in place uf N-phenyl bistrifluoromelhanesulfonimide. 11 

In the flfSt step lhe aeelal of eompound 10 is c1eaved undcr acid 
eatalysis. Kinelie conlrol (-78 C) in the second reaclion leads to 
selective fannation of the stcrically less hindered enolate,12 which 

is trapped as lhe enol lriflale 11. 

N-Phenyl bistrifluoromelhanesullcmimidc is a slable solid. and thus 
an easy reugent with which to work. 13 It is also well suited lO the 
inlroduction of triflatc group~ on phcnols and amines. The com­
pauno rcacts with secondary aJiphatic amines, but nol with second­
ary arommic amjnes. 14 
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Na@ 
2eq E"",,~OTPS CC),Et 

I EtO,c 

~ 
ro,El H 

"" ~ h 12 

----;.~ 

OTf Which 

11 
further 
reagents? 
77%,87% ea 

13 

OTPS 

• From a rnechanistic standpoint a bicyclic system is constructed 
fina. 

• Malonatc 12 rcaelo,¡ only aflcr lhe ring c1osure. 
• Thc rcaction is a caLalyLic process involving palladium. 
• An allyl-Pd intennediate is tmppcd by malonate 12 in a nucleo­

philic substitution. 
• Producl 13, containing three stereogenic centcrs, is obtaincd with 

87% ee. Stereochemical infonnation is introduccd into Lhe rcac­

tion by a ehiral eatalyst. 

A palladium-catalyzcd C-C coupling reaction - the lIeck reaction 
- is uscd in the construction of bicyclic systcm 13. Cyclization 
Icad, to a 'l3-allyl-Pd complex, which undergoes nucleophilic at­
tack by malonit: esLcr anion 12. This in tum ¡cads to ronnation of 
the C4 side chain. Thc rncchanism 01' this rcuction thcrcfore differs 
from that of a normal Heck reaction. 

In an oxidative addition, Pd(O) cumplex 22 with BINAP as a li­
gand acceplS alkenyl trillate 1I. The resulting Pd cOlnplex 23 is 
cationic, since the triflate anion is bound only loosely to the palla­
dium and dissociates fmm the complex. 15 5)'11 inscrtion or one or 

the two enantiotopic double bonds of the cyclopentadiene inlo the 
alkenyl-Pd bond of complex 23 leads firsl lo 'll-allyl-Pd cumplex 
24. This is in rapid equilibrium with 'l'-allyl-Pd cumplex 25. 
Neither 24 nor 25 contains a ~-H atom in a S)'II relationship to pal­
ladium. Moreover, internal rotation is impossible in lhe confomla­
tionally fixed ring syslem. For Ihis reason Ihere is no possibility of 
a subsequcnt J)-hydride elimination that would once agaül release 
the palladium catalysl. [n a normal f1eck reaction (see discussion) 
the catalytic eycle would be broken at this point. 

However, cationie allyl-Pd complexes are subjeet to auack by a 
nuc!eophile'6 Such an auack releases the catalytically active Pd(O) 
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species 22, whieh in lum facilitales a calalylic cyele. Malooic e,ler 
aoioo 12 approaches 'l'-allyl-Pd complex 2S from lhe side away 
from paJladium. The ouclcophile is lhereby iotroduced regioselee­
!ively atlhe less SUbsliluled eod or lhe 'l'-allyl-Pd inlermediale, re­
sulling in compound 13. 

Slarling material 11 for lhe Heck reaclioo is prochiral. The lhree 
oewly eSlablished slereogenic cenlers io producl 13 are unambigu­
ously established relative lo one another lhrough lhe Heck and nu­
c1eophilic caplure mechanisllls. In the ab,ence or rurlher chiral in­
formaLion the absolute configuration of the ~lcrcogenic centers 
would remain undcfined, and the tWQ enantiomcrs 13 and enl-13 
would be expected la arise in equal amounts. 

In arder lo obtain an excess of Qne of the two cnantiomers 13 oc 
em-13, chiraJ informmion must be introduced iota lhe Heck rcae­
tion. Axially chiral ligands al a metal atom (e.g., BINAP) are ofteo 
uscd a..'\ bcarers of chiraJ infornmtion in transition-rnclal catalyzcd 
reactioos.'? Shibasaki io lhis case used lhe (S)-eoaoliomer of BI-

AP (26). 

r 
• 

• 
r;PPh, 

Ph,P~¡t"". ~ =< .. """,,!.~).,. 
'--./ Me 

usNu 

NJ3 
- # 

Me 

13 

ent-13 

Two double bond s are avai lable to palladium ror oxidative addition 
in alkyl-Pd complex 23. Both double bonds are prochiral in Ihe ab­
senee or ehiral ligaods on lhe palladium, bUl lhey differ in lheir 10-
pieily. Inlroduelion or a BINAP ligand provides a chiral environ­
meol arouod palladium io complex 23, so ooe 01" lhe double bonds 
io lhe cyclopeoladieoe is allacked preferen!ially. This differeolialion 
within the previously proehiral cyclopenladiene unit of compound 
23 leads to ao enanliomcric excess of 87% in favor of the (+)­
(4S,10S, 11 S) eoanliomer 13. 
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Shibasaki observed a salt effeet in this synthesis. Addition of two 
equivalents of sodium bromide increased the enantiomeric excess 
from 66% to 87%. 
2.5 mol% Pd(allylhCl2 , 6.3 mol% (S)-BINAP, 2 eq.NaBr, 2 eq. so­
dium enolate 12 of the malonie ester, DMSO, RT, 77%, 87% ee. 

The Heck reaetion is a palladium-catalyzed C-C bond-forming pro­
eedure thal joins benzyue, vinyue, and aryl halides or the corre­
sponding trinate, with alkenes or alkynes. The re,ult b an alkenyl­
or aryl-substituted alkene. The mechanism below is assumed lO ap­
ply to the lIeck reaction I8 

IPd(PPt-e)'1 27 

-PPI\¡ 

IPd(PPt-ehJ 28 

-HX 

J -PPI\¡ 

)iIPd(PPi1!l2l 2~R1-X 30 
oxldatlve 
addition 

base 0 0 
IHPd(PPt-enXI 36 

R~R2 
syt> 35 
elimination 

IR' -Pd(PPi1!n-XJ 31 

Internal rotatlon 

Pd(I1) compounds sueh as Pd(OAch or Pd(pPh, hCI2 can be used 
as the palladium speeies. and mese are reduced 10 me eorrespond­
ing catalytically active Pd(Q) complexes with phosphines, oletins, 
or bases; altematively. Pd(O) eomplexes sueh as Pd(PPh,). (27) or 
Pd2(dba), can be introduced direetly. The eatalytieally effeetive spe­
eies is the eoordinatively unsaturated 14-eleetTon eomplex 29. 
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whieh arises in situ from the corresponding Pd(O) compound 28 
through endergonic loss 01' a ligand. 

The calalylic eycle consists 01' lhe following basic reaelions. In 
the firsl slep (A) of lhe cycle, Pd 'peeies 29 undergoes oxidalive 
addilion of an alkenyl or aryl halide 30. The resuh is a cr-alkenyl 
or cr-aryl palladium complex 3 1. In the second step. a!kene 32 co­
ordinales wilh Pd(TI) compound 31. Thi, is followed by $)'11 in,er­
tion (B) of lhe double bond into the alkenyl or aryl palladium 
bond. 

A ~-hydride elimination requires that lhere be a eoplanar rela­
tionship between lhe appropriate hydrogen atom and palladium. 
Since this S)'1l arrangcmcnl is not present in conronnation 33. intcr­
nal rotation (C) of lhe alkyl palladium speeie, is necessary. ~-Hy­
dride transfer lo palladium from 34 leads lo .\')'11 climination wilh 

formarion of olefin 35. The catalyst is subsequently regenerated 
through the presenee of base with elimination of HX (E), after 
which the catalytie eyelc can be repeated. 

OOz 

S5 
1. qh. H ,1 OWS 
2. 

• 
3. 

13 14 

• In (.he course of lhe rcacLion sequence a carboxyl group is re­

moved. 
o The method used ti" deearboxylation does not require prior hy-

drolysis. 
o The decarboxylating reagent is lilhium chloride. 
• ln the second step an e~tcr is rcduced. 
o The lhird step is a proleeting-group operation. 

First, one of the two elhyl ester groups is deearboxylated by the 
melhod of Krapcho, in whieh compound 13 is renuxed with 
lilhium ehloride and water in DMSO (see Chaprer 1).'9 This is fol­
lowcd in a second slep by reducLion of the remaining estcr funclion 
wilh DIBAIl to a hydroxy group.'o whieh is protecled in lhe next 
reaClion wilh benzoyl chloride. 
1. 2 eq. LiCl. l eq. 11,0, DMSO, renux. 84%. 
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2. 3 eq. DIBAH, CH2Cl2, -78 C, 96%. 
3. 2 eq. BLCI, 0.1 eq. DMAP, pyridinc, CH2Cl2, O C, 100%. 

OBz OBz 

qj1, 1. q}; 2. 

• 
3. 

14 15 

• This reaclion sequence accomplishes in tWQ steps the conversion 
of an alcohol into an iodide. 

• In the first of the two reaclion steps the protecling group is re­
moved from the alcohol runction. and the laner is then trans­
formed into a good leaving group. 

• The lhird stcp is a Finkelsteill reaclion. 

Thc TPS group is a silyl protccting group thal can be removed 
using TBAF as a sourcc of nuoridc ion. Artcr rcmoving Lhe protccl­
ing group the alcohol function is con verted into a mcsylatc, which 
is transformed in the third step via a Fillkelsrein reaction ioto an jo­
dide. 
1. TBAF, THF, RT, 97%. 
2. 10 eq. MsCI, 15 eq. NEt3, CH2Cl2, -23 C, 100%. 
3. 5 eq. Nal, acetone, RT, 100%. 

Halides are often prepared in a single step from alcohol s through 
use of the Appel reactíon? I The reagents in this synthesis are tri­
phenylphosphine and a halogen species such as tetrachloromethane, 
hexachloroacetone. or iodine. In place of the Appel reaclion it is of­
ten possible to use inorganic acid chlorides, including phosphorus 
tribromide or thionyl chloride (see Chapter 16). 
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OBz 

qf:. 
OBz 

H ~ 

H 
• 

15 16 

• A ring closure occun;. This cannol be accomplished wilh the 
Heck reaction. 

• The desired cyclizatjon reaction can, likc the Heck rcaction, be 
canried out with haloalkcnes, but it leads lo saturated prodUC1S. 

• Organotin rcagenL' are normally employed. 
• The process occurs as a radical chain reacLion. 

A radical cycJization was conducted with 2,2' -aLobisisobutyronitrile 
AIBN (37) as the radical iniliator. Tributyltin hydride serves as lhe 
chain transrer reagenl. Radical 38 arises from halide 15 through ab­
straction of an iodine alom, and this in tum cyclizes Lo radical 39. 
Compound 39 then abstracts a prolon from tributyltin hydride. The 
resulting tributyllin hydride radical reiniliates lhe radical mecha­
nism, in thm it abstracts an iodine atom from another haJidc male­
eule 1 S (see Chapler 14). 

Cyclization leads to formaLion of a new ~lereogenic center. How­
cver, since the radicaJ-bcaring side chaln can anack the doublc 
bond only from above as a result of ilS ~ linkage with lhe bicyclie 
system, lhe stereochemjstry of lhe new stercogenic cenler is defrni­
tively cstablished. This new slcreogcnic ccnlcr is thus introduced 
with substralc control. 
2 eq. AIBN, ("BuhSnH, benzene, retlux. 

Construction of tricyclic system 16 via a Heck reaclion is impossi­
ble for two reasons. On one hand, use of an alkyl halidc with a ~­
hydrogen atom is excludcd, because after oxidalive addition lhe 
palladium would undcrgo immediate SYII elimination with fonnation 
01" an olerin. Therefore, s)'n insertion inlO the olefin componenl is 
ruled OUl. On the olher hand, during ~-hydride elimination in lhe 
Ilomlal ealalytic cycle a hydride in the ~ position must be trans­
ferrcd 10 palladium, but lhere are no accessible ~-hydrogen alOms 
present in lhe olefinic component of compound 15 . 

• 

• 
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• In one of the two reacrions a double bond is cyclopropanated. 
The cyclopropanation reagent in me process transfcrs a mClhy­
lene group. 

• The cyclopropanation requires a methylene carbenc thal can add 
to the double bond. Under which of !he following sets 01' condi­
tions can mClhylene be prepared in situ [ram diiodomethanc: a) 

eH,I" eulZn: b) eH, !" KMnO.: c) eH, !" ZnEt,? 
• An organolinc compound is used in the cyclopropanation. 
• CeT1ain organomctallic rcaclions can be accelerated by coardina­

ti"n ,,1' lhe metal with a hydroxy group in the substrate. This has 
an innucncc on lhe prcfcrred sequence of lhe desired reactions. 

• The first rcactioo is lhe deprotection of an alcohol. 

The tírst reaction is deprolcclion 01' the alcohol. Benzoate 16 is hy­
drolY7ed wi,h NaOH. What rollows is a modined Sim/llol/s-Smith 
cyclopropanarion with diiodomelhane (41) and diethylzinc (40). 

l' 
Et-Zn-Et + CH2 

\, 

40 41 

Zn-Et 
I 

CH2 + Et-j 
\ , 

42 43 

A mixture of 40 and 41 provides the active Line species 42 in a re­
action similar lo the Schlellk equilibrium (sce Chapter 1).22 This 
presttmably aJkylates alkene 16 in a himolceular process via the 
carbenoid transition struclUre 44. No free carbenes arise. 
l. NaOH, MeOH, RT, 95% over two steps. 
2. 5 eq. ZnEt,. 10 eq. eH'!2, toluene, 60 e , 95%. 

The cyclopropanation reaction originally devclopcd by Simmons 
and Smith utilized for eliminating iodine from a gcminaJ diodide 
the reducing agent zinc, which had previously becn aetivated by 
copper.23 
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Allylic hydroxy group' io the subslrate are able 001 ooly to ac­
celerate lhe Simmo1ls-Smith reaclion through coordination of 42, 
but their active volul11e also allows them 10 direct auack of I.¡ne 
,peeies 42 sclcctively lo ooe si de of the double bood2

' 

Cff?
OH 

H ~ 

H Ctf?
0 H 

H ~ 

H 
• 

17 18 

• New atoms of what element are introduccu inlO compound 17? 
• 15 this ring opening a subsliLulion, an oxidation, or a redUClion? 

The sterically rcadily accessible external bood of the cyclopropaoe 
riog is reduclivciy opened through hydrogeoalioo. This can oceur 
due lo the high degree of riog straio io the Ihree-mcmbered riog." 
0.2 eq. PtO" H, (1.013 bar), AcOH, RT. 80%. 

Cff?
OH 

H~ 

H 

1. 

• 
2. 

18 (_}_,\t(12)..capnellene 

• Basic elimination of a good Icaving group is noL ulilized in con­
stroetioo of the double bood. 

• The second stcp involves a SJII climination similar lO lhe Cope 
elimination of amine oxides. 

• An o-nitrophenyl ... clcnide is first gcncrated. 
• The second reaelion is oxidation lO a "ocien oxide. which sponta­

neously eliminatc~. 
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The exocyclic double bond, of rnclhylcnecyclopcnlanes are very 
sensitive. Espccially in the presence of acid cataIysis lhe system 
readily undergoes isomenzation so that lhe uoublc bond assumes 
an endo posirion within lhe ringo In Lhe crcaLion of lhe (!XO methy­
lene group Shibasaki utilized a mild selenoxic.lc climinalion, a reac­
tion that Qccurs even al room tempcraturc. 

For lhis purpose lhe alcohol function in 18 is convcrtco inlO lhe 
o-nilrophenylselenide 51 by trealment with o-nilrophenylsclcnocya­
nale (45) in the presence of triblllylphosphine (46). Thc meehanism 
is assumcd lo be as follows: 26 

ArSeCN + 

45 

o 
ArSe 

48 

+ 

o e 
----+ ArSeP BUJ eN 

47 

o 
ArSe + 

48 

Oxophilie phosphonium compound 47 forms from rriburylpho­
sphine (46) ano lhe phenylselcnide 45, and rhis rhen sllffers nllcleo­
philic atlack by alcohol 18. The rcsulting free seleniul11 nucleophile 
48 displaces phosphine oxioe SO wilh lhe formarion of phenylsele­
nide SI. Phenylselenioc 51 is oxidizcd by hydrogen peroxide to 
phenylselenoxide 52, which al room tcmpcrolure undergoes an 
elimination reaction lO (-)_L\9(12)_capncllcnc (1). Thc mcchanism is 
similar 10 that of (he Cope climination. procccding via a cyclic tran­
sition statc. 
l. 3 eq. 2-nirrophenylselenocyanare (45), 3 cq. P("Buh, pyridine. 

RT. 

2. " 20 2• 10 eq. K,CO], THF, RT; 78% over lw" sleps. 
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4.4 Summary 

The synthesis prescnled here leads to (_)_Ó9(t2)_eapnellene (1) in 19 
steps starting from Lrikelone 7, with an overa]1 yield of 20% and an 
enantiomeric exccss of 87%. Shibasaki's resean:h group employed 
a linear synthetic slralegy. The tirst key step is a domino reaclion 
consisting of a Heck reaction 011 prochiral stal1ing material 11 fol­
lowed by anack of nucleophile 12 on an allyl-Pd inlermediale. This 
reaction leads lO the conslruclion of thIee stereogenic ccnters 
through asymmctric catalysis. Stcreochemical information i ~ pro­
vided by an axially chiral (S)-BINAP ligand on palladium. 

The second key step is a radical cyclization utilized for erealion 
of lhe lricyclic system 16. The slereochemistry of lhe resulling 
ncwly introduced stereogenic cemer is established entjrely by sub­
slrale conlrol , and is thus also dcrived indirectly from lhe BINAP 
ligand. 

DimeLhyl substitution al C-I is achicvcd by a SimmolJs-Smitll cy­
dopropanalion and subseqllent reduclive ring opening. The lasl 
step lo (-)-Ó9(12l-capne llene (1) is a mild selenilllll oxide elimina­
tion , lhrough which the exo-methylene group al C-9 is obtained. 
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(-)-Epothilone A: Shinzer (1997) 

5.1 Introduction 

The cpolhilones' A ( la) and B ( lb) werc isolaLcd .nd characlerized 
by the research groups 01" Hojle and Rei"he/l"(1{'h from myxobacte­
fia of the genus SorRalliul11 cellulosul1/ 90. 2 Sincc discovcry of lhe 
compollnds in 1993 a nllmber of tOlal and partial synLhcscs have 
been reported. The first total synthesis was achievcd by D(1/1il·he[I·­
ky·s research grollp] Shortly lhereafter there appeared synlheses hy 
Nicolaoll~ and ScJ¡il/;.er,C¡ 

Much of lhe interest in lhe epothilones is a consequcncc of thcir 
fungicidal properties and especially their selective activity against 
tlllllors.b Their rnode of action seems related lO that 01" laxol, 
although lhe epothilone structure differs significant ly from Lhal 01' 
taxol. Similar to taxol, lhe epothilones bind to l11icrowbuli 7 <1lld 
thus inhibit cell divisioIl. Taxol is in faet displaced fmm lhe bind­
ing sitc by lhe epothi lones. Nevertheless. lhe three-dimensional 
~truclurcs C<1nnol be regarded as equivalent, so it is asslIllled Ihal 
lhe rcJcvanl binding sites 011 lhe rnicrotubuli are nOI identical bUI 
rather ovcrlap. Epothi loncs display a roughly 1000- 10 5OOO-fold 
highcr aClivily relalive Lo laxol against resistant tumor cell lines. 
Olher advantage~ of lhe cpoLhilones ""iLh rcspeCl lo therapeutic ap­
plications are Ihcir superior water solubility and lheir accessibility 
via t"crrncntation. Rcsult~ of in vivo sludics are not yet available. 

Total synthesis uf Lhe cpoLhiloncs cannol compeLe with fermenta­
tion from Ihe standpoinL of quantity, but it dnes opcn possibilities 
for derivali7alion ano thus the prospcct of pcrhaps cven more effec­
tive substances.X 

EpO(hilone A (In) can be constructed in a convergcnl synlhcsis 
starting from three building blocks. AII lhe puhlishctl synLhcscs fol­
low essentially Ihe same general pattem, including lhe Schill~er 

synthesis presenled here. 

o OH o 

b:R " H 
1b:R::Me 

"o --"<\. 
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5.2 Overview 

HO OH 

V 
2 

1. 1 eq TBsel. NaH, THF. RT .2% 

.'" 2. (COCln. NEt3• DMSO, CH]C12• -78 oC 

. .,., 
95% .. 

3. (-)-IPC'B~, EI,O, -78'C -+ RT; 

NaOH, H202. reflux 

4 

5 

.'" 110 EtMgBr, Et20, o ·C 
86% 2. 0.05 eq TPAP, NMO, 

CH2CI2• MS 4 A, RT 

6 

LOA, THF, -78 bC 

'''' 

-

O 

~OH 
7 

1 : 

9 

1 

10 

1. LiAlH4• Et20, O oC 
2. (COCI)" DMSD, 

NEI3. CH2CI2. 
-76 'C 

! 



~ 
1llS0 OH 

11 ""j 1. T. esel, imidazole, DMF, RT 
70% 2.03. PPh3. CH2CI2. -78 oC 
75% 3. nBuU. THF. -78·C ~ RT 

Sil O 
- -{N~P(OEt), 

12 

13 

1: 
S 

Hyy0:>-
O 01llS 

14 

13% 1. 1_85 eq PPh3. MeBr. 
NaNH2• THF, RT 

N"'" 2.2.5 eq TBAF, MS 4 A 
THF, -78 oC -4 RT , 

15 

5 (-)-Epo/hilone A ó 1 

10 

2 

3. 

4 

HO 

O 01llS O 01llS 
16 

--+ 
.... OCC. DMAP, CH ,el,. 

RT. 15 
.. " 2 1RuCHPh]CI,,(PCYJn (cat), 

CH1CI2 RT 

17 

1. 

2. 

--<{l), ¡ ~ .00 

0Y"?Y" 
O OH O 

1. 
(-)-epothilon A 
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5.3 Synthesis 

11 eq TBSCI. NaH, THF .• '" 
HO OH 2 (COCI)" NEt" DMSO, CH,CI" -78 'C, 80% 

V 
2 3. (-HPC,B~ , Et,O, -78 'C 

NaOH. H20 2. reflux, .9%, 95"... 

• Only one end of the diol is proteeted. 

• 

~ RT; 4 

• Does the sccond MCp amount 10 nn oxidation or a rcduction? 

• Step tWQ ¡.., an oxidarían. The crotyl reagent atlack~ lhe resulting 
aldehyde. 

• In essence thh crolylaLion i!'\ analogous la un aldol rcaclion. 

Propanediol is fj"l protected at one end as a TBS ether. The frcc 
alcohol fUllction is lhen subjectcd lO a SH'em oxidation. leading 10 
aldehyde 22. 

22 

e -CO,. ca, a 

H 
1 0 

R'-C.O-S-Me 
107 t..1 
H'-.,/ICH, 

e 
21 

23 

• 

~ c:? 
R-C-O-S-Me 

1 1 
H Me 

20 

This mild procedure utili/e, DMSO a' the oxidizing agent. DMSO 
initially rcacls with oxalyl chloridc, and subsequcnt elimination of 
carbon dioxide. carbon monoxidc, ano chloride results in lhe acti-
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valed calion 19. This in tum reael .... wilh lhe TBS-protected alcohol 
lo gh;c sulfuranc 20. which eliminares a chloridc ion and is lhcrchy 
transfunllcu ¡nlO a sulfonium salt. Thc sah ¡ ... deprotonated al one 
of Ihe meLhyl groups by Lhe base Lrielhylamine ,ueh Lhar finally. by 
eliminalion of dillleLhyl sulfide (23). aldehydc 22 is fonned. in Ihe 
COUf\C nf which intramolecular migration of a pmLon occurs. 

Aldehyde 22 i, con verted stereoseleclively in Lhe Ihird ;tep into 
hOllloallylic alcohol 4 using boron reagenl 3, developed by 
Brm\'ll.1O In ¡his case a prcnyl residue is transfcrrcd. 

The mechani ... ti c coursc of lhe allylation rcaclion (scc al ... o Chap­
ler 6) i, analogou, lo Ihal of an aldol addilion. A carbonyl earbon 
atOIll undergoc, nucleophilie unaek hy un allylic double bond. 
whcrcupon boron migralcs 10 lhe carbonyl oxygcn atom and a ter­
minal double bond i, erealed. The neaelion pne,umably la~e, place 
through a six-membercu chair-like transition "itate. lhe so-called 
Zimmerlllllfl-Trnxler ImnsiLion slale 24. 11 Thc absolute !o.tcrcochcrn­
i~try of the producl is dClcrmincd by lhe Iignnds 0 11 lhe horon re­
agcnt. 

The resulting dialkylalkoxybomnc 25 i, Lhen oxidized wilh al~,,­

line pcroxide and hydrolyzed 10 the dc,ired alcohol 4. 

lpe, -Ioc 
B~e 
lO-OH 
O 
I 
R 
25 

Ipc, II~ 
eB-O- OH 
bG 
¡ 
R 
26 

3 H,O 
ROH + 21pcOH + NaB(OH), ... ....---=--

IPCO'S"OIPC 

I 
O 
I 
R 4 

+ NaOH 
30 29 

28 

Nucleophilic "tt"c~ hy Ihe hydroperoxide anion produces inilially a 
lelrahedml homLe (26) in which one al~yl group. here (-)-Ipc 31. 
migrates from boron Lo oxygen. in Ihe cour\e of which a hydro\ide 
anion is eliminalcd and a slable boron-oxygcn hond de\-elops In 
compound 27. Thi~ MCp proceeds with retention or configuration al 
lhe migrating cé.lrbon alomo The same Slep me rcpcatcd with lhe 
second residue lO give trialkoxyborane 28. Finally. hydroly~is re­
su lL~ in release 01' alcohol 4. Lwo 1110leeule, of (- )-Ipc alcohol 30. 
and one equivalen! 01' boratc 29. 
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1. ayo OH 0185 H 

~ 
2. 

O~ • 

4 5 

• The firSl step effects a change in the protecting-group strategy. 
• Thc douhle bond is firsl oxidized to a cis diol and then cleaved. 
• The reaction is a periodate c1eavage. 

In a firsl SlCp, the TBS cthcr is subjccled 10 acid c1eavage with cop­
per sulfate in acctone containing a caLalyLic amaunt of glacial acetic 
acid. Thc rcsulting diol is lhen protcctcd as an acelonide. Next, the 
double bond is oxidativcly deaved with sodium periodate and a 
cataJytic amount uf osmjum tclroxúJe to givc aldchydc 5. 

Oxidative cleavage of the oletin is aecomplished by lhe mClhod 
of Lemieux-JohllSOIl. 12 The process begins with dihydroxylation of 
the double bond using osmium tetroxide (see Chapter 3), Icading lo 
a cis diol and osmium(VI) oxide. The added periodate has two 
functions: first, it reoxidizes the osmium(VI) species to os­
mium(VIlI), but it al so cleaves the glyeol oxidatively to an alde­
hyde. This is the reason for lltilizing several eqllivalents of penod­
ate. The periodate is in turn reduced from the +VIl to the +V oxi­
dation state. 

e C;\~~H ayo 
°1) \~ -------.. 

O O 

32 

Mechanistieally, what forms tirst is diester 32 of periodic acid. This 
can occur with both cis and lrlln.\' diols. The ester then decomposes 
in a single-step process to aldehyde 5, formaldehyde (33), and the 
trioxoiodine(V) anion 34. 
l. 2.3 eq. CUS04, HOAe, acetone, RT, 81 %. 
2. 0.02 cq. Os04, 5 cq. Na104, THF/phosphale buffer pH7, RT, 

86%. 
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5 

1, EtMgBr, Et20, O ·C, 80% 

2 0.05 eq TPAP, NMO, 
CH,CI" MS 4 A, RT, .... 

6 

• The Grigllard rcagent attacks at lhe mosl elcclrophilic position 
in 5. 

o The producl is an alcohol. 
• Is lhe \ccond MCp a reduction. an oxidation, ur an olefination? 

The Grigllard reagen! fiN adds nucleophilieally lo lhe carbonyl 
carbon 310m and forms a seeondary alcohol (see also Chaplcrs I 
and 2). This is subsequcnlly oxidized lo kelOne 6. The oxidalion 
slep is based on a catalylic varianl using TPAP. 13 

Similarly la oxidative olefin eleavage wilh periodate, lhe tirsl in­
tcmlcdiate formed is estcr 35. hcrc a pcrruthenate al lhe oxidation 
level + Vil. A p-eliminalion releases kelonc 6 and the rulhenium(V) 
acid 36. N-Melhylmorpholine-N-oxide ( MO) serves in lhis case lo 
regenerale lhe pemJlhenate(VII) speeies, and must therefore be in­
troduced in stoichiometric quantity. 

o O )1....
0 

~ ij X O /.Ru,~ G' O O O 
O 11 

~ 
+ IRu=O 

~ - I 
..-0 

H 

35 6 36 

Compound 6 constilules lhe fLfSt of lhe lhree bui Iding blocks. 
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o 

~OH 
7 

• NOlice Ihe slereochemislry al C-2 in compound 8. 
• In the first step lhe carboxylic acid is transformed into a reactive 

species. 
• The oxazolidinone is acylated with the active form of lhe acid in 

the second slep. 
• The third step accomplishes an asymmetric alkylation. 

The acid is convened wilh Ihionyl chloride inlo the corresponding 
acid chloride, which reacls in a second step witll the anian of lhe 
Evafl~' oxaLolidinone 37 14 to give an N-acyloxazolidinone. This is 
Ihen deprolonaled wilh sodium hexamelhyldisilazide and subse­
quenlly alkylaled seleclively wilh melhyl iodide 10 produce COI11-

pound 8. 
Starting wilh lhe N-acyl dcrivativc, ~odium hcxamclhyldisihuidc 

seJcclively fonn, lhe Z-enolatc 38 (amides usually form Z-eno­
lates). Chelate fonnation bCLwecn sodium and lhe lwO oxygcn 
aloms rcquires a confonnation for 38 in which Lhe isopmpyl group 

shields lhe bollom of lhe molecuJc, so allack by lhe nucleophilc 00-

curs fmm aboye. This rncLhod gcncrally providcs oULsLanding selec­

livity. Thc EVQIIS auxiliary has alsu becn uscd succcssfully to 
achieve stereocontrul in aldol l

:'5 and Diels-Alder reactiuns. lb 

1. SOCJ2, benzene, rellux, 92%. 
2. "BuLi, oxazolidinone 37, THF, -78 C,65%. 
3. NaHMDS, Mel, THF, -78 C,82%. 
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o O 1. LiAlH •• El,o. O ·C •.. .,. 

"'" -------'- -------'- )l U 2. (COO),. DMSO. NEt,. 
~ - T () _C",H-",c=I,:.... _.:..78:..

o

-=C.:... ""=..;.:~.~ 

8--\ 

• The E"CIIIS auxiliary i:-. removed. 
• In the sceond stcp Schillcer employed a re.clion lhal has .Iready 

appeared once in lhi~ synLhesis. 

The E\'Qlls auxiliary is first removed reductively. As a result, N­
acyloxazolidinone 8 is tnmsformed iOlo • primary alcohol. 

This is only one possible approaeh lo eleavage of the auxiliary.1 7 
Olhcr oplions ¡nelude cleavage with alkaline peroxide to an acid or 
lransamidation to the Weillreb .mide" (scc also ehapter 2), whieh 
eould be rcdueed directly to .n aldehyde. 

Finally, the alcohol is con verted into aldehyde 9 by a Swem oxi­
dation. 

LDA. THF, -78 ·C, 

~H . 
7 .... 

8 lO 

• The ba. ... e LDA transfomls 6 into an enolate. 
• This enolale attacks compound 9 at the aldehydc earbon atom. 
• What occurs is an aldol reacLion. 
• Which rclativc stereochemistry would you anlicipatc: .\')'11 or 

awi? 
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In the firsl step ketonc 6 is dcprotonatcd with LDA. Bascd on lhe 
Ireland model,19 it is the Z enolatc 39 that fonns. This attacks the 
aldchydc carbon aLom in 9 such that the Z lithium enolate leads lO 
lhe .'1yn isomcr. 8ecausc of intramolecular chair-like chelate com­
plex 39 the frccdom 01' the transition statc is Iimitcd and altack on 
aldchydc 9 is so directed that only the desired diastereomer 10 
anses. 

The observed high degree of seleetivity is a result of the faet 
that substrate induction and reagent ¡nduetioo reinforce each other 
and are thus intensitied. This is therefore a case of dOtlble stereodif­
ferentiation. 20 The two compounds constitute what is known as a 
"matched pair." In a "mismatched pair" the tWQ inductive tenden­
eies would be in eompetition. and seleetivity wotlld be redueed. 

~ 
'lllSO OH 

11 

1. TBsel, imidazole, DMF, RT,98% 
2. 0 3• PPh3• CH2CI2• -78 oc, 70% .. 
3. nBuLi. THF, -78 oC ~ RT, 75% 

Sil O 
----{N~P(OEt¡, 

12 
13 

• The reagent TBS ehloride has already been employed previously 
in this synthesis undel' different conditions. Its role here is the 
same. 

• The second step consists of an oxidative olefin cleavage. 
• Phosphonate 12 is a compoulld with an acidic C-I--I group thm is 

deprotonated by n-butyllithium. 
• The third step is a Homer-WadsH'Orlh-Emmons olefination. 

Secondary alcohol 11 is tirst proteeted as a silyl ether with TBS 
ehloride, after whieh the terminal dotlble bond is ozonized. The re­
sulting methyl ketone is subsequently con verted stereoseleetively 
with a Horner-Wadsworth-Emmol/s reaction 21 into olefin 13. This 
reaction sequence leads to frans selectivity in the fonnation of the 
tem1inal double bond in 13. 

Ozonolysis of a double bond leads tirst to a so-ealled primary 
ozonide 40 through 1,3-dipolar cyeloaddition. Rearrangement of 
primary ozonide 40 with ring eleavage produces a carbonyl oxide 
42 and a carbonyl compound 41, which then recyclize to secondary 
ozonide 43. The reaction teflllinates with a redox process involving 
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added triphenylphosphine, which by reducing sccondary ozorude 
43 releases kelone 44 and fonnaldehyde. 

Use or a stronger reducing agent such as lithium aluminum hy­
dride nr sodium borohydride would generate lhe cOITesponding al­
cohols, whereas an oxidative workup with hyurogcn peroxide 
would cause the carbonyl compounds to be oxidized in silU 10 cae­
boxylic acid,. 

Thc lhird <.;tcp is a Horner-Wadsl\'orrh-Emmolls [CaellOn in which 
a C-C double bond is crealed by condensation of ketone 44 wilh 
u,e lithium sall of lhe P-lhiuolephosphoric acid dialkyl ester 12. 
The desired compound 13 is obtaincd selectively with {mlls geornc­
rry. The precise rncchanism or the I/omer- WadsH'orth-Emmoll.\ rc­
aelion is nm yet known, so lhe saurce of the Iralls selectivity rc­
majns uncenain. It is assurncd thal, analogous to the Wittig reae­
lían, un oxaphosphetane fonns as an intermediate (see a1so Chapler 
9). 

5 1. ry0}-2 
1850 018~ N ¡ 

13 
5 

Hy¡V:>-
O 0185 

14 

• Prior to oxidation tbe primary TBS ether muSI first be eJeaved . 
• Thi~ is nOl a Swern oxidation. 

Firsl. lhe protecling group is seleclively removed from lhe primary 
(anu lhu~ more reactive) alcohol function using nuoride ion in a re­
aClion Ihat proceeds only in the presence 01' gla.\~ rragments. The 
fluoridc in thb. case is introduced in (he foml 01' hydrofluoric acid. 
Schin:er has postulated in this context (he participULion or hexa­
fluorosilkatc as a catalyst.22 
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The newly released alcohol is then oxidized to aldehyde 14 by the 
mi Id meLhod DI' Dess and Martill (scc Chapler 7 ror furthcr discus­
sion of the Dess-Marl;n oxidarlon). 
1. HF, CH3CN, glass fragments, O C, 87%. 
2. Dess-Marl;n periodinane 45, CH2C12 , RT, 78%. 

y¡Ú
s 1. 1.85 eq PPh3, MeBr, 

1 >-- NaNH" THF, RT, 83% 

H '" N 2. 2.5 eq TBAF. MS 4 A. 
O OTBS THF. -78"C -> RT . .... 

14 

15 

• Thc proccss bcgins wÍLh fonnation of a quatcmary phosphonium 
sall from melhyl bromide and lriphenylphosphine, afler whieh 
the salt is dcprotonatcd wilh sodium ami de. 

• The resull is a phosphorus ylide, which attacks the aldehyde. 
• The first stcp i5 thus a Wittig rcaelion. 
• Fluoride ion accomplishes an elhcr c1eavage. 

In the firsl stcp a Wiuig reaction23 is used lo transform the alde­
hyde into a temlina] olefin. This requires initial preparation of a 
quatemary phosphonium sa]t. The lancr is then deprotonated with 
sodium amide to give phosphorus ylide 46, which after nucleophi­
lic attack on aldehyde 12 leads to the oxaphosphetane internlediate 
47. This intermediate in tllrn decomposes il1tO olefin 48 and triphe­
nylphosphine oxide. 

Decomposition of the oxaphosphetane accurs with retention of 
geometry. Thus, a Gis oxaphosphetane reacts to give a cis olefin 
and a trans-substituted oxaphosphetane gives a rrans aletill. The 
E/Z selectivity of double bond formation plays no role whatsoever 
in this case. since lhe new linkage is an ul1substituted terminal dOll­
ble bond. Neve.theless, in general it is a function of the stability of 
the ylides. Unstable ylides usually carry alkyl residues and lead pri­
marily to e;s olefins. Semistable ylides typically eontain aryl substi­
tuents that are able 10 slightly slabilize a carbanionic center, and 
these usua11y give cis/lrctns mixtures. YUdes bearing strongly elec­
tron-withdrawing groups (e.g., carbonyl groups) are stable and pro-
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duce olcfins with Iran.\' selectivity (see al so Chapter 6). Thcsc sclcc­
tivitics are dircctly reJated to the rafias of the rcsulLing oxaphosphe­
tunes. Unstablc ylides rapidly form ci.v oxaphosphetanes, hut trall,\' 

oxaphosphetancs only :-.lowly. With semistable and slablc ylides lhe 
mte of trans-oxaphosphetane fonnation ¡ncreases. so lhe fraction of 
(rmls olefin al50 ¡ncreases. 

The second step is a Iluoride-induced desilylation to alcohol 15. 
What follows is derivati/.ation of 10 to 16. whieh is then 

eoupled with 15. 

o 
10 

HO 

o 
16 

2. 
3. 
4 l
l. 

ÓlES 

• This synlhetic scqucncc cncompa. ... ses n01 only protectjng-group 
operations, bUI al50 lhe creation of an acid function, and Ihis rc­
quires a particular orucr ror lhe sleps. 

• The lirst step is cleavage of the acetal proteeting group. 
• In a second step lhe hydroxy funclioll!o. are protected as TBS 

ethers. 
• The third step is selectivc dcprotcction of lhe primary alcohol. 
• Oxidation 10 a carboxylic acid occurs as lhe las1 step. 

In the lirst step the cyclie aeetal is subjectcd to aeid cleavage. after 
which all tite free alcohol funetions are protected as TBS ethers 
with the aid of the very reactive silylation reagcnt TBS trillate. TIte 
primary alcohol is then deprotected under milo conditions and oxi­
di,cu with POC 10 a carboxylie aeid. 
l. PI'TS, MeOH, RT, 88%. 
2. 12 cq. TBSOTf, 6 eq. 2,6-lutidine (49), CH2CI2, - 78 C, 96<;[ . 
3. 0.2 eq. CSA. McOH , C112Ch. O C. 82%. 
4. II eq. POC, OM~~ RT, 79%. 
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s 

-<~~ + 
HO OH 

15 O OTBS O 
18 

.... 11. DCC. DMAP. CH,CI,. RT 

.. " 2 [RuCHPhICI,-(PCy,h (cat). 
CH,CI,. RT 

17 

• An estcr is synthesi¿ed in the first step. 
• DCC activates the carboxyl group for estcrificmion. 
• A ruthenium complcx is responsible for catalytic ring c10sure Lo 

a macrocyle. 
• The two double bond, are lransformed into one endocycile dou­

ble bond and elhenc. 

In lhe first slep esler SO is forrned from seeondary alcohol 15 and 
acid 16. DicyclohexyJcarbodiimide (SI) aClivates acid 16 for attaek 
by the nucleophile. Fírsl the acid is deprolonaled and lhen the re­
sulting carboxylate 52 adds lo lhe prnlonaled carbodiimide species 
53, leading to an O-acyilsourea, 54. This aClivaled ester is very re­
aelive wilh respecl to nucleophiles, and as a resull of auack by al­
cohol 15 lhe urea derivative 55 is eliminaled, producing the desired 
ester SO. 

?Y 
O N 
11 n 11 

R'-C-O-H + C 
, 11 

16 '-..,/17 

O 

Cy 

51 

11 
R'-C-O-R2 

50 

?Y 
O N 
11 _0 11 

- R1--C-QI + C ~ ~II ;-::::, 
52 HN0 

1 
Cy 

?Y 53 ?y 
HN O N 

1 + R'OH 11 11 
+ O=C • Rl-C-Q-C 

1 15 1 
HN HN 

1 1 
Cy Cy 

55 54 
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Ring c10sure occurs during the next stcp. which takes the foml af 
an olefin metathesis. The two terminal double bonds in 50 are 
eoupled together with release of ethene (58), Ihereby c10sing Ihe 
ring to 17. 

Olefln metathesis24 is an equilibrium rcacLion. Tt is assumed that 
in the tirst step olefin SO adds to eatalyst 56. This leads via [2+2]­
cycloaddition to a metallaeyclobutane 57, from whieh ethene (58) 
is released and equilibrium is displaced in the direetion of produe!. 
Mctallacarbene 59 Ihen reaels intramoleelllarly in an analogous way 
wilh lhe second oletin lO form anolher metallacyclobulane ring, as 
shown in 60, in lhe decomposition af which catalyst 56 is regener­
ated and macrocyclc 17 is released. 

R ~0 

~ M=CH2 
~ 
~ 

56 

9)1~ 1~ ~ H2C~CH2 
L() ~ M~ ~ 

60 

Produel 17 is obtained in 94% yield, but as al: I mixture Witil re­
speel lO lhe dOllble-bond isomers. 

Two possible eatalytie systems for olelin metalhesis are tile eOI11-
mereially available earbene eomplexes 61 and 62. Molybdenlll11 
complcx 62, developed by Schrock,25 was the tilSl to be intro­
dueed. Nevertheless, it has the disadvantage of being bOlh unstable 
and dirticulL Lo aeeess. The newer Grubbs eaLalysl26 61 is now pre­
fcrrcd bccausc it is stable and also easy to synlhesilc. 80th cata­
Iysts arc also appropriate foc struting materials containing heteroat­
oms (see also Chapler 16). 

73 

17 

Discussioll 

o ~Cyl H 

o ..... H 
PCyl R 

61 

R~Ph . 
Ph 

Ph. PhCI 



74 

Problem 

7ips 

Solutioll 

o-o 
X 

63 

5 ( )-t:po/hi/o/Je A 

~~~ .. ~OlllS 
b~ II 

O OlllSO 2. 

17 

s 

---<',.1 )" ~. 

9". 

o OH O 
la 

(-) .. polhllon A 

• Thc "iilyl prOlccling group is fin..l removed. 

.. ,OH 

• In a second step the macrocyc1ic uouhlc hond is cpoxidiLCd. 
• A cyc lic reagent is employcd for the cpoxidation. 

Once the Iwo TBS protecting groups havc oecn removed with hy­
drofluoric neid as a SOllrce uf tluoride, Ihe cpoxidc al C-12 h. COll­

slnlcted as lhe lasl step of lhe overall synlhcsis. For Ihis purposc di­
melhyldioxirane (63) is ulilized. lt is conceivablc lhal cpoxidalion 
CQuld a1so have occurred al lhe exocyclic doublc hond al C-16, or 
thal attack by lhe dimethyldioxirane could have takcn place fmm 
lhe tap face of lhe macrocycle. Sc/¡ill z,er obtained lhe dcsircd ",.llu­
ral producI (-)-epolhilone A (la) in 48% yield. 
1. llE Cll,CNIE120. RT. 65%. 
2. Dill1elhyldioxirane. CHoClo. -35 C. 48%. 
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5.4 Surnrnary 

(-)-Epolhilone A ( l a) was prepared wilh a convergent synlhelie 
.lmlcgy slaning from lhe Ihree building blocks 6, 9. and 15. Frag­
mCnls 6 and 9 were coupled in a highly stcreo,elective aldol reae­
lion (C-6/C-7). and lhis was followed by estclitication with the lasl 
componenl, 15. 

9 

o 

H 

o OH O 

1. 

The final kcy ~lCp in lhe synthesis is a macrocyc1izalion via olefin 
melalhesis (C- I 2/C- I 3). The slep occurs unseleelively albeil in high 
yield and generales lhe double bond as an E/Z mixlure \Vilh equal 
contribution<.., fmm Lhe 1\\10 isomers. 

Overall. (-)-epolhilone A (la) 'oVas prepared in 16 sleps slaning 
from propanediol (2) in a yield of 1.5%. 
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Erythronolid A: Hoffmann (1993) 

6.1 Introduction 

TOlal synlheses of lhe highly effecLive anLibioLics erythromycin A 
(2) "ud (B) thread their way lhrough Ule emire history of Olodem 
organic synthetic chemistry. 1.2 Dc~pitc their clinical significance, 
however, there is actually no immediate necessity for developing 
efficient syntheses af the compounds, ~incc adequate amounts are 
available lhrough fernlentation \Vilh a 'lrain of Slreplomyces ery­
Ihreus. Since Corey's first preparation of cnantiomerically pUTe ery­
lhronolid B (4) in 1978 J and Woodword', symhesis of erythromy­
cin in 1981,4.5,6 publications on lhis subjccl huve concentrated pri­
marily on the further development of stcrcoscleclive syntheses. I At­
LemplS la synthesize derivatives 01" the crythromycins often have 
had lhe important goal of demonstrating the advanlage or efficiency 
nI" a particular method. From a stl1lctural standpoinL, 2 and 3 COI1-

sisl on one hand of two sugar units and 011 the other of a 14-mem­
bereo macrocyclic lactone in each case. The lactones have been de­
signalcd crylh ronolid A (1) and B (4), and this panicular chapter is 
devoted lo a synlhesis7. 8. 9 of erythronolid A (1) reported by Hoff­

ml"''' in 1991. 
The first retrosynthetic scission is cleavage of the lactone inlD a 

suitably proteclcd acid S. Construction of lhe eorresponding carbon 
skeleLOn should now be possible starting with only two elemenlary 
structural elemenls. In Lhe process, the stereogenic centers al C-2, 
C-3, C-4, c-s, C-8, C- IO, and C-II are generated by the allack of 
carbon nucleophiles on carbonyl groups, wh ile the remaining ccn­
ters (at C-6, C- 12, and C-U) are erealed by epoxidation of appro­
priate alkenes. 

1 Ftl " H.R2 " H.R3 _ 0H 

• Ft1:H.Ft2 " H.R3-H 

o 
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6.2 Overview 

• 
py. Cy 

~B~, I ,'o .. ,Cy 

7 

o C)=o 

íY1 • 
SnCI4. CH2CI2• 

-78 ·C ....." -30 ·C 
9 .. " 

PMPh 

~ 
12 

14 

1. 1.0 eq iPrMgCI; 
5.0 eq UAIH4 • THF, 
65 oc, 6 h. 97% 

2. PMBCI, NaH, DMF, 

'2% 

1. 

2. 

1. 

2 

10 

90%, dr 8:1 j 1. tSuOOH, Ti(Oipr)4' 
(+)-DMT, CH 2CI2• -30 oc 

96% 2. NMO, cat. 
npr4N+Ru04-

19% 3. petroleum ether, 7 , 10 kbar 

15 
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PMPh 

(\0" O~O I 
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9 
.•.. \ 

HO 
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1. 

2. 

1 
3. 

OH 

OH 
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2 
'OH 

19 

--G--<"'" -~IÍ ,80% 
~. 

2. 

3. 

PMPh 

9~9 
2 

2 

3. 

PMPh 

cJ 
.' 

OH 

'0 
I HO;ze' 2 '''O~PMPh 
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6.3 Synthesis 

CI 0jey 1. 0jey 
)-S:O',ey 2. (yS:O.,ey 

6 7 

• Both reacüons are nucleophilic substitutions. 
• The methyl group is introdueed first. 

With tile help of zinc diehloride, diehloride 6 is treated fust with 
methyllitlüum and tilen with Z-propenyllithium, In the proeess, 6 
reaelS al _78 °C initially with methyllithium to give al eomplex 20, 
which al higher temperature decomposes to the substitution prod­
uct. The mcchanism of the sccond rcaction is analogollS. If ane in­
tcrchangcs lhe two synthclic SlCpS what results is an intermediate 
(a-chlorcrotyl)boronatc, which pro ves unstable with respeCl to iso­
merization of lhe doublc bond and epimenzation of the stereogenic 
center in the alIylic position.1 3 

1. MeLi, THF, _78°C; ZnCI2, _78 °C -+ RT. 
2. Z-Propenyllilhium, THF, - 78 oC -+ RT, 62%. 

• ~H 1. 

2. 

8 9 

• An asyrnmctric cpoxidation and an oxidation are carried out; in 
what sequence is this done? 

• Oxidalion or lhe alcohol cnlails use, among olher things. of 
DMSO. 

Aliylie alcohol 8 is con verted ¡nto epoxyaldehyde 9 with the aid or 
a Sharpless epoxidation lO, 11 followed by a Swern oxidation 12 (see 
Chapter 5). Sinee an allylie alcohol funetionality is essential for 
Sharpless epoxidation, oxidation of me alcohol canna! be the first 
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SlCp. A hydroxy group in thc allylic position in lhis case nOL only 
provide!oo good !ooclcctivity but also incrca. ... cs lhe rate of reaclioll. so 
lhal al1ylic aJcohols can be sclcctivcly cpoxiditcd in Lhe presence 
of isolated double bonds. 
1. Ti(O;Pr)4, L-(+)-dimcthyltanratc, 'B uOOH , MS 3 Á, CH,Cl" 

-25 C,85%. 
2. DMSO. (COClh, NEt,. CH,Cl" -78 C --> O C, 95%. 

The success of this approach is a result of the versaülity of lhe 
Sharpless epoxidatioll of allylic alcohol s, JO. 11 which al so has lhe 
advantage of predictable stereochemistry. 

RJqJH D-( -)-tartrate 
RV

H 

L-(+)-Iartrale RJyJH • 
R R R 
21 22 23 

O 0=0 (fl • 
SnCI •. CH2CI2• 

-78 ·C .... -30 ·C 
9 ..... 10 

• What occurs is nuclcophilic altack by the oxygen atom of cyclo­
pcntanone on lhe cpoxidc. 

• An acetal is lhen formcd. 

Lewis-acid catalysis causes lhe kctonc lO atlack lhe sterically more 
accessible C-3 carbon alom of cpoxyaldchyde 9, which leads to 
compound 10 wilh inversion of lhe configuration al lhis slereogenic 
center.~ 

• 

9 

<=\0 O 
~I 

10 
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Compound 10 is an inleresling building block for the synthesis of 
several pharmacologically significant macrocyclic lactones.8 The 
rncLhod shown pmvidcs hOlh cnanliomeric fonns of 10 enantiomeri­
eally pure in only Lhree sleps. 

10 

1. 

2. 

• 
3 O" CH,CI" 

-78 ·C; PPh, ~ 
11 

• The last step is an ozonolysis. which generales the aldehydc 
function from an alkene. 

• What is lhe reaction called that introduces lhe olefin functional­
ily inlO eompound lO? Is il a) an aldol reaetion; b) an allylation; 
e) an alkylation; or d) a erolylalion? 

• Thc proccss is a crotylation. 
• Through reagenl control thi!o, reaction produces selectively t\Vo 

stcrcogcnic ccnters. 
• Should lhe reagenl be a) 7, or b) elll-7? 
• Inuuction is uctcrmincd cxclusivcly by Ihe allylic stereogenic 

cenler of lhe crnLylhoron rcagen!. 
• Reaction procccus through a 6-rncmbcrcd transition slatc. 
• A p-mcthyoxybcnl.yl protccling group is inlroduced in lhe sec­

ond step. 

In the firsl step, reagenl 7, developcd hy Hoffmann, is used fOf 
asymmetric crotylation in order selectively to creatc lhe !-.lcrcogcnic 
eenlers al C-IO and C-II (dI' > 98: 2)1'.14 This produces com­
pound 24, whieh is subsequenlly proleeled al C-II as lhe p-melh­
oxybenzyl ether. Protection is accomplishcd by rcacLion of lhe an­
ion of lhe alcohol wilh eommereially available p-methoxybcn7yl 
chloride. 15,16 

The allyl and erolyl boron reagenls are so-ealled Typc I re­
agents,17 A cyclic six-membered transitÍon state forms because lhe 
metallic centef possesses suflicienl Lewis acidity lo coordinate wilh 
lhe oxygen atom of lhe aldehyde. The result is that Z-pentenylbor-
011 cornpounds give S)'II producIs, whereas E-pentenylboron COI11-
pOllnds give ami prodllcls (slereodivergence). In cases where the 
ll1etallic center does nOl show sufficienl Lewis acidity (e.g .. with 
erolyltrimelhylsilane), one refers lo Type 11 reagents. These reaet by 
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way of open-chain transition states, always producing syll produCl:-. 
(syn stereoconvergence). Type ID reagents conlain lrdnsition mCLals 
such as titanium and reaet lO give ami products (ami stereoconVCf­
gence). 

In lhe example here. lhe six-membered transition sLate 27 is dc­
stabilized by lhe influence of lhe stereogenic center Lhrough a 
powcrful 1,2-diaxial interaction. It is worth noting that this une 
slcrcogcnic center alone is demonstrably responsible for lhe high 
dcgrcc of induction. 13 

Cyt-?~ 
0 -8 . - \\ 

0"'\" 
R 

2. Ben7enc, 7. XO C. XI %. 
3. PMBCl, NaH. DMF, RT, 97%. 

26 

• RJY¡ 
28 

The praducts of cratylation and aldol rcaction, of aldehyde 30 lo 
give 31 and 33 are shown below. Ozonoly,i, makcs il possible 10 

lransform 31 inlo 33. This leads lo Ihe possihilily of rcplacing Ihe 
aldol reaction by a reaetion sequence of crolylaLion and olonolysis. 
With respeCI lO alIylation reactions and o/onolysis, scc Chapter 5. 

M~ 
29 

Xv 
H 32 

crotylation 
• 

Jl 
H 30 R 

• 
aldolyreaction 

83 

1) lle 1: 1.e'Wi~ acidic. C)'clic 

Imn!>ltJon !>Iale 
~tcrcodi\·ergent. 

Typt' 11: not le'Wis acidic. 
open transition state. 
stereocoIl\crgelU .I.m. 

l)"pt' 111: transition melal. 
~Iereoconvcrgcnt anu. 

DisClISS;OIl 
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1. 

2. l 11 

C\o 
\~\ 
° 12 

• A dial protecting group is prepared fram the protecting group al­
ready presen!. Whal Iype of reaetion does this represento a) re­
duetion; b) oxidation: e) nucleophilie substitution; or d) elimina­
tion? 

• Thc rnclhod ror gcncraling the stereogenic centers has already 
been employed in this ehapter. 

Aldehydc 11 is f1rst erolylated with Ihe elll-7 enantiomer of the re­
agcnt discusscd aboye. Icading LO compound 34. Mild oxidation of 
thc PMB proteeling group with DDQ results in the p-methoxyphe­
nyl protccting group, which corrcsponds lo an acetal of anisaldc-
h d 15.16 ye. 

Oxidatíon with DDQ givcs lhe oxocarbocation 3S picturcd in lhe 
margin, which is attacked nuclcophilically by the oxygcn atom of 
the free hydroxy group7.1K The p-methoxyben7yl e!hcr is lhereby 
transfonned selectively into a diol protecting group. This can be de­
protected nol only with acid (as with olhcr acclals) but also, fUf ex­
ample, oxidatively with DDQ or CAN. These c1eavage mClhods 
ean al so be applied lO the PMB prolccting group.IS.16 
1. Petroleum ether, elll-7, MS 3 A, 25 C. 
2. DDQ, O 'C, MS 3 A, 79%. 
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12 

¡ 
n-o :):0 
'v\~: 6 CO,Et 

\ i\ ,'" 
O ; 

13 

• Thcre is ao exlra melhyl group present at C-6. 
• The bood is r,,,t eleaved betweeo C-6 and C-7. 
• A double bood muS[ lherefore be reestablished io the oext step. 

Which of !he followiog mClhods of alkeoe syothesis appear rea­
sonable: a) WittiR: b) Homer-Wlldsworth-Emmons; or e) Pe1er­
son olefination? 

An ozonolysis of the double bood is camed oul ioitially, and the 
resuIting aldehyde is then slIbjected to a Wittig reaclion. Witlig reac­
lions with stable ylides lIsually occur wilh grcaler lhao 90% E se­
Icctivity.19.20 The otile!" tWQ olefinatioll methods can also generally 
be applied la lhe synthesis of a,~-unsatumted esters.21 . 22 

1. 0
" 

CHoClo, -78 C; PPh, . 
2. Cll,Cl2, Ph,+Cll(Cll, )C02Et, RT, 91 %. 

13 
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• Whieh redueing agent should be used to tran,form I3 into 14: 
a) LAH or b) DlBAJI? 

Ester I3 is reduecd with LAll to alIylie aleohol 14. Reductiom of 
u.p-unsaturatcd earbonyl eompounds with LAH do not always lead, 
as shown here. to allylic alcohols (1,2-reduetion). In sorne eases 
one ob erves simultancous or cvcn more rapid reduclion of the 
double bond (1,4-reduetion). Succc" in this transformation ean be 
absolutely assured by reduction wilh DIBAH?3,24 In cases of 

doubt one should always carry out cxploralory experiments. 
LiAlH4, Et20, RT, 99%. 

PMPh 

110 9~0 OH 

~ 
14 

90%, d,. 8:1 1. tsuOOH, Ti(Oipr) •. L-(+}-dimethyltartrate, 
CH,CI" ·30 ·C 

n o/. 3. petroleum ether. 7, 10 kbar, RT 

15 

• Sorne of the synthetie methods utilized have already becn men­
lioncd in this chapter. 

• Thc lirst step is a Sharpless epoxidation of the allylic alcohol to 
a C-6, C-7 epoxide. Docs applieation of L-(+)-dimethyltartratc 
lead 10 attaek fmm a) below or b) above with respect to the 
structure as drawn ? 

• The functionality rcquired for crotylation is achieved in the sec­
ond step with "Pr4N+Ru04 - (TPAP). 
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• Which of lhe possible diastereomers anses during crotylalion 
with reagent 7? 

TPAP is a standard reagent for oxidizing alcohols to aldehydes. lt 
can be introduced either stoichiometrically or, as here, in catalytic 
amounl, in combination wilh a cooxidant (NMO: see Chapter 16). 

Thc absolulC configurations of the new stereogenic cenlees in 15, 
illtroduccd through Lhe .)'hmples.'i epoxidation and crotylation. can 
bc prediclcd wilh lhe aid or lhe rules cited above. It is wOlth no­
tice, howcvcr. lhat crotylaLion in lhe prescnt case was calTied out at 
I () kbar. This is a rrcqucnlly used modification of standard reacuon 
condilions (wilh olhcr synlhelic melhods as well) designed to im­
provc SClccLivily andJor yield. 

PMPh 

C\~ 9~0 
.,0 

<;JH 

\i\ 
7 

j" 
O 

15 

72% 11 1.0 eq IPrMgCI; 
5.0 eq liAIH" THF, 65 'C 

97% 2. PMBCI, NaH, DMF, RT 

16 

• Addition of a Crigllard reagent leads only 10 dcproLOnalion of 
lhe alcohol at C-S and thereby to intramoleeular aclivalion or lhe 
epoxide, 

• Lithium aluminum hydride opens lhe epoxidc ring rcductivcly. 
• The final protecting-group operation takes place sclcctivcly al 

the secondary alcohol. 
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Especially inlcrc ... ting is the racI thal the epoxide ring is activated 
by intramoleeular chelation1

' (37). Prior to this discovery. 18 stan­
dard reagent. had railed in opcning lhe epoxide.' The redueing 
agent auaeks aetivated epoxidc 37 scJectively from the sterieally 
more aeeessible si de and produces a tertiary alcohol. Seleetive pro­
tection of lhe seeondary alcohol leads lo compound 16. 

PMPh 

O~ PMB9 

7 ' 

HO 
16 

PMPh PMPh 

2 .(\0 9~0 O~O 
16 

, 7 
3. • 
4 

~ \ 
O HÓ\ 

17 

• An analogolls synthc(ic sequencc was uscd lo construct lhe C-7 
through C-9 fragmenl. 

• The sequenee is: eleavage of lhe double hond, lhen erotylation, 
lhen protection. 

• In thi; case there is need for one step mOfe lhan wilh lhe C-7 
through C-9 fragOlenl. 

• Cleavage of lhe double bond oceUfS in tW() steps. 

The only differenee in lhe synlhetie sequence relative 10 the prepa­
ration of 12 consisls of a variation in c1eavage of Ihe doublc bond. 
Employed here was a dihydroxylation followed by periodic acid 
tfcalment16 (see Chapter 5) rather lhan the ozonolysis used with lhe 
C-7 lhrough C-9 fmgmenl. 
l . NMO, cal. 0,04 , aCCIone, RT. 
2. NaIO., THF. H20, O C. 
3. Petroleum ethef, 7, lO kbaf, RT, 70%. 
4. DDQ, MS 3 Á, 20 C, CH,C1" 82'1. 
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PMPh 

O~O 
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9 

j 
1. 

2. 

3. 

e"~: ciC,: O~O 
HO,c' 2 

I 
18 

ó ErythrmlOlid A 

2 

OH 
" .. 

·'0 

.~ 
'O PMPh 

o The acid Funclion in 18 is derived from the double bond. 
o To this cnd the doublc bond is first cleaved to an aldehyde. 
• This tukcs place over two sleps . 
• ArlCr pcriodic acid clcavage of lhe doublc bond, lhe aldehyde is 

oxidilCd lo un acid. What rcagcnls are bC~l suitcd lo lhe task: 
a) CJi),IH,SO./acctonc (Jolle., rcagcnt); b) NaCIOiNaH,POJ2-
mcthyl-2-butcnc; e) TPAP; d) PCC; or c) POC? 

Jones rcagent is used lo oxidi7C lhe aldehyde hcrc lO an add. In 
gencml only the tirst tWQ reagents listed in Ihe uTips" oxidi/c al dc­
hydes lO acids. TPAP can be used for oxidation of alcohol s to al de­
hydes, ketones, or acids. The others are used for oxidizing alcohol s 
to aldehydes or ketones27 

l. NMO. OS04 (cat.), acetone. O C. 
2. NalO., nfF, 11,0. RT. 
3. CrO" II,SO •. acetone, -20 C. 
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1

' ,4 O 

HO,c' 2 

18 

OH 

"O 

1. 

2. 

3. 

-~ 
'O PMPh 

OH 

• 
"OH 

19 

• In going rrom 18 to 19 the proteeting groups are removed. bU! a 
macrolactonization is a150 acrueved. In what arder are these 
SlCpS canicd out? 

• Fin.l the cyclopcntylidene aeetal is cleaved, What rcaction condi­
tions are used ror elcaving acetals: a) acidic eonditions, or b) ha­
sic condilions? 

• This is followcd by macrolactonization. 
• For Ihis purpose lhe earboxyl group is aelivaled. 
• Finally, lhe PMPh aeetals are cJeaved, 

Although successrully carried out wilh model compounds, the cy­
clopentylidene acctal here could not be hydrolY7ed selcctivcly in 
Ihe presence uf lhe other proteeting groups, Seleelive deprolection 
occurred only upon addition of trinitrotoluene, which as a more 
electron-dcficient aromalic syslcm forms a charge-transfer complcx 
wilh Ihe eleetron-rich aromatie ponion of Ihe PMPh aeelal. The 
eharge-Imnsfer complex deereases the eleetron densily of Ihe acetal 
and Ihus inereases its stability, prcsumably due to redueed slabiliza­
tion of eation 38. In lhis way it proved possible to release Ihe alco­
hol funetions al C-12 and C-13 sclcetively with aeid. 

Maerolaetonization 01' substrates sueh as 18 is a subjeet that h", 
been invesligated intensivcly. It was early established that the reac­
tion proceeds well unly ir atlenlion is paid to cCl1ain details. I,:'i.28 

First, the stereochcmistry al C-9 is crucial, since only laetones with 
a 9S configuraüon are formcu. For Lhc same reason, the alcohol 
groups at C-3/5 and C-9/1 1 mu,t be protcetcd by eyclic systems. 
Funhermore. speeia] aetivation of the carboxyl group as a lhioes­
ter 29 or anhydride lO is necessary. In thi~ ca.-.c thc activation was in­
trodueed by Ihe Yamaguclt¡ method 31 lhrough eonversion into the 
anhydride 40 of triehlorobenzoic acid . 

, I 
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1. TNT (10 eq.), 2N HCI, CH,C1" McOH, 35 'c. 
2. Trich lorobenzoic anhydride (39), DMAP, toluene, RT. 
3. 2N HCI, MeOH, 45 C, 77%. 

These steps constitute the end of Hoffmann's synthesis, which thus 
terminates with (9S)-d ihydroerythronolid A (19). Continuation of 
the synthesis to erythronolid A (1) had already been accomplished 
by Killoshiw .3J Glycosidation of erythronolid A 10 erythromycin A 
(2) was carned out as early as 1981 by WoodIVard6 Thus, the syn­
thesis presented by l/offmallll formally represents a total synthesis 
of erythromycin A (2). 

OH 
1. 

9 

OH 

~~. 2. 
"OH 3. 

2 
O "'OH 

19 

CSA, O oC, CH2CI2, 

u..--o-<,a,.,· 80% 
... , 

1 
O 

9 
,.-., 

8 
OH 
, .. " 

5 

3 

O "OH 

1 
erythronolid A 

• Acetaliz..1Iion under the conditions described is thennodynami­
cally controlled. 

• Aldehydes preferentially fon11 acetals containing 6-membered 
rings. whereas ketones prefer 5-membered rings. Which of the 
two possible 6-membered-ring systems is thermodynamically fa­
vored? 

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

• 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 selectivily. 
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6 Erylhrollolid A 

• The acetal i, ,ubscquently e1eaved. 
• Acid is avoidcd in this process to eliminate the risk of epimeri­

zarion at C-8 and C-IO. 

lf moleeule 19 b wriucn out in a zigzag fashion, the hydroxy 
groups at C-9 and C-II are seen to be lralls 10 eaeh other, whereas 
those at C-3 and C-5 are <"is. In the ehair eonformation of Ihe cy­
e10hexane the two large sub,titucnL' R of the C-3, C-5 aeetal thus 
oceupy equatorial position, (4 1), but this is not possible with Ihe 
eorresponding C-9, C-II aeetal 42. Fur this rcason the latter is un­
likcly to adopt a chair-like conformalion. Even ir these considera­
tions represent only a firsl approximation, it is stilJ possible to draw 
thc eorreet eonelusion, namely that the C-3,C-5 aeetal 41 is thermo­
dynamieally favored, therefore leading to compound 43. 

The hydroxy group at C-9 is later oxidiled. after whieh Ihe ben­
Iylidene aeetal is e1eaved by hydrogenolysi,J2 This eliminates any 
ri~k of cpimerization thal ntight accompany acidie cleavage. 
1. PeC, MS 3 Á, O C, 80%. 
2. Pd/C, I bar H2, MeOll. 82%. 

6.4 Summary 

The synthesis of erythronolid A prcsented here is muy be linear, 
bUl it still represenls Ihe shortesl known lotal synthesis of a com­
pound in this cmegory. Con"ilruction of lhe stereogenic centers is 
aehieved exelusively through reagent control using the erotylation 
developed by Hofflllal/ll IOgether with SlllIrpless epoxidation. It 
Ihus proved possible to synlhesize (9S)-dihydroerythronolid A (19) 

in an ilcralive procedure consisting of 23 MCpS with an overall 
yield of 10%. 
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Tautomycin: Armstrong (1996) 

7.1 Introduction 

Taulol11ycin, a secondary metabolite from Streplumyces spiroverti­
dl/atus. was flrst isolated by Isono. who also cstablished its struc­
turco I The unusual structural feature of trus compound is an unsatu­
rated anhydride group, which in aqueous medium is in equilibrium 
wilh lhe free acid. This probably is essential lO lhe compound's 
biological activity, as is suggested by its structural relationsrup to 
such substances as the calyculins2 or okadaic acid.3 

AH these compounds are selective inhibitors of the serine/threo­
nine phosphalases PP I and PP2A4 Phosphatases calalyze lhe hy­
drolysis of phosphates bound to serine or threonine OH groups in 
enzymes, and hydrolysis of this type callses the enzymcs lO be acti­
vated 01' deactivated. Among other funcLions these enzymcs playa 
role in lhe rcgulaLion and control of glycogen metabolism. 

Isollo's group succeeded in establishing lhe absolute configura­
tions of all 13 slcreocenters5 of tautomycin in 1993 through chcmi­
cal degradation combined with NMR analysis and force-tield calcu­
lations. NMR analysis not only established tile various coupling 
constants but also pennitted determination of absolute conftgura­
tions of the individual centers with the aid of derivatives incorpo­
rating mandelic and Mosher's acids. 

Several partial !\yntheses of tautomycin have been repot1ed, in­
cluding the synthesis of a C-l through C-26 fragment by Shibasu­
ki,6 followed by a f1rst total synthesis in 1994 by Oikawa7 In 1997 
Isobe s presented a convergent total synthesis stmting from LwO 
building blocks. 

In this chapter we describe a panial synlhcsis of the C-I lhrougb 
C-21 fragment of I devised by Armstrol/g9 One slriking I'eature is 
the iterative use 01' a melhad by which functionalized alkyl chains 
are constructed stereoseleclively. 
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7 TaulOmycin 

7.2 Overview 

1. ~M¡;tIr13 
THF, - 78 ~C, 80% 

H H 2. CHzClz. nSuli, THF 

HOiiJ ~B:OiiJ -100 oC. ZnCI2. 92% 

2 3. THF, DMSO HQ . O' 
CH, a CH, 

-78 · C - RT. 16% 

2 3 Má)~~ , 
H 

B::iiJ 

1 
a 2. 

• 
eH,) OlES 3. 

OPMB 
5 4 

! NaHB(OMe), 
THF, RT 

1 
2 

3 

____ ~OTBS 

OPMB 
6 7 
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6sz OPMB 6az OPMB 

9 8 

• 



7 TaUlomycin 97 

~ <"o I~OWS 
+ 

oaz OPMB OPMB 

9 

1 
10 

~ ~ OWS 

OBz OPMB OH 6PMB 
11 

l' 2 

~ OWS 

ÓBz OPMB O OPMB 

12 

1 
OBz ~ ,Q ows 

<" 
H 

o 

tautomycin-fragment 



98 

Problem 

Tip., 

, 
-B , e,.. 

H 

CH, 
15 

Solwioll 
nBuLi +CH1C11 

"Bul! + L,CI!CI, 
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7.3 Synthesis 

H H 

:ttJ 1. ~B:°ttJ 2. , O· 
CH3 a CH3 
2 3 

o To what eategory of eompounds does 3 belong? ls it a) an ether; 
b) an ester; el an aeid; or d) an aeetal? 

• Compound 3 is an ester of a boronic acid! 
• The nrst step is a condensmion reaction with mClhanoboronic 

acid lo give ]5. How many carbon aloms musl slill he intro­
dueed? 

o In trus C, extension proce$$. a nucleophilc altacks the electrophi­
lic boron alom. What resu1t~ j~ an at complex. 

o Whieh eombination of reagenL' lead, lo lhe al comple. that then 
deeomposes to the produet: a) CHCI), KO'Bu; b) CHJCI. Mg; 
el CH2C12• "BuLi; d) CHCI" CrCl2? 

Dichloromethane i, fin.l deprotonated with "BuLi in letrahydrofur­
an al -100 C. The rcaclion of dichloromethane with "BuLi repre­
scnts a competition between deprotonation and halogen-mctal ex­
change. Whcn rcaction is cmTied out al very low temperature only 
dcprotonation oceurs. The (1( eomplex 16 forms after addition of 
the methanoboronie aeid pinanediol ester 15. 'o Upon introduetion 
or ZnCI2 lhi~ complex rearrange~ lo compound 3. 1 

J 

The mode of action of ZnCI2 has not been c1arified. Nevenhe­
le!>.!>., it i~ thought lo ¡nteraet wilh complex 16, because its presence 
¡ncreases me rale of reaction. Moreover. it seems to be involved in 
c1eavage of one uf the two diastereotopic chlorine atoms, because 
the diastereosclcclivüy of lhe rcaciion ¡ncreases simultaneou ¡y. 
l. Methanoboronic acid. Na2S0., Et,O, 94%. 
2. "BuLi, CH,CI" THF, - 1 ()() C; ZnCI,. 61 %. 
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The mechanism of the rcarrangement is as follows: 12 

a0<?M 
c-B- O 

t·( I \ a '--Di, 
16 

atcomplex 

ZnC~ --

Tauromycill 

IL is importanr to use THF as solvent, because this avoids a climi­
nalion 13 to a monochlorocarbene. The phenomenon is explained by 
lhe observation that a Iithium caLion, acLing as a Lewis acid, facili­
lales halogen e1eavage and the ronnalion of LiCI. THF complexes 
wilh lhe calion very effeclively and lhcrcby reduces ilS electrophili­
cily. 

H 

,,:B::i9 
a CH, 

3 

1.~M~r13 
THF. -7B·C. 00% 

2. CH2CI2• nSuLi, THF 
-100"C. ZnCI2. 92% 

• 
3. THF. DMSD. -7B·C - RT. 76% 

~ou 
M"'~ 14 

4 

• In the firsl slep. the Grigllard rcagcnl rcacLS wilh the SUbSIr.le a., 
a nucleophile. This is nol an SN2 rcaction. 

• The reaclion ilself has already been inlrodllced. 
• Thc rcsult is anOlher al complex. 
• Thc (1/ complex rearranges with substitution of a chlorine atom. 
• In a second step involving lhe rcagent combination CH2CI,2/ 

"BuLirznCl2 • the alkyl chuin is once again extended by one 
chloromclhylene unit. 

• The stereochcmislry is the same as in lhe case of produCl 3. 
• A third slep causes lhe lilhillm sah of" p-mclhoxybenzyl alcohol 

14 to be subjcctcd to the same reaction "icqucnce as the two pre­
vious rcagcnt~. 

• The al complcx again rearranges with \ub\lilUlion of a chlorine 
atom. 
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The first step is nuc1eophilic addition of Grignard reagent 13 lo lhe 
electrophiljc boron atom of boronic acid ester 3 with fonnation of 
ar complex 19. This rearranges to 17 by substitution of a chlorine 
atom. No supplemental Lewis acid is required for this rearrange­
men!. Another halogenated building block is then introdllced in the 
previollsly described way by the addition of dichloromethyllithillm 
(CH,Ch + "BlILi) with fonnalion of 18. This is subseqllently fllnc­
tionalized with the Iithilll11 sah of p-methylbenzyl alcohol 14. The 
formalion of al complexes is not limited to carbon nucleophiles: 14 
al50 adds in an analogous way and rearranges to 4. 

HQ~ 
a ........ c.--B-o 

I 

CH:!3 

a~_~hX 
K J \­
H3C'-~ 

19 
al complex 

~M~r13 
• 

OPMB 

5 

17 



7 Taurol1l)'cill 

• By how many curbon atoms hao.; the di!\lanCC from me boroo 
.tom to the PMB group changedO 

• Thc distance has increased to three carbon alom~. Therefore, 
how many times has an insertion reaction wilh dit:hloromethyl­
lithium occurred? 

• Thc firsl and third steps are insertion reaction.., involving dichlo­
rorncthyllithium. 

• Thc sccond ... tep cnlails addition of another camon nut:lcophilc. 
• A I"unctionalilcd el re ... idue is introduced in Ihe 1'01111 or a 

GriRllard reagcnt in Lhe course of the reaction sequence wilh ror­
malion 01' an at complcx and rearrangement. 

Appljcation 01" the previou,ly described reaction sequence a1lows an 
initial insenjon reaction wilh dichloromethylljthjum to give 20. 
Then 20 is enhanced by one C3 residue using Grig,U/rd reagent 21 
to produce 22. Another reaction with dichloromethyllithium results 
in a el chaio extension 10 product 5. Since lhe insenion reaction 
with dichloromethyllithium ww; conducted lwice. the distance be­
lween the boron atom and the PMB ether incrcases by two carbon 
aloms. 
l. CH,C1,. "BuLi. TI/F. -100 C; ZnCI,. 92%. 
2. 21. THF. -78 C -+ RT. 71 C/c. 
3. CH,C1,. "BuLi. TI/F. -100 C; ZnCI,. 49%. 

018S 

The yield in the ¡aS( insenion rcaction is only 499(. because bypro­
duct 23 is fomled in 34% yicld. Notice that in 23 the double bond 
is at precisely Ihe SpOl whcrc prcviou~ly lhere were bonds to the 
boronic acid ester ami the PMB cther. lt is lhus reusonuble lo as­
sume thal lhe slructuml elcmenLs consisting of the boronic acid es­
ter and the PMB ether have a tendcncy to undergo elimination un­
der lhe influence of base. 
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H 

a {ttJ 
OPMB 

5 

CH, 018S 

NaHB(OMe), 
THF,RT 

• 

6 

• A hydride ion from Ihe boron reagenl substitutes seleclivcly for 
one funetional group in S. 

Thc ehlnrinc alom is rcplaeed by hydride. The actual reagent forms 
in me eourse of adding aB H4 lo melhanol, and it is frequently 
employed w; a mild redueing agent. The redueed reaetivity of this 
reagenl relative lO NaBH4 is a resull of Ihe +M effeel of the alkoxy 
group and its increased sleric demando Grealer seleclivity is thus 
observed. Compound 6 lS camed inlo the next reaction as a erude 
product. 

H 

{ttJ 1 

OPMB 
6 

CH, 018S 2. -3.--'¡ 

~018S 
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• The first step utilizcs thc same reagents as for an oxidative 
workup arler a hydroboration (see Chapler 5). 

• An alcohol is produced. 
• This a1cohol is transformed in the sccond rcactioo ¡nto a mesy­

latc. 
• In lhe third step. is lhe mesylale con verted inlo a melhyl group 

by oxidation or reduction? 

Boronalc 6 is oxidiled wilh alkaline hydrogen peroxide 10 alcuhol 
24. The concsponding mesylate is reduced with Jjthium aluminum 

hydridc lO a mClhyl group. 
1. NaOH, H20 2, THF, RT, 87% starting from 5. 
2. MsCI, NEI" CH2C1z, O oC, 94%. 
3. LiAIH~, THF, 60 C, 88%. 

A plausible altemative lo oxidative c1cavagc of lhe boronate ester 
is protolysis with acid. 14 This is pcrfecLly appropriale for lrialkyl­
boranes, but monoalkylboranes and boronatc csters are cleaved 
only under more drastic conditions. Experirncnl showed' that these 
condiLions are too severe for lhe suhstrate, requiring lhe delour by 
way of an oxidation/deoxygenation sequencc. 

_, _ 1 1 _ 1. 
~ ~ y ~ ---......--OTllS 2. 

O~MB -3-. -----,¡ 
~ OTllS 

CBz OPMB 

8 

• What transpires here is a C4 chain cxtcnsion wilh simultaneous 
creation of two stereogenic centers. 

• A homoallylic alcohol is synthesized (sce Chaplcr 6). 
• A crolylboron reagenl is employed. 
• In the first step. compound 7 is shortened by one carbon atom. 

• A rcagent containing three oxygen aloms is uscd to convert an 
olefin inlo an aldehyde. 

• Prcparation of the benzoate QCcurs in the laM stcp. 
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The double bond in 7 is el ea ved lo an aldehyde by ozonolysis (see 
Chapter 5) and subsequent rcduclivc workup wilh Lribulylphos­
phi ne. Crotylation with rcagcnl 25,lj dcvclopcd by BroU'lI, pro­
duces on1y a single diastereomer, which i~ then transformed inlo 
benzoate 8 wilh ben70yl chloride in pyridinc. 

L 0 3, CH,C1" -78 C; PBu" 93%. 
2. 25. THF. -78 C,71%. 
3. BzCI, DMAP, pyridine, RT, 85%. 

'" OlllS 1. 
, 

l ÓBz OPMB 2. 

8 

'" c?0 

ÓBz OPMB 
9 

• The first step is a protecting-group opcration. 
• What typc 01' rcaetion is employcd to prepare lhe aldehyde: a) 

reduction; b) SN2 re<1ction; Uf e) oxidation? 

The silyl prolecling group is cleaved wilh TBAF in THF, and Ihe 
resulting free alcohol is then convel1ed into aldehyde 9 by a S~I'em 
oxidation. 
L TBAF. THF. O C. 100'7c. 
2. DMSO, (COCI),. CII,C1,. NEI,. -78 C, 69%. 

The nexl reaction accomplishes coupling of lhe building blocks 9 
and 10. Fragment 10 is prepared Ihrough iterative use of (R}-pina­
nediol. lhe enantiomer of 2. by an addition-functionalization se­
quence similar 10 Iha! already presented. The vinylic iodide is pre­
pared with a T"ka; reaclion (see Chapler 13). 
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• The reaclion of vinylic iodide 10 wilh aldehyde 9 occu" by way 
of an organomctallic intennediate. 

• Thi ... i~ nol a C;rignllrd reaction. 
• Chromium(lI) chloride is employed. and lhe addition of nick­

el(lI) chloridc has a calal)tic effecl. 
• Chromium(lI) reduccs lhe nickel(II) 10 nickel(O) and ilSell" be­

comes chromium(III). 
• ickel(O) adds oxidalivcly 10 vinylic iodide 10. 
• The resulting intcrmcdiatc undcrgoes transmetallation with one 

01' lhe two chromium ...,pecic~, and it Lhcn rcuClS with lhe alde­
hyde. 

The reaclion ulilized here for coupling I"ragmenLs 9 and JO is called 
lhe No:aki-Iliyama rcaction,16 and consi ... ts of adding an al~enyl 
chromium compound to an aldehyde with Lhe formation of an 
allylic alcohol. 

In lhe course of rus synthesis of palyloxin. Kish¡1 7 nOled lhal 
only cenain batche!o. of erCl:! were efTccli,"c. Clo .... cr invc\tigation 
showed that un impurity of iCI~ ¡ ... c"iscntial ir lhe rcaclion is to 
succeed. 

The following mechanism has been poslulaled: Cr(l/) reduces 
Ni(ll) 10 Ni(O). which undergoes oxidali\c addilion lo vinylir io­
dide 26. In lhe process. lhe Ni(O) species is lrall'rormed inlO a 
Ni(lI) compound. which is transmelallaled hy lhe rcsulting Cr(lIl) 
species lO give 28. This compound lhen adds 10 lhe aldehyde. lead­
ing 10 allylic alcohol 29. 
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This is illuslraled below. 

~R 2 er(lI) 2 er(lll) 

29 OH Ni(I~Ni(O) 

1,,", ~ 
[ ~Cr(III)Xl-~ [ ~Ni(lI)Xl ~x 

~ D U 
er (111) x = l. Br. on 

CrCI" NiCI2 (eat.), THF, DMF, RT, 65%. 

This reaelion is chemoseleelive, beeause only lhe aldehyde funetion 
is allacked even in !he presenee of other cicctrophilic groups sueh 
as kctoncs or nitriles. 18 

Chromium adds oxidalively nOl only to vinylic iodides, bUl also 
lo allylic, aryl, and alkynyl iodides, as well as to CH 13 (see Chap­
ter (3)." The corresponding lriflates can be employed equally well. 
On lhe other hand, the reaclivily of bramides and chlorides is 
usually too limitcd. Reaction is carried out in the polar aprOlic 501-
vent DM F because lhis is capable of dissolving bOlh of lhe sallS, 
and homogcneous condiLions accelerate the reaction. 

'" 
, 

OlPS 

Oez OPMB OH OPMB 

11 

1 ~ 
'" OlPS 

OOZ OPMB O {,pMB 

12 
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• One of the ~lCpS is a reduction, the other an oxidation. 
• Which combination of reagents is appropriate: a) Swem oxida­

tion, NaBH.; b) [1r\COD)py(PCy,)pF6 1, Hz: KMn04: e) PdlCI 
H2: CAN: d) Deu-Martill periodinane: [pPh3CuH16 : or e) 
Mn02' Na2S204? 

• The firsl slep is oxidalion lO an a,~-unsaluraled kelone. 
• What characteristics must a reagcnl possess ir it is to give exclu­

sively lA reduction? 

For oxidation to an a,p-unsaturated ketone in Lhis ca~e Lhe reagent 
of choice was lhe Dess-Martill periodinane 30. 19 The copper hy­
dride complex [PPh,CuH16 !hen leads lo saluMcd kClone 1220 

1. Dess-Martill periodinane, CH2CI2, 96%. 
2. IPPh3CuHl., benzene, 99%. 

Oxidation with Dess-Mllrtin reagent 30 is noteworthy for its simple 
prcparaLivc mCLhodology as well as its efficiency. The process in­
vol ves a hypervalenl iodinc reagenl lhal can be prepared easily and 
in high yield in lwo stcps fmm o-iodobenzoic acid. 1\vo equiva­
lenls 01' aeetic acid are forrncd per mofe of alcohol. which means 
compounds lhat are highly sensitive lo acid cannol be oxidized in 
lhis way. 
The mechanism of lhe Dess·Marrill oxidation is as follows: 21 

o 
~ ce R/'..OH I O • I O 

'" /tE-- OAC 
-HOAc '" / /tt-OAc 

AcD DAc AcD O,,-/R 
30 31 

-HOAc O ojo 
R)lH 

+ 

'" < 
32 33 OAc 

A Swem reaclion leads in this case to poor yields and large quanti­
ties of decomposition products. 

Among the other rcagcnL~ li stcd, aClivated Mn02 is specific for 
Ihe oxidalion 01' allylic and ben/ylic alcohols." KMnO. is used for 
the oxidatjon of alkenes lO diols.23 Ccnv(lV) ammonium nitrate 
(CAN) aceomplishes oxidalivc clcavagc of lhe PMB protecting 
group. 
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Reduction to a saturated ketone raises the potential problem of 
competition between 1,2 and 1,4 reduction, Based on the HSAB 
principie, soft nucleophiles (e,g,. cuprates) lead to 1,4 produets, On 
the other hand. hard nueleophiles (alkyllithium eompounds, 
LiAIJ-l,) reaet preferentially to give 1,2 produets, Two altematives 
to the copper hydride complex [PPh,CuIl]6 were investigated - re­
duetion with either NaBH, or Na2S20¡" - but both failed to pro­
duce the desired results, 

Catalytic hydrogenation of the double bond of the allylic alcohol 
with either Pd/C Of an iridium catalyst would lead to reduction also 
of the terminal olefinic linkage, 

The iridium catalyst [1r(COD)py(PCy, )pF6 ] is utilized in sub­
slrale-conlrolled hydrogenalions of allylic alcohol s of the lype 34, 
36, and 38," The calalysl coordinales with the hydroxy group 1Il 

lhe molcculc, so hydrogcnation oecun. only from one side. 

"'- OlPS 

OOz OPMB o OPMB 
12 

1 
OOz H 

"o OlPS 

7 o 
H 

"" 
1 

tautomycln-fragment 

• Somcthing is removed from the molecule to permit spiroacetali­
zaticn to ocetlr. 

The PMB prolecling group is e1eaved wilh DDQ, Both free hydro­
xy groups lhen reaet wilh lhe ketone in a condensation reaction lO 
gi ve spiroacclal l. 
DDQ, CH2CI" RT, 67%, 
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7.4 Summary 

The synlhesis dc .... cribed aboye is distinctive for its iterative use of a 
rcaeuon sequencc consisting of insenion and subscquent functiona­
Iization of " chloromeLhylene group. The advanLage of Lhis se­
quence is that the chain grows on the auxiliary rcagcnt. Each new 
insertion rcaellon 01' dichlorol11ethyllithium thercby occurs with 
high diastereoselectjvity rclative to the remaining chlorine alom. 
However. the stereochemistry af lhe insenian rcaelion iL'-.clf is de­
Lermined by whieh isomer of Lhe auxiliary is employcd. Thi, addi­
lion/rearrangement reaction DI' a nucleophile pennits a broad spec­
lrurn of substituents 10 be introduced. 

The convergent "ature of lhe procc:-,s starting from 2 rncans thar 
Lhe number of sLeps has also been limiLed Lo 18. Joining of Lhe Lwo 
building blocks 9 and JO oceu", via Lhe No;;aki-Hiyomo reaeLion. 
KClonc 12 is obtained tluough an oxidation-reduction ":icqucnce 

sLarting wiLh allylic alcohol 11 . 
The chief reason for uLilizing Lhe reaeLion sequenee described is 

Lhe faeL LhaL formaLion of the a,p-unsaLuraLed keLone in 11 makes iL 
possible LO differenLiaLe between Lbe Lwo double bonds. beeause the 
copper hydride eomplex [PPh3CuHJ6 reduces only Lhe conjugaLed 
double bond. 

IL is worth considering a biL Lhe proLeeLing-group SLraLegy LhaL 
has here been ernployed. The double bond inLroduced at Lhe begin­
ning of Lhe synLhesi, (3 .... 4) is nO! acLivaLed in Lhe form of an alde­
hyde equiva lent until the lransformation of 7 inlO 8. This is nn ex­
ample of Lhe "place-holder eoncept." 2' In Lhi, way alkenes or pro­
LecLed alcohol, - which are simpler and can be proLeeLed in various 
ways - are introduccu in the course of a synthe~i~ a5t equivalents 
for sensitive carbonyl functions. 

The two missing ~tercogcnic centers are supplicd under reagent 

control by croLylaLion. 
Formation ol' a ben/oatc represents introduction of a protecting 

group of a new Lype (an eSLer). A disLinguishing fcaLure of building 
block 8 is Lhe use of proLeeLing groups \ViLh orthogonal sLability 2. 

(see ChapLer 13). Thm is LO sayo eaeh of the Lhrcc proLeeLing groups 
in Lhe moleeule can be e1eaved independently wiLh a diITerent eom­
binaLion of reagenLs (silyl: Ouoride; PMB: oxidaLivcly wiLh DDQ or 
CAN; esLer: alkaline). 

Building block JO also conLains a PMB proLeeLing group. The re­
sulLing simplifieaLion of Lhe proLeeLion for Lbe hydroxy groups re­
quircd for spiroacetalizatjon pcrmil!-. silllultaneous cJeavagc with lhe 

f"rmaLion of 1. 
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8 
(-)-a-Thujone: Oppolzer (1997) 

8.1 lntroduction 

The thujones are found in lrue wOfmwood, Arlemisia lIbsinthum, a 
species of ll1ugwOJ1 native lO Europe and Asia. This plant was once 
a so urce for absinthe. a h'Tecni ... h. bitter-tasting alcoholic beverage 
lhal has since been banned because of me LOxicity of lhe mujones. 
The compounds have a peppennint-like odor and act as ncrvc poi­
sons lhal can be lhe cause of epi lcplic filS. Nevenheless, lhcy slill 
tind some application in homeopathic medicine, 

Apan fmm (-)-a-lhujone (1), olher slereoisomers such as (+)-~­
lhujone (2) and reduced derivatives like 3-neoisolhujanol (3) can be 
isolated from approprime extracts of wornlwood. arbor vitae, and 
sage. An oi 1 den ved from ¡ea ves 01" lhe red cedar Thu/ia plicata 
001/ contains 80-90% (-)-a-lhujone (1)1 

Compounds 1- 3 are distincüve for their striking bicy­
cJo[3.1.0]hexane skelelon, which was prepared in enantiomerically 
pure foml for lhe firsl time in lhe synthesis dcscribed here, a linear 
process involving a palladium-catalyzed domino enyne cycJization 2 

as the key reactioll . 
Earlier preparativc work associated with the lhujones was pri­

marily directed toward partial synthesis and lO dcrivauzation of lhe 
natural producl' in lhe course of slruclure proof.3 

(-)-a-thu¡one 

(.)-/l-Ihujone 

3-neoi~anol 

3 
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8.2 Overview 

1, DHP, PPTS, eH 2C12, RT, 72% 
2. DIBAH, EI20, -78~C, 81% 

1. 

2. 

1. 

2. 

.-______________ P_~" 

I -

1 

J 
ón<P 

5 

1 
~s; ... ., 

7 
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11 

( )-(l-71ll1jo/le 

_=-_"Br r 
MeO,CO 9 

K,C03. DMF. 60 ·C 

86% 

• 

1 

10 

1 

19, 
H-u·Thujone 
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8.3 Synthesis 

1. DHP, PPTS, CH 2CI2. RT, 72% 
2. DIBAH, Et,O, -78 'C, 8'" J 

01HP 

4 5 

• The starting material is a derivative uf a natural producl. 
• In the first reaction, a hydroxy group is reacled with dihydropy­

rano 
• The seeond step is a reduetion with DlBAH. 

Ethyl laetate (4) is transformed in the flrst step into the eorrespond­
ing THP-proteeted derivative, and this is redueed with DlBAH in a 
second reaetion lO give aldehyde S. 

,. 
J 2. 

01HP 

5 

• Thc IIrst stcp is an olcllnation. 

~SiM.3 

OH 

6 

• Thc proccss Icads lo conslruction of a vinylsilane. 
• Chromium(lI) chloride is uLilized in this reaclion. 
• Dibromide 12 is redueed wilh chromium(ll) ehloride. 
• The THP protccLing group can be c1eaved with acid. 

Thc first stcp is a Takai rcaclion.4 Gcminal dihalidc 12 is presum­
ably con verted in lhe presence of chromium(lI) chloridc into the di­
chromium complcx 13, which rcacts wilh aldchydc 5 lo give prod­
uet 14. 
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This melhod is well-slliled lo preparing IrallS dOllble bonds from al­
dehydes and geminal dihalides. The Takai reaction leads lo EIZ se­
leelivilies >90: 10, often even 99: 1 (for further details see Chapler 
13). 

The seeond reaelion. eleavage of me TIIP proteeting group, is 
conductcd undcr acidic conditions with PTSA in methanol, produc­
ing allylie alcohol 6. Wilh few exeeplions, auempls 10 prepare al­
kenylsilanes with Wittig rcagcnts containing silyl groups have prov­
en unsuccessful.5 

1. CrCl" CHBr,TMS (12), THF, RT, 86%. 
2. PTSA, MeOH, RT, 85%. 

Apart frol11 lhe Takai method and titanium reagenL~ such as 15, si­
Iyl reagents 16 and 17 frequently find application in Lhe synthesis 
of vinylic silanes from carbonyl compollnds. Reagenl 16 can he uli ­
liLed wilh aldehydes and non-enolizable kelones in a reaclion ana­
logous 10 lhe PetersOIl olefination. Reagent 17 a1so reaclS succcss­
fully wilh enolizable kelOnes'" 

6 

, . 
2. 

~SiMe, 

PhSo,~So,Ph 

7 

o In lhis reaelion sequence. allylic alcohol 6 is converted inlo 7 
with a double inversion of configuration, and thus retention. 

o In lhe fiesl slep lhe hydroxy group is lransfomled inlo a good 
leaving group, which is eleaved in me second slep as ca,. 

o The fiesl reaclion involves methyl ehloroformale (18) and a base. 
o The a¡¡ylie carbonale is substituted nlleleophilically by a memy­

lene bissulfone. 
• The proccss occurs with transiLion-melal catalysis. 
• Thc transition meLal in question is palladium. 
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AlIylic alcohol 6 is ¡irSI reacled wilh acid chloridc 18 in lhe pres­
ence of pyridine lo give allylic carbonate 19. An allylic aJkylation 
of sodiul11 salt 20, catalyzed by palladiurn in the oxidation statc O, 
leads lhen 10 compound 7. 

Allylic carbonate 19 adds oxidatively with loss of CO, and in­
version of configuration to a palladium(O) complex, whieh pro­
duces allylpalladium species 21. The (J complex 21a of the latter is 
in cquilibrium wilh lhe corresponding 1[ complex 21b.7 After elea­
vage of methoxide, this allylpalladium species (22) undergoes nu­
cleophilic attack rcgioselcctivcly and again with inversion Cand thus 
oyerall rctcntion of configuration) by metaUated bjssulfone8 20. 
The result is vinylsilane 7 substituted in lhe allylic position, to­
gClhcr with Lhe palladium catalyst. 9 

20 

~SiMe3 

ePd(lI) 

22 

Pd(O) 

~SiMe3 

ÓyOMe 

O 
19 

,<--__ - co, 

~S¡Me3 

...-Pd(lI) 
MeO 

21. 

1~ 
~SiMe3 

MeO 
...-Pd(lI) 

21b 

The regiochemistry of trus allylic substitution is detennined primarily 
by steric factors.9 Substitution occurs from lhe less hindered side uf 
allylic complex 22. This behavior is typical for attack by soft nucleo­
phi les. Soft nueleophiles are distinguished by the facl tbat tbeir eharge 
can be stabilized by resonanee. Examples inelude not only sulfones bUI 
also nitriles, nitro compounds. ketones. and esters of carboxylic acids. 
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lIard nueleophiles sueh as alk}lIilhium and alkylmagnesium com­
pounds tr.msfer thcir alkyl residues initially via a tran"imetallation 
reaelion to the palladium alOm in 22. Reaelion produet 24 is lhen 
released from 23 through a reducli\e eliminaúon. Beeause this re­
ductive elimination occur.; with rctcntion of configuration, the re­
sult here is an overall inven;ion of conliguration. Nevertheless. re­
aClions of lhis type have liule prepamtivc significance. 

In order lO assure lhe regioehemistry of lhe allylie alkylalion em­
ployed here it is neeessary to introduce lhe lrimelhylsilyl group into 
starting material 6 as a "dummy substituent." 
L 18, pytidine. Cll,C1" O C ~ RT 
2. Pd,(dbaJ,. 1,2-bis(diphenylphosphino)ethane, 20, THE RT. 80% 

ovcr tWQ steps, 

7 8 

• The reaction is a protodesilylation. 
• A sulfonie aeid is added. 

Thc ltimelhylsilyl group is exehanged for a hydrogen atom using 
PTSA in acetonitrile, a reaction refcrrcd 10 a.\ a ;·protodesilylation." 
PrOlonalion of vinylsilane 7 leads in the proce" fi"a to ealion 25. 
which is slabilized by the p-effeet of ,ilicon. 'o A nucleophile sub­
sequently abstraets !he TMS group. produeing olefin 8. Vinylsi­
lanes can be lransfonned into olefins nol only wilh aeid. 'o bU! also 
wilh nuoride 10.11 ar with catalytic amounL, of iodine in the pres­
cncc of water. 
PTSA, CH,CN. reflux. 96%. 
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Br,. _==~ - "-
9 C>COzMe 

K,COJ , DMF, 60 ·c 

.... 
10 

o Bissulfone 8 is converted inlo lhe propargylic compound 9 wilh 
chain extension. 

o The bissulfone group is a eH acid. 

Slarting malerial 8 is lrealed wilh lhe propargylic bromide 9 in lhe 
presence of potassium carbonate as base in a nucleophilic substitu­
lion, producing compound 10. 

PhD,S SD,Ph 
1. 

2. 

11 

MeOCO, 
10 11 

• The frrsl reaction accomplishes cyclization lo the bicyclic sys­
temo 

• Palladium in the oxidation slatc O induces a cascarle uf !o.U(':ccs­
sive reacLions starting from 10. 

o Analogously 10 allylic carbonale 19, propargylic carbonale 10 
al 50 reacts in Ihe tirst step with a palladium complex. 

o The propargylic palladium compound is in equilibrium wilh an 
allenic palladium compound. 

• Starting from this species. two successive cyclizations Qccur 
leading lO a vinylpalladium species. 

• One carban alom is still missing. 
• A transmetallation takes place fram zinc lO palladium in the con­

text of a cross-coupling reacrion. 
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• Thc prodUCl of the first reaction conlains a terminal double 
bond, which is hydrogenated in the second rcaction 10 an isopro­

pyl group. 

The reactjon employcd hcrc is a palladium-catalyzed domino 1,6-
enyne cyclization. 12 Carbonate 10 adds oxidatively lO a complex 
containing palJadium in the zcro oxidalion sIatc,I3 The resulting in­
termediate, 26a, is in equilibrium with lhe palladium-allenyl species 
26b. 14 

The terminal double bond is inserted ioto Ihe palladium--<:arbon 
bond of 26b with formation uf alkylpalladium compound 27. This 
substance has available 10 it tWQ fundamental reaclion pathways: it 
might suffer Il-hydride elimination lO producl 28 Wilh an exocyclic 
double bond on the cyclopenlane ring syslem, or a further carbopal­
Jadination of the allenic system might occur leading 10 constnlction 
of lhe anellated cyclopropane ring in 29. 

In facl, lhe sole product is 29, beca use in lhis case fl-hydride 
elimination OCCllrs more slowly than the compcling second carbo­
palladination. Vinylpalladium species 29 is con verted via 30 inlO 
producl 31 lhrough a cross-coupling reaction wilh dimcthylzinc. 
Subsequenl hydrogenation of the lenninal double bound of 31 wilh 
platinum dioxide in acetic acid/ethyl acetate in a second reaction re­
.ullS io praducl 11. 

PhO,S S~Ph 

Pd(II)~ .X" .,," 
% I[-'V/"H 

_, 30 

znM1 
PhO,S S~Ph 

31 

/ Pd(O) 

10 

~c~ 
PhO,S O,Ph 

..• <' 

11 

Pd(lI) 
26. 

PhO,S O,Ph 
•••• < 

'" 
~."/-~ Pd¡ií; 

26b 
" 'H 

~ ..• 
~ ······Pd(lI) 

27 
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1. Pd2(dba)3, ZnMe" Et,O, P(2-furyl)3' reflux, 91 %. 
2. H2, PrO" HOAc. EtOAc, 50 C, 96%. 

1. 

2. 

11 
(-)~-thujon. 

• In lhe first step, a sulfolle group is reductively removed wit.h the 
ald of a reducing agent. 

• The reducing agent is an amalgam, Mercury is alloyed with an 
clement from lhe third main group. 

• Base is used in a second step to generate a carbanion a to lhe 
sulfonyl group. 

• This carbanion is oxidizcd by a molybdenum complex. 

Bissulfone 11 is reduced with aluminum amalgam to sulfone 32. 
Epimers are obtained al this stage, which are transfonned into the 
eommon producl 1 through subsequenl oxidation 10 a ketone. 

In the coursc of oxidation of lhe sulfonyl group in 32, lithium 
diisopropylamide is used to rorm the u-sulronyl carb.nion 33. This 
anion reacts with MOPH via cumplex 34 lo givc natural prodUCl 1. 
Thc MOPH cumplex uLilizcd hcrc is crystallinc and stable lo air 
Qver bnef periods of time, so it is rclativcly convenicnt to employ. 
It has becomc a standard reagcnt for a-hydroxylation of CH-acidk 
compounds. 15 

1. Al/Hg, THF/H,O (19: 1). RT. 
2. LDA, THF, - 78 C; MOPH, 60% over two steps. 
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8.4 Summary 

The preceding 12-S1Cp scqucncc was lhe first published enantiose­
leelive synlhesis of (-)-u-lhujune (1). Wilh lhe aid of gas ehromalo­
graphy over a ehjral capi llary colurnn il was eSlablished !hal Ihe en­
antiomeric cxcess (ee) in Ihe resulting natural prouucl 1 was 

>99.2%. 
Chiral inforl11 alion was inlroduced lhrough Ihe C3-building block 

5. derived from lactie acid. The remaining lwo slcrcogcnic centers 
in (he natural product were provided under suhslralc contro l in lhe 
course of a domino cyclization. 

A trimethylsilyl group in compound 6 serves as a dummy substi­
tuent in order to control the regiochernislry uf lhe allylic alkylalion 
reaction. Oppol:er added lhe necessary vinylsilane slfUc.:lural c1c­
ment with a Takai reaction. 

The key slep in Ihis synlhesis is Ihe palladium-ealalY7cd domi­
no- I ,6-enyne eyclizalion. whieh ereales the bieyclic ,kelelon of Ihe 
nalural produel in a single diaslereoseleelive slep. 
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(+ )-Camptothecin: Ciufolini (1996) 

9.1 Introduction 

CamplOtheein (1) was fIrst extmeted frum lhe heartwood of lhe tree 
species Camptot/¡eca AClIIllillata Nyssaceae by Wal/ I in 1966. lls 
struelure was verifIed by X-ray analysis2 of its C-20 iodoaeelale es­
ter. 

The pentacyclic quinoline alkaloid camptotbecin (1) eunlains in 
addition lo tbe quinoline system (rings A and B) a pyridone unil 
(ring D) and a laclone ring (E). Compound 1 also inelude> one 
slereogenic center (al C-20). which has tbe S-contjguralion. 

Camplolhecin (1) is a highly effective antitumor agen!.3 11 is as­
sumed that the substance ¡ntetferes with the process of unwinding 
lhe DNA helix lhrough inhibilion of IOpoisomerase 14 Numerous 
structurc- activity invcstigations have made it possible to identify 
analogucs of camptothecin with similar antitumor activity and espe­
cia lly with incrcascd water solubility. Variation is possible at C-7 
and al C-9 lhrough C- II withoul loss of activity, whereas substitu­
tion al othcr positiom. reduces lhe activity or even eliminates it al­
LOgelher.' 

The firsl tOlal synlhcsis of raeemie eamplolheein was reported 
by Stork and Schllltz" as eariy as 1971. A number of 10lal syntbe­
ses followed. many uf wh ich wcre also of racemic material. 7 Enan­
liomerieally pure nalural producl has been prepared by tbe method 
of kinetic resolution," through use of chiral auxiliaries.9 and by 
Slwrpless dihydroxylalion, lO an example of a emalytic asymmetric 
mute. 

Cillfolilli'sll rctrosynlhelic analysis of natural product 1 leads 
nol only lo a quinoline derivalive bul also lO aldehyde 2, which 
contains the stercogcnic ccntcr at e-20, as well as to cyanoaceta­
mide (3), which provides carbon aloms C-16a, C-16, and C-17 in 
camptolhecin (1). 

° 

H,N'f,;0 

(" 
CN 

3 
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9.2 Overview 

CO,Me 

~CD,Me 
• 

j : 
CO,Me 

".. }'co,H 
MOMO 

5 

(:l 0 1 
;-"'N 10 el 
6 1 

00% Me 

NHEt2. NEI3. 
et>,o,. RT 

7 

CHO 

".(y0 
MOMO NEt" 

2 

UN 
I 
H 

8 

02%!p 75 • 
oa~ DMF. 

C 

9 

moI% (Pd(dppp),CI,), 
OAc, MeOH, 

OM ~%l~a 
140 

F, CO (106 bar), 
'C 

10 

55% 2 l' 3. ( 

NBS. CCI., (BzO)" hv 
MaOH, H2S04 (5%), reflux 
MeOn:POCH2li. THF -78 nc 

11 
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tBuOK, 
DME, 50·C 

80% 
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"lO I:~" 
12 3 CN L-____________ ~ 

14 

Seo, (5%) 

00 Si02. 

'13uOOH. 
AcOH, 
100·C 

16 

13 

OMe 

O 

OH l /. 
HO 

O 

O 

/" O 
HO ..... 

O 
(+)-camptothecln 
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9.3 Synthesis 

1. 
co,Me 

~CO,Me 
2. 

CO,Me 

""", ... ·t-CO,H • 
3. MOMO 

4 5 

• This Teaction sequcnce transfonns an achiral substrate, meso 
eompound 4, into the ehiral substanee S. 

• An additional functiona1ity is introduced in the ftrst step. 
• The process in question is a hydroxylation. 
• The reagent utilized here con tillos three oxygen atoms. 
• The hydroxy group is proteeted in the seeond step. 
• The third step occurs enantioseleetively. 
• This reaction is a hydrolysis. 
• Whieh of the following reagents are suited to accomplishing enan­

tioselective hydrolyses: a) H+, H20; b) OW, H20; e) cnlymcs? 

The dill1ethyl ester of 2-cLhylrnalonic acid (4) is first adsorbcd onto 
siliea gel and then hydroxylaLcd with ozono. Thc resulting hydroxy 
group is protected in a second stcp in the form of a methoxymethyl 
(MOM) etherI2 

Enantioselectivc cllLymalic hydrolysis u with pig liver esterase 
(PLE) transfonns the meso subSlrate ¡!lto chiraJ compound 5 with 
>98% ee. This cnJ.:yme is capable of diOerentiating between the 

tWQ enantiolopic cslcr group!-\ on lhe prochir..lI carnon atom and hy­
drolyzing only Qne of lhcm lO a carboxylic acid. Maximum enan­
lioseleClivity is achicvcd by carrying out the reaction in 25% aque­
ous DMSO solution al 35 ' c. 
1. Si02, O" RT. 
2. 2. MOMel, NEt'Pr2, eH 2e12, RT, I<Xl%. 
3. PLE, DMSO, H20, pH 6.8-7 .4, 35 e, 90%, >98% ee. 

Enzymes catalyzc a broad ~pcclrum 01' rcactions. They often require 
such coenzymcs as the nicotinamid~s NADPH and NADH or a nucleo­
side triphosphaLc likc ATP togethcr with cofactors, usuaIJy metal ions. 
Hydrolases, including PLE, are exceplions in this regard. They com­
plete their tasks without the need for coenzymes. Enzyme-catalyzed 
asyrnmeLric synthcses can be conducted either with ceU-free enzymes 
or with microbial sy~terns (i.e., enzyrnes included within cells).14 
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Enzyrnes are grouped into six classes: 1. Oxidorcductases - en­
zymes 1haL catalyze oxidation and reduction rcaclions. An example 
is the baker's ycasl microbial system,15 which catalyzcs lhe stereo­
specific reducLion of carbonyl groups to alcohol s; 2. Transferases -
enzymes that catalyzc lhe transfer of acyl, phosphale, glycosyl, car­
boxyl. and formyl groups; 3. Hydrolases - enzymes lhal catalyze 
lhe eleavage and formalion of esters. alludes. peplides, and glyeo­
sides, a category that includcs the pig Hver esterase utilizcd hefe; 16 

lhey are preferentially employed for reaclÍons of dieslers of dicar­
boxylic acids, which can lead lO chiral monoesters if one takes ad­
vantage of the meso trick; 4. Lyascs - enzymes that catalyze addi­
lions lo C-C, C-N, and C-O double bond s, as well as the corre­
sponding reverse reactions; 5. Isomerases - enzymes that calalyze 
rcarrangements and E/Z isomerization aL double bonds; and 6. Li­
gases - enzymes thal catalyze the coupling of a pair of molecules 
wilh lhe forOl.lÍon of a C-C, C-N, C-O, or C-S bond. 

Enzymes display a Ilumber of chara.ctcristic feaulfes. 17 They cat­
alyze enantioseleclive reactions, are usually substrate specific. 
llSllUlly display their greatest catalytic activity in aqucous systems, 
and are gencrated in natme in only one asymmelric formo Tbe 
grealcst advantage of enzyme-catalyzed asymmetric synthesis is 
lhal the availabililY of the cOrreel enzyme makcs il possible to pre­
pare large amounts of an enanliomerieally purc eompound with re­

latively titIle cffor!. 

@ CO,Me 
@I 

-...... ... t-CQ.)-i 
6 :-"'1 le el 

Me • 
MOMO NHEt2. NEt3> 

5 CHp,. RT 7 .... 

• Reagent 6 is in a posilion to activate the reactive cerller. 
• The carboxyl group reacts first with the MukaiYll/1/11 reagent 6. 
• Diethylaminc acts as a Ilucleophile. 
• Which of Ihe lollowing is obtained as the product: a) an acid; b) 

an eSl.er; c) an aminc; d) a11 aldehyde; e) un amidc; 01" t) an alco­
hol? 

c1asses of enzyme: 

l. oxidoreduClases 

2. transferascs 

3. hydrolases 

4. Iyases 

5. isomerascs 

6. ligases 
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The MukaiwlI1W reagenl, lO N-melhyl-2-ehloropyridinium iodide (6), 
transfornls carboxyHc acid S ioto (he anude 7. The acid is firsl acti­
valed in situ in the form of pyridinium sah 17 by an SN reaction 
with the Mukaiyama reagent (6). This activation is a result of pre­
venling resonance stabilization of the c-o double bond in the posi­
tively charged aryl eSler 17. 

5 6 

• e 0 
-HNEI3CI 

CO,Me .GJal 
'- l O ::-...0 ''''I'cv N 10 
MOMO 11 I 

O Me 
17 

"'-. ... r;:O 
MOMO NEI, 

7 

+~ OAN) 
I 

M. 
18 

Activated species 17 rcacl~ with dicthylaminc as a nuclcophilc lo 
produce amide 7 logelhcr wilh N-mclhylpyridone 18. 

AnOlhcr in siLu proccdurc for activating carboxylic acids utili7cs 
carbodiimides, sueh as dicyclohexylcarbodiimide (DCC). DCC (19) 
plays "n importanl role in peptide synthesis. Addition of a car­
boxylie acid to Ihe C-N double bond leads lo Ihe activaled species, 
an acyl isourea 20, which upon attack by a nucleophile (and alco­
hol or an amine) releases lhe corresponding ester or amide along 
wilh 2\ (for the mechanism, see Chapter 5). However, in the con­
version of 5 lO 7 !he DCC procedure gives poor resulls. 

The Yama~lIc¡'¡ procedure consÜtutes another in-situ approach 10 

lhe activation of carboxylic acids. IJere lhe activaled species is a 
mixed anhydride formed with trichlorobenzoic acid chloride (see 
Chapler 6). 
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~F!: 
2 

• The methyl ester i, con verted chemoselectively into an aldehyde. 
Which of the following reaction types is involved: a) oxidation; 
b) elim.ination; e) reduction; or d) hydrolysis'? 

• Thc reduction occurs as a single step. 

Chemoselective reduction of methyl ester 7 to aldehyde 2 is possi­
hle with DLBAII. The metallated hemiacetal that resuh, fmm addi­
tion of DIl3AII to the carbonyl gmup of an ester u,ually decom­
pose, rapidly in polar solvenl' like THF to an intemlediate alde­
hyde. Thi, then competes with the ester ando as a resuh of its high­
er eleetmphilicity. is reduced by DIBAH to an alcohol. Howevcr, 
c~tcr 7 bears a melhoxyrnethyl rc~iduc in its a-position. whic.:h sta­
bili/es the metallated hemiacetal by chelate fonnation. Che late 
complex 22 i, protolytieally cleaved by way of the hemiacetal unly 
in the course of aqueous workup, '" in this case the DlBAH reac­
tion produces only aldehyde 2. not the alcohol (see also Chapter 3). 
DlBAH, THF, 7R C, 100%. 

The enantiomer ell/-2 is also easily accessib1c from S by methyl es­
ter/diethylamidc cxchange and subsequent c .... lcrification with dia7o­
methane to 23 followed by DLBAH reductionll 

9Q,Me 

'-., ... t-co,H 
MOMO 

5 

CONEt, 
1 llNEt2 l 

• '-.,. r'co,Me 
2. CH,N, MOMO 

23 

DIBAH • 
CONEt, 

'-.,. t-CHO 
MOMO 

ent-2 

Thi, synthetie sequence opens the possibility 01' obtaining bOlh en­
antiomerie forms of aldehyde 2 with the aid of the enlyme. En­
Iymes differ from many chiral eatalysts in that they are available in 
only a single enantiomcric fonn and therefore can ¡cad Lo ,,-ynthesis 
of only one clluntiomer. 

From el/f-2 lhe unnatuml camplothecin elll-l wa .... aho obtained. 
with whieh it was possible to verify the absolute eonfigumtion of 2. 

129 

Problem 

7ips 

So/wioll 

Discussioll 



130 

Problem 

Tips 

Solwiol1 

o " / poo;,. .. H-C-N"" 

a,oPOJ , / 
H-C-N , "-

a ,. 
.QPOC" ¡ e 

H / 
'C=N® 
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27 

9 (+ )-Camplolhecin 

What follows is synthesis or lhe quinolinc dcrivativc 11 , which IS 

theo eoupled Witll aldehyde 2. 

8 

• A ring closure takes place. 

POCI"DMF, 
75 ·e 

• ,% 
• 

9 

• Anilide 8 reaets first with phosphoryl ehloride and theo with the 
produet from reaetion of DMF with phosphoryl ehloride. 

• The result is a quinoline. 

Anilide 8 is transformed under Vilsmeier conditions ¡nto lhe quino­
line derivative'9 9. lo the proce", phosphoryl chlnride attacks the 
earbooyl group of aoilide 8 and ioitially forms imioe 24, which is 
io equilibrium with the eorresponding enamioe 25. 

O'N'{O poo3 .. 

QN[a 

~ Q~el , H 
25 H 8 24 

/C=N@ -Hel H..... /1-H0 
a 27" 

dl 
...... N./ 

((X -:? ~I -~~~ I -~ /: -NHMe2 ~ ",", ~ -;>.< 
N el N a N el 

9 29 28 

The resulting enamine 25 t!len reacls with lhe Vilsmeier reagent 27, 
wmeh results from DMF and phosphoryl ehloride by way ofintcrmedi­
ate 26. Elimioatioo of hydrogeo ehloride lead, to eompouod 28. Riog 
closure presumably occurs via intermediatc 29. Rcaromatit..ation with 
elimination of dimethylamine produces lhe desired quinolinc 9. 
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5 mo/% [Pd(dppp),CI21, 

(XX 
NaOAc, MeOH, 

"" I N'" a 
DMF, CO (106 bar), 
140'C 

• ..... 
• 10 

• Product 10 no longer contains a chlorine subsliluent. 
• A methyl ester group is introduced, assembled from carbon mon­

oxide and methanol. 
• The flISt step is an oxidalive addition of 9 to a palladium spe­

cies. followed by CO insenion and finally a nucleophilic clea­
vage by memanol. 

Quinoline derivative 9 is earbomethoxylalcd under palladium cala­
Iysis wilh 1,3-bis(diphenylphosphino)propane (dppp) as ligand lo 
give 10. AIlhough aryl chlorides are usually unreaclive in su eh ear­
bonylalion reactions. 2-haloquinolines have beeo fouod to be 
highly reactive"O 

Initially, oxidalive addition of the 2-chloroquiooline 9 to aPdo 
specie; Icads lo complex 30, which contains Pd". Carbonylation 
lhen occurs lhrough CO insenion into the palladium-aryl bond. 
giving interolediale 31. Finally, methanolysis releases melltyl ester 
10, and the Pd" specics is regeneraled. 

10 

1. NBS.CC~. 
(BzO),.hv 

2 MeOH, H2SO •• 
reftux 

3. (MeO),POCH2L1. 
THF. -78'C 

• 

55% 11 
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• Quinoline 10 is extended by one e, unit. 
• The tirst step is a bromination rcaction. 
• Benzoyl peroxide (32) serves as a radical initiator. 
• Where does radical attack occur: a) 011 the side chain, or b) in 

the ring? 
• The second step is an SN reactiol1. 
• The functionality introduccd in lhe first stcp undergoes methano­

Iysis. 
• The third step leads to a ~-kelOphosphonale. 

Thc firsl stcp constitules a chemoselective radical bromination of 
lhe melhyl group in quinoline 10 using N-bromoslleeinimide (33), 
Icading lO eompound 34. Here benzoyl peroxide (32) aets as the 
radical initiator. A rule of thumb foc chemoselectivity states that 
hcal and lighl produce side-chain haJogenation, whereas caId and 
catalysis favor haJogenation of lhe aromatic nuc1eus. 

In lhe second step, lhe bromine atom is displaced in an SN rcac­
tion, generating compollnd 35. 

"" '" O 11 "" ~ O CCS;I "" OMe O --'??y1 "" OMe 

N LiCH,P(OMe), N 

35 CO~ 36 11 (MeO),P 
11 
O 

Aeylation of lithialcd phosphonie esler 36 with methyl ester 35 
gives. through a Corey- Kwiatkowski reaction.21 the p-ketophospho­
nie esler 11. 

0C?11 "" OMe 

"" ~ O N 

(MeO),!' 
11 
O 

11 

--: .. l_o 
MOM¿ [NE 

" 
'BuOK, 
OME, 50·C 

80% 

12 
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• An anion of compound 11 reaets wilh the mast reactive !\ite in 
moleeule 2. Whieh is this: a) lhe MOM-proteeted hydroxy 
grollp; b) lhe amide funelion; or e) the aldehyde? 

• Phosphoms atoms ~how a great aftinity for oxygen. 
• A phosphoric eMer is cleaved. 
• The overall reaclion is an olefination. 

Condensation occurs between lhe pOlassium salt of p-ketopho:-.pho­
nie ester JI and aldehyde 2 lo produce lhe C-C double hond in 
a,p-unsaturated kClonc 12. This reaclion is known as lhe Homer­
Wadsl\'ortIJ-Emmol1.\' procedure.22 The pho:-.phoric ester anio!1 39 is 
formed as a byproducl. Such Homer-WadsU'orlh-Emmolls rcactions 
generally oceur with tralll seleetivity. One possible meehani,m in­
volves alkoxide 37, whieh cycliLes to oxaphosphclane 38. This in 
tum cJcaves to give enonc 12 and lhe phosphoric cster anion 39. 
Howcvcr, this mechanism has nOl yel beco definitivcly proven. 

o ~ q) 
11 .!.e Ií '\. 11 

(MeO),p-CH-C-Ar R-C-H 

11 

O 

R~Ar 
12 

2 

Oe 
1 

+ O=P(OMe), 

39 

• 
e""O O P(OMe), 

R>--}-Ar 

37 O 

¡ e 
O 
1 nrOMe

), 

rf j-Ar 
38 O 

The term Homer-Wlld.\'\I'Orl/¡·Emmolls rcaclion refers not only LO 

lhe illumated conve"ion of ¡J-ketophosphonie esters 11 inlO a,Jl­
kelOneS 12, bUI also to lhe reaelion of Jl-alkoxyearbonylphosphonic 
esters 40 to give a.Jl-ullsarurated ester.. 

Whereas f3-kclo eompounds are acccssible as deseribcd Ihrough 
metallated phosphnnic acid esters (Ihe Corey-Kwiatkowski n:action), 
¡J-alkoxyearbonyl compounds 40 as slarling materials for the I/o/"­

ner- WlIdsH'orth-EmmtJII .\ reaction are ohtaincd via lhe Arbus(}\' reae­
lion. an S~2 process involving phosphorus nucleophiles. 
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The tmll.'! selectivity in thc Homer-Wadsworth-Emmolls rcaction 
can be rcvcrscd by slructural variation in thc phosphonic cstcr moi­

ety, the so-caBed Sril/-Genllari varian!. In this case trifluoro-substi­
IUled ethoxy residues are introdueed in the foml 01" phosphonic es­
ler 41 , providing aceess 10 cis-substituted aerylie esters. 

..--.... 
MOMO 

12 

0Me 

O 

NEt, 

lIIuOK. 
DMSO.RT 

• 

13 

• Cyanoacetamide 3 contains an acidic eH group that can easily 
be dcprolonaled . 

• The a,f3-unsaturated carbonyl function in compound 12 rcacls 
wilh lhe nucleophile. 

Vinylogous ketone 12 reaets with eyanoaeetamide (3) in a Michae/ 
reaction lo give a diastereomeric mixture of chain and ring tauto­
mers 13a and 13b. 

"" '" OMe 

'" /. ('o He 
N 

l 12 3 

NEI2 

OMe 

OM. 

o ~ o CONH, 

-CN eN 
.,......-' ..... o ............. .. o 

13b MOMO 13. MOMO 
NEt2 NEt2 
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CONH, 

CN 
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S802 (5%) on SiO 2. 

tBuOOH, 
AcOH, 100·C 

14 

• Acetic acid functions as a prolon sourcc and accelerates lhe 
eliminatioll of water following a cyclization. 

• What occurs next is an aromatization. 
• The prodllCl is a 2-hydroxypyridine, which 1S in cquilibrium 

wilh ilS l,ulomer, pyridone 14. 
• Sclcnium dioxide serves as an oxidizing agent. 

Thc proccss bcgim. with complete ring closure to compound 13b, 
since aciu-catalYLcd elimination of water to the dihydropyridonc 
shirLS lhe equilibrium belween compounds 13a .nd I3b, 

Selenium dioxidc as • dehydrogenalion reagent°' is capable or 
aromali/ing lhe resulling ring lo a 2-hydroxypyridine, which i, prc­
senl largely in il' laUlomcric ronn as pyridone 14. This producl i, 
nol isolaled, bUl i, in'lcad immedialely reacled fllrther. 

OMe 

O 

CN 

O 
14 
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3-Cyano-2-pyridoncs 44 are also available through a one-step syn­
thesis starting with an cnonc 42 and cyanoacetamide (3). In this 
case under an oxygen atmosphere the results is an in-sinl oxidation 
01" lhe adducl 43. 24 

Rlr~'Nyo 
R2~ ~ 

R3 CN 

42 3 

tBuOK, 
• DMSO, 

O, 

R)0 CONH, 

R' CN 

R3 

43 

H R)01 o __ I 
R' .& CN 

R3 

44 

In the course of the reaction. Michael adduct 43 cyc1izes initially un­
del' base calalysis to lhe dihydropyridone 45, whieh rorms dianion 46. 
Eleconn transfer (an SET process) leads lo radical anion 47, whieh is 
finally transformed into pyridonc 44 through an aromati,wtion lhal 
ineludes hydrogen lransfer and anolher SET proeess. 

For unknown reasons this onc-step synthcsis was nol successful 
with enone 12, so that in this case a separate oxidation with selc­
nium dioxidc was rcquircd subscqucnt to the Michael addition. 

OM. 

O H2S04 
(10%) -CN .. " 

---"o. / O 
MOMO 

14 
NEt2 15 

• What becomes of cyanide groups in the presence of strong aque-
ous acid: a) reduetion; b) hydrolysis; or e) no reaetion? 

• The MOM protecting group is not stable to acid. 
• A cyclization occurs. 
• The produCl is a lactone. 

Treatment with aqueous sulfuric acid cleaves the MOM protective 
group (which consists of an acetal structure) to give compound 48. 
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The newly released hydroxy group adds Lo Lhe niLrile funCLion wiLh 
formalion of a eyclie imidoester (49), which Lhen hydrolyzes Lo lae­
LOne 15 via intermediate SO in a yield of 68% starting fmm (;On1-
pound 12. 

H H 
I I 

~~" 
R N O R O 

~~~ -:O:~.. O 
HO 

14 NEt2 48 NEt2 

¡ 
R O R O 

• 
O -NH, 

15 50 

OMe 

-y 
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OH 
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• The laeLone is rcdueLivcly c1eaved to diol 16. 
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Reduetion to diol 16 was achieved with a variation of the melhod 
of Luche,25 involving sodium borohydride and cerium trichloride. 
Thc ¡nitial proouct is cyc1ic hcmiacctal 51, which is opcncd and rc­
duced via intermediatc S2 ultimatcly to diol 16. 

Numerous reducing agenL'; weTe Lried al lhis point un~ucccss­

fully. For example, lithium aluminum hydride destroyed the suo­
strate, whereas DIBAH or Jithium borohydride in THF and sodium 
borohydride in ethanol led to reduction of the quinoline system. On 
the olher hand, both potassiul11 borohydride (eilher with or wilhout 
18-erown-6) and zinc borohydride (with or without ethanol) pro­
duced no reaction at all. Lithiul11 triethylborohydride resulted in de­
methoxylation, and sodiul11 borohydride in refluxing THF gave a 
45% yield of diol 16 together with overreduced product. 
10 eq. NaBH". 2.5 eq. CeCJ,. EtOlI. O C ~ 45 oc. 95 %. 

The Luche procedure is noted for its ability to reduce a keto group 
ehemoseleetively in lhe presence of an aldehyde. This can be ex­
plained by the faet that cerium trichloride seleetively eomplexes 
with the ketone, causing its elecLrophilicity 10 ¡ncrease so much 
that it surpasses that of the aldehyde. 

Ketones form more stabJe Lewis acid-base complexes with elec­
trophilie metal salts than do aldehydes as a result of the increased 
basieity of the carhonyl oxygcn atom lhanks to lhe +1 effeet of the 
kelone's alkyl groups. 

OMe 

o 

OH 

~. O 
HO 

16 NEt2 

~ ... 
HO 

O 
(+)-camptothecin 



9 (+ )-Camprorhecill 

• Two rings must be closcd lo achieve the structure of target mole-
eule 1. 

• A lactone ring is construcled. 
• The same reagent must be eapable uf closing ring C as well. 
• The transfonnation 14 --+ 15 was also a lactoni.lation, but in this 

case ring C was not closed. 

Ring E is closed by laetonization with 60% sulfurie acid and warm­
ing to 115 C. Simultaneollsly, the melhoxy group is aelivaled (by 
prolonation) with respeet to nucleophilie attaek by the pyridonc ni ­
trogen. Ring e is closed via an SN reaction lO produce Lhe targcl 
molceule, (+)-eamptotheein (1). 

Thc reaclion conditions here are more drastic lhan in lhe case of 
laetoni¿ation of 14 to 15 (H2S04, 10%), for whieh reason it is only 
n(Jw that ring C is closed. 
H2S04 (60%), EtOH, 115 C,90%. 

9.4 Summary 

The key steps in the total synthesis above of (+)-eamptothcein are 
lhe pyridone-forming ring closure of the D ring togethcr wilh con­
struetion of the C ring throllgh an N-4-C-5 eoupling. 
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An approprialc precursor molcculc 13 is acccssible by condcnsation 
of lhe lhree componcnL' quinolinc IJ , lhe aldehyde 2, and cyanoa­
cetamide (3). The stereogenic center at C-20 is introduced in the 
lorm of aldehyde 2 very early in the process by an enzyme-cata­
Iyzed asynmletric hydrolysis with pig liver esterase. 

In lhis way, (+ )-camptothecin (1) could be prepared from the 2-
ethylmalonic ester 4 in ten steps with an overa)) yield of 30%, The 
synthesis is thus at least twice as effective as previously published 
enantioselective sylltheses of this natura) product. 
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(- )-Cephalotaxin: Mori (1995) 

10.1 Introduction 

Yews of the genus Ceplwlotaxus. native lo soulhcaM Asia. contain 
a group of unusual pentaeyclie .Ikaluids Lhe parem strueture of 
whieh is ealled eephalolaxin (1). The presenee of .Ik.loids in lhe 
planls was first recognized by Wall l in 1954, and Ihe eompounds 
were lirsl isolated by P"udler2 in 1963. Their sLrUCLUrc was dCLer­
mined in 1969 by Abral/{/1II 3 and lhe absoluLe ""nliguraLion by 
Bate.\' and Pmvell,4 in both cases on the basis of X-ray crystallogra­
phy. 

Pan)' conducted experiments that demonstrated (he biosynthelic 
urigin uf cephaloLaxin (1) from one moleeule eaeh of tyrosine and 
phenylalanine, indic.Ling LhaL Ihe eompound should be regarded as 
a moditied l -phenelhylleLrahydroisoquinoline aJkaJoid.' 

Powell deseribed as e.rly as 1970 lhe anlitumor aelivity of lhe 
related harringtonins 2-5 with rcspect lo lhe l110use leukentias p-
388 and L-J21O° Aetivily in Icoms of human eaneers has also been 
eSlablished,7 and is eurrenlly lhe subjeeL of c1inieal sludies. 

CephaJotaxin has sinec beeome Lhe goal of intensive synthetie 
effoIts as a result nol only of applications of lhe C-3 eslers harring­
lonin (2) and homoharringlonin (3) in eaneer lherapy, bUI also be­
cause of the compound's unique structurc, which incorporates a 
l-azaspiro[4.4]nonane unit. The lirsl two total syntheses were re­
ported simultaneously by Weillreb and Selllllle'/¡ack in 19728 Olher 
preparations of lhe alkaloid in raeemie foom followed 9 before 
Mori 10 sueeeeded in 1995 in providing the firsl totally synthetie 
approach to enantiomerieally pure (-)-cephaJotaxin (1). 

" '" I B 
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R 

H 1; cephalotaxin 

QM. 

~ 
HO ----CO:!w16 

2: harringtooin 

3: homohamngtonin 

~ 
HO '-CO-J.4e 

4: deoxyharringtonln 

5: isohamngtonin 
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10.2 Overview 

'BuCHO, TFA (cat.), 

.-H pentane, LOA, THF, -78 'C; 

N CO,H • 
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10.3 Synthesis 

QH 
N 'COOH 
I 
H 

tBuCHO. TFA (kat). 

pentane. 

water separator 

,.% 7 

• Which is the most nuc1eophilic pO!o.iLiun in compound 6. assulll­
ing Ihal the amino acid is presenl in the neutral foml depicled? 

• The added aJdehydc inilially undcrgoes nucleophilie anaek. 
• Water is removed fmm the rcaction mixture with the aid of a se­

parator. 
• Compound 7 is a bicyclic mulcculc. 

The transfonnation in queSlion i!\ a condcn~ation reaction. A plausi­
ble mechanism suggests thal the nilrogcn atom from the neutral 
form of R-proline (6. present as one component in an equilibrium) 
allaeks the earbonyl carbon alom uf pivaldehyde. Elimination of 
water from the resulting hcmiaminal leads lo an iminium ion, 
whieh in tum reaels with Ihe carboxyl group lo give Ihe N,O-acelal 
7. 

A crucial factor in Ihis synthetic stralegy is the facl that only a 
single diaSlereomer is formed. The lerl-bulyl group in the bicyclic 
proline derivative is cis to the bridgehead hydrogen alOm. 

Amino acids are often utilized as sources of chiral infonnalion in 
the synthesis of enantiomerically pure praducls. In the prc,cnl syn­
thcsis, however, il is the abnormal enantiomer R-proline Ihat is re­
quired, a compound 14 til1lc~ aft cxpensive as the natural S enantio­
mero 

The u~e of pcntanc ru, a tranftporl medium for water is unu'\ual. 
Reaelion actually occurs more rapidly in tlle presenee of effective 
azeotroping agenlS, sueh as eyclohexane, bUI the eorresponding 
higher reaction lemperatures lead lO increased format ion of bypro­
duCls thal are nol only difficult lo remove bUI also ealaJyze decom­
position of the praduce Cornpound 7 i, extremely sensilive lO hy­
drolysis. It becomcs cloudy irnmcdialcly upon exposure lo air 
through the fomlalion of in,oluhle proline. Carbon dioxide is re-
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Icascd al tcmperatures aboye 100 e in a ] ,3-dipolar cycloreversion. 
For this reason considerable caution is required in the purification 
of 7. Crystallizatioll should be earried out from pentane at -40 °c. 
Distillation is possible at 90 oC and 0.07 mbar. 11 

...... H LOA, THF, -78 ·C 

N .0 .. 
[0 Me,Si -78 ·C 

H ~ 

8, 

8 
7 ..,. 9 

• The most acidic position in compound 7 is deprotonated with 
LDA. 

• Allylie bromide 8 funeLions as an alkylaling agen!. 
• The ter/-hulyl group and lhc ncwly introduccd substiLucnt are cis 

lo each other in producL 9. 

In bicyclic syslem 7 the bridgehead hydrogen atom is made aeidie 
by Ihe neighboring earbonyl group. Deprotonation with LDA re­
sulls in enolate 20, the nucleophilie eenter of whieh is attaeked 
from tile si side. This Ik-I,3-induetion causes the tert-butyl group 
and the newly introdueed allylic group 10 be cis to eaeh other in 
product 9. 

THF, -78 ·C 

20 9 
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Propose a synthetic appmach for the preparation of allylic 
bmmide 8. 

• Thc ~Larting material is pmpargyl alcohol. 
• The rcagent used to introduce the trimethylsilyl grollp is inex­

pensive. Protection of ¡he alcohol fUl1ction prior to silylation is 
unnecessary since the TMS group can in this case be removed 
selectively. 

• Tile triple bond must be reduced to a dOllble bond. Which of the 
following reducing systems is appropriate: a) 1I2 • Raney nickel; 
b) H2, Pd/C; c) Red-Al®? 

• Bromides can be prepared from alcohols in a olle-step process. 

1.2.8 eq EtMgBr. THF. 10 ·C 
2. 2.8 eq TMSCI. 5 .C-> 70 ·C 

~OH 
3. 1.1 eq 1.4M H,S04. 45 ·C 

.. % ~OH 
Me,S1 22 21 

Me,Si~OH 
23 

NaAlH,(OCH,CH,OCH,):¡. 
Et,o/toluene. 20 

,,% 

38% ¡ PBr3' Py, EqO, reflux 

Me,Si~Br 
8 

The dianion of propargyl alcohol 21 is disilylatcd with LrimcLhylsi­
l~l chloride (a process thal occurs in somewhat highcr yicld with 
lIse of the magnesiulll rather than lhe lithium salt) and the silyl 
ether is subseqlleOlly hydrolyzed. The reageOl for lralls reducLion 
of propargylic alcohol 22, sodillm bis(2-methoxyethoxy)aluminum 
hydride. is available under the trade name Red-Al'" and is referred 
to by the abbreviations SDMA and SMEAH (for the mechanism 01' 
the rcaction see Chapter 13). The other two reduction methods pro­
posed aboye would resuh in cis hydrogenation of the triple bond" 
Transformation of alcohol 23 iOlo bromide 8 is accomplished with 
phosphoms tribromide 13 or with triphenylphosphine and tetrabro­
momethane. 14 
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Si Me, 
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CO,Me ---. N 

H ¡ O 3 Boc 
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9 10 

• Functional group manipulations on lhe vinylsilane are first con­
ducted, followed by traosfonnatioos afTectiog the bicyclic system. 

• Iodine ¡, introduced via a two-stcp addition-eJimination mecha­
nism. 

o The reageot io lhe tirsl Slep is iodioe mooochloride, which adds 
lO lhe doublc bood. 

o FllIoride ioo accomplishes a desilicohalogeoalion io the sec'Ood slep. 
o Intennediale 24 relaios lhe N,O-acelal. The lhird Slep is lhe re­

verse of fonnalioo of lhis liokage. 
• After acidic acetal cleavage the a-alkylatcd antino acid ¡¡., pro­

lecled wilh N-Boc io a fourth slep aod eSleritied in a tiflh. 
o IOlroduClioo of lhe Boc prolecling group is usually accomplishcd 

wilh the anhydride of !he correspooding acid. 
o The reagent for preparalioo of lhe melhyl esler is added io ether 

solutioo. lo pure fonn il is a yellow gas (bp -23 C) and highly 
cxplosive. 

lodioe monochloride is ti"l added 10 !he double bood (in lhe seose 
of 1+ Cn 10 give intennediale 25. The ~-effecl uf !he silicon alom 
(Le., slabilizalion of a positive eharge on an alom io !he ~ posilioo) 
delemlioes lhe regiochemistry of allack. For lhe subsequent desili­
cohalogcnation renelion, fluoridc proves to be the moM suitable nu­
c1eophilc. The adjacent scheme illustrales why an E-vioylsilaoe is 
transfonncd in lhis way ioto a Z-vioylic iodide. lt has beeo eSlab­
lished experimenlally lhat lhe EIZ se\celivily wilh E-vioylsilaoes is 
greater than wilh the analogous Z-conftgured systems. Moreover. 
primary re~iducs R, as in the prescnl case, are better suilCd than 
secondary or cspccially tel1iary analogs. IS 

Whereas compound 7. as previously noted, is eXlrcrncly sensi­
tive 10 hydrolysis, il is aClUally ralher diflicull to e1eave lhe N,O­
aeelal in lhe u-alkylaled produet 24. Use of aqueous hydrogeo bro­
mide as suggested by Seebacil 16 leads lO ooly traces of producl. 
allhough lhe desired rcsult is aehievab\c wilh dilule sulfurie acid. 
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The most cammon reagenl for introducing me tert-butoxycarbonyl 
(Boe) proteeting group is thc pyroearbonate Boe,O. This is cm­
ployed here in aqueous .Ikaline medium to which has been added 
the solubilizing agent dioxane. 

The tip regarding the physieal state of the reagenl for esterifica­
lion mies oul Ihe important mcthylating agents melhyl iodide and 
dimethyl sulfate. Dia70methane is the mildesl reagenl available, 
and in ether solution it is rclativcly stable and easy lo employ. It is 
prepared from N-nitroso compounds, the currenlly preferred slarting 
material being N-melhyl-N-nitroso-p-toluene sulfonamide. An elhe­
real solution of the sulfonamidc is treated with alcoholic potassium 
hydroxide al 60 e and Ihe resulting diazomelhane is dislilled off 
together wilh diethyl elher. 17 

1. lel, TFA, eIl,C12, o c. 
2. KF· 2H20, DMSO, RT, 84% over two steps. 
3. 10% H, SO. , RT. 
4. Bnc20 , N.OH, H20/d ioxane, o e ~ RT. 
5. eH,N" EI,O, o e, 97% over three sleps. 

OveraJl, the consideration 10 this point has been devoled lO a meth­
od for a-alkylation of amino acids. The problem derives from the 
fact that lhe stereogcnic center in an amino acid is transfonned into 
an Sp2 centcr of an enolate in lhe course of deprotonation. The 
trick ¡nvolved in Seebllch's method is substrate-controlled creatian 
of a sccond slcrcogcnic ccoler that remains intact during enolate 
rorrnation and induces sclectivity in the alkylation. The overaJl pro­
cess is referred to as "sclf-rcgcncration of stereocenters" (SRS).16 

MeO 
N 

./ .. 
2. MeO,G \ N C0,Me MeO 

I 
Boc 

10 11 

• The retrosymhetic cut in qucstion is easy lo rccogni.w whcn one 
examines product 11 lO find Lhe rragmcnt derived from slarting 
material JO. 

• The second stcp is alkylation or a sccondary ami ne. 
• Whjch approach would be suitable for cleavi ng the Boc protccl­

ing group: a) NaH; b) TFA; e) H" Ralle)' niekel: d) NaBH.; or 
e) KMn04? 
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Cleavage nI" a tert-buloxycarbonyl group is usua!ly accomplished 
wüh uiOuoroacclic acid, either undiluted or (as here) in methylene 
chloride. By eonlmsl, lhe Boc group is slable 10 oxidizing and re­
ducing agcnl\ as wcll as base. 18 A convenient choice for lhe alkyl­
ation is lhe nosylale 26. 
1. TFA, CH,CI" O C. 
2. 26, CH 3CN, NEI'Pr" renux, 88% over lwo sleps. 

The nosylate group 30, in comparison to a mesylate 27, tosylalc 
28, or benLene sulfonale 29, displays a ten- to twenty-fold grcalcr 
leaving lcndency. If a leavillg group of even grcater reaclivity is rc­
quired, a Iril1ate 31 or even a nonallate 32 can be employed. Rela­
live LO mesylales (27) Ihese are roughly 50000 lo 150000 limes 
more rcacLi ve. 19 

o 

-o-~ o-~ 11 
H3C-S-O-t H3C ~ /¡ fl-o-t ~ /¡ fl-o-t 11 

O O O 

27 28 29 

-o-~ 
O F3C O 
11 1 11 

0,1' ~ /¡ ¡¡-o-t F3C-S-0-t F c-c-s-o-t 
11 3 1 11 

O O F3C O 
30 31 32 

MeO R 
N 1. N 

MeO,G \ OHC \ MeO 2. 
1 

11 12 

• lt is nQW possible to convert an ester into an aldehydc in a sin­
gle slep. bul lhe safer roule proceeds by way of reduclinn lO an 
alcohol wilh subsequenl ox.idation. 

• ESlers can be reduced lo alcohols wilh lilhium aluminum hy­
dride. 

lt is conceivable Ihat Ihe esler mighl he reduced with DlBAlI or 
Red-Al'" lO an aldehyde in one slep (see Chapler 3). Here lhe re­
duction was carried out with lithium aluminum hydride. however. 
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producing an alcohol that was then oxidized to an aldehyde in a 
second step WiUl activated dimethyl sulfoxide. ¡nstead of Ihe oxalyl 
chloride normally employed in a Swern oxidation. activarion of rhe 
sulfoxide was accomplished in Ihis case with the sulfur trioxide­
pyridine complex (see Chapters 5 and 14).20 
1. LiAIH4 • THF. -50 C. 
2. SO,· Py, NEt,. DMSO. RT, 81 % over two steps. 

R TMSO, R HO R 
N N N 1. I "'í, J OHC \ .. + 

I 

13 14 
12 2. A 

• The reagent for the ti"t step is trimelhylsilyl tributylstannane. 
Ccsium Ouoridc i!o. addcd as a source of Ouoride . 

• Byproduct 13 can be con verted with TBAF inlo alcohol 14. 

Mari suggests Ihe following mechanism for this key step in the 
synthesis: 

Bu,sn-SiMe, 

33 

CsF --

~
e0 x Cs 

.& • 
I o 

34 

A --
OH 

38 

(!) e (!) 
Cs =- XCs 

36 

~ ~ 
- Si"" , .... 

F 37 
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Fluoridc ion fir~t becomes coordinated with {he silicon atom 01' tin 
reagenl 33. Further coordination wilh Ihe earbonyl oxygen 310m of 
substrdle 34 leads lo an c'pccially aClivaled hypervalent silieon spe­
eles 35,21 from which a stannyl anion is eliminated. IIalogen-metal 
exchange between Lhe tin anion and vinylic iodide 36 produces 
vinylic anion 37, which allacks in an intromolecular way lhe carbo­
nyl group Ihal has been aclivaled lhrough si lieon eoordination. 
Aqueous workup Icads lo alcohol 38. 
l. esF, Mc,SiSnBu3 (33), DMF, O e -+ RT, 85% yield of 14 and 

3% of 13. 
2. TBAF, 86%. 

This eyeliz3lion is a reaction developed by Mari, who carried oul a 
series of investigations with tin reagent 33. Fluoridc i5 a much 
more reactive anion for ¡niliation than any uf lhe othcr halides, 
although it often leads to deeomposition of lhe slarting malerials. 
In lhe case of vinylic or aryl halogen compounds lhe iodidc~ are 
casier lo transfonn than lhe bromides. and chlarides are unrcacLivc. 
The carbony l group can be derived from either an aldehyde or a kc­
tone, and cvcn cSlers are sufficiently electrophilic.22 

MeO MeO .. N 
N ( MeO HO ( MeO 

H 

14 15 

• This is a Friedel-Crafts alkylation with an allylie cmion. 
• Thc cation i~ obtained from an alcohol by the simplest roule 

possiblc. 

Heating to 60 e in polyphosphoric acid leads lo electrophilic aro­
malic alkylalion. 
PPA, 60 e, 66%. 

153 

Discussioll 

Prohlem 

Tips 

So/lItiO!l 



154 

Problem 

Tips 

Solutiol1 

10 ( - )-Ceplllllotaxill 

MeO 1 O 

'1 N 2. 1 N 
/ ~ J MeO O 

H H 

15 16 

• At this point the two methoxy substituents must be transforrneu 
into the methylenedioxy group found in the natural producl. 
Whieh reagents c\eave aromatie methyl ethers: a) BBr, ; 
b) BBr, ·SMe2; e) BCI,; d) Me, Sil; e) Me, SiCI, Nal; 1) ElSNa; 
g) NaCN? 

• The methylenedioxy group is obtained from a 1,2-dihydroxyaro­
matic compounds in a double nucleophilic substitution reaction. 

U horon tribromide is used for lhe ether c\eavage, adduct 41 (from 
a combinalion of ether 39 and the electrophilic horon reagent) is at­

tacked by bromide ion. The rcsulting intermediate 42 can than rcaet 
funher lO phenol 43. 

Ar- Q- Me + BBr3 --. 

39 

El 
Ar- Q- Me 

I 
0SSr, 

40 

El ~ 
Ar- Q- Me + ere 

I 
BBr2 
41 

Ar-O-B8r2 + MeSr ... e--
42 

Ar-O-SBr2 + 3 MeOH -. Ar-OH + B(OMeh + 2 HBr 

42 43 

In the second reaction, dibromomclhane acts as the reagent. Since 
this requires working in a two-phase system, the phase-transfer cat­
aJyst Adogen 464 Imclhyllrialkyl(C, -CIQ)ammonium chloride] is 
added. 
1. BBr" CH2C12, -78 C .... RT; McOH, O°c. 
2. CH2Br2, NaOH, 10Iucnc/H20 , Adogcn 464, O oC .... I ()() C, 51 % 

ayer two SlCps. 
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In principIe there are two possibilities for c1eaving a methyl aryl 
ether. Often one utiliLes an electrophilic reagent that attaeks the 
oxygen alOm, thus initiating bond breakage. EspeciaUy valuable for 
this purpose are the reagenL' boron tribromide and boron lriehlor­
ide. whieh eau,e ether cleavage under very mild conditions (tem­
peralures as low as -78 C). Trimethylsilyl iodide (less eostly: 
TMSCI and sodium iodide) frcquently shows sufficienl reaclivily 
only al higher lemperature (65 e). 

The second possibility involvcs introduction of a strong nucleo­
phile, which can engage in an SN2 reaction al the melhyl group 
with release of a phenolate anion. Reagents such as sodium 
Ihioethanolale in DMF or sodium eyanide in DMSO require reac­
tion temperatures in excess 01' ¡OO re and lhe presence of an elec­
tron-accepling SUbsliluenl para to the methoxy group in the sub­
strate in arder to stabili7e lhe resulting phenolatc anian. 

The modest yield in the demethylation step must simply be ac­
cepted here because. surprisingly, Friedel-Craft,. alkylation fails 10 
occur wilh the methylenedioxy group present in 4423 An explana­
tion for this difference in reactivily has been provided by Sila.'· 
eompared 10 the rotatability of the methoxy groups in 45, the e-o 
bonds in methylenedioxy aromatic syslem 46 are rigidly fixed in a 
planar five-membered ringo This leads lo redueed orhital overlap 
sueh that the - 1 effect (rather than a +M efleet) of the oxygen 
atoms governs the reactivity of lhe benzene nucleus. In this way a 
tiny structural change has transforrncd an electron-rich aromatic 

system ¡nto one that is electron-poor. 

O 

O 
H 

16 

N 
! 

~ 

O 

O 

N 
! 

H 

HO 

OH 
17 

• Thc diaMcrcoselectivilY is in this case substrate-controllcd. 
• Thc rcagcnl cl1lployed for dihydroxylation is expensive ano 

toxico h is thcrefore utilized io cataIytic amouots togethcr wilh a 
cooxidanl. 

The rcfcrcncc!\ lo co!\l and loxicity poiot to osmium tetroxide as op­
posed to thc incxpcnsivc and convenient potassium pennanganate. 
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The cooxidanr in rhis case is rrimerhylamine-N-oxide, which ofren 
leads ro higher yields wirh srerically hindered alkenes relative ro 
rhe more usual N-merhylmorpholine-N-oxide (NM0)25 
0.05 eq. OS04, Me,NO, AcOH, THFfH20, O C -> RT, 76%. 

O O ~ 

N-, 1 N-_ 
O 

, J O -( 
H " 

HO HO 

OH O 
17 18 

• The ellol and keto forms are in laulomeric equilibrium. 
• Diols can be oxidizcd lo dikctoncs by the same mcthods used lo 

convert primary alcohols into aldchydcs. 

The rcaclion here is a variant of the Swenz oxidation (see Chaptcrs 
5 and 14). 
DMSO, TFAA, CH2C12> -60 ' C; NEr" -60 C -> O ' C, 51 'Yo. 

There are several methods repolted in the literature for transfonn­
ing vicinal diols iOlo a-dikerones while avoiding rhe risk of C-C 
bond c1eavage26 Examples inelude the standard 5IVern conditions 
(dimerhyl sulfoxide and oxalyl chloride followed by triethylamine), 
or the use of DMSO activated by acetic anhydride, pyridine-sulfur 
trioxide complex, or dicyclohexylcarbodiimide (Moffall oxidation). 
Diones are al so obtained by treatment with benzalacetone as a hy­
dride acceptor in lhe presence of catalytic amounts of 
tris(triphenylphosphine)ruthenium dichloride I(PPh,hRuCI2127 Re­
cent developments ¡nelude lhe use of o-iodoxybenzoic acid 28 ar lhe 
oxoarnmonium salt of 4-acctamidotcLramcthylpipcridine-l-oxyl and 
p-toluencsulfonic ucid?9 
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e e 
N ~ N 

e ! e ( 
H 

HO e 
e eMe 

18 19 

• Al lhi!o. point an enol ether is prepared. 

HC(OMe)" TsOH, CH,C1" 47%. 

Compound 18 - in raccmic ronn - wa~ already known from the cc­
phaJolaxin synlhcsis 01" Fuells,'o so the steps beyond Ihis nceded 
only 10 be incorporated. Howcver, when compound 18 in dioxanc 
was he.led under rellux with dimcthoxypropane and p-Ioluene,"l­
ronie acid, in analogy 10 !he Fuch., work, methyl ether 19 was in­
deed obtained in 76% yield, bUI the product was found 10 be nearly 
raccmic. BOlh acid-catalyzed aod ba~c-catalyzed racemization can 

hé cxplained as follows: 

Raccmisierung, sauer katalysiert: 

e 

< e 

eMe 
47 48 

Racemisierung, basisch katalysiert: 

e 
< 

e 
< e e 

0Me 
49 50 
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Other altemplS lo prepare lhe enol elher led to significantly 10wer 
yields: trimelhylsilyldi:uomelhane and HÜllig base produced 30% 
of compound 19, whcreas trimethylsilyl metllyl ether or triethylsi­
Iyltrifluoromethane sulfonalc gave onJy 7% or 13% of the product, 
respectively. 

o O 
N • 1 N 

O 
.• .1. J O .1 

H H 

O tif" 
0Me 0Me 

l' 1 

H-cepholotaxln 

• The diastereoselective reduction is substratc-controllcd. 

The final step was also borrowed from the synthesis by Fllehs,'o 
this time withoul uncxpccled complications. 
NaB I-L¡. MeOH, -78 ' C, 95%. 

10.4 Summary 

Starting with a chiral-pool eompound, Seebach's method for u-alky­
lation af amino acids wal\ uscd lo construct lhe decisíve stereogenic 
center in the molecule. After coupling with the second building 
block 53 it proved pnssiblc lo synthesize l-azaspiro[4.4]nonane 51 
with lhe aid of lhe Mori variatían for generating vinylic anions. 
This step was I'ollowed by a Friedel-Crafts alkylation to give a 
benzazepan. Dcspite polenlial racemjzation problems. fUllctional­
group manipulation permitted synthesis af target molecule 1 in en­
antiomerically pure I'onn. Starting with R-proline. the overall yield 
was 1.8% over 19 steps. 
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~ ~) <O IhW ;) 

HO 

OMe 
51 

RO~X D 
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53 + 
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11 
(+ )-Streptazolin: Kibayashi (1996) 

11.1 Introduction 

Streptazolin (1), a secondary metabolite of Streptomyces viridochro­
mogenes, was discovered and [ust isolated in 1981 by Dralltz and 
Ziill11er l in the course of chemical screening. Isolation and purifica­
tion of lhe antihiotic proved difficult, howcvcr, since in concen­
trated fonn il lends lO polymerize. 

The structure of slreplazolin (1) was establishcd bOlh speclrosco­
picaJly and through chemical degradation studies. Thal lhe absolute 
configuration is 2aS,3S,7bS was shown wilh the use of Naka­
nishi"s2 chira) dibenzoate method 011 the degradation producl 2 as 
well as by X-ray stmctural analysis3 of O-acetyldihydroslreplazolin 
(3). 

Slreptazolin (1) is an antibiolic with a unique struelurc. Il eon­
taios an ullusllal tricyclic ring system, a hexahydro-lH-I-pyrindine, 
along with an intemal urethanc unit and an exocyc1ic cthylidene 
sidechain.4 

Streplazolin (1) shows limiled antibacterial and fungicidal aeliv­
ity and influences the incorporation of thymidine in mousc spleen 
lymphoeYles. 

As a consequence of ils interesling slructure and promising phar­
macological aClivity profile the substance orrers an interesting chal­
lenge for organic synthesis. 

Tbe first raccmic total synthesis was reported by Kozikoh'si 5 in 
1985, followec.l by lhe first enantioselective lOlal synlhesis by Over­
lIIon

6 in 1987. In both of these synlheses lhe elhylidene sidechain 
was introduccd wilh a Wilfig reaction, which Icads to al: 2 mixture 
favoring the abnormal E ¡somero 

In 1996 KihaY(lshi 7 slIcceeded in complcting an enantioseleclive 
total synthesis or lhe Z isomer of (+)-streptazolin (1) with a stereo­
ehemically defined exoeyelie eUlylidene sidechain. 

m·~OPh 
I H OCOPh eH, 

2 

3 
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2.0 eq nSuLi, 
THF, -78 ·C; 

l'~' Pd(OAc)" 

-+ 

.. " SSEDA. 

12 
Mel HMPA, 

benzene. 

THF, -78·C 

reflux 
8." 

13 

----¡ 

Fe,(CO)'2, 
CICH2CH2CI, 
reflux 

+ 

r 97:3 

15-Z 14-Z 
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11.3 Synthesis 

HO ti co,H BnQ OBn 

HO+CO,H 

2, 040 -3, 
H I 

H 
L-tartaric acid 4 

4 5 

• This particular synthetic sequence ineludes not only a ring e1o-
sure but a1so a series of pmlccling-group operations. 

• The first step is an c"olcrification wilh cthanol. 
• In the second step the two hydroxy groups are protected, 
• The third ~lep ¡ .... a ring clo .... urc. This involves prior saponifica­

tion of tbe ester funClion. 
• The third step creates an anhydride, 
• In the fourth step the cyclic anhydride is tirst reopened and the 

compound is then rccyeli/cd to the sueeinimide S, 

In order to avoid side rcaetions during proteetion of the hydroxy 
groups, L-taJ1arie acid (4) i, tirst eonvencd into the con'esponding 
diethyl tartrate," This involves hcating in chlorofornl containing 
ethanol in the presenec of a highly acidie ion-exehange resin and 
lIsing a water separntor. 

In the second step the hydroxy group' are benzylated in a proce­
dure developed by YamamolO.9 In lhis approach lhe lartrate is firsl 
deprotonatcd with sodlUm hydride and then treated with tetrabutyl­
anunonium iodide, bcn/_y l bromide. and a catalytic fll11QUnt of 18-
crown-6. 

Cyclic anhydridc 18 i, ereated in the third step,IO Thus. lhe 
ethyl ester is saponltied with base and subsequently cyelized by 
way of the mixed anhydridc from tanaric "cid and acetyl ehloride. 

In the founh step anhydridc 18 i, opened to suecinamidic acid 19 
by lhe introductíon of ammonia. and this is again cyclized lO give 
,uccinimide S via the mixed anhydride from 19 and aeetyl chloride. 
1. EtOH. Lewatit S lOO, CHCI" renux, 95"!c. 
2. NalI, TBAl, BzBr, 18-crown-6, THF, OC ..... RT, 769<. 
3. 1 M NaOH. EtOH, O e ..... RT; AeCI. renux. 620f. 
4. NI" (g). EtoO, RT; AcCI, reflux, 9I c!c. 
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I DEAD. PPh3. 
H THF_RT 

5 
77% 

7 

• Alcohol 6 is octivotcd in prcparation for a nueleophilie attaek. 
• Diethylazodicarboxylatc (DEAD) and triphenylphosphine eonsti­

tute a redox system. 
• Overall, DEAD is reduced and triphenylphosphine is oxidized. 
• Succinimide 5 is alkylalcd on the nirrogcn alol11. 

Sueeinimide 5 is alkylated through a MilSlIlIObll alkylation 11 with 
(Z)-4-trimethylsilyl-3-butenol '2 (6 ), which leads lo lhe N-butenyli­
mide 7. 

Triphenylphosphine fírst attaeks at the azo nitrogen atom of 
DEAD LO produce lhe quaternary phosphonium sal t 20. This dcpro­
tonate.., I.,uccinimide S with lhe fonnation of intemlediate 21 . Alco­
hol 6 reaets with 21 , in the eourse of whieh dielhylhydra/inc dicar­
boxylalc 22 i, formed along wilh the alkylated phosphine oxide 23. 

o O 
ti 11 

EtO-C N=N ·C- OEt + 

DEAD 

O H H O 
11 1 1 1I 

EtO-C-N-N-C-OEt + 
22 

O f00 
11 \" I 

EtO-C-N-N=C-OEt 
1 

(t)PPh3 
20 

~O~oen o o ~-PPh3 N 
Me;¡Si .. / oen 

23 ~ o 

165 

Problem 

7ips 

Solutioll 

~o 
N 

oe. 

o oe. 

7 



166 

Problem 

Tips 

So/utian 

(~. 
8: OBo 

DiSCUS!i"iOIl 

11 (+ )-Slreplazolin 

Compound 23 is Lhe active alkylating agent. The u-carbon alom is 
aCLiv31cd loward nucleophilic attack, pennitüng it. lo alkylatc the ni­
Lrogen of Lhe dcprotonated suecinimide S to give N-butenylimide 7. 
This releases triphenylphosphine oxide (ph3P=O). Thus, in the 
overall proeeso DEAD is reduced to hydrazine derivative 22, 
whereas triphenylphosphine is oxidized to triphenylphosphine ox­
ide. 

1. NaSH4 , 

MeOH, O oC. 98% 

(SiMe, O 

~N~·'OBn 
O OSn 

• 
2. AC20, NEt3. 

DMAP, 
CH,CI" RT, .. " 

7 8 

• Sodium borohydride is a reducing agen!. 
• Only one or Lhe LwO carbonyl groups is aLtaeked. 
• The newly formed functional group undcrgocs rcaclion in Lhe 

second sLep. 

N-BuLenylimidc 7 displays C2 symmetry. The carbonyl groups are 
lherefore homotopic, and it is irrelevant which of t.he tWQ is rc­
duced to a hydroxy group. Thc rcduction products from both carbo­
nyl groups are idcntical. Once reduction is accomplished, lhe result­
ing hydroxy group is acctylated Lo give acetoxylactam 8. 

Wilh respect lo understanding topographic relationships. one usual­
Iy examines structural fragments within a molecule. Thus, to estab­
¡ish Lhe topicity of a substituent one ascertains what symmetry op­
eraLion is capable of interconverting the two topographically related 
subsLitucnts. Altcmatively, one can imagine exchanging sequen­
tially the substituents of imerest for a third group not yet present in 
the molecule. The nature of the resu!üng isomers provides direct in­
fonnation regarding the topicity class in question. 

Homotopic substituents are interconverted by rotational axes. 
Substitution of either substituent leads lo lhe same compound, so it 
follows that homotopic substituents are not subject to distinction. 



11 (+ )-Slreplaco/ill 

EIlGIl(;OIopic substitucnts are inlcrchangeable through altemating 
axes of symmctry. SubslÍlution leads lo enantiomers, and lherefore 
enantiotopic substituents are distingui!'ohable under chiral condiüons. 

Diastereoropic substttucnlS cannol be interchanged by carrying 
out any symmetry operation. Suhstitulion leads lo diastereomers, so 
diasrereotopic subslituents are distinguishable by chemical and 
physical means. 13 

(SiMe,AcO 

~N~·osn 
O OBn 

8 

BF,·OEt2. 
CH2CI2. RT 

• 

10 

L ~POO" J 
O OSn 

9 

• The reaction takes place by way 01' Ihe N-acyliminium ion 9. 
• This is a cyclization reactioll. 
• The product contains a bicyclic system. 
• Cyclil.ation begins with an intinium ion and concludcs with a vi­

nylsilane. 
• Thc product fonns srereoselecrively. 
• A six-membered ring resuhs, specilically a 1.2.5,6-tctrahydropyr­

idíne. 
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27 

tCH,O. H'" 
Me:rS¡~OH 

HN 
I 
p, 

26 

J 
M·,so·e~ 

N 
I 
p, 

29 

11 (+ )-Slreplazolin 

Upon addition of boron tritluoride etherate. acetoxylactam 8 elimi­
nates an acctoxy group lO produce N-acyliminium ion 9. The indo­
lizidinone 10 is fonned diastereomerically pure in an iminium-ion­
¡nitialed cyclization reaction of the Overmall type ending in a vinyl­
silane. 14 

Stcreoinduction al C-7b occurs under substrate control. Bccausc 
of sterie shielding by the benzyloxy group in the u-position, the 
ehajn with the bulky (Z)-trimethylsilylvinyl residue attacks from 
aboye. 

Overman 15 discusses two conceivable mechanisms for the cycli­
zation. One possibility assumes a direct cyclization of iminium ion 
9 via ~-silyl eation intermediate 24 to the indolizidinone 10. Cation 
24 is stabilized by a ~-effeet of the silieon atom. Alternatively, imi­
nium ion 9 ntight flrst undergo a charge-accelerated cationic aza­
Cope I'carrangement to allylsilaniminium ion 25, which wOllld then 
eyelize to 10 with los s of a silyl eation. 

More probable is the second route, because Overman was able 
10 demonstrate that the cationic aza-Cope rearrangement occurs 
more rapidly than cyclizalion. To this end, substrate 26 was treated 
wilh paraformaldchyde and camphorsulfonic acid, which led not to 
the letrahydropyridine 27, but rather to pyrrolidine 29, formed by 
inlramolccular Mannich cycliLalion of allylsilaniminium ion 28. 

0 S;Me, 
l,.p.aBn 

a aBn 
9 

1 

0:' 
o OBn 

24 

-

.H "e··' ... ,OBn 

('~tI\ S;Me, 

GN 00 

a aBn 
25 

1 

ll··H ,}-Z ... aBn 

a aBn 
10 
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1.2.5.6-tetrahydrophridine ring systems like that in 10 are found in 
various natural producls and nurncrou\ phannacologically active 
sub~lancc~. Electrophilic cyclization reactions of iminium ioos coo­
stitute an important method for constructing N-hcLcrocyles. An ad­
vantage of lhe imüliurn-ion-initiated, vinyJ<...ilanc-tcrminatcd cycliza­
lion is development of the ring ,ystem with complete regiocontrol 
of the location of the double bond. Moreovcr. it is possible to 
synthesize in this way l-aryl-substitutcd tetrahydropyridincs. which 
are not generally accessible from pyridine precur ... nr .... 

().'H 'Hosn 
2. 

° OSn 

10 

• 
Wosn 

NICHO 
I H 

Eto,c OSn 

11 

• In this reaction sequcnce a ring is rcdUClivcly cica ved and a pro­
tecting-group operation is accompli~hcd. 

• The reagent in question is capable of reducing tertiary amides se­
lectively to aldehydes. 

• A hemiaminal arises as an intermediatc. 

In the first step. the teniary amide structure i ... rcduccd lo hcmiam­
inal 31 wilh lhe aid of lhe al complex (30) from DIBAH and bUlyl­
lilhium. The hemiaminal opens selectively lo aminoaldchydc 32. In 
a sccond SlCp the ring njtrogen atom is protecled a~ carbamalc 11 
with cthyl chloroformate, 
1. DI BAH, "BuLi. THE RT. 
2. CICO,Et. CH,Cl,. RT. 86% slarting from JO. 

()"H ,~"oBn 
• 

HO OSn 

31 

Wosn 

N iCHO 
I H 
H OSn 

32 
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~ OBn Br 

N 
I H 

Et~ OBn 

12 

II (+ )-Slreplazolill 

The al complex fmm DlBAH and bULylliLhium is a selecuve reduc­
ing agent. 16 Il is uscd fUT the 1,2-rcuuction of acyclic and cyclic 
cnones. Esters and lactones are reduced al room tcmpcralurc lo al­
cohols, and at -78 C to alcohols and aldehydes. Acid chlorides are 
rapidly reduced with exccss reagent al -78 e 10 alcohol S, bUl a 
mixture of alcohol s, aldehydes, and acid chlorides resulLs from use 
of an equimolar amollnt of reagent al -78 C. Acid anhydridcs are 
reduced at -78 C to alcohols and carboxylic acids. Carboxylic 
acids and both primary and secondary amides are inert al room 
temperature. whereas tel1iary amides (as in lhe present case) are re­
duced between O C and room temperature to aldehydes. The al 

complex rapidly reduces primary alkyl. benzylic, and allylic bro­
mides. while tertiary alkyl and aryl halides are inen. Epoxides are 
reduced exc1usively 10 the more highly substituted alcohols. Disul­
fides lead to dliols. bU! both sulfoxides and sulfones are inen. 
Moreover, dlis al complex from DlBAII and butyllithium is able to 
reduce ketones selectively in lhe presence of esters. 

Q):0sn 

N ¡ CHO 
I H 

EtO,c OSn 

11 

CBr4, PPh3, 
CH2CI2• RT 

9.% 

• Product 12 contains two bromine atoms. 

• 

• It i~ the aldchydc fUllction thal undergoes reaclion. 

12 

• What analogous reaclion also lakes place with triphenylphos­
phinc and an aldchyde group: a) lhe .Idol reaction: b) lhe lIeck 
rcaetion; or e) lhe W;tt;g rcaetion? 

• Triphenylphosphine and carbon telrabromide foml an ylide. 

Analogous lo the Willig olcfinalion, triphenylphosphine and carboll 
lClrabromidc rcacl lo givc an intcrmediate dibrominated phospho­
niuln ylide. Ylidc 33 cxtcnds the chain of aldehyde 11 with elimi­
nation of lriphcnylphnsphinc oxide 10 givc 1, l -dibromoalkene 12.17 

[ p~p=CBr2] + Ph3PBr2 

33 
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Qyct 
2.0 eq nSuli. 
THF, -78 ·C: 

N , .6 Br • Mel, HMPA, 
I H THF, -78 ·C 

EtOzC OBn 
80% 

12 13 

• The first step is él halogen-metal exchangc rcaction. 
• A hydrogen alo l11 shifls in a [1,2]-rearrangemcnt. 
• The producI is an alkyne. 

Thc rcacLion sequence 11 - 13 is known as the Corey-Fuchs pro­
ccss. This is generally understood to refer to the transfonnaLion of 
an aldchydc inlo an alkyne.'8 

Qyctn r 

, .6 
~ Sr 

I H 
Elo,C OBn 

12 

11 ~Bn 

~~ 
EIOzC OBn H 

35 

lnBuLi 
-BuH 

11 ?Bn 

~~ EIOzC OBn U 

36 

nSuLi 
• 

-BuBr 

[1,2]­
rearrangement 

• 
-LiSr 

! 
n ~Bn( 
~~ 

EtOzC OBn H 
34 

Mel 

-Lil 

n rn 

~~ 
EtOzC OBn CH, 

13 

17 1 

Pmhiem 

Tip., 

Solution 



172 

Di.'I('ussiOlI 

o 

R"'IO 
37 

11 
(MeOllP-Q-I=N=N 

¡ 
@0 

~ RCH=C=N=!i 
t ·Nz 38 

39 40 

Problem 

Ph-......pN~N.-7'.ph 

BBEDA 
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The first step is a halogen-metal exchange lO give rhe a-lithiated 
bromoalkene 34. Viewed from the perspeetive of its resonanee 
structure, this can be regarded as a vinylic carbenoid species. 
Whether it rearranges as such ar is first transformed into a free car­
bene is undear. What follows is a [1.2]-rearrangement involving a 
hydrogen shift. leading to terminal alkyne 35. This is so aeidie thar 
it reaets funher with !he seeond equivalent of butyllithium to give 
lhe corresponding lilhium aeetylide 36. A final alkylation with 
methyl iodide leads to alkyne 13. 

Thc onc-slcp Seyferth proccdurc ofTcrs an altemative lo the Corey­
Fue/u sequence. After a Honzer-Wadswnrth-Emmolls olefination of 
an aldchydc 37 lo an unsaturated diazo compound 38. elimination 
uf nitrogen and ti ,2J-rearrangcmcnt of lhe rcsulting vinylcarbene 
39 Icads here as well to a CJ~cxtendcd terminal alkyne 40. ' 9 

~ r 
l~1Y"OBn 

EJO,C OBn 

13 

14·Z 

1 
(cat.) 
Pd(OAcr... 

.. % BBEDA, 
benzene, 
reflux 

97:3 
15~Z 
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• This is a cycLizatioll reaction. 
• The produCI is bicyclic_ 
• A fivc-rncmbered ring is created. 
• The nonnal course or this palladium-catalyzed rcaction is illu­

stratcd in lhe margino 

A paUadium-catalyzed 1,6-enyne eyclization of lhe Trosl 2I1 lype 
provides lhe desired bicyclic syslem as a mixture of hexahydro-5H­
I-pyrindine 14-Z and ilS doublc-bond isomer 15-Z in a ratio of 
97: 3. The lwo can be separaled hy eolumn chroma!ography. In lhe 
process. lhe exocyclic alkylidcnc sidechain is created with Z selec­
livity, and the rings are slereospeci~cally joined cis. It should be 
noted tha! only wilh lhe use of BBEDA [N,N'­
bis(benzylidene)elhylene diamineJ as a powerful a-donar ligand is 
high Z selectivity achieved. Olher catalylic systems, such as 
Pd(OAch or Pd(OAc) 2(PPh,h/HOAc produce élZ mixtures of 14 
and 15 in ratios of 45: 25: 27: 3 or 9: 69: 6: 16 (14-Z: 15-Z: 14-E: 
15-E). 

Tro.vl disclIsses two possibJe mcchanisms, in which complex 41 
represenls lhe active catalylic species. The BBEDA ligand serves to 
slabiliLc lhe hydridopalladium aeetate fonned from lhe subslrales'>l 

H 

AmeO-......I~j CH, 
H ~ /, 

, ··,"08n 

N , 
Ele): H OSn 

43 

ACO, IV H 

d$
/Pd/ CH, 
~ /, 

:7' 
, ··"08n 

N ' 
EtO,t H OSn 

44 

__ 42 ---
OSn 

45 

H 

CH, 

OAe 
I 

Hm"Pd ~ /, CH, 
H'" : ···{lSn 

N ' 
Ete): H OSn 

46 
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One eoneeivable palhway for the 1,6-enyne eyelization is a eyclo­
palladation via complex 42 to eyelie palladium eompound 43, 
whieh eonlains Pd'v, followed by eleavage of !he laner to inter­
mediate 44 !hat subsequently releases hydridopalladium aeetate and 
producl 14-Z. i\n alternative route proceeds by way of hydropalla­
dalion of the e-e triple bond to internlediate 45, whieh after addi­
tion 10 !he e-e double bond gives bieyclie system 46. This leads to 
produet 14-2 following a ~-hydride elimination. The appearanee of 
double-bond isomerie eompound 15-2 is explained by another addi­
tion of the palladium species to the eyclie e-e double bond in 
14-2 and subsequent ~-hydride elimination. 

eQ' ~ ?' . 
, 'oOBn 

N ' 
Elo,t H OSn 

14-Z 

Fo,(CO)". 
CICH,CH,CI, 
reflux 

4'" 
• 

16 

• A complex is fonllcd, one in which triiron dodecacarbonyl is in­
volved. 

• This complex accomplishes an isomerization. 

A stable triearbonyl-('l4-1.3-diene)-iron eomplex is formed. 22 This 
causes the 1,4-dienc 14·Z to isorneril.c lo 1,3-dicne 16, which in 
turo leads to !he hexahydro-I H-pyrindine presenl in slreplazolin 
(1). 

~~ 
I H 

EtO,C OH 

····OBn • 

16 17 
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o Cleavage of both bcn7yl protecting groups as "ell as the com­
plex occurs in a single ,tep. 

o The reagent employed here is typically used in ether c1eavages. 
• It i~ a reagenl that contains brominc atoms, and it is a strong Le­

wis acid. 

Clcavagc of lhe ¡ron complex and the hcnl.yl clher functions is ac­
complished with boron tribromide solution. 
BBr" CH,C1" -90 C. 51%. 

~~ 
I H 

EtC>,C OH 

• 

17 

• Clcavagc of lhe carbamate and ríng c10surc are al so achieved in 
a ,ing le step. 

• A lactone is crcated. 

Ring closure of glycol 17 to Lhe oxazolidinone ring in I takes place 
under basic conditions with sodium melhoxide in melhanol. 
2.5% NaOMe. MeOH , renux. 65%. 

11.4 Surnrnary 

The kcy ,tep' in the total synthesis of (Z)-(+)-sLrepl31olin (1) are 
the slcrcosclccLive (C-7b) illliniuITI ion-initiateu cycli¡;ation of a vi­
nylsilane using Lhe Ovemu1II 14.15 procedure (7 -+ 10) togeLher with 
a palladium-calalyzed Tros,20 enyne cyclizalioll fOf sclcctive COI1-
struction of an exocyclic ethylidene side chain wiLh Lhe Z contig­
uration ( 13 -+ 14-Z). The geometry of exocyclic alkene, is nor­
mally diflicull to control. Whereas previous syntheses or streptazo­
lin (1) employed Willig reactions and led only to E,Z mixtures,5.6 
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the enync cycliLaLion introduccd by TmS1 offcrs the possibility of 

stereoselective reaction. Chiral inforrnation is dcrivcd fmm L-Larta­

rie acid (4) and retleeted in carbon atoms C-2a and C-3. 
Considcrcd rctrosynthctically, streplazolin (1) is conveniently 

dissCClCd by clcavage 01' the oxazolidinone ring into the bicyclic 

systcm hcxahydro-5H- I-pyrindine 14·Z, joined by a C-C bond. 
Ring opening in the bicyclic moiety provides t.he 1,6-enyne system 
13. Furthcr disconnection with ring closure gives the e-N coupled 

bicyclic mo]ecu]e JO, an indolizidinone. This can be traeed back lo 

N-butenylimide 7 by opening of the tetrahydropyridine ringo Final­
Iy, imide 7 is derivable from L-tartarie acid (4). 

qR'3 .... 
0H 

7 2. 

N j ····.H 

~O 
O 

().'H 
_~.,osn 

O OSn 

10 

ti 

~~= 
O Can 

7 

~,osn 
l~-+--<'" 

Eto,6 H OSn 

14-Z 

HO ~ CO,H 

HO+CO'H 
H 

4 

Thus, (Z)-(+)-streptazolin (1) has been prepared stereoseleetively in 
17 steps with an overall yield of 2.2% starting from L-tartarie aeid 
(4). 
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12 
p-Arnyrin: Corey (1993) 

12.1 Introduction 

p-Amyrin is a member of the pentaeyclie triterpene family. It was 
f1rst isolaLed from the sap of rubber trees of the species e,ylhroxy­
hlll1 coca.' Alongside erythrodiol (2), oleanie acid (3), and aegieer­
adienol (4), the tille compound represents an inlcrcsling natural 
praduet structure Lhat has been the target of numerous synLheses. 
As early as 1963 el/rey reported the syntllesis ol" an amyrin deriva­
tive2 The fina totally synthcLic access was reported by 8arl01l in 
1968 based on a sequenec of 19 steps with an overall yield uf ca. 
0.001 %.3 Persistent interest in the cyclie triterpenes is rellected in 
tlle synthesis of 3-amyrin by van Tameten in 1972" and of related 
pentaeyclie substanees by ! retalld in 1976 5 and Kalllelalli in 19786 

Juhnson in 1993 described an approach lo racemic p-a.ll1yrin in­
vo lvi ng application of a biomirnctic polyene cyclization.7 In the 
same year Carey accompli shcd the enantioselective synthesis of 
compoulld 4, a key intennediate lhal opened the way to stereoselec­
Live preparation of eompounds 1, 2, and 38 A key step in the syn­
thesis of p-amyrin (1) was the introduetion of ehiral oxazaboroli­
dincs for enantioselective carbonyl reduction. Based on these meth­
ods. generation of an enantiomerically pure epoxide and its stereo­
selective eationie eyelization led to the penlacyclie system of strue­
tUTe 1. Diastereoselective cyclopropanation and an imramolecular 
prolonalion or a carbanion represent other inlcresling steps in this 
total synthesis. 

HO 

1:R=CH3 
2: R =CH20H 
3:R=COOH 
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12.2 Overview 

O 1. 

M~m 2. 

• 3. 
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5 4. 

5. 

• 
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9 CO MeCH. O .C 

j 1 K, 3, THF -20.C 
2 Me,CuLi, 'OlEt O O-C 

N'Pr EUH, " 3 S,F .. , ~AA NEt
3 4 DMSO, T , 

,r-1J .. 
~~_B~O I 

11. \ 
36 ·C toluene, 

.... 
2. 

M~ro I I 

8 

j~ 11 % I 
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7 

8 

• 
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1. 

2 . 

12 

1. MeAlCI2 • CH2CI2. 

·78 oC, 41'1. 

• 
2. PhCOCI. DMAP. 

Py,95% 

• 

CH212, ZnEt2. 

RT, toluene 

50" 

• ,,, 3. PhC03 'Bu, CuBr (ca!.), PhCI. 115·C 

4. 

1. 

OH 2. nBuLi. CIPO(NM.,),. 
THF/HMPA, 86% 

• 
3. 

4. 

16 
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li _R'_OAc,R2_H 
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12.3 Synthesis 

MeO~ 
l0U 

5 

1. 
2. 

3. 
4 
5. 

MeO~ 
l)lJ" 

6 

• The lasl tmnsfonnalion accomplishes the regioselective reduction 
af an aromatic ringo An alkaJj metal is utilized in this reaction. 

• An ester group is displaced in the fourth step using a hydrogen 
nucleophile. 

• Dialkylation and reduction occur in the firsl tWQ sleps. 

At the outse!. an a-dimethylation leads to compound 17. Reduetion 
of the ketone to secondal) alcohol 18 and acctylation ,,1' the latter 
provides ester 19. The eslcr group functions undcr acidie con<litio",. 
as a leaving group, and it i, replaced by a hydride anion with for­
maLion of compound 20. Thc 1aM stcp is a Bilrh reduction. These 
five steps were accomplished with an "veraJl yield or 85%. 
L 2.2 eq. 'BuOK, 4.0 eq. Mel , THF. 
2. aBH •. 
3. AcCI , Py. 
3. TFA, Et,SiH, CH2C12. 

4. Li , 'BuOH, NH3(1)ffHF, -40 C. 

Alkali and alkaline earth metal s dissolve in Iiquid ammonia with 
Lhe formation of solvated electrolls. These so)vated eJeclrons consti­
tute a very powerful reducing agent and pennit reduction of numer­
ous conjugated multiple-bond systems. The technique, named ror 
Birch, provides seleclive access 10 1,4-cyclohexadienc:, [rom ~ub~ti­

tuted aromatics." In lhe case of structures Iike 21 that are substi­
tuted with electron-donating group', electron transfer produces a 
radical anion (here 22) such lhat subsequent protonation occurs se­
lectively in the orillO position (cf. intermediate 23). A second elec­
tron-transfer step folJowed by another protonation leads to com­
pound 24. 
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donorsubstrtwerte Aromaten 

OM. OMe OMe 0Me 

6-- e6 ROH 6. ee: ROH 6 -- • 
::,. ::,. . -ROe _ROe 

\..e 
21 22 23 2. 

akzeptorsubstituierte Aromaten 

oe __ oe 
W,e W,e 

ROH 6 .e, ROH 6 -- • 
-ROe _ROe 

~.e 
25 2. 27 28 

In <ln analognu!o. way. electron transfer to an acceptor-suhMilutcd 
aromatic likc 25 produces a radical anion 01" type 26. This is prOlo­
nated in the if1.'w position 10 give intermedimc 27. A sccond elec­
tron lramJer and prolonalion leads similarly to producl 28. In m()~t 
cases 'BuOH pro ves lO be a good source of prolons. 

6 

SSuLi. THF, 
-40·C 

.. " 

• 

• This is a nuc1eophilic sub~tilUti()n rcaclion. 

8 

• Regioselective gencration of the organolithium compound bene­
fits from two stabili7ing eITeCL'. 

Deprotonation OCCUfS very regioselectivcly al lhe allylic position 
and orillO to lhe methoxy group. Resonam:c stabilit.ation of lhe an­
ion by the double bond, together with coordinative stabili¿ation of 
the lilhium atOl11 by the methoxy group, is responsible ror selective 
fonnaLion of intermediate 29. 

183 

Problem 

7ips 

Soluriml 

MeO~ 
~' 

29 



184 

Discunion 

Problem 

Tips 

So/utioll 

12 {J-Amyril/ 

Homofarnesyl iodide 7 was prepared by the reaction sequence 
shown in the margino Of ¡nteresl here is the two-step transformation 
of an alkyl halide into a C,-extended alkyl halide9 Compound 30 
is firsl subjeclcd lo a nuclcophilic ~ubslitution by an organolithium 
speeies with fonnalion of a homoallylic phenyl thioether. This is 
then rncthylated in a ~ccond ~lCp LO an intermediate sulfonium salto 
Thc final SN2 rcaclion with an iodidc ion rclca~cs thioanisol as a 
sLable leaving group lo givc compound 7. 

1. 

2. 

3 

4 
Br 

• The rust three reactions are lIsed to construct an enol triflate. 
• In addition to the desired ketone, acid hydrolysis also leads to 

another isomerization product. 
• Use of 2-mercaptoethanol produces an intennediate 1hat, with 

the aid of a noble metal, can be hydrolyzed to the desired ketone 
free of isomeri.tation. 

• The thermodynamically favored enol triflate is prepared in the 
third SlCp al low temperature and in lhe presence of a slrong 
base. 

• Whal rollows is an cxccplionally chemoseleclive reaction ror 
conslruclion or Lhe hromohydrin runclionaliLy. 

• The bromine atom is derivcd rrom a brominaling agenl also used 
in mdical hrominations. Thc OH group comes rrom a supplc­
mental solvenl. 

The enol ether is c1eaved llnder acidic conditions in the first slep lO 
give ketone 32. In order lO suppress isomerization of the ketonc lO 
an a,~-unsalllraLed system, hydrolysis is eonducted in rhe presence 
of 2-mercaptoethanol, which leads to fonllation of the S,O acetal 
31. 



12 p-Amyrill 

Silver ion makes possible in the second reaction an isomcrization­
free hydrolysis of the S.O aeetal to ketone 32. Generalilln of lhe 
enol lrinale 33 is aecomplished in the third step with the Helldrick­
sUII-McMlIny reagent (Tf,NPh). \O Addition of an alcohol produces 
the potassium alkoxide, which because of its lower basicily pcrmits 
isomerization to lhe themlOdynamically favored enolate. Chemosc­
lectivc rcaction to bromohydrin 9 is achieved in lhe last step with 
NBS as brominating agent in aqueous THF. NBS aets here as a 
sourcc uf cationic bromine in an ¡anic mechanism. The intennedi­
ate bromonium ion forms preferentially al a) electron-rich double 
bonds and h) lhe slerically least hindered double bond. It also 
opens in such a way as la provide the most stable carbocation. 
l. 5.0 e4. 2-lhioclhanol, 0.1 eq. TFA. CH, CI,. O C -+ 23 C. 
2. AgN03, Ag,O, THF/CH,CN/H20, 84%. 
3. 1.15 e4. KHMDS, 0.15 eq. 'AmOH. Tf,NPh, THF, -78 C-+ 

-35 °C, 86%. 
4. NBS, THF/H,O (5: 1), O°C, 81 %. 

1. K2C03• MeOH, O oC, 93% 
2. Me2CuLi, THF, -20 oc, 82% 

Br 

3. SiF4 , Nipr2EUH20/Et20, 
O cC, 82% 

4. DMSD. TFAA. NEt,. ,,% 

• 

10 

• In thc sccond rcaction a methyl group is introduced wilh lhe aid 
01' a cuprale. The bromine atom and the free alcohol intedere. 

• Weakly basic conditions suffice to initiate an intramolecular SN2 
reaclion in lhe lirsl SlCp. 

• The last transformation accomplishes in a very mild way the oxi­
dalion of a funcLional group Lhat has aIÍsen fmm Lewis-acid 
opening oí" a group introduced in the rirst step. 

• SiF4 serves as a Lewis acid and pcnnits simultaneous introduc­
tion of a fluorine alom. 

• An epoxide is opened regioselectively to givc the most stable 
carbocation. 
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32: Rl =R2 =O 
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33 
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35:R;Me 

Discussioll 
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36:R 1 ;OH, RZ"'H 
10:R'·RZ_O 
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The flfs( reaction leads under basic conditions to cyclization to ep­
oxide 34. Replacement of the triflate grollp by a methyl grollp to 
give 3S is accomplished with the aid of a Gillllan cuprate. " The 
epoxide function is not affected by this reaelion. Tetrafluorosilane 
serves as both a Lewis acid and a fluoride source in the subsequent 
regioselective epoxide opening to compound 36. SiF. reacts with 
water to give silicic acid and hydrogen f1uoride, and the latter re­
acts with the Hiinig ba'ie 10 produce an ammoniulTI fluoride salto 
Because of poor ion-pair formation by the ethyldiisopropylammo­
nium calion, nuoridc ions are present in lhe free state in solution 
and can thus act as nuclcophiJcs. Thc final Swem oxidation with 
TFAA as aCLivaLing 'gent for DMSO (see ChapLer 1) leads to com­
pound 10' 3 

Intramolecular SN2 reaction uf un enantiomcrically pure halohydrin 
constitutes, alongside lhe relatcd cycli:ration of an a-haloacclOxy 
compounds (see Chapter 13) and the asymmetric epoxidation intro­
duced by Jacobsoll, a very elegant approach to the preparalion of 
stereoisomerically pure epoxides. 

Cuprates as sources of carbon nucleophiles are capable of displa­
cing leaving groups at sp2-hybridized carbon atoms. Epoxides can 
al so be opened with organocopper compounds, but this only OCClIrs 

at room temperature.14 Selective reaction of dimethylcuprate with 
the triflate grollp is therefore possible by appropriate choice of the 
reaction temperature. 

10 

l.rS-t Ph 

~~_8;O 
11. 0 

toluene, 36 °t 

(X0 
I 'BH 

"- o' 
8'% 

11b 
2. 

• 

o 
12 

• The first reaclion is an asymmclric rcduclion with calccholbor­
ane ( \l b)", a hydridc sourcc . 

• The boron-containing bicyclic compound is a chiral rcagcnl con­
laining both electrophilic and nuclcophilic rcaclion ccnlcrs. 
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• Coordinaüon oí" lhe ketone takes place with a minimi7.alion of 
steric interactions al the boron atom. Compound 1I b coordinales 
as an electrophile with lhe nitrogen atom in compound l1a. 

• The product of lhe flrst transformation is an enantiorncrically 
pure bromohydrin. The reaction conditions for lhe second reac­
tion have been employed previously in Ihe course of lhis synlhe­
siso 

The melhod Carey developed for calalylic asymmetric reduction of 
ketones depends on the use of a chical oxazaborolidine such as 
compound l1a,I5 These species, when incorporated into cam­
pOllnds with boron-containjng reducing agents, act as chiral cata­
Iysts. The so-called CBS reduction 15 (Corey-Bakshi-Shibata) per­
mits selective generation of chiral alcohol 37. This rhen cyclizes 
stereoselectively under strongly basic conditions in an intramolecu­
lar SN2 reaction to epoxide 12. 
1. 0.5 eq. 11a, 2.5 eq. 11b, toluene, 36 C, 80%. 
2. 'PrOH, 'PrONa, reflux, 83%, 92% ee. 

Oxazaborolidines (39), readily accessible from the amino acids (R)­
or (S)-proline (38), have been described as "chemoenzymes" or 
"molecular robots" as a result of their mode of catalytlc activity. 

Q·····'CO,H 
I 
H 

R-proline (38) 

1. MeOH, t.fil 
2. ArMgCI 

3. R3S; 
R=H, Me, 
f1Bu, ¡Bu 

• 

39 

The mecharusm of enantioselective reduction here can be desctibed 
in simplified form as follows; 

Compound 40, together with a hydride source (diborane, cale­
cholborane), forms the catalytically active Lewis acid-base complex 
41. In the process, tbe electrophilic boron atom of the borane binds 
10 Ihe nucleophilic nitrogen atom of 41. Strong coordination of tbe 
borane witb tbe ni!rogen atom of 40 and the resulting high degree 
of catalytic activity is explained by minimizatían of the ring strain 
in the 5/5 ring system. The latter is caused by a dOllble-bond con­
Lribulion lo lhc S-N bond. 

In Ihe ncxl sLep Ihe carbonyl oxygen .Iom of Ihe keto grollp to 
be rcduccd in 42 binds lo Ihe boron alom of 41, accomplishing in 
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slructure 43 a very close alignment of the reaction centen •. Prochir­
al carbonyl compound 42 arranges itself sueh that lhe sleric inlerae­
tions are minimized. That is lo say, lhe smaller residue (R,.) poinls 
in lhe direclion of the a1kyl group on the boron atom in 43 and lhe 
larger residue (R,) points in the opposite direetion. 

Subsequent transfer of a hydride ion oceurs highly slcreoselee­
tivcly by way of a six-membered transition state to produce 44. Bi­
cyelic syslcm 40 is regenerated from 44 with lhe eJimination of 
compound 45, and 40 rcaels wilh lhe borane or wilh 44 10 givc lhe 
eorresponding adduel 41 lhereby completing the eatalytie eye1c. 
Chiral alcohol 46 is released by hydrolysis of 45. 

Ph 
~Ph 

,~Ph G " ® O ~O~ 

~--B' o ~O':2 ® 
e' \ ""A Rg ' ffe\ H Ph BH;, R Ro H 

42 
41 43 

r BH3· THF or 44 1 
Ph 
~Ph ~ 'e0J<h 

0 ... .. 
0 • 0 ,,8 , + 

N_SI 

40 \ 
~ H I Ph 

R BH, 

44 

+ 

Rk OBH, He 
OH 

Rg><H 
~ 

~Ro 
45 46 

B-Alkyl-subslÍluted oxazaborolidines are preferred over B-H-substi­
tuted systems because of their stability and ease of prcparaLion. The 
rcaction ilsclf usually occurs al room temperature in THF upon ad­
dilion of lhe ketone lO a solulÍon of eatalyst 40 (ca. 1- 10 mol %) 
and lhe borane. 
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The 010\1 impOnaOl crileno" for achieving high enantioseleClivity 
in this reaction i) a ... ufficicnt Mene difference between the rcsiduc\ 
R, and R,. It is also nOlcwonhy lha1 an ¡nerease in enantioselectiv­
ity is observed with un incrcu!'olc in temperarure, an optimum bcing 
reached in the mnge 30 -50 C. This phenomenon has been ex­
plained by Ihe exi,lence of a monomer/dimer equilibrium for "ruc­
ture 40. 

1. MeAICI2. CH2CI2. 
-78 "C, 41 % 

2. PhCOCI. DMAP. 
Py, 95% 

• Thc fir\t rcaclion is :1 caljonie cyclization. 
• Cycli/ation is initiatcd by attack fmm a Lewis aeid. 
• The "iccond ..,tep accomplishes an esterification. 

13 + 14 

o The epoxide i, the mosl nueleophilic sile in lhe moleeule. 
o Allaek by Lewis "cid Icad, lo lhe lhermodynamically mo,t 

stable cation. 
o In bOlh produelS Ihe conflguralions of Ihe five newly fomled 

stereocenters are identical. Thc lwo differ from each other only 
in lhe position 01" Ihe double bond. 

• The correet configuration 01' lhe stcrcocenters in products 13 and 
14 can be deduced from Ihe illuSlratcd reactive conformation for 
Slmelure 12. 

Melhylaluminum dichloride opens !he epoxide regioseleetively to a 
teniary carbocation. This iniliatc ... a ... tereoseleclive cyclizmion ca\­
cade 10 lhe penlacyelie compounds 48 and 49, in lhe eourse of 
whieh r.ve Slereocenters are erealed. Compounds 48 and 49 are 
formed in a ralio of 3: 2. Afler eSleriflealion wilh benLoyl ehloride. 
13 and 14 are separable ehromalographically. Isomer 13 ean be 
transformed il1lo 14 by simple healing in HCllacelic aeid. Recrys­
lalli"tion produces pel1laeyelie subslancc 14 in enantiomerically 
pure formo Seleetive constmetion of the ... tercocenters can be under­
slood graphieally by imagining reaction oceuning from Ihe chair­
boat-chair conformation ~hown in 47. Further prercquisitcs are lhe 

1·-5 separation of Ihe various double bonds and lhe formalion of 
lcniary carbocalions after each ring dosure. 
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-
48: R = H 
13:R=Bz 

49: R = H 
14:R=Bz 

The principie underlying lhe ring-cJosure reaction and the structure 
of 47 is reluiniscent of lhe natural biosynthetic pathway for ste­
roids. 16 In lhe lalter case 2,3-oxidosqualene cyclizes under enzy­
malie control lo lanostcrol , a tCLracycJic precursor of cholesterol. 

In anoLhcr biosynthetic ana]ogy, JOIlll SOll
17 has synthesized an 

acyclic compound that cyclizes under mild conditions to the tetra­
cyclic sleroid skeleton. More recent work has examined lhe mecha­
nism of Lhis cyclization reaction.!!! Syntheses suggested by natural 
biosynthetic routes are referred la as "biomimetic syntheses." 

BzO 

14 

CH212• ZnEt2, 

toluene, RT 

56% 
• 

15 

• An organornclallic reagent, de~cribed as a carbenoid species, is 
capable of serving as a methylene source. 

• Addition of the carbenoid occurs regioselectively al one of the 
lwo douhle bonds. 

• Cyclopropanalion takes place slereoselectively from the sterically 
less dcmanding side of the molecule. 
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Stereoselectivc ano slcrco!o.pecific addition 01' the ¿inc carbenoid 
'pecies ICH,-Zn-I (50) occurs at the more elccLron-rich dOllble 
bond al position 17.'9 

61% 

BzO 

15 

TIlSO 

16 

1. 
2. 
3. PhCOiBu, 

CuBr (ca!.), 
PhCI, 115'C 

4 

OH 

• In (he firM two transfonnatiolls an csLcr is con verted into a silyl 
cthcr. 

• The third rcaclion is an oxidative mdical process. in Ihe COUT'SC 

of which a ring is opened and a benzoatc cslcr is cremed. 
o The perbcnlOaLc ester decomposes under copper(l) bromide cata­

lysis into a nCnL.03le anian and a tert-butoxy radical. This radical 
abstracts a hydrogcn 310m al an allylic position. 

• A mClhyl radical rccombines with lhe ben/oatc anian with re­
generaLion or coppcr(l) bromide, 

• The final tmnsfonnation ¡neludes rclease of a primary alcohol. 
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ReduClion of lhe esler group 10 give secondary alcohol 54 and ,ub­
,equenl proleclion wilh tert-bulyldimelhylsilyl chloride leads lo si­
Iyl elher 55. Oxidalive cJeavage of lhe cycJopropyl ring in lhi, sys­
tcm proceeds through a radical mechanism and results in bcnl..oalc 
e,ler 56. Basic esler hydrolysis gives primary alcohol 16. 

Pcrbenzoic acid tert-bulyl eSler (51) is lhe ,ouree-under cop­
pcr(l) bromide catalysis-of a bcnzome anion (52) and mdical 53. 
Radical 53 subsequenlly ab'lracls a hydrogen alom ,eleclively from 
lhe II-posilion of 55 in a homolylie bond clcavage 10 give a buta­
diellc system with opening of (he cyclopropane ring?O 

PhCO,teu 
CuBr 

PhCO}'>(52) + 0 Cu(II)Br • 
(51) 

+ 

( 
• oteu (53) 

,....---. 
PhCOt> 0 Cu(II)Br 

H 

~ RO - HOteu 

54, R = H 
55, R = TBS 

RO H 

56, R = TBS 

Recombinalion of the intermediare melhyl radical (al pm,iLion ) 7) 
\Vilh 52 provides bcnzoare eSler 56 and regcncmlion of lhe cop­
per(l) bromide. This rcaction i~ also known as a Kharasch oxida­
tion .19 

l. DIBAH, CH2Cl2. 

2. TBSCI , imidazole, DMF. 55 C, 95% over lw" ,leps. 
3. Aq. NaOH, MeOIl!fIlF, 96%. 
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1. 
OH 86% 2. nBuli. CIPO(NMe,12. 

1850 

16 

4. l 
THF/HMPA 

3. 

HO H 

1 
~-amyrin 

• The reduction process lIsed in thc rirsl and third reactions has al­
ready becn cncountered in this chaptcr. 

• A new stercoccnler is crcated during the firsl transformation. 
• The protan al posilion 18 is introduccd lhrough an intramolecu­

lar reaetion. 
• In lhe lhird step lhe methyl group is gencraled. A phosphoric 

acid diamidc crcated in the third reaction is cica ved lInder reduc­
tive conditions. 

• Finally. use of a halide ion pennits the generation of ~-amyrin 
(1 ). 

Stcrcoselective l,4-reduction of lhe 1.3-butadiene syslcm to oJefin 
57 takes place under the conditions of the Birch reduction. Inlramo­
Iccular protonation of lhe intermcdiate carbanion at the 18-position 

to give 57 occurs with high selectivity syn to the hydroxymethy­
lene group. Conversion ¡nlo phosphoric acid derivativc 58 and clea­
vagc oC Lhe phosphoric acid amide group under lhe conditions of 

Lhe Benkeser reduclioll providcs compollnd 59.2 1 Fluoride ion 
causes the release of free ~-amyrin (1) in a final step. 
1. Li, NH,(i)rrIIF (1/1.75), - n "C, 93%. 
2. "BuLi, CIPO(NMe2)2, THF/HMPA, 86%. 
3. Li, NEtH2, 'BuOH. THF, O C, 84%. 
4. "Bu.NF, THF. 55 "C. 95%. 
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57: R=OH 
58: R "OPO(NMe21:z 
59:R=H 
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12.4 Summary 

The synthesis or p-amyrin (1) discussed here provided the first en­
antioselective acccss 10 the naturally occuning pentacycJic triter­
penes. In a single stcp il provcd possible with a calionic cyclization 
to generate fivc diffcrcnl slcreoccnters selectively. 

From a retrosynthctir.: point of view. pentacycUc system 1 is dis­
sected in a slraightforward way via stmcture 12 to iodide 7 and bi­
cyclic compound 6, both 01' which are readily accessible starting 
materials. p-Amyrin was prepared in 27 steps with an overall yield 
or 0.013%. 

OH 

HO 

12 
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13 
(+ )-Asimicin: Hoye (1995) 

13.1 lntroduction 

A~irnicjn belongs lo the family of acetogenins. which are distin­
guished by their high cytotoxicity,' This astonishing dcgree of ac­
tivity is explained by the faet that acetogenins inhihiL mitochondrial 
respiration by blocking complex [ (NADHlubiquinone reducLase) 
and Lhus suppressing oxidative phosphorylation rcquircd for the 
generation of ATP, lt is runher Lhought thm the acetogenins might 
he valuable in combination thcrapy involving other cylosLalic 
agcnh, beeause many mulliresistant genns have developed ATP-de­
pendent lraflSport systems for elíminating cell toxins (c.g., cylo­
,tatic agents) from Lhe cell. 

Thc acclogenins are dislinguished by considerable struclural vari­
ety, , They all display m least one tctrahydrofuran unit, a hydroxy 
group, and a y-Iactone. bu! one also cncounters epoxides. doublc 
bonds, and kClone moieties. with variable locations for Ihe several 
SUbMilUCnl\. 

Invcstigations into structure-aclivity rclalionships provide the fol­
lowing piclUre: Compounds with two tctrahydrofuran units are 
more active Lhan tho,e wiLh only one, espccially if the t"o are adja­
cent. Biological aClivity reaches a maximum al lhree hydroxy 
groups and dimini\hcs with oxidatjon Uf acclylation. Dne other de­
cisive structu ... ..ll factor is the unsaturated y-lactone ringo together 
with the alcohol group at C-4: both reduction nI' Lhe double bond 
and translacloni/3tion ¡ead 10 a reduction in aCLivity. 

The synthesis hy 1I00'e' presented here takcs advantage of mulli­
pIe domino rcactiom. lo as~el11ble a structumlly complex molecule 
in rclatively few ..,teps. 
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one-pot reaction 
1. 
2. 

/3 (+ )-A.\'imicill 

0Me 

3 
4. 
5. 

• MeO~ 2. PPTS. MeOH 
3. 

10 

o 

~
Meows O 

MeO '" 
5 

13 

1. 
2. CrC12 , CHIJ• THF 

dioxane,72% 

1 (+)-asimicin 

• 

1. PPTS, MeOH 
2. 

3. 
4. 

14 

OH 

11 '0% 

018S 

~
eows 

# 
MeO 5 

12 

1. HO.". 

2. 
C10H21 

9 
3. AcCI, MeOH 

in Et¡p 
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13 (+ )-Asimicin 

13.3 Synthesis 

Eto,G 

1. 

2 

C,oH21 
2 3 

• A comparison of lhe stcrcochcmistry of the producr with thar of 
¡he starting material provides a clue 10 lhe reactioll sequence. 

• Formation of Lhe acctal occurs in lhe final step. 
• In Lhe course uf this reaetion sequence. alkene groups are con­

verted ¡nto enanLiomerically pUTe cis-diols. 
• SlllIrpless dihydroxylation takes place under basic conditionr.;, so 

anolhcr rcaction occurs after formarian of lhe lwo dioh. in !'oitu. 

Thc E,E-diene 2 is rransformed ioto a cryslallinc triol lactone with 
lhe use of AD-Mix-p. Sharpless dihydroxylalion is camed oul Ull­

der basic conditions. so transesterificmion lo a laClOnc follows <luto­
maticaJIy in a domino reaetian.3 TransaCCLalilation with accione di­
mClhylacetal 15 under acidic cataly,i, providcs acelal 3. The dOll­
ble dihydroxylation procedure4 leads in a single stcp lO four stereo­
genic centers. Stereochemical cxamination of 3 makes it apparent 
that even though the starting material is an E-alkene. the product is 
formally a lrans diol given Lhe way Lhe slruclure is written. 

Entropy is the driving force ror transacetalization, and equilib­
rium is shjfted funher towanl lhe product by the use of acelOne as 
salven!. 
1. AD-Mix-P (K2C03, K20s02(OH)., K3Fe(CN),,, [(DHQD}z 

PHAL] in 'BuOH/H20). 

2. ACCIone dimeLhylacelal 15, acetone, PTSA. 72% over lhe two 
steps. 



3 4 

o The 'tereochemislry of the epoxide suggC'IS something about the 
mechanism of its fom1ation. 

o The first step i, a transformation of lhe free hydroxy group al 

C-20. 
• A Icaving group is crcalco. 
• What reaction conditions should lead lO lhe forl11ation of bOlh an 

ester and ao epoxide if a t"'ylale group were preseot at C-20? 
• Methanolatjon opcn, lhe lactone lO a melhyl estero 
o The resuhiog alkoxide al C-19 reaeL' with the losylale through 

intramolecular nucleophiJic substitution. 
• Formation of 4 QCCUf'I in a domino reaction. 

Thc stereochemistry of epoxide 4 rcvcab tha1 il has ariscn through 
un intramolecular S¡\;2 rcuction. Thcrcrorc. in lhe firsl step lhe free 
hydroxy group al C-20 muSI be coovcrted inlo a tosylale. Allack 
011 lhe leaving group requires that lhe lactone be cJeaved in such a 
way that ao alkoxide is fonlled at C-19. Altaek by a methoxide ao­
ion lmnsforms lhe lactane ¡nlo a methyl c..,Ler, gcnerating an alkox­
¡de al C-19. Thc presence of sufficienl mCLhoxidc anjan can be 
achicvcd undcr even weakly basie eondjtiom, (polassiulll carbonate 
in methaoul). 

This reaction cascadc i!'t once again a domino rcaction, because 
conversion 01' lhe lactane inta an ester is what makcs it possible for 
the epoxide to fOn1l. 
l. Tosyl chloridc. 
2. K2CO" MeOH, 91'* over two steps. 

1ips 

Solurio" 
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,. 
20 

4 

o 

0Me 

O 

o 

• 

5 

• Here again. comparison of lhe stereochemistries of producl and 
starting material provides insight into lhe cour~c of lhe rcaction. 

• This is yet another domino reaction. 
• The cOllfiguration al C-20 is ¡nverted hccausc lhe reaction IS an 

intramolecular nuc leophilic substitution. 
• The rcaction sequence is initiated al lhe acetal function, 
• Acetals are ~table lo base. 
• The same reagenl simultancously activates both the epoxide and 

lhe esler ror subscqucnL reaclions. 

The reagenl ulilizcd here is BF, · OEI2. A possible meehanism for lhe 
formation of S has BF,· OEl2 fírSI aeling as a Lewis aeid to eleave the 
acetal Lo ellol cthcr 16 and then activating lhe epoxide foc intramole­
eular nueleophilic altack by the alkoxide al C-20. In lhis way the 
stereochemislry of the lelrahydrofuran ring in 17 is eSlablished. 

o O 
O 

Co OMe 

O 
19 

- H' -MeO· 
4- - ····0 -0 -

Ao 23 

~O C1OH21 C lOH21 C,oH21 

16 17 18 

The alkoxide anion al C- 19 thal results from opening the epoxide 
reacls lO fonn laClone 18, another transesterificatioll catalyzed by 
the Lewis "cid. Aqueous workup c1eaves enol ether 18 al C-24 to 
give free alcohol S. 
20 mol% BF)"OEt2. CH2Cl2. 67%. 
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, . TBSCI 
2 DIBAH. -7S'C 

• 
3. PPh,P=CHCO,EI 
4. DIBAH. RT .. " 

13 

• The first step is a protecting-group operation. 

(+ )-Asilllicil! 

6 

• DmAH at low temperature reduces lhe ¡actone only as far as a 
laclol. 

• The lactol is present as an equiJibrium mixture of tWQ stmcnlres. 
• Only one farOl of the laclol is able lo reael with a Wiuig ylide. 
• The reaclion wilh the Wittig ylide lakes place under neulral con­

dilions WilhoUl lhe need for additional base. 
• Slabilized ylides lead lO only a single configumtion aboul Ihe 

double bond. 
• The ester is reduced with DIDAH in the tinal step lO give an 

allylie alcohol. 

In the tirsl slep lhe rree hydroxy group is prolecled as a rerr-bulyl­
diOlethyls ilyl elher. Then lhe lactone is reduced lo a laetol. whieh is 
the cyclic hcmiaccLal or an aldehyde. Overreduction to an alcohol 
can be prevented by sloichiometric addition of the reducing reagent 

al low Icmperaturc. Selectivity here depends 011 the relative stability 
of intermediate 19, which dccomposes only in the ccurse of work­
Up5 (see Chapler 3). 

The hcnúacetal exists as an equilibrium mixture of cyclic COITI­

pound 20 and ilS open counlerpart (21), bUl an aldehyde addilion 
reaclion can occur only with the acyclic fonn. A Willig reaction of 
Ihe slabilized ylide leads lo an a,j3-unsaturaled esler lhal has Ihe E 
configuration with respect to the doublc bond. This reaction occurs 
under neutral condilions, so 1,4-addilion of the alcohol 10 Ihe a,j3-
unsaturaled esler is avoided. fl A subsequcnt DIBAH reduction leads 
to allylic alcohol 6 in a reaction thal ordinarily shows complete 
1,2-selectivily. 
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13 (+ )-Asimicin 

OH 

OH HO, 

OH O 

• 
-O 

lESO ClO~l 
6 7 

• W hich functional groups and bonds are new? 
• AlIylic alcohols are specific substrates fOf a particular asym­

metric oxidation method. 
• The two enantiomeric forms of the diethyl tartrate ligand in 

SharpleSI oxidation lead lO epoxy alcohols 22 and 24, Which of 
lhe isomeric ligands is required fOf the present reactian? 

RT<:'."" OH o-(-)-DET 
.J<~ .... c----'--'-_ 

R R 
22 

L-(+)-DET • 

• One more domino reactioo has taken place! 

R~OH 
R R 

24 

The alIylic alcohol is transfOfmcd through a S/wrpless epoxidation 7 

with (+)-DET, 'BuOOH. aod Ti(O'Pr)4 ioto the corresponding 
epoxy alcohol 25 (see Chapter 6), which i, furlher reacled to diol 7 
by subsequent attack of the alcohol on lhe epoxide wilh forroalioo 
of a second tetrahydrofuran ringo Ln this case it pro ved neccssary as 

a result of several factors to use 50 mol % of lhe titanium rcagenl. 
This is because: 1) The olher free hydroxy group in lhe subSlrale 
compeles witb lhe allylic alcohol fur lhe calaly'l; 2) The pruducl 
diol binds lhe titanium rcagcnt in a chclatc cumplcx; amI 3) Tita­
nium acts also as a Lewis acid for activaLing lhc cpoxidc. 
(+)-DET, 'lluOOH, 50 mol % Ti(O'Pr)4, 87% yicld Wilh 50% con­
vcrsion. 



OH 

7 

1. TPSCI. 86" 
2. 

• 3.TBAF 8.0 eq. 86" 

/3 

• FOfmation of the epoxide occurs intramoJecularly. 

(+ )-Asimicill 

8 

• Is it lhe primal)' or the secondary alcohol that is transfomled 
¡nto a leaving group? 

• In lhe third step the epoxide arises through a domino reaellan. 

Thc firsl slep causes the primary alcohol to be convcrted selee­
tively into lhe COITcsponding tert-butyldiphenylsilyl elher. 11 is pos­
sible to dilTcrcnLiale between the primary and secondary hydroxy 
functions becausc primary alcohols reaer considerably more rapidly 
fOf stcric rcasnns. The stereochemistry at C-15 is invened, so lhe 
epoxide I11USt have been prepared in an intramolecular SN2 rcaction 
in which lhe leaving group was located on the secondary alcohol. 
For tl1is reason Ihe latler eSlerified 10 ti1e IOsylate (26). The silyl 
protecting group is clcaved with TBAF in THF. Here again, use is 
made 01' a domino rcaelion, because upan c1eavage of the silyl resi­
due. alkoxide 27 reacts in a nucleophilic substitution reaction lo 
give an epoxide. 

0-SiR, 

Tos0-jlF _ -
27 28 
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13 (+ )-Asimicin 

HO". 

1. 
• 

2. 

• With which reagenl combination is the triple bond best inlro­
dueed: a) "BuLi, acetylene; b) Me3Sn-C",C-SiMe3, TBAF; e) 
Cu l, aeetylcne; or d) Li-C '" C-SMe3, BF3' OEt,? 

• What is the minimum required number of equivalents of the rc­
agent Li-C",C-SMe3: a) 1.0; b) 2,0; or e) 4,0? 

• BF3' OEt2 ¡ncreases the reactivity of the epoxide. 
• With which reagent combination can a silyl group be cleaved fmm 

an alkyne: a) TBAF; b) K2C03, MeOH; or e) AgN03, KCN? 

Sinee in eompound 8 the alcohol group at C-24 is unproteeted, 2.8 
equivalents of the reagent Li-C '" C-SMe3 are required. BF3' OEt2 is 
again employed as a Lewis acid as a way of ¡ncrcasing the rcactiv­
ity of the epoxide8 The si lyl group is e1eaved wilh methoxide 
(3 -44). 
1. 2.8 eq. Li-C '" C-SMe3, BF3' OEl2. 
2. K2C03, MeOH, 70% over two steps. 

Trimelhylsilylaeetylene (29) is preferable to ethyne for several rea­
sons: 1) It is a Iiquid rather than a gas; 2) The metallation is more 
easily controlled; and 3) Bisadduets are avoided, beeause only one 
reactive sitc is present. 

AII the reagents listed can be used to e1eave trimethylsilyl 
groups from acetylenes: tluoricte, potassiulll carbonate under basic 
conditions in methanol, or silver nitrate/potassiuJn cyanide.9 With 
lhe third method advantage can be taken of the fact that the later 
transition metal s (e.g., eopper or sil ver) eomplex readily with aeety­
lides. Workup with concentrated potassium cyanide solution causes 
eompollnd 32 lO be e1eaved to alkyne 33. In this way silylated al­
kynes can be deproteeted in the presenee of O-silyl groups. 



r 
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R-=="-SiMe3 
AgN03 

R 

30 
KCN 

R~==o-Ag _ R~==c-H + AgCN 
H,O 

32 33 

This completes the synthesis 01' the first building block. The synLhe­
sis of the sccond is disclIssed below. 

Starting maLenal 10 for the seeond building block is obtained 
from 1,7-octadiene by monohydroboration and subsequcnt dihy­
droxylation. Artcr recrystallization, enantiomcrically pure 10 is iso­
lated in 64% yicld over this complete set 01' steps. 

OH 

HO~OH 
5 

10 

one-pot reaction 
1. 
2. 

3. 
4. 
5. 

OMe 

• Meo~ 
11 

• Thc lhree formal steps requíred for synthesis of 11 are oxidation, 
crcation of a dimethylacetal, and epoxide formarian . They are 
carricd out in this arder as steps three lhrough five. 

• Look cJosely at the stereochemi stry 01' the epoxide! 
• With what reagents can the two primary alcohol groups be distin­

guished? Possibilities inelude: a) tosyl chloride; b) lerl-butyldi­
methylsilyl chlonde; c) AC20; and d) tnmeLhyl orthoacetate, PPTS. 

• The differcnLiation is accomplished by reacLion of the 1,2-diol 
slruClUrc wilh trimethyl orthoacetate, in lhe course of whjch a 

cyclic intcnnediate is fonned. 
• 2-Methoxy- I,3-dioxolane is activated wiLh TMSCI. The electro­

philic portion or TMSCI reacts as a Lewis acid, and the nucleo­
philic portion appears in the product. 

• The dioxolanc group becomes an acetatc. 
• In the third and rourth steps a dimethylaceLal i, constructed from 

lhe remaining primary alcohol function. 
• Tlüs is a reaction scquence consisting of un oxidation and an 

acetalization. 
• Synthesis of the epoxide proceeds fmm a l-ehloro-2-acetoxy 

compound. 
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3. 

13 (+ )-Asimicin 

C d . h 1- . lO ~ on lIcl1ng l e lrst lwo SLCpS as a (lne-pOl reaetlon was Ilrst sug-
gested by Shmpless. Transacetalization of trimethyl onhoacetate 
wilh 10 under weakly acidic catalysis leads to the 2-methoxy-1.3-
dioxolane 34. Addiuon of TMSCI or acetyl chloride generates the 
1,3-dioxolanylium cation 35, which is opened nucleophilically and 
rcgioselectively al the stericalJy least hindered position to chloro­

aceLale 36. 

OH 
CH3C(OMeh, rt°Me 

+ TMSCI 

R~OH 
kal. PPTS 

• R~O • 
-TMSOMe 

10 34 

~ OAe 
K,C03. MeOH cr R~CI R O • • 

35 36 

e 

R~CI • R~ 
37 11 

Hoye extended this convenient rcaelion technique lO ¡nelude the 

suhscqucnt steps as well. After the fLfst two steps, all volatile com­
poncnts are removed and Ihe reagents for a SH'em oxidarion 11 are 

aducd. Then alJ volatile materials are again removed. Once acetali­

,ation of 38 with methanolic PTSA to give 39 is complete, K,CO] 
is added in excess. The reaction mixture is thereby neutralized, 

after which the acetate is saponified. The reslllting alkoxide 37 at­
tacks the chlorine-containing carbon in an SN2 reacUon leading to 

cpoxide I1 with retention of configuration. 

l. CH,C(OMeh, PPTS, CI-I,C1,. 
2. TMSCI. 
3. DMSO, (COCI)" NEt]. 
4. PTSA, MeOH. 
5. K2CO" MeOH, 86% over five steps. 
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MeO~ 
11 

2 PPTS. MeOH 
3 

70% 

• 
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OlBS 

~
Meows 

# 
MeO 5 

12 

• The firsl step is analogous lo the transformatiol1 8 -+ 9. 
• BF)· OEt2 activates the epoxide. Side reactions may occur. 
• Thc C4-unit is il1lroduced in lhe form of a lithiated alkync. 
• In the second step one of the functional groups must be rcpro­

teeted. 
• The third step is also a proteeting-group operation. 
• A tert-butyldiphenylsilyl ether is prepared. 

The epoxide is aetivated with BF3' OEt, and opened with the pro­
tectcd bUlynol 40.12 Sincc lhe Lewis acid present to some extent 
cica ves lhe acetal, Lhe aldchyde mus1 once again be protected. The 

alcohol function is suh!o.clJucnliy transformed into lhe corresponding 
tert-butyldiphenylsilyl ether 12. 
l. BF3' OEt" 40. 
2. PPTS, methanol. 
3. TPSCI. 

OlBS 

~
M.OWS 

# 
MeO 5 

12 

1. PPTS. M.OH 
2 

¡ l O 

?M. 9w;to, 

MeO~ 
13 

• What funetional groups have been altered? 
• The flrst step is a prolecting-group operation. 
• The second step involves reduetion of a propargylie alcohol 10 

an E-allylic alcohol. 
• Which rcagcnl would givc an E-alcohol: a) Undlar catalyst, 11 2: 

or b) Red-Al"'? 
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• The intcrrncdiatc in rcuuction with Red-Al® is functionalizcd 
using iodine as an elcctrophilc. 

• The missing carbon al0111 is introduced in the fonn of carbon 
monoxidc. 

• The vinylic iodidc is extended by une carbon wilh carbon mon­
oxide. 

• This is a palladium-catalyzed reaction. 

The TBS protecting group is selectively eleaved in the first step. 
The released propargylic alcohol is then reduced with Red-AI® to 
an allylic alcohol. Reduclion of the propargylic alcohol occurs se­
lectively frans. Since during this reaction a five-membered ring sys­
tcm 41 is created lhrough coordination of aluminum with lhe alkox­
¡de, it is assured lhat aJuminum is located in lhe ~-position relative 
to the alkoxide. 

The carbanion is lrapped with iodine 10 give 42. which makes a 
furthcr funclionalizalion po~~iblc. Convcrsion of vinylic iodide 42 
into a lactone is accomplished by palladium-catalyzed carbonyla­
tion under Stille conditions. J3 Thb. proccss can be brokcn down 
¡nto the following elemcntary reaclions: a) Oxidalive addilinn or 
Pdo lo vinylic iodide 42 wilh formalion of 43; b) An insertion rcac-
1ion of carbon monoxidc wiLh crcation of lhe pallada-acyl spccics 
44; e) Reaction of aeid-chloride equivalent 44 with the alcohol to 
give lactone 13. 
l. PPTS, MeOIl. 
2. Sodium bis(2-methoxyethoxy)aluminum hydride (Red-Al"'). 

3. ',. 
4. (PPh3),PdCh, N,I{¡, K,CO" CO (3 bar), THF, 83% over the 

enLire group 01' sleps. 

° ?Me c;r¡p;to\ 
MeO~ 

13 

2. CrC12, CHI3 

THF'di~ 

14 
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• The operation accomplishes a el chain extension. 
• The extra carbon atom is derived from CHI3 . 

• The [¡rst reaction is a protecting-group operation. 
• What follows illvolves the addition of an organometallic species 

to a deprotected aldehyde. 
• To the aldehyde is added a reagent prepared by oxidative addi­

tion of lWO moleeules of CrCI2 lO CHI3 (see Chapter 7). 
• A driving force in the reaetian is the oxophilicity of chromium. 

Fonnation of an alkcnc occurs in a manner similar to that fanul­
iar from lhe Wittig Teaction. 

In lhe firsl slep lhe acelal is e1eaved lo an aldehyde with aqueous 
trinuoroacctic acid. Thc suhscqucnt el chain extension was pío­
nccred by Takai 14 and can be regarded as a chromium-mediated 
Wittig reaelion. Two moleeules of chromium(IT) ehloride first add 
oxidalively lO lriiodomelhane wilh lhe formalion of 46 (via 45). 
The bisearbanion then adds to the aldehyde. Inlermediale 47 next 
loses oxygen and tWQ chromium atams, probably in a concerted rc­
actiao, with creation oí" the double bond. From the mechanism il is 
apparent that an E/Z mixture of vinylic iodides will usually be ob­
tained. In the present ease the E/Z ratio was 4: 1. 
1. Trifluoroacetic acid, CHCl3, H20. 
2. CrCl2, CI-U3, THF. dioxane, 72% over the two steps. 
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48 47 
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• The vinylic iodidc anu the alkync are coupled in the first step. 
• These two fragments are joincd with a palladium-catalyzed a]­

kyne coupling reaction. 

• The producr is an enync. 
• The Wilkillsoll ealalysl [Rh(PPh3hCII is able lo distinguish be­

(ween rhe two unsaturated functionalilics in lhis molecule. 
• Aeetyl ehloride and melhanol reael logclher 10 rorm lhe active 

reagen!. 

In the first slep Ihe two building blocks are conncclcd wilh an al­
kyne coupling reaction introduced by Sonogashira. 15 SOllogashira 
coupling incorporales the following elementary rcaclions: 1) Oxida­
live addition of PdO to a vinylie iodide lO give cumplex 49; 2) 
Transl11ctallation with a copper-at-copper complex to 50; 3) Rcduc­
tive elimination witll release of the product and rcgcncralion of pal­
ladiulll speeics 48. 



13 (+ )-Asimicin 

The catalytic cycle constituting the alkyne cOllpling can be repre­
sented as follows: 

R'" ~ / (PP:~PdO "\ . 

R' r y-RX 
PPhJ...... .....R1 PPh3, .... R1 

Pd Pd 
PPh:f ~ PPh:f 'x 

50 R2 49 

XH,NEt2 

Cul 
HNEt2 

Special attemian is warranted to lhe role or copper iodide and me 
unusual salvent triethylamine. Triethylamine is nol a strong base, 
but it is nevertheless able to support a small equilibrium conccnlra­
tion of lhe alkynyI anian. Copper iodide assists in this deprolona­
tion because the resulting al complex 5] is stable. The rcaction oc­
ClIfS catalyticalIy, so cataJytic amounts of 51 are sufficicnt. 

A side reaction leads to the formation of diynes ir a sccond mol­
ccuJe of acetylide succeeds in displacing the original coupling part­
ner from palladium, allowing reductive elimination. 

The resulting enyne is then selectively hydrogenated with Wil· 
kinson catalyst in benzene, in the course of which the u,~-unsatu­
rated lactone survives untouched. 

Acetyl chloride/methanol has often been employed by Hoye for 
c1eaving the silyl protecting group. Mechanistically one can pOSIU­
late that reaclion of the acid chloride with methanol leads 10 an 
etller solution of anhydrous hydrogen chloride, which then effects 
the cleavage. 
l. Pd(PPh')2CI" Cul, NEt" 79%. 
2. Rh(PPh,hCI, Hz ( 1 bar), benzene. 
3. AcC!, MeOH in Et20, 74% over two steps. 

213 
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13.4 Surnmary 

Thc synthcsis described is nolcworthy not only for thc rcpcalcd use 
of domino rcaclions but also bccau!)c convcrgcnl stralcgy allows 
lhe numbor of sleps lo be limiled lo 28. 

Characleristic of Ihe slralegy illuslraled in lhis chapter is the 
one-pot synthesis of 11, whieh was achieved in an overall yield of 
86%. The reaction 10 give a chloroacetate pennilled straighlforward 
differenlimion between the Iwo primary hydroxy groups. In the pro­
cess. Ihe diol as a whole was subjected 10 transfonnatioo, aod Ihe 
remaining alcohol group could be selectjvely functionalized. More­
over, lhe chloroacetate represents a form of protecting group for lhe 
epoxide. 

lf one were to attempt to protect lhe diol as an acetal and then 
treat lhe remaining alcohol in lhe way shown. lhe result would be 
IWO aeetals thm would no longer be dislinguishable chentically. The 
conditions foc lhe individual partial reactions were so adapted 10 

one another that all the transfonnations could be performed selec­
tively_ Altemative routes wauld accomplish lhe same result only 
with a considerable cx.pcndiLurc of effort. 

The eoaotiomerieally pure protected bUlyonl 40 already reOeets 
the ~tereochemistry of the lactonc. Moreover, the chain can be ex­
tended by the missing C ... -unil in lhe reaclion of 40 wilh 11. and 
the alcohol al C-4 ariscs simultancously in a ... terem,clcctivc way_ 
Finally, the propargylic alcohol is con verted in only threc slCpS inlo 
an a,¡3-unsaturated lactone. 

In lhe firsl slep of the convcrsion of 12 lo 13 lhe lert-butyldi­
methyh¡ilyl protecting group alone is c1eaved selectivcly. Advantagc 
is takcn of the fael that the tert-butyldiphenylsilyl group is approxi ­
malcly 250 limes more stable lo acidolysis. When two protccting 
groups of the same type can be distinguished in such a way onc 
speaks 01' "graded reaclivily .. 16 (see Chapter 7). Proteeling groups 
of the same type can be separately cleaved in a similar way in the 
linal phases 01' many syolheses. 

The slability of the a,~-unsalurated laetone here is nOleworthy, 
because the compound pro ves unreactive not only under the condi­
lions uf the Takai reactlon but <lIso during hydrogenation. FUl1her­
more, Hoye does not mention any translactonization to the alcohol 
al C-4. 

Joining of Ihe two building block, 9 aod 14 w", achieved with 
an alkyne cOllpling al a rather lInuslIal point in the chain. leading to 
an enyoe. Frequently the coupling of building blocks accompanies 
lhe incorporation of important fUl1clional groups.17 The enyne in 
thjs case serves as lhe equivalent of four methylene groups. 
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(Z)-Dactomelyn: Lee (1995) 

14.1 Introduction 

Z-Dactomelyn (1) was isolated by Sehmir: in 1981 from lhe diges­
tive glands of the lumpr, sh species Ap/ysia daery/ome/a.' Delermi­
nation of the relative and absolutc configurations of the six sterco­
genic cellters was accomplishcd wiLh lhe aid of an X-ray structural 

analysis of E-dactomelyn. The compounds are members of a group 
of nonisoprenoid ethers. all of which have in common a bicyclic 
pyran skeleton with both ethyl and pentcnynyl si de chains? The 
biological function of the dactomelyns is lO dale unknown. 

An unusual feature of dactomelyns is lhe presence of two halo­
gen-substiluted chiral centers. Since fcw mcLhods are so faf known 
ror sclec live introduction of halogen atoms al sp3 -hybridized car­
bon, the dactomelyns pose an extmordinary synlhelic challenge. 
Another interesting feature of these natural prodUClS is lhe appear­
ance of bOlh chlorine and brontine atoms in Lhe same molecule. 
One is ~Lruck, upon closer examinat ion of the bic.:yclic pyran skele­
lOn 1, by lhe faet lhm the chlorine atom is oriented toward lhe steri­
cally less favorable si de of the molecule (the coneave side), 
whereas Lhe brominc alom is directed toward the convex sidc. 

Firsl aLlcmpls on lhe part of Ko:ikoll'ski to introduce halogen 
atoms stercosclcclivcly ¡nlo the bispyran system was unsuccessful 
according to a synlhelic study published in 1990.' LRe successfully 
compleled a slereoseleclive synlhesis in 1995 by taking advanlage 
of several radical reactions.4 
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14.2 Overview 

2 

(o)"'leIhyl tartrate 

5 

j 
'.2 eq cHex,SnH. 

17% 0.2 eq AIBN. C.H,. 
reflux 

8 

, . 
• 

2. 

, . 
2. 

'.0 eq (Me,Si),SiH. 
O., eq Et,B. C,H,. RT 

.,% 

H 

HOX' OH 
OH 

BnO ~ 
H 

3 

j 
,. 
2. 

3. 

4 

7 
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• 

2. 

J

I, 

91% 3. UAIH4/H2SO .. 

1. 1.5 eq 'BuONO, 2.0 eq euBr" 
CH3CN, 65 ·C. 64% • 

2. Bel), CH2CI2. 93% 

• 

(2:1). THF, RT 

;q=:
~ OBn 

3. 1.2 eq propynoic acid ethyl ester, O :. NH:z 
1.5 eq NMM, CH2CI2• RT, 95% H 

TFSO 
9 

"" ¡ 1.2 eq nBu,SnH, 0.2 eq AIBN, e,H" reflux 

11 

O 
H 

(Z)-Dactomelyn 

1. 

2 

3. 

• 
1 . 

2. 

O 

OTFS 12 
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14.3 Synthesis 

H 1:1 Et:íOH 1. 

HOXOH • 
2. HO ¡ co,Et BnO ¡ 

H H 

2 3 

• The tirst step accomplishes acctali¡;ation wilh an aldehyde. 
• The benzylic ether is derived fmm the acetal. What formal reac­

rion lies berund introduction af lhe benlylic carbon aLOrn: a) oxi­
dalian; b) reduction; or e) elimination? 

• Al: 1 mixture of lithium a]uminum hydride and aluminum chlo­
ride accomplishes two transfomlarions in lhe second reaction. A 
combination of reductive and Lewis-acid charactenstics make 
this the reagent of choice. 

Reaetion of (-)-diethyl tartrate (2) with benzaldehyde leads to aee­
tal J4. The seeond reaetion aeeomplishes reduetion of the ester 
groups to primary a leohols. Simu ltaneously. with tbe aid of a Le­
wis aeid, Lhe acelal is reductively cleaved lo ¡eave a benzyl protec­
ting gruup.5 
1. PhCHO, p-TsOH (eat.), C 6H 6, reflux. 
2. 3.0 eq. LiAIH., 3.0 eq. AICJ3, CH2CI2/Et20, RT. 91% over two 

steps. 

Because of its Crsymmetry. it is irrelevant which of Lhc lWQ sides 
of lhe benzylidene aeetal is opened. 

H 

HOX' OH
OH 

BnO ¡ 
H 

3 

1. 

2. 

3. 

• 
a3c~O~Ph 

BnO~ 
H 

• 



14 (Z)-{)actomeIYII 

• A CI3C group is inlroduced using a simple SN2 reaelion. 
• A prerequisile lo this SN2 reaction is generation of a leaving 

group. 
• Thc scqucncc al 50 ¡neludes introduction of a benzylidene pro­

tecting group. In what ordcr musL these transformations occur? 
• A transilcctalil.ation occurs in lhe first step. 

At trus poin! a benzaldehyde dimclhylacelal is used for lhe aeelali­
lalian . Thc lhennodynamically favored six-membered acetal 15 i:-. 
fonned preferentiaIJy over !he polenlial compelilors: "ve- and sev­
en-mcmbered acetals5 (See Chapter 7). Tmnsformation of a primary 
alcohol funetíon ioto the triflate group 01' ,lruelure 16 must precede 
lhe SN2 reactioll in the third step. in which a carbon nuclcophilc is 
eremed wi!h LDA and ehlorol'orm. DcproLOnalion of ehloroform 
with LDA is carried out al -110 e lo supprcss compcling forma­
(ion of dichlorocarbene.6 

l . 1.5 eq. PhCH(OMe)" p-TsOH (eal.), CH,Cl" reflux, 83%. 
2. 1.2 eq. Tf,O, 4.0 eq. Py, CH,Cl" O C. 
3. 0.85 eq. LDA, CHCI" THFlEt20flIMPA, -110 C, 60% over 

lWD stcps. 

I:t 
a,c~OrPh _:_. __ + 

BnO~ 
H 

4 

H 

a,c~°'l~Ph 
EI02C~O~O 

H 

5 

• Nuclcophilic addition to a triple bond serves to create the J}-al­
koxyacrylic eSler function. 

• Thc addilion procccd!\ analogously lo a Michae/ reaction. 
• How muSI lhe alkyne be SUbsliLUled in order to pemut nucleo­

philic allack? 
• Thc lirst stcp is a protccling-group operation. 
• One protecling group is SCICClivcly clcaved under catalytic-re­

ductive conditions. 

221 

7ip-' 

Solution 

H R:LrPh 
BnO ¡ 

H 

15: RzQH 
16:R:cQTf 

Problelll 

7ip.' 

J 



222 

Solurioll 

H = ~I 
17 

DiscussiOIl 

Problelll 

Tips 

So/u/ion 

/4 (Z)-Dactolllelyn 

Catalytic hydrogenation is a standard method for cleaving benzylic 
ethers. The resulting secondary alcohol constitutes the nucleophilic 
rcaction center in a subsequent Michael addition to the acceptor­

substituted triple bond. Compound 5 is obtained quantitatively with 
a double bond in the (rans configuration. 
1. Pd/C, H2, 75%. 
2. 1.2 eq. 17, 1.5 eq. N-methylmorpholine, CH2CI2, RT, 99%. 

A systematic investigation of the stcreosclcctivc synLhesis of J)-al­
koxyacrylaLe esLcrs was carried ouL as early as 1966 by Wilitelj'eld7 

lt i8 interesting lhaL addiLion 01' sccondary amines lo 17 Icads exclu­

sively Lo trans-J)-dialkylaminoacrylic csters. The high tran.') selcc­
tivity in Lhe second transrormation i8 al! Lhe more rcmarkablc sincc 

alcohol s in the presence uf a tertiary amine give addition product"i 
thal are cis/tralls mixtures. 

H 

EIO~~xrPh 
H 

5 

1.2 eq cHex3SnH, 
0.2 eq AIBN, C,H" 
reflux 

• 7% 

• This step is a radical cyclization. 

• 

6 

• Where would an initially prepared Sn radical attack the molé­
cule? 

• A tin radical removes a chlorine alomo 
• The cyclization passes through a chair-like transition state, the 

geometry of which makes it possible to predict the stereochel11is­
try of compound 6. 

• The ester is reduced with DTBAH in a final step to give an 
allylic alcohol. 

Trialkyltin hydrides can serve as ¡;:.hain canicrs in radical rcactions. 
The low Sn-H bond cncrgy (74 kcal/mol) faciliLaLcs easy homolylic 
c1eavage by an ¡nitiator radical lo produce lin radicals that are in a 
position Lo clcave a CI-C bond with formation of a carbon radical. 
Thc rcsulLing carbon radical cyclizcs stereoselectively lo pyran 6 in 
a 6-exo-trig ring closure.8 
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The configuration of the ncwly formed stereogcnic cemer can be 
explained conceptually by a chair-like reactive confonnation ror 

radical 18, The p-uJkoxyaerylaLcs uLilized he!'e by Lee prove to be 
extraordinarily effective radical acccptors.7 

Ph 

CI 0-/ 

~ CI _ -H 

EtO,c~O 

H 
18 

6-exo-trig 
• 

Ph 

CI 0-/ 

CI-f--f-?-H 

EIO,C~O¡ 
H H 

6 

This radical rcaction can be describcd mechanistically by the fol­
lowing scheme: 

Radical sources: 

N><-XCN 
hvor 1\. 2 J: -N, 

19 20 

BEI, 
O, 

• El,BOo- + El-

21 22 23 

Initimor radical s can be generated in vanous ways. AIBN (azobisi­
sobulyroniLrile, 19) decomposes upon exposure lo light or heat ioto 
nitrogen und 2-cyanopropyl radicals (20), Re¡¡ction of Lnethylbor­
une (21) with oxygcn lcads lo elhyl radicals (23) under consider­
ably milder conditiom. (cvcn al -78 e). The resulting initiaLOT radi­
culs re¡¡et with InbuLyltin hydride (24) 01' Ihe signilicuntly le" toxic 
Iristnmethylsilylsilanc (25) LO give corresponding tin 01' silicon radi­
cals 31 or 32, which ¡nitiate radical dehalogenation 01' the substrate 
alkyl halide 26. The rclcascd carbon radical 29 is now in a position 
ro undergo inlramolccular radical cyelization and then abstraet a hy­
drogen alom from an available hydride souree. 24 01' 25. This Icads 
again 10 a heteroalom raoical (31. 32), compleling Ihe eyelc uf thc 
chain reaction.9 
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Ph 

a 0--) 
H-f!o-J-~H 

Et~.ry-°l 
H H 

7 

14 (Z)-DaClomelyll 

CN 

Á orEt-

20 23 

nBU3SnH (24) oc 
(M<;¡SihSiH (25) 

nBU3Sn- (31) 

R-H X (M<;¡SihSi -30 
(32) 

nBu3SnH (24); 
(M<;¡Si);,SiH (25) R-

29 

x R-HaI 
26 

nBU3SnHal (27); 

(Me,Si);,SiHal (28) 

Explain the observed stereoselectivity in the following radical 

dehalogenation: 

+ C-7~pimer; ds = 13 : 1 

• Draw a three-dimensional rcpresentalion of lhe structurc of lhe 
resulting compound 7 analogous {O lhe struclure of compound 6. 
Then analyze lhe stcric ~urrounding~ of lhe diatopic chlorinc 
atoms. 

The exceplionally stcrically dcmanding trimethylsilyl mdical selec­
tively removes un equatorial chlorine atom. Attack on axial chlor­
¡ne atoms is scvcrcly limitcd hcre by lhe concave molecular geome­
try. Trialkyl- and lriaryl'lannanc wcre 31so tried, bUl lhey failed lO 
distinguish bctwccn lhe chlorines and instead produced al: 1 epi­
mcric mixture al C-7. 
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Clxx7 0yPh _1_. ___ ~ CC9=~ OSn 

,/ .02. .OH 
r O O ; 

EtO,c H 3. H 

7 OlPS 8 

• The r,"l slep accomplishes a prerequisite for the second step, 
which is formalion of a silyl elher. 

• Selectivc clcavagc of the acctal is achieved with a reagent simi­
lar in lypc 10 onc already introduced in this chapter. 

The first step is rcdUClion of lhe csler group lo give primary alco­
hol 33, which is subsequenlly protected as lhe tert-butyldiphenylsi­
Iyl ether 34. The benzylidene acetal is seleclively c1eaved with Le­
wis-acid activation under reductive conditions lo gencraLc protccled 
secoodary alcohol 8. 
1. LiAIH4 • THF. 
2. TPSCI. DMAP. imidazole, 90% over two steps. 
3. 1.0 eq. NaBH,(CN), 1.0 eq. TiCI., CH3CN, O C, 93%. 

This reagent combioalioo in a metilod developed by Seebacl¡ for 
sclccti ve acetal cJcavage is consistent with Ihe presence of estcr 
groups in lhe molecule. 10 Use of a Lewis acid for activation always 
leads lo lransfonnation of the more highly substituted alcohol inlO 
a benLyl elher. 

Clcs:r=t1 OS:H : 

O , 
H 3. LiAIH,/H,SO, 

OlPS (2;1), THF, 

• 

8 
RT. 91% 
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SOIUlioll 

H 
080 

R 

OTl'S 

35: R. Off 
3&:R=CN 

Di.\CliS.\;rJll 

Problelll 

7/" .. 

14 (Z)-Daclolllelyll 

• The number of carbon mom'i present is altered in one of lhe 
sidechains. 

• C1-Extension DI' lhe -.¡idechain and introduction of a nilrogen 
310m occur !o.imultaneou..,ly. 

• AJI this transpire.., in lhe cour-sc of an SN2 rcaction. 
• The firsl slep accumplishes a prerequisile 10 Ihe nuc1eophilic 

substitution. 

• In the final step, lilhium aluminum hydride and sulfuric acid re­
aet lo givc a Lcwis-acidic reducing agent. 

The first stcp incorporates generation of a lrinatc lcaving group in 
35, which is Ihen replaced by a cyanide ion to give 36, Lilhium 
aluminum hydride and sulfuric acid rcael lo fonn aluminum hy­
drióe, capable of selectively reducing the nitrile to primary amine 
9, 

1. Tf,O, Py/CH,C1" O C. 
2, KC ,18-<:rown-6, 92'1 over two step" 
3, LiAIH4IH,S04 (2: 1), THP, 91 O/C, 

Lithium aJuminurn hy<..lridc as a reducing agent is too basic for use 
here. since il would cau\c deprotonation al lhe position a lo lhe 
nitrile group. Aluminum hydride reac!s extremely slowly with halo­
gen substitucnts, so lhe chlorine alQm survives tllis reduction mClh­
od unscathed. 11 

1 1.5 eq 'BuONO, 2.0 eq 
CuBr2' CH3CN. 65 "C, 64% 

2. Be13. CH2CI2. 93% 

3 12 eq 17, 1.5 eq NMM. 
CH2CI2. RT. 95% 

• 

10 

• The fiN step produces the byproducts N" 'BuOH, H,O, and 
CuBr (2,0 eq,), 

• A sclcctive elher c1eavage occurs in lhe sccond step. 
• An example or Ihe third transformation has alrcady becn encoul1-

tcred in this chapter. 
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The lirsl reaction is an oxidative deamination. 12 Proper choice of 
lhe copper(ll) sah makes it possible lo eonslrucl • geminal dihalide. 
Thc Moichiometric equation foc this reaclion is: 

Boron trichloridc aCling as a Lewis acid c1eaves benzylic ether 37 
seleclively lo 38. 13 The lhird reaction. like lhe lran,forrn'lion of 4 
to 5_ leads LO a rralll'-[l-.Ikoxyaerylale.' 

H 1.2 eq "Bu3SnH. 

Clrt0il13 0.2 eq AISN, C,H" J 'o/_A ~1~C02El _,e_fl_UX_,_,,_, __ _ 

lPSO Sr Sr 

10 11 

• A tin radical absLrJ.cL'i a bromine mom, leaving a carbon radical. 
The remaining bmminc atom is oriented preferentially loward 
lhe convex side of lhe moleeule. 

• Reaction proceeds through a chair-like transition statc. 
• The fragment O-C-13-acrylatc eSler assumes an S-TraIJ.'i confor­

malion. 

Carbon radical 39 reacts highly selcelivcly from a chair-like transi­
lion slate la give isomerically pure prodUCl 11. Tile 6-exo-lrig eycli­
lalioo proceeds from a reactive confonnation in wruch stenc inter­
aCLions in me course of ring c10sure are minimized. 

a 

J 
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co,Et 
ti a 

• 
2. o 

H 
'Sr Sr 

3. 
OlPS OlPS 

11 12 

• The first 'tep Icads to a primary alcohol. Whieh of the foliowing 
rcagent' would you ehoose: a) NaBII~: bl B,Hh : or el LiAIH¡! 

• The primary alcohol is halogenated in an Appel reaction. 14 

• A powcrful H-nueleophilie reagent is employed in the third step. 

Lithium aluminum hydride as reducing agcnt pcnniL"i fonnalion of 
alcohol 40 in the first step. This is then con verted 10 iodide 41. An­
other reduclion with a nuclcophilic noron rcagent produces an erhyl 
group at C-13 and lhus ,trueturc 12. 
1. LiAIH~. THE 
2. 12• imidazole, PPh,. 
3. LiEt,BlI. 89'k over three steps. 

ti 

W a 
• 

o 2 

A Sr 

"-
OlPS 'o 

12 13 

• The flfSt step aceomplishes eleavage 01' the silyl ether, 
• A mild oxidation process generales compound 13. 
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Here the use of a highly unusual reagent leads to sueeessful clea­
vagc 01' the ren-butyldiphenylsilyl ether. Alcohol 42 is prepared 
with p-TsOH . In the second step an oxidation results in aldehyde 
13-" 
1. pTsOH. 
2. SO,· pyridine, DMSO, NEt3' CH2CJ 20 91 % over two steps. 

Sulfur trioxide is one of many reagents [e.g., DCC, Ae20, (COCI) 2, 

TFAA I Wi tll whieh DMSO ean be activated as an oxidizing reagenL 
fo r alcohols. Oxalyl chloride has found the widesL applicaLion in 
the reaction named after SH'ern. 16 Structure 43 represents lhc acti­
valed species in the abo ve oxidaüon. 

1. 

• 
2. 

11 
Z-dac:tomelyn 

Z I E-10:1 

) 
• The first transformation introduces all Ihe slill missing carbon 

atoms. 
• The process is a nllcleoph ilic addition. 
• The double bond is fafmed by an olefination reaction involving 

a silicon alomo 
• An alkyne Iithiated in lhe propargylic position bears two silyl 

group~. 

• The seeond sLep is a protecLing-grollp operation induced by 
nuoride ion. 

The reagenL cmployed in the first reaction. with struetllre 44, is 
from a mcthod dcvclopcd by Corey for the synrhesis of eonjugated 
enynes. 17 Addition of TBAF leads la quantitative fonnation ol" tar­
get struclurc l . 
1. 44, THF,78 e, 68%. 
2. 1.5 eq. TBAF, THF, RT, 99%. 
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Preferred fonnaüon of a doublc bond with the Z configuration is 
explained by Corey a. follows. In solution there exists an equilib­
rium between lithiated alkync 44 and aliene 45. The latter adds to 
lhe aldehyde with minimizalion 01' slcric interacLions lO give inter­
mediate 46. Two stereocenters at C-3 and C-4 are thereby created 
in a single slep_ Simple diastcrcosclcctivity is observed. leading to 
preferential formation of diastereomer 46a over 46b because of 
steric intcractions. 

i(iPrb 

~ RCHO 3 rotation 
45 ---- R 

H 
~ • H~ 

H 
4 

SWPrh H R Si('Pr¡' 

% 40. 47 

syn-elimination 1- (ipr¡'SiO e 

\ ~Si('Pr¡, 

HJl~ 
H R 

48 

These isomers diffcr only in lhe rclative configurations of Lhe tWQ 

stereocenters. The transition staLc Icading Lo 463 is more favorable 
because here thcrc are no intcractions between the bicyc1ic system 
and the alkyne. 

After rolalion about lhe newly fonned bond. nothing stand s in 
lhe way of selectivc s)'Il-climination from 47 - a possibJe inter­
medialc of a basc-induced Perersoll elimination - to Z-olefin 48. 18 

14.4 Surnrnary 

In the synthesis presented here of Z-dactomelyn (1), three key radi­
cal steps permitted stereoselective construction of a bispyran skclc­
lOn with the development of halogen-subslÍluted stcrcogenic cen­
terso Starting from (-)-diethyl trutrate (2). the target compound was 
prepared in 26 steps with an overall yield of 0.04%. 

• 



14 (Z)- Dacloll/elyll 

14.5 References 

y, Gopichand. EJ. Schmit7, J. Shelly. A. Rahman. D. van dcr He1m. 
J. Org. Che//l. 1981. 46. 5192. 

2 J.G. Hall. J.A. Re;',. Ausl. J. Che//l. 1986.19.1401. 
3 
4 
5 
6 

7 

8 

9 

A. P. KOIi~ow,ki. J. Lee. J. Org. Che//l. 1990. 55. 863. 
E. Lec. C.M. Park. J.S. Yun . J. A//I. Che//l. SOl'. 1995. 1/ 7.80 17. 
A. 11. AI-lIakim, A. H. lIaines. C. Morley. Syllrhesis 1985. 207. 
11. Taguchi , H. Yamamoto. H. Nozuki. J. Am. Clll'm. Soc, 1974, 96. 

3010. 
E. Winterfeldl. H. Preuss. Chem. Ber. 1966, 99, 450; 1. B. Ilendrid..­
\on, R, Ree\. J. F. Templelon, J. 11m. Chem. Soco 1964. 86. 107; 

F.. Lec. J.S. Tae. C. Lee. e.M. Park. Tetrahl!droll I.I!//. 1993, 34. 
4831. 
A L.J. Beckwith, C. H. Schicsscr. Terrahedrrm 1985 . .JI . 3925: A. L. 
J. Bcckwith. c.J. Euston, A. K. Serelis. J. Chem. Soc .. C/I(!"'. Co",· 

) 

mUII. 1980, 482; A. L.J. Beckwilh. T. Lawrcncc. A. K. Sereli .... 
J. Che",. Soe., Chem. CommuII. 1980, 484. 
U. Kocn. Al/gen'. Chem. /nl. EJ. Eflgl. 1996. 35. 405: AII.~ew. Chem. 
/lIt. &/. Ellgl. 1996. 35. 405: B. Giesc. Allgel\'. Che",. /111 . ElI. ¡:;ngl. 

1989.28.969: Al/gel>'. ehem. 11//. ElI. r:l/g/. 1989.28. 969: c.P. Ja;­

pel'\e. O. P. Curran, T.L. Fevig. Chem. Re\'. 1991.91.1237; R. Gie­
!<tc. B. Kopping. Tetrahellroll Lelt. 1989. JO. 6RI: C. Chatgilialoglu. 
B. Gic.,c. 13. Kopping, Telrahedmll Lelt. 1990. JI. 6013; !I .e. 
Brown. M. M. Midland. Al/gen: Chem. 1972. R.J. 702: Angew. C"em. 
/lI t. ElI. El/gl. 1972. 11 . 692: K. 1'amao. K. Nagala. Y. hu. K. M<It!­
da. M. Shim. S)"lIlett 1994. 257: K. NUL:I~.j, K. Q,hima. K. Utimoto. 

J. A//I. Che//l. Soco 1987. /09. 2547: A.C;. Myers. D. Y. Gin. D. H. 
Roge", J. Am. Che",. Sal.'. 1993. l/S. 2036: T. B. Lowinger, L. Wei­
ler. J. Org. Chem. 1992. 57. 6099. 

10 G. Adam, D. Seebach. SVluhesis 1988. 373. 
11 N.M. Yoon. H.C. Brown. J. Am. C/1f'I1J. SOl". 1968.90.2927. 
12 M. Doyle. B. Siegfried, J. C!rem. SOl.' .. Che",. CommulI. 1976,433. 
n 1). R. Williams. D. L. Brown. J. W. Bcnbow. 1. Am. Chem. Soco 

1989. 111. 1923. 
14 R. Appe!. AIIgen~ Chem. bit. ElI. ElIgl. 1975. 14. SOl: Angeu: 

Che//l. 11". Ed. El/gl. 1975. 14. SO 1. 
15 J. R. Parikh. W. von E. Docring. 1. Am. Chem. Soc. 1967.89,5505. 
16 A.K. Sharma. D. Swem. Tetmhedmll / .RIl. 1974. 1503. K.A. Shar­

ma, T. Ku, A. D. Dawson. D. Swcm. 1. Or[.!,. Che",. 1975, .JO, 275R. 
17 E.J. Corey. C. Rückcr. Tt'trahedrolll.A'lI. 1982. 2J. 7 19. 
18 D.J. Peler-,on. J. Org. Cllem. 1968. 3J. 780: rcvicw: D.J. Ager, Org. 

Iimc/. 1990. 18. 1. 

231 



. 

o 15 
OH OH ÓH OH OH OH 

Maehr's Roflarnycoin: Rychnovsky (1994) 

15.1 Introduction 

The over 200 known memher;.; of the e1ass of compounds known a!, 
macrolide antibiotic~ I ineludes several active sub~tances. such as ery­
lhrprnycin (,ee Chapler 6), lhal are highly prized as backup mcdica­
ti6ns: drugs (O which one can Teson when reo;¡istance devclops lO more 
conventianal pharmaceUlicals.:! 

The macrolide antihiotic roflarnycoin (2) was io;¡olatcd from Slreplo­
myces roseofla\'lIs ano w;.t~ iniLially given lhe name flavomycoin. J The 
con~LiluLion of this natural product wa!-. cslHblished in 198 I by Schle­
gel.~ Its structurc is chantcteriled by the pre'\ence af lwo chains. one a 
polyenc and Lhc other a polyol. The compouno is a1so a hemiacelal. 

o "" "" "" "" ~' " "OH 

" 
O Ó " 

OH 

" " 25 " 
OH OH R'R2 RJR4 OH RORo OH 

" R' = H, R2 = OH. RJ = OH, R4 = H. RS = H, R6 = OH Maehrs roflamycoln 

2 R' = OH, R2 = H, R3 = H. R4 = OH. RS = OH. R6 = H roflamycoin 

Maeilr was successful in 1989 in dclcnnining by X-ray crySlaJlogmphy 
the structure of anolher polyene carbonyl compouno. roxaticin. 011 lhe 
ba. ... is of similarilies between this subslancc and roflamycoin he sug­
gested for the lattcr's polyol chain the relative and absolute configura­
tions shown in l . For practical reason .... RvclulO\'jky selected as a syn­
thetic targel the compound with the configurations al C-13 ano C-15 illu­
strated above. A compurholl of spectroscopic oma from the synthetic 
proouct. here referred to as Mae/¡r's roflamycoin, with that 01' lhe ~ub­
stance isolated from nature indicated tha! lhe two differcd in their config­
umuon!' at C-21. C-25. and C-27. The synthc!<tis of Maehr'~ roflamycoin 
(1). described in this chaptcr. served to effectlvely rule out Maehr's pro­
poscd slercochcmistry for Ihe natural pro<.luct roflamycoin (2) . 
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15.2 Overview 

yy 
~e, e, • 11 

4 o 
• 

AtCI3. nitrobenzene. 
1.2-dichloroethane; 
O·C bis 60 "c 

o o 

.... 

3 

) 

OlBS 

~06n 
o~ 

eH, 

lithium pyrrolidide, THF, . 78 ~C, 
22 oq 11. DMPU. -78 'C_ -20 'C 

, , 

'X" 'X" 'X" 
11 

)" 06n 

CN 

31 

5 

1. 

2. 

3 . 

• 4. 

5. 

27 

13 

1. -2. 

1. nBu~n~OBn 7 

nBuLi, BF3 ~OEt2 (kat.) 

2. f18uLi, (18 

12 

j 

j 

9 

OlBS 

50 .. 

OBn 

11 
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) 
13 

OH 

1 >, •• < 
O"TllS 

OH 

X X Ó><' 1. 

14 2. 

) O~P(OEt), 3. 
II 

••• ,> 
O O ores 

~O 

X X X 
15 

1. BrMa~OB 16, THF,.78oC 
2. MsCI, NEt3• CH2CI2, -40 oC; H20 

69% 3. ~~ 16~HF, ·76 oC 
4. MsCI, NEt3, CH2~' -40 "C; H20 
5. LiCI. DBU. CH,CN 

17 

"'- "'- "'- "'- "'- ... OH 

O Ó .. ' 

OH OH ÓH OH ÓH Ó ÓH 

18 
Maehrs roflamycoin spiroacetal 
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15.3 Synthesis 

yy 
o o 

3 

• 
A1CI3• nitrobenzene, 
1,2--dichloroethane, 

O"C->60"C 5 

• LA the presence of the Lewis acid aluminum trichloride. acelyl­
acetone (3) carries out a nuc\eophilic attack on chloroacetyl chlo­
ride (4). 

• C-3 is the most acidic posiuon in acetylaceLOne (3). 
• This is an equilibrium reactioll in which a molccule of acclyl 

chloride is eüminated. 
• Praduct 5 cOlllains tWQ chlorinc atoms. 

A reaction of acetylacetone (3) with chloroucetyl chloride (4) takes 
place in the presence of aluminurn trichloride. In this process. an 
acetyl group is exchanged ror u chloroacetyl group. Only ato m C-3 
in product S is thererore derived rrom acetylacetone (3). 

A reaclion mechanism is conceivable in which the intennediate 
adduet 19 arises rrom chloroacetyl chloride (4) and acetylacetone 
(3). This intermediate could then eliminate acetyl chloride via 20 to 
give the monohalogcnatcd intennediate 21. Funher reaction [O S 
might ,ubsequenLly occur with a second molecule of acetyl chlo­
ride (4). 

W\e 
O (1; 

\: AICI, 
19 

AICI, :l 

~~e 
O CI O 

20 

-AcCI 

"""'""" '¡('fiCl 
O O 

21 

Separation of lhe produc!> is accomplished by shaking un ethereal 
solution of the reaction mixture with salurated copper acetate solu­

tion, which leads lo prccipiLmion 01" the ether-in~aluble capper COI11-

plex 22. Dikelone S is Lhen obtained by treating this complex with 
10% sulfuric acid7 
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Cl~CI 
O O 

5 

1. 

2. 
• 

6 

• Both carbonyl groups are hydrogenated enantioselectively in the 
[¡rst step to prodllce a diol. 

• A ch iral ruthenium catalyst is lIsed in the hydrogenation. 
• A base 15 introduced in the second step, in which tWQ nucleophi-

tic substitutions take place. 

~ ,3-Diketone S is redllced to dio! 23 by the method of Noyori:" hy­
drogenation with cata!ysis by the chira! mthenillm-BINAP complex 
{[(S)-BINAP]RuCJ, },-NEt,. 

a-Halohydroxy compollnds Iike 23 readi!y cyelize lInder basic 

conditions lO give the corresponding epoxides. so here the introduc­
Lion of potassium hydroxide in dieLhyl ether leads LO the C2-sym­

melnc diepoxide 6.7 

1. {[(S)-8TNAP]RuCI2}z-NELJ (cal.), Hz, (86 bar), MeOH, 102 oC, 

64%, >97% ee. 
2. KOH, El20, &9%. 

1. nBU3Sn,./"-.OBn (7) 

nBuLi, BF3,OEt2 (cat.) 
• 

6 
2.nBULi,C~ 

9 

• 8enzyloxymethyluibuLy!stannane (7) undergoes metal exchange 
with butyllithium. Whal resullS is tetrabutylstannane and a 
lilhiaLed benzyl ether. 

• Thc boron triOuoridc complcx serves lo activate lhe epoxide. 
• Epoxide 6 is attacked nucleophilically by the liLhiated benzyl 

ether. 

• A secondary alcohol is obtained in the first stcp aftcr aqueous 

workup. 
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~08n 
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• Tbe second reaction involves a nucleophilic attack on the second 
epoxicte grollp. 

• "BuLi deprotonates the alcohol obtained in the first reaetion and 
al so lithiates lhe added dithiane 8. 

The lilhiated benzylic ether prepared from 7 9 is a carbon nllcleo­
phile. Under boron trifllloride catalysis lO il attacks diepoxide 6. [n 
the process, the aLkyllithjum reagent adds in a stepwise fashion to 
dicpoxide ti , whcrcby lhe rirsl addition i5 significantly more rapid 
than lhe secand.7 One thus obtains only lhe monoadduct 24. 

Nucleophilic attaek or lithiated dithiane 8 on lhe Iithium alkox­
ide of 24 gives 1,3-diol 9. 

) 

OBn 

OH OH 

9 

1. 
OTIlS 

~OBn 
--:---...... 0,-\ 

2. 

3. 

4. I 
5. eH, 

10 

• The thioacetal structure i5 rírsL removed oxidatively. 
• Deprotection of the keto fuoclian i5 carried out in methanoL The 

rcaelioo product lhen fonns a 6-mcmbcrcd cyclic aceta!. 
• Thc producl of the Iirs1 rcaetion i5 prcscnt in thc form of acetal 25a. 
• The second transformation is removal of Lhc silyl protecLing 

group. 
• The doublc bond is oxidized in thc third step, causing thc molc­

cule LO be shortcned by one carbon atom. 
• In the fourth reaClion thc aldehydc function crcaLed in thc prc­

vious sLep is con verted into a cyanohydrin. 
• In the fifth step a spiroaceLal structure is constructcd. This oc­

curs undcr acid catalysis with addition of acetaldchyde. 

The first reaction step involves a meLhod developed by Stork: use 
of lhe hypervalent-iodine species bis(trifluoroacetoxy)iodobenzene 
(26), which erreets oxidative removal or the dithiane. " Methylace­
Lal 25 a is fonned in rncLhanol soluLion in the prcscncc of traces of 
acid. SubscquenL silylaLion of thc sccondary alcohol is accom­
plished using TBS-lrinatc with lutidinc as basc. The third reaclion 



15 Maehr :\" Roflamycoin 

is an ozonolysis. After rcductive workup wilh dimelhyl ,ulfide lhe 
aldehyde 27 is oblained, which in lhe founh slep is lransformed 
inlo Lhe corresponding cyanohydrin 28 (or tlle silyl elher lherco!) 
wiLh lrimelhylsilyl cyanide under calalysis by the KCN/l8-crown-6 
complcx. 12 With acetaldehyde as rcagcnt and catalytic amounl~ of 
CSA lhe spiroacelal 10 forrns, presumably via intermediate 29. 

ores 

O~OBn 
OMe 

\ 27 

ores 

N~OBn 
O~ 

CH, 

10 

--

1. Bis(trinunroaceloxy)iodobenzene (26), McOH. 
2. TBSOTf, lulidine, 81 % over two steps. 
3. 0 3• SMe2. 
4. TMSCN, KCN/18-crown-6. 
4. Acetaldehyde, CSA. 42% aver lhree sleps. 

29 

Comparcd with O,O-acetals, thioacetuls are much more stable lo acid 
as a result of lhe lower Br0nsted basicity of sulfur. To ¡nerease lhe 
leaving-group capacity of sulfur, and thu ... Lo simplify lhe cleavage 
of thioacetals, Ihrcc diITerent med10ds can in principie be invoked: 11 

1. One can use melal coordination LO lake advanlage of lhe high ate 
tinity of heavy-melal cmions for sulfur. A sah of lIg(TT), Ag(I), 
Ag(Il), Cu(lI) or TI(llI) would lhus be introduced. 

2. In sorne procedures, thioacetal cleavage occurs aftcr alkylatjon al 

lhe sulfur atom wilh a reactive alkylating reagcnt !o.uch as methyl 
iodide, triaJkyloxonium tetraf]uoroborate (Meerl1'ein 5aJt). or 
ethyl trifluoromethancsulfonale lO give a trialkybulfonium salt. 

3. The third mcthod is oxidative deprotection, which initially re­
sults in oxidation lo a sulfoxide. Useful oxidizing agcnls incJude 

239 
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the elemental halogens a.s well as NCS and NBS, -chlomhen­
zotriazole, ehloramine-T, MCPBA, periodie acid, and sueh hea­
vy-metal oxidants as thallium(lI l) nitrate or CAN. 

The advantage of the proccdure introduced by Stork with 
bis(trifluomacetoxy)iodoben7ene (26) derives trom the associated 
mi Id reaction condítions. Esters, thioesters, nitriles, secondary 
anudes, amines, a1cohols, halides. alkenes, and alkynes are all COI11-

patible with this transfonmltion. 
Acetal 2S is present as an Q-anQmer: Le., with an axial l11ethoxy 

grollp. In explaining this stereochemical phenomenon. the so-called 
anomeric effect, it is common 10 rely on an orbital-interaction argu­
ment.'4 Thll,\ overlap of the nonbonding. oceupied n-orbital s of the 
acetal oxygen atoms with unoccupied cr* orbitals froll1 lhe other C­
O bond is accompanied by deIocalization of eIectrons and thus stabi­
lizatian. In lhe a-configuration with axial oxygen, two such interactions 
are possible. whereas an equatorially oriented oxygen can engage in 
only a single (n-(>*) overlap, so the latter is the energetically less favor­
able strocture. An analogous argument applies to spiroacetal 10. 

The methyl group derivcd from acetaldchyde in 10 oeeupics an 
cquatorial position. Stcric argumCnL"i can be uscd lo cxplain this re­
sult, supporlcd by thc rael Lhm in a similar model syslcm with acc­
tone no spiroacctalization occurs. IS 

In lhe struclurcs cstablishcd in this way ror compounds JO. 25, 
27, 28, and 29 the sterc()(:hemistry at C-17 is detcrmined by lhe 
configuration al C-13. 

OlBS 1 hthium pyrrolidide 

~ 
THF.-78'C 

OSn 2 11 (2.2 eq). DMPU 
NC -78 ·C -> -20 'C, 

~ , "", . 
eH3 ~ 

10 °Xo bXo bXb 12 

11 

• Spiroaeetal 10 is tirst deprolonaled. 
• The proton u 10 the nitrile group is abstraeted with lithium pyr­

rolidide. 
• Afrer addition of the C,-synunetrie polyol building block 11 , 

e-e coupling is achieved through a nucleophilic substitution rc­
action. 
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The configuration of the a-lithiated nitrile is not stable al C-19, as 
is easily seen from resonanee strueture 30. Thus, the unseleetively 
created stereogenie eenter at C-19 in spiroaeetal 10 effeetively be­
comes a prochiral eenter. Alkyl iodide 11. introdueed in consider­
able excess to prevent double alkylation, approaehes from the steri­
eally less hindered si de, as a result of whieh the nitrile group in 
producl 12 assumes an axial position.16 In this way lhe configura­
tion at C-19 b ultimately determined al so by that at C-IJ. 

One 01' the methods frequenlly employed in lhis natural produel 
synthcsis is applic<.iLion 01' "umpolcd" rcagcnls and substratcs. Ccu­

pling 10 Ll'has been prearranged, in thal lhe elcctrophilie aldehyde 
was changcd into a nuclcophilc by convcrsion LO mctallatcd cyana­
hydrinacelal 30. 17 The reactivily of lhe carbonyl group is lhus re­
versed. Anothcr "umpoled" rcagcnt has alrcady becn ulililCd in this 

synthesis in the fonn 01' the tithiated dithane 9" 

OTBS 
C;;N OBn 

X X xc 
12 

)', ~ 3S OSn 1 
eN OTBS 

31 
c;;N 

27 OBn 
11 

,><-0 X X 
13 

• An extcllsion of lhe carban skeleton i8 achieved through an 
approach very similar to lhe preceding reactioll. 

• The reagent utilized is a lithiated nitrile. 
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Enantiorncrically purc nitrile 31 i\ dcprolOnatcd with Iithium 
dielhylamide in THF. Thc subscyucnlly added iodidc 12 is Lhen al­
kylaled in the presence of DMPU. 
31 (3.6 ey.), LiNEL" THF, -78 C; 12, DMPU, -78T~ - IO C, 
95'i'o. 

13 

). 35 OH 1 
, .... OTIlS 

31 27 21 OH 
11 

~ XC XO 
14 

• The hcnzyl and cyanidc groups are removed in a single slCp. 

• The process is reductivc in natufe. 

• Thc rcdu<.:ing agcnt is a metal in thc liquid phasc. 

Under Birch reduction conditions n01 only are the benzyl groups al 

C-II and C-35 cleaved, the ni trile groups at C-19, C-23, C-29, and 
C-33 also undergoes replacement by hydrogen in a reductive decya­
nalion. In this case the procedure involves using Iilhium in liquid 

anmlorua with THF as a cosolvent (see Chaptee 12). 
Li. NH3 (1), TIIF, 49'70. 

Subsequent lO decyanation the newly introduced hydrogen atoms 

assume the axial positions of (he replaced nitrile groups. RychIlOl'S· 
ky examined lhe high stereoselectivity of this reaction bOlh experi­
mentally and theoretically.16,19 Decyanation begins with lhe elimi­
nation of a nitrile radical anion. which is reduced lo a cyanide an­
ion. The remaining alkyl radical is fllrthe!' redllced and after proto­
nalian gives an alkane. Results of Ihe study argue for intermediare 
appearance of the pyramidal, quasi-axial radical 32b, which is in 
rapid equilibrium with lhe quasi-equatoriaJ form 32a. Incorporatioll 
of an eleclron leads lO a configurationaJly slable axial anian 1hal is 
lhen protonated with retention of configuratian. 
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OH 

OX XO X 
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1. 

2. 

). 35 O~P(OE'), 3. 

II 
.. ,." O O OlBS 

31 27 21 ",O 

" 
OX XO X 

15 

• In .he tiTst step bo.h hydTOXY groups in eompound 14 aTe esteri­
fied. 

• Esterifieation is aeeomplished with die.hylphosphonopTopionie 
aeid 33. 

• The ester of the priJnary hydroxy group at C-II is seleetively 
hydrolyzed in the seeond step. 

• The third reaetion is oxidation of the primary hydroxy group. 
• A hypervalent iodine species is used for lhe oxidation. 

With the aid of BOP [benzotriazol-l-yl-oxytTis(dimethylamino) 
phosphonium hexafluorophosphate, Castro's reagent]20 in the pres­
enee of DMAP it is possible to transform the fTee earboxylie aeid 
33 into activated intennediate 34 in preparation for subsequent es­
terifieation with 14. Other methods for esterifieation inelude appli­
eation of DCC and the proeeduTes introdueed by Yalllagllchi and 
Mukaijallla (see Chapters 5, 6, and 9). 

The reaction product obtained in 1h1s way is treated with metha­
nol saturated with ammonia in arder selectively lo cleave lhe ester 
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of lhe primary hydroxy group al C-ll. Subsequent oxidation lo al­
dehyde 15 is accomplished with the Den-Mar/in periodjnane. 

(ElO),P ~'I'0 
OH 

BOP, 
DMAP 

• 

33 

l. 33, BOP, DMAP, CH, CJ2 . 

2. NH), McOH. 
3. Des.'1-Martin pcriodinanc. 74% over lhrce steps. 

.-." 

O 1 P(OEI), 
Y"ll 

O O ores 

15 

.9% 

17 

1. B~g~ 
OEI, THF, -78'C -> O'C 

16 

2. MsCI, NEI3, CH,CI" -45 'C; H,O 
3.B~g~ 

OEI, THF, -78'C -> O'C 
16 

4. MsCI, NEI3, CH,CI" -45 'C; H,O 
5. LiCI, DBU, CH3CN 

• In the tirst reaction, compound 15 is coupled with tlle C4 build­
ing block 16. 

• Trcalmcnl or aldchydc 15 with Grignurd rcagcnt 16 produces a 
sccondary alcohol. 

• In Lhe second stcp the enol clher introduccd wiLh Grignard re­
agent 16 is con verted ¡nto an aldehyde function. For lhis pur­
pose the secondary alcohol prepared in the first stcp is mesylated 
and thus transformed ¡nto a good leaving group. 
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• The enol elher is lhen hydrolyzed, taking advantage of its eonju­
gation. 

• The first two ,tep' are repemed in the lhird and rourth steps. 
• The fifth step aceomplishes a cyclization using a variant or lhe 

Ilomer- Wadsn'onh-Emmol1's reaction. 

Relying on the Wolfellberg mClhad." aldehyde 15 is con verted 
with Grigllllrd reagent 16 in lhe first step into the u,~- and y,o-un­
saturated hydroxy compound 35, which has been extended by a C, 
unil. After mesylation of the rc:-.ulling secondary alcohol lo 36, lhe 
enol ether is hydrolyzed vi" 37 lO aldehyde 38. Repealing this pro­
cedure leads to lhe C.-extended aldehyde 39. 

o 
)1 

R 
+ 

15 

(?/H 
R~~EI 

37 

1 
R~O 

38 

-

H,O 

OH 

R~OEI 
35 

1 
MsCI 
NEI, 

OMs 

R~OEI 
36 

Since lhe resulting polyene Slmcture is :-.cn~1l1ve to strong base. 
macrocycli1.ation is carricd out with a variant on lhe Horl1er-Wad.\'· 
worth-EmmOfls reaclion involving lithium chlotide and DBU. 

Lithium chlonde makes il possible to increase the acidily or 
phosphonate 39 considerably. so thal deprolonalion and a sub,e-
411cnt /Jomer-WadsH'Orlh-EmI1IOIlS reactionn (sce Chapters 5 Hnd 
K) is possible even wilh Ihe ralher l11.ild base DBU. ROl/S/¡ and Ma­
samune::!3 attribute thjs result 10 lhe formation of tight ion pair 40 
bclwccn lhe lithiul11. cation and lhe phosphonale anion. Macrolaclo­
ni/.ation alone occurs with a yicld of 89c,tc. 
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OH OH ÓH OH OH 
ó7[: 

18 
Maahrs roflamycoln .plroscetal 

o Acetals can be hydrolyzed with acid. 
o Silyl ethers are likewise subjcet lO acid hydrolysis . 
• The proton source employed is in lhe fonn of a sol id. 

A rcaclion with acidic ion-cxchangc resin Dowcx 50W-X I cica ves 
both the .cetonide proteeting group and the silyl ether. Simulta­
neously thcrc is ronncd a 6-mcmbered-ring spiroacctal linking C-17 
with C-2 1, thcrcby producing strueture 18. 
Dowex 50W-XI (W), MeOH, 60%. 

A simi lar spiroacclal 4 1 was obtained after lreulment of lhe natural 
producl with an acidic ion-exchange resino 
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Through a comparison of speclroscopic data fmm lhe natural prod­
uct with thal from lhe synthetic material, Ryclmo\'sk)' ascertaincd 
1ha1 a \lcreoisomer of lhe active sub~tance had been synthc~i/cd. 

FUl1her NMR speclroscopic expcrimems with various derivativcs of 
Ihe (wo substallcCS made iL possible lo eSlublish the actual I"Lcrco­
chcmislry of roflumycoin. Ryclmol'SJ..'y's research group canicd out 

a synthesis of roflul1lycoin itself in 199724 using a slralcgy simiJar 
lo lhe one described here. 

15.4 Surnmary 

St3rting from lhe enantiol11crically pure and readily accessiblc die­
poxypenlane 4 il proved po"ible lO prepare acelal 15 in 18 'yn­
lhelie sleps. 

A cenlral elemenl in lhe synthetic strategy prcsenled hcre for the 
preparation of lhe chical polyol chain is lhe use 01' chical cyanohy­
drill acetals. which are reacted diastercosclcctivcly under substrate 
control wilh C,-symmetric electrophiles. 

The Wollellberg method was used to conMrucl the sensitive 
tralls-polycnc ,lructure of ronamycoin. 

A variation 011 the Homer-Wads\1'ort/¡-t.'mmolls reaclion was se­
lecled for lhe macrocyclization, since the possihility for macrolacto­
nization - an ohvious approach for a Jactonc - is ruJed out due 
lo Slcric hindrance from lhe isopropyl group in the position (C-35) 
adjacelll ID (he laclone functionality. 

Arter removal of lhe acetonide prolccling group the free polyol 
is oblaincd as spiroacetal denvalivc 18. 
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Fluvirucin-B¡-Aglycone: Hoveyda (1995) 

16.1 Introduction 

Because of their biological aClivilY, lhe fluvirucins B, (2) and B, 
(3) rcprc'\cnl intcrcsting largelS fOf lhe synthetic organic chemist. 
These are macrocyclic Jactams lhat have becn lIsed a~ fungicides 
and also 10 combat lbe influenza-A virus.' ·' One of the ehallenges 
in preparing sub"anees of lhis typc is lhe need for high seleetivity 
in constntctjng rhe stereogenic centers. Moreover. rhe synthesis 
should be as flexible as possible in order to faeilitate seleetive prep­
aration of various analogs (including of cOllrse ones nOI found in 
nature) wilh the goal of lesting for physiologieal aetivity. 

In many cases, transition-metal catalyzed reactions fulfill rhe cri­
teria cited . Far Ihis reasan Hm'eda took considerable advantage of 
sueh ehemislry in his 10lal synlhesis of fluviruein-B,-aglyeone (1).2 

Compound I was fir;[ analyzed ils possible preparalion from of 
alkene 4. Further relrosynthelie dismemhering was direeled loward 
construclion of lhe 14-mernbered macrocycle. Ring c10sure vía 
macrolactamil.ution rcprcsented ane possibility, but thal would have 
required selecLive construction of the trisubstiluled alkcne 6. IIm'e· 
da regarded this 'ynlhcsis as sufficienlly diffieull lhat he instead 
utilized an altemative cycliLation. This led him lo compound 5.2 

The precise nalure of lhe cyc1izalion and lhe palhway lo lhe enan­
liomcrically and diaslcrcomcrically purc precursor molcculc S is the 
subjeclof lhi, chapter. 
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16.2 Overview 

e 
7 

o 
O 
12 

1. 

2. 

EtMgBr. THF, 
(SHEBTHI}-Zr-binol (16) 

.", 

(S)-[EBTHI)-Zr-blnol 

16 

~oo 
8 

13 

OH 

11 

1. nprMgBr, THF 

2 

3 molo.. CP2 TiCI2 

) OH rY 
O 

15 

• ~ 
9 

T, 
I 
N 

2 5 mol% CuBr·SM~. D 
10, THF, 40% 1. 

3. Na. NH3. -50 GC, 99% 

14 
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16.3 Synthesis 

e 1. 

• 
2. OH 

.ó 
7 8 

• The prodUCI is an allylic alcohol. Whieh or the rollowing meth­
ods mighl be considered for conslruclion of an allylie alcohol: a) 
addilion of a vinyl Grigllllrd reagen! 10 an aldehydc; b) addition 
of an organomctallic reagent 10 an a.p-unsaturated carbonyl 
compound; oc e) rcduction of an a,p-unsaturated cmbonyl com­
pound? 

• An organometallic reagcnt i:-. in fael added to an a,p-unsaturatcd 
aldehyde. Whal melal ,hould be employed: a) Li; b) Mg: or e) 
Cu? 

• Lo arder 10 prep¡lre the organolithium compound in the second 
slep, Ihe OH group musl be Subsliluled in the flrst slep. 

The starting alcohol is first transforl11cd ¡nto iodidc 19 undee condi­
tions comparable 10 Ihose of the A{J{Jel reaction.' Subsequem halo­
gen-melal exchange leads lo an organolilhium reagen!. which sub­
sequently undergoes 1.2-addition with acrolein (20). A 1.2-addilion 
reaclion wilh u,~-unsaturated carbonyl compounds is a general 
property of alkyllithium reagenlS. Ir one inslead wishes 10 oblain 
1,4-addition it would be necessary instead lo utili!.c a cuprate. 
l. Ph,P. 1,. NEt,. CH,C1,. O C -> 22 C. 
2. 'BuLi. TlIF. 20. -78 C: 51 'k. 

OH 

8 
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• The yicld in lhis step cannot exceed 50%. 
• The goal is kinelic resolutjon of a mccmic mixture. 
• The rncthm.l sclccted il1\olves an asyrnmctric epoxidatlon. 

Compound ¡¡ is a secondary allylic alcohol. Syslems of lhis lype 
are well suiled lo lhe applicalion of Sharpless epoxidalion 4 for ki­
nctie racemate resolution.5 because the chiral titanium reagent 
bonds direclly wilh lhe slereogenic cenler (C-91 in lhe traJ1sition 
Slale (21). The undesired enantiomer epoxidizes more rapidly lhan 
9. so 9 can be separated in cnantiomerically pure fonn (scc Chapter 

6). 
Ti(O'Pr)4, 'BuOOH, (+)-dielhyl lartrale. MS 4 Á, 33'7c, >99<;¡ ee. 

1. 

2.5 mol% CuBr'SMe2' 
10. THF •• ,,,, 

3. Na. NHJ • -50 ·C, •• " OH 

9 

OH • 

T. 
I 
N 

Do 
10 11 

• A nitrogen atom ¡" inLroduccd inlo lhe molecule in lhe second 

slep. 
• Aziridine 10 is opened like an cpoxide using a nucleophile. 
• Thc nitrogen atom of u/iridine 10 bean, a lo\yl group, whcrca~ 

in 11 il is present a~ a free amine fUl1ction. 

• The lasl slep is simply c1eavage of the IOsyl group. 
• Auack of a carbon nuclcophilc on aLiridine 10 in lhe ~econd 

slep compleles lhe earbon skelclon of 11. 
• Addition to lhe double bond in lhe fírsl slep generale, lhe nu-

cleophilc, 
• This step a150 accompli~hc~ introducliOI1 of an ethyl group. 

• A Grig"ard reagent is added 10 lhe double bond, 
• Rcaclions in which an organomclallic agclll adds to a douhlc 

bond (e.g., R'- MgX + R,C=CR, .... R' R, -CR, MgX) are called 
carbomctallations. These are calaly/cd by Lransition-metal ~pc­

cie~. 
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A camometallation is firsl carried out with clhylmagnesium bro­
mide under zirconocene dichloride catalysis.6 Aftcr transmetalla­
lion, lhe resulting cupmte 23 aets as a nucleophile to open aziridine 
10, Icading lo eompound 24, whieh is rcdueed lo 11 wilh sodium 
in liquid arnmonia. 

EtMgBr, 
5 mol% CP2ZrCI2. OMgCI 

CuBr'SMe2 

10 + 
9 • 

Et,O, 22'C 

MgCt"1 
22 

OH 

• D'l "'''/ ,.,/ 
N "Cu" 
I 

NHTs Ts 23 

24 10 

Zirconocene diehloride and relaled eomplexes eatalyze Lhe addition 
of trialkylalurninum compoundo; to tenrunal acetylenes7 and olcfinsK 

as well as Ihe addiLiun uf elhyl, propyl, and bUlyl Grig/!ard re­
agents to alkenes.9

-
12 Thcse transformations occur with a high de­

gree of regioseleclivity (el'. hydroboration), sueh lhal Lhe metal 
alom always add, lo Ihe end position of a lenninal mulLiple bond 
like LhaL in 25. Ir addiLion is 10 a Lriple bond, M and R' in Lhe prod­
lICl are elS lO cach other. 

The mechani,m of addition of alkylmagllesium halide, Lo double 
bonds hali becn lhe subject of intensive in\'CSligation.6 According to 
lhe CUITcnt interprelation, these reactions difTer significantly in 
mechanism from reactions with organoaluminum :-.pecies under sim­
ilar rcaction conditions.7 Far this reason no general mcchanism for 
can be rormulated carbometallation reaclions. 

In lhe case of lhe Grigllard reagenl. rcaclion ¡¡rsl occurs be­
tween 28 and lirconocene dichloride. leading to lirconium-alkene 
complex 29 or the zireonaeyciopropane 30. To Lhis is Lhen coordi­
natcd alkcne 25, and a funhcr rca~tion uccurs lo produce 7irconacy­
clopenlane 32. Here the Zr-C bond fonns aL Lhe leaSI slerically de­
manding carbon alOm of Lhe alkcnc.ó Ethylmagnesiul11 chloride 
Lhen reacts wiLh 32 to give al complcx 33. After lransmetallation 
from 7irconium lO magnc!'ium, 34 decomposes 10 producl 35 and 
caLaly'l 296 



2 EtMgCI 

28 

/6 

Cp,lIO, 

2 MgCI, 
ethane 

EtMgCI 

28 

OMgQ 

J-R 
25 

In order to exploin why in 33 the bond from 7irconium to C-I is 
SClcclivcly cica ved rather than the zirconium-C-4 hond il is neces­
sary lo takc note that this reaclion involves aliylic ano homoallylic 
ether\ ano alkoxides. With such species the magnesium cation also 
coordinalc~ wilh an oxygen atom from the substratc, U!\ in model 
'ystem 36. 1t can funher be shown tha! in the transilion from 33 to 
J..I zirconium generaJly rcmains with the Merically leaSl hindered re­
~idue evcn ir lhcre is no heteroalOm present. 12 

Ethylmagncsium halide addition can be useful. as in the present 
total synlhcsis. for establishing a ncw stereogenic ccnter. Howcver. 
this will oceur selectively only if a 'tereogenic center is already 
present in Ihe allylic position, and in products 40 ond 42 one finds 
an am; relatiom.hip between (he substitucnts. The only exccplion is 
aJlylic a1cohob, whieh Icad to o 5)'" arrangement in 386 It should 
be noted thal 22, 24, and 11 have nol becn presented in a /.igL3g 
notation. in conlrast lo 38, 40, and 42. 
5 11101% Cp,Zn:I" EIMgBr, Et,O, 22 C, 95: 5 dr. 
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o o 
12 

EtMgBr. THF. 
(S)-(EBTHII-Zr-b,nol 

'51' 
>97%" 

• 

13 

• A similar catalyst has already been employed once in this syn­
thesis. 

• The reaction is again a carbometallation. 
• The product of carbometallation of the double bond i, an orga­

nometallic specic ... with an oxygen in the a-po~iljon. 
• A fragmenl3Lion occurs after Ihe carbometallation. 

Carbometallation of the double bond occu" first. Inrennediate 43 
decomposcs spontaneously in a fragmcntation reaction 10 give alk­
oxide 44,10.11 which leads after protolysis lo 13 wirh >97% ee. 
Conccming the catalytic cyele, catalyst 16 feacts like zirconocenc 
dichloride; i.e., in the fit>t step the binaphthol ligand undergocs 
substitution by ethylmagncsium bromide. The EBTH1 Iigand 
IEBTHI =ethylenebis(tetrahydroindenyl)j is responsible here for 
chiral induction. A prcrcqui!-'itc for slIccess with this synLhclic 
method is that the terminal douhle bond in 13 or 44 be carbometal­
latcd more slowly than that of start.ing material 12. [O 

1 nprMgBr. THF ( 
3 mol% CP2 TiCI2. 

2 .. ," OH 

I 14 13 

• The overall reaction ¡ ... a hydrovinylation. 

• The process can be viewed as involving two steps, wherein the 
second step i~ a cross-c.:oupling reactlon with vinyl hromide. 

• A transmetallation from magnesium to titanium occurs first. 
• The organomagncl.,ium compound contaim, ~-hyLlrogen atoms. 
• Propene is ncxL c1iminated. leaving behind a litanium hydride 

species that add, to the double bond. 
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• The reaetion ¡ ... calalylic with re~pect to titanium. 
• What transition metal calalyzes coupling 01' lhe Grigl1ard reagent 

with vinyl bromide in the sccond step: a) Pd; b) Hg; or e) Ni? 

ln a fonmal sense the first step is addition of H-MgX lO a double 
bond. What resuhs is inlenmediatc 45.13 Thereafter a Grigllllrd 
cross-coupling reaction is camed out with Ni(O) catalysis. 14 

Addition of H-MgX lo Ihe doublc bond lakes place according lo 
Ibe catalytic cycle shown below. A chlonde ion from Ihe titanocene 
diehloride flrsl undergoes substitution by the Grig,wrt! rcagent. 
Sinee the alkyl residue eonlains ~-hydrogen aloms, propene (50) is 
then climinated. Alkene 52 coordinalc!'t wilh 51 . whercupon ¡nser­
tion into the Ti-H bond occurs. A subscquent expulsion regcncratcs 
catalysl 49 and releases produel 45.'-l 

RCH,CH,MgBr 

45 

"n-Toa ~nprMgBr ~ 2 47 
46 

MgBra 

a 48 
/ 

Cp,To" 
49 npr 

R~ 
52 

~ 
50 

Cross-coupling rcactions of organomclallic species with vinylic or 
aryl halides 14 have already been descrihed elsewhere in this book 
(Chapler 12). 
Vinyl bromide. 3 mol% (Ph,Ph iCI" THF. 7291:. 
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14 15 

• The product is an ({-chiral carboxylic aeid. 
• Foe this reason lhe rcaction conditions should be kepl as pH-neu­

tral as possible. 
• The oxidation proccdurc used here is also applicable lO Ihe prep­

aration of aldchydes from primruy alcohols. 
• The oxidizing agcnt comains ruthenium. 

In this case TPAP is used for oxidaLion of lhe alcohol lo a car­
boxylic aeid. Use of TPAP is more common foe oxidation lo the al­
dehyde Slage (see Chapler 5). bul wilh a longer reaclion lime il is 
also possible 10 cause more complete oxidation to an aeid. Sincc 
this oxidation takes place undcr almosl neutral conditions. lhe ri ... k 
of raccmization is minimit..al rclative lO thal with lhe altcmative 
chromium-contajning oxidil.ing agcnls.l:'i 

5 mol% ("Pr)4NRu04 (TPAP). CHJCN, NMO. 65%. 

~o' ~o ""OTIlS 
OH 

2. 

15 OH HN 
H,N 11 17 
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• Two transfonnalions are accomplished here. In what arder do 
they take place? 

• An a-chiral carboxylic acid dcrivative is again ¡nvolved. An ad­
ditive is introduced in the first step to ensure lhat there will be 
no racemization during formation of the amide. 

• The most reactive of the silylating reagents is used for TBS-pro­
tection of lhe alcohol. 

In the fiN step amine 11 is coupled with carboxylic acid 15 to 
form an amide. The melhod employed here for coupl ing an u-chiral 
carboxylic acid with an amine was developed in the conlext of pcp­
tide 'ynthe>is. Its success is ba;ed on DCC-mediated formation 
(see Chaptcr 5) of lhe reactive I-hydroxybenzolriazole ester 55, 
which reacl> with an amine 10 give the corresponding amide. In 
most cases reacLion takes place without raccmization, and often in 
lhe absence of side rcactions that cause othcr procedures 10 fai1.

16 

The alcohol is con verted into a silyl ether in the ,econd step. 
l. DCC, NMM, HOBT (54), 22 C, 60%. 
2. TBSOTf, 2,6-lutidine, CH,CI" O C, 90%. 

~o ..... 018S 018S 

• 

1 HN 

17 18 

• Elhylenc is cJiminated fram Ihe molccule. 
• The starting rnaterials fOI this transronnation are tWQ olcfins. 

Two olefins also constitule the products, which are assemblcd 
from fmgmenL' of the starting materials. 

• A speciftc tram,ition-mctal species is capable of catalyzing ')uch 
transformalions. 
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16 Fluvirucill-B ,-A¡::/)'cone 

Thc rcaction here is nn aJefin melathc~isl7 (for lhe mcchanism see 
Chapler 5). h is worth noting lhal lhe aUlhoN allempred ro use lhe 
mOSl frequenrly employed earaly'l in Iheir synlhesis (56 '7), bUl 
achicved wilh ir less lhan a 2% yield of cyclie produel. Only wilh 
inlroducrion of rhe more reaelive molybdenum ealalyst 57 did lhe 
macrocyclizat ion to 18 take place 10 give >98% of the product 
wi Lh a double bond in lhe Z configuration? 
25 0101% 57, benzene. 50 ·C. 60%. 

",ores 
1. 

2. 

HN '1 

18 

• 
",OH 

° 
l" 

HN '1 

1 
f1uvlrucln-B 1-aglycone 

• The first step is hydrogenation of the double bond. 
• Removal of the prolccting group occurs in lhe la!o.l stcp. 
• For this pll rpo~c a rcagcnt is used that also decolllposcs g lass. 

Catalytic hydrogenation of the double bond is earried out ftrst. fol­
lowed by eleavage ()f the TBS proteeting group wilh hydrogen 
fluoride in acetonitrilc. In an altcmpt to predict from which side of 
the moleeule 11, would be transferred during hydrogcnation the 
authors carried out in advance a conformational analysis of 18 with 
lhe "id of foree·field ealculations.' Experimenl verified the predie­
tions. The selectivity achieved in constructing the Ia. ... l Slereogenic 
ecnter proved to be > 95: 5 dI'. 

1. H" 10% Pd/C, 75%. >95:5 d/'. 
2. HF. CH3CN, 80o/é. 
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16.4 Surnrnary 

HOI'eyda's synthesis of nuvirucin-B I-aglycone (1) presented here is 
short and convergen!. It takcs cxtcnsive advantage of modem syn­
thetic methods, with transition-metal calalysls or mediators utilized 
in nine of ¡he tifteen steps. Imponant key steps wonh noting in­
elude a zirconocene-catalyzed carbomctallation and the olefin me­
tathesis step. 
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Abbreviations 

Ae 

AcCI 

AD 

AIBN 

lerl-AmOH 

ATP 

Ar 

BBEDA 

BINAP 

aeetyl 

aeetyl ehloride 

asynunetrie dihydroxylation 

2,2' -azobisisoburyronitrile 

lerl-amyl alcohol = 2-methyl-2-butanol 

adenosineuiphosphate 

aryl 

(N,N')-bis(benzylidene)ethylene diamine 

2.2'-bis(diphenylphosphino)-I, I '-binaphthyl 

(R)-, (S)-Binol 1, I '-bis-2-naphthol 

Bn 

Boc 

BOP 

"Bu 

IBu 

BI. 

CAN 

eat 

Cp 

CSA 

Cy 

dba 

DBU 

bcnzyl 

lerl-butoxyearbonyl 

bcnzolriazol-I-yl-ox ytris( d imethy lamino )phosphoni um hcxan uorophosphate 

Il-butyl 

terl-buryl 

benzoyl 

ceric(lV)-anunonium nitrate 

catalytic 

eyclopentadienyl 

(+ )-eamphor-I O-sulfonie aeid 

cyclohexane 

di hen zy I idcncacelone 

1,8-diazabicyclo[5.4.0 lundee-7-ene 



264 Abbreviatiolls 

DCC IJ-dicyclohexylcarbodiirnide Ll 

DDQ 2,3-dichloro-5,6-dicyano-I,4-benzoquinone Ik 

DEAD diethylazodicarboxylate or azodicarboxylie acid diethylester Ll 

DET dicthyl tartrate M 

DHP 2,3-dihydropyran M 

DHQ dihydroquinine / M 

DHQD di hyclroquinidine M 

DIBAH diisobutylaluminium hydtide M 

DMAP 4·dimethylaminopyridinc M 

DME 1,2-dirnelhoxyclhane M 

DMF N,N-dirnelhylronnarnide M 

DMPU I ,3-dimethy 1-3 ,4.5.6-tetrabydro-2( I H)-pyri midinone N, 

DMSO dimcthylsulfoxide N, 

DMT 4,4' -dimethox ytripheny Imethyl ch loride N, 

dppp I ,3-bis-( diphen ylphosphino )-prop,me Nl 

dr diastereomeric ratio NI 

EBTH! eth y lenebi s(tetrah ydroi nden y 1) NI 

ee enanliomeric ex ces s NI 

Et ethyl PC 

Et20 dicthyl ether Pl 

HMPA hexamethylphosphorsauretriamide PI 

HOAc acetic acid PI 

HOBT I-hydroxy-benzotriazole PI 

HOMO highest occupied molecular orbital PI 

IBD (diacetox yiodo )-benzene PI 

ImH imidazole PI 

(+)-, (-)-Ipe isopinocamphorylborane PI 

IPOTMS isopropenyloxylrimethylsilanc PI 

KHMDS pOlassiurn hexamethyldisilazane iP 

LAH lithium aluminium hydride 111 



LOA 

Ik 

LUMO 

M 

MCPBA 

Me 

MOM 

MOPll 

Ms 

MsCI 

MS 

NA OH 

NAOPH 

NaHMOS 

NBS 

NCS 

NMM 

NMO 

PCC 

Pd/C 

roc 
Ph 

PHAL 

PLE 

PMB 

PMPh 

PPA 

PPTS 

iP, 

nPr 

lithium diisopropylamide 

like 

lowest occupiecJ molecular orbital 

metal 

m-chloroperbenzoic acid 

Int;¡hyl 

methoxymethyl 

MoO,*pyridine*HMPA 

methanesulfonyl 

methanesulfonyl chloridc 

molecular sicve 

Abbreviariolls 

nicoLinamidc adenine dinucleolide (reduced) 

nicOlinamide adenine dinucleotide phosphate (reduced) 

sodiulll hexamethyldisilazane 

N-bromoslIccinirnide 

N-chloroslIccinimide 

4-methyl-morpholine 

N-methylmorpholine-N-oxide 

pyridinium chlorochromatc 

palladium on activatecJ carhon 

pyridinium dichromate 

phcnyl 

phthalazine 

pig Iiver esterase 

p-methoxybenzyl 

p-methoxyphenyl 

polyphosphoric acid 

pyridinium p-lolucncsulronalc 

isopropyl 

n-propyl 
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266 Abbrel'ialiolls 

PTSA p-tolucnc!\ulronic acid In 
Py pyridine 

R residuc 

Red-Al" sodium bis(2-methoxyethoxy)aluminium hydride 

RT room temperature 

SDMA Red-Al" 

SET single electron transfer 
acet, 

SMEAH Red-Al" el 

SRS selfregenemtion of stereoccnLcrs 
fe 
fe 

TBAF lctrabutylammonium fluoride st 

acet~ 

TBAI tetrabutylammonium iodide acett 

TBS rert-butyldimclhylsilyl 
acclt 
aCli\ 

TBSCI tert-butyldimethylsilyl ehloride Aey 
AD-

Tf tritluoromethanesulronyl addi 

TFA uifluoroacelic acid 
addi 
Ado 

TFAA lrinuoroacetic anhydride AIB 

THF tctrahydroruran 
aleol 
aldel 

THP tetrahydropyran fr 

TMS trimethylsilyl 
fr 
fr 

TMSCN trimethylsilyl cyanide aldo 

TMSOTf trimethylsilyltritluoromethanesull"onate alky 
alky 

TNT 2.4 .6-trinitrotoluene M 

I'Tol p-tolyl b: 
el 

TPAP tetrapropylanullonjum perruthenatc ir 

TPS rerr-butyld i phenylsily I o' 

T, p-toluenesulfonyl 
alky 
allyl 

T,Ci p-toluenesulfonyl chloride allyl 

I'-T,OII (PTS) p-toluenesulfonie acid 
allyl ., 

X halogen ato m p. 



Index 

acetal 81 
eleavage 38. 92 
formation 31, 91 
formation by Noyori 45 
selective 225 

acetals, eleavage 90 
acetogenin 197 
acetonide, eleavage 38, 246 
activity 161 
Acylation 132 
AD-Mix-~ 34, 200 
addition 1,2- 252 
addition 1,4- 16, 252 
Adogen 464 154 
AIBN 52 
alcohols from ester 151 
aldehyde 

from alcohol 244 
from an ester J 5 J 
fram ester 32, 114 

aldol reaction 67, 83 
alkyl halide e I-extention 184 
aJkylation 

Mirs/lIlObll 165 
by Evalls 66 
electrophilie aromatic 153 
intramoleeular 9 
of amino acids 150 

alkyne cOllpling 212 
allyl-pd complexes eationie 47 
allyl-Pd interlllediate 47 
allylation 

asymmetrie 80, 82 
palladilllll eatalyzed 116 

allylie alcohol 105, 108,210 
epoxidation 253 

Allylie alcohols 204 
epoxidation 81 

allylic carbonate 116 
allylie ethers 255 
allylic pasiton, deprotonation 183 
allylsilan 168 
alpha,beta-unsaturated carbonyl compound, 

a,~-unsaturated carbonyl compound, addi­
tion of organometallic reagent 252 

alpha-oxo+organomctallic spccies, u-
oxo+organomcLallic species, fragmenta­
Lion 256 

aluminum hydride 226 
amide, Weil1reb 67 
Amine fmm ""ide 37 
amine oxides, Cope elimination 54 
Amyrin 179 
anhydride, eyelie 164 

anorncric efrect 240 
anti eancer drug 13 
antibaeterial 161 
antibacterial activity 41 
antibiotie 161 
antibioticum 77 
antieaneer drug 27, 41 
anticancer dmg antitumor agent 123 
antilllierobial 13 
antitumor anticancer drugl 143 
Appel reaetion 51, 228, 252 
Arbllsov reaction 133 
aromatization 135 
Asilllicin 197 
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al complex 
lll-complex 
auxiliary 

80,98,101,169,254 
212 

Eva".\" 66, 67 
chiral 123 

<va-Cope rcarrangcmcnl 168 
a/asugar 27 
azidc rcduction 37 
Al.iridine 253 

hakcrs yeasl 127 
ba!\ic reacLions 50 
Bellkeser rcducLion 193 
benzene sulfonate leaving lendency 151 
benzouiazol-I-yl-oxy-

ui,(dimethylamino)phosphonium hexatluor­
ophosphate 243 

benzoyl peroxide 132 
benzyl ether cieavage 175 
benzylation 164 
benzylidene protecting group 221 
p-alkoxyacrylic ester 221 
BF30Et2 206 
BF3·0Et2 202, 209 
BINAP 237 
binaphthol 256 
biomimetic polyene cyclization 179 
Bireh redllction 182. 242 
bis(trifluoroacetoxy)iodobenzene 238. 240 
Bissulfone 118 
boat-chair confOfmation 189 
Boc protecting grollp. cieavage 150 
BOP 243 
boron tribrom.ide 1 S4 
boronie aeid ester 98. 101. 103 
boronie acid ester! 100 
bromide from 8 alcohol 148 
bromination 132 
bromohydrin 184 
bromonium ion 185 
Bmwn, allylation. boroo organic com­

pOtlnds 63 
by Yamall/o!O 164 

C2-'ymmeLrie 237 

C2-symmetry 240 
Camptotheein 123 
CAN 24 
eandinane, 
Capneooemel 41 
earbamac 1 69 
carbene 172 
carbenoid 190 
earboeaLion 19, 20, 185 
CarbomcLallaLion 256 
earbomeLallaLions 253 
carbomethoxylation 131 
carbon radical 222 
carbonyl ene rcaction 8 
carhonylation 131 
carbopalladination 119 
carboxylie aeid Cl-chiral 259 
carboxylic amide, synthesis 259 
Cas,r's reagent 243 
eateeholborane 186 
calionie cycli7ation 189 
CBS reduetion 187 
eephaloraxin 143 
cerium(lV) ilmlTIonium nitrate 24, 107 
chain transfer reagent in radical reacrion 
chair confonnation 189 
eharge-transfer eomplex 90 
ehelat complex 236 
ehelate eomplex 17 , 22. 129, 204 
ebemoenzymes 187 
CIII3 211 
ehiral earboxylie 258 
ehloroaeetate 214 
eis-diols 200 
cieavage 104 
CO insertion 131 
eoneave side of moleeule 217 
Condensarion 133 
conjugated system 19 
eonvex side of moleellle 217 
Corey-Fuc:hs reaction 171 
Corey-Kwiatkowski reaetion 132 
CrCI2 105.211 
eros--<:oupling 256 
ero,,-eoupling reaeLion 119 

52 

croty! 
eroty! 
eroty! 
cupra 
eyan 
eycii 

M 
1. 

ilJ 
ra 
to 
to 
Vi 

eycii. 
eyelo 

1,. 
12· 

cyelc 
eyeir 
eyel,' 

O-erj 
Oact 

OC~ 
DO 
OEA 
decaI 
deey 
deha 
dehy 
dem ~ 

li< 

Oep¡ 
desil 
desi 

P 

desi 
Des~ 

Des~ 

diasl 
ti. 

Dia, 



erotylation, asymmetrie 80, 82, 87 
erotylboron reagent 82. 103 
crotyltrimethylsilane 82 
cuprate 185 
eyanohydrin 239 
cyelization 164. 175 

MOIlIlich 168 
1 ,6-enyne of the Tras! 173 
iminium-ion-initiated O\'ermall 168 
radical 222 
to lacton 139 
to laetone 175 
Vil,meier 130 

cycJization eascade 189 
cycJoaddition 

1,3-dipolar 68 
[2+2] 41 

eycJoadditioon, 14+21 19 
eycJohexadine 1,4 182 
eycJopropanation 53. 190 

D-erythronolactone 30 
Daetomelyn 217 
DCC 128,259 
DDQ 108 
DEAD 165 
dcearboxylation of teh Krapeho type 7 
decyanation reductive 242 
dehalogenation radical 223 
dchydration aeid-catalY/ed 19 
dcmand for electrons, Dicl,-Alder reae-

tion 20 
Deprotonation 183 
dcsilicohalogenation 149 
desilylation 

PPTS 210 
with hydroOuoric acid 74 
with ione-exehange resin 246 
with TBAF 36. 71, 104. 205 

desilylierung, with hydrogen Iluoride 260 
Dess-Martin periodinane 107,244 
Dess-Martin periodinanee 70 
dial)tcrco~c1ccljvjty af a Diels-Aldcr reac-

tion 21 
Dias!ereotopic 167 

bu/ex 

dialOpic 224 
dialOmethane 150 
DIBAH 86. 114. 129, 170,203 
dibenzoate method. chical arter Naka-

/lishi 161 
diehloromethyllithium )(Xl, 101. 109 
dicyclohexyl earbodiimide 259 
DieycJohexylearbodiimide 72, 128 
DicJs-Alder reaetion 41 
diene 21 
dienophile 21 
Diethylazodicarboxylate 165 
dihydroxylation 64, 88, 155. 207 

",ymmetric 200 
diketones from diol 156 
dimethyl sulfate 150 
dimethylsilyloxypropane 31 
diol protecting group 84 
dioxolane 45 
dithiane lithiated as nucleophil 238 
domino enyne cycJization 111 
dontino reaction 201. 204. 205, 214 
double stereodilTerentiation 68 

EBTHl 256 
effeet. anomerie 240 
clcctron acceptor 21 
electron donor 21 
c1imination 

~-elimination 65 
a eliminarion 99 
unimoleeular 19 
wirh DBU 46 

elimination hydridc ~ 50 
cnamine 130 
cnantiotop 47 
EnQllIiowp;c 167 
cndo selectiviry, Dich-Alder reacrion 20 
ene 5 
ene rcaclion 5 

transition state 5, 6 
enol ether 202 
enol triOate 46. 184 
enophile 5 
enyc 229 
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cnyne 213.214 
enyne eyclizalion 173 
enzyme 126 
epoxidalion 77 

asymmetric 80. 253 

/tu/ex 

epoxide 81.87.185.201.202.205.206. 
208 
prepn. from Il-Halohydroxy eom-

pounds 237 
erylhromyein 77 
erythronolid 77 
estcr 

reduetion lo alcohol 151 
reduelion 10 aldehyde 151 

esterilieation 72. 164. 189 
DCC procedure 128 
Mukaiyama 128 
Yamoguchi 128 

elher. eleavage 115 
elher eleavage 154. 175 
Elhyl laelate I 14 
exo "Ieetivily. Diels-Alder reaetion 20 
6-exo-trig 222 

finke"tein reaelion 51 
fluoride souree 186 
nuvirucin(", 249 
forcc-field caJculation, fOI" confomlational 

analysi, 260 
l'riedel -Crafts aeylation 17 
Friedel-Crafts alkylotion 153 
fungicid 161 
fungieid" 249 

geminal dihalide 227 
Gi Iman euprate 186 
glycol cleavage 64 
Grignard. reagem 87 
Grignard reaelion 10. 18.32 
Grignard reagem 100. 101.244.257 
Griglll/lrl reagents 254 
Grignard reaelion 65 
Grubbs. carbene eomplex 73 
haloaeeloxy eompounds 11- 186 

lIalogen metal exchange 153 
halogen-metal exchange 171 
halohydrin 186 
harringtonins 143 
Heck reaction 47 
hemiaeetal , DrBAH 129 
hemiaminal 169 
lIendricksoll-McMllrry reagem 185 
hexahydro-IH-I-pyrindine 161 
HOBT 259 
HOMO 

diene 21 
ene 7 

homoallylie alcohol 63. 103 
homoallylie ethers 255 

carbometallation 255 
HOlllotopic 166 
Homer-Wadsworth-Emmons rcaction 85, 

133. 172, 245 
1I0uk and fukui. fronlier orbital theory 21 
hydride elimination ~ 47 
hydride elimination fl- 174 
hydride eliminati"n bXX 119 
hydride souree 187 
hydroboralion 103, 207 
hydrogen nuoridc 260 
hydrogenalion , catalytie 260 
hydl'Ogenation eatalytie 222 
hydrogenoly,i, 92 
lIydrolasesl 127 
hydrolysi, 126 

alkoxyborane, aOOH 63 
hydroquinonc 16 
hydl'Ovinylotion 256 
hydroxybenzolriazole 259 
hydroxylation 126 

iminium 167 
indoliLidinc alkal"id 27 
influenza-A virus 249 
inscnion. inlO palladium-earbon bond 119 
insertion rCi.H;liun 210 
internal rotatiol1 47 
lodine monochloride 149 
ion-exchangc rcsin 246 

is 
¡te 
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ke 
KI 
ki 
ki 
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la 
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li 
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Ik 
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lreland model 68 
Isomerases 127 
isomerization of double bonds 174 
i,opropylidene acetal 31 
itcrative procedure 92 

Jones reagent 89 

kctcne acetal 33 
Klwra.l"('h oxidmion 192 
kinctie cnolme 18 
kinctic rc,olution 123 
Knocvcnagel condensation! 4 
Kmpcho, dccarboxylation 7 
Kmpcho, decarboxylierung 50 

lacta m, rcduction 38 
lactarns, macrocyclic 249 

lactol 203 
lactone 137.201. 202. 203 

macrocyclic 77 
lactonization 175 
LAH 86 
Lemieux-Johnson. olcfin cleavage 64 
Lewis acid 19, 185, 189 
Lewis acid-base complcx 187 
ligand. BINAP 47. 237 
ligandsaxialiy chiral 48 
Ligases 127 
Undlar catalyst 209 
Ik- I,3-induction 147 
Locoism 27 
LUMO 

dienophile 21 
cnophile 7 

Ly",cs 127 

macrocyclization 245. 260 
macrocyclus 77, 249 
macrolacLOnizatione 90 
macrolidc antibiotic 233 
Mamanuthaquinone 13 
Mallllich cyclization J 68 
manno ... idm,is 27 
matchcd pair 68 

¡'ule.l 

Meenrein salt 239 
meso trick 127 
mesylate leaving Icndency 151 
I11csylation 36, 103, 245 
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metal hydride, addilion to double bond 257 
metalation with Buli 17 
methanolysis 131 
mcthoxypropene 31 
melhy l ester, aromalic, clcavage 154 
mClhyl iodide 150 
mClhylaling agent 150 
mcthylation 16 
mClhylene carbene 53 
Michacl addition 44. 222 
Michacl reaction 13~ 

mismatched pair 68 
MitsulIobu alkylation 165 
l11onochlorocarbene 99 
MOPH 120 
Mukaiyama rcagenll 127 

N.O-acelal 146 
N-melhylmorpholine-N-oxide 156 
NaBH4 102, 107 
Nazarov cycliL31iol1 41 
NiCI2 105 
nitrile. u-lithiation 241 
NMO 156 
nonaflale leaving lcndency 151 
nosylate leaving lcndcncy 151 
Noyur; hydrogcnalion 237 
Nozaki-Hiyama 109 
NOLaki-Hiyama rcaclion 105 
nucleophile 

lIard 117 
soft 116 

nucleophilic substituliool 80 

Olclin cleavae. oxidative 64 
olclin cleavage oxidalivc 68 
Olclio metathesis 73. 260 
olcfination 

HOl1ler- WadsH'orrh-Emmom J 72 
Homer- WadsH'orrh-EwoIIJ 68 

Petenoll 230 
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Willi" 70 
Peterson 85. 115 
Takai 115 

bu/ex 

one-pot synthesis 208, 214 
organolithium reagent 1,2-addition 252 
Organotin reagenls 52 
onho effecl 17, 22 
osmium lCLroxide 155 
oxaphosphetanc 70 
oxaLaborolidine 187 
oxaLolidinonc 67, 175 
oxidalice. addition 50 
oxidalion 

/Jess-Marlill 70, 244 
Kharaseh 192 
MojJall 156 
Swel7l 62,67, 156, 186,208,229 
CAN 107 
Dess.Martin 107 
01' alcohols to aldehydes 244 
Sc02 135 
Swem 80, 107 
TPAP 65 
wilh CAN 24 
with Os04 155 
with PDC 71 
with TPAP 258 

oxidative 
addition 105,116,119,210,212 
dcamination 227 

oxidative addition 48 
Oxidorcductases 127 
Ozonolysis 68. 82, 85, 88, 104, 239 

pmethoxybenzyl protecting group 82 
p-methoxyphenyl. protecting group 84 
palladium, allylic alkylation 116 
palladium catalysis 131 
palladium-catalysis 47, 111 
PDC-oxidation 71 
periodate cleavae 64 
pcriodic acid c1eavage 88 
peroxide alkaline, hydrolyses wilh 63 
Petel'Soll olefination 230 
phase-transfer catalyst 154 

phosphoric acid diamide 193 
1! complex 116 
pig liver esterase 126 
PLEI 126 
prganozinc compounds 53 
Prins reaclion 8 
prochiral 48, 126 
propargylie alcohol 209 
proteeling, TPS 51 
prolccLing group 

acetonide 64 
hcn/.yl 220 
Boc introduction 150 
MOM 136 
PMB 82 
PMPh 84 
TBS 62,71 

protecting groups 
wilh "graded reactivily" 214 
with orthogonal stabilily 109 

protective group, TBS 259 
protodesilylation 117 
pyran 217 

quinoline 130 
quinone 13 

radical acceplors 223 
radical anjon 182 
radical chain reaclion 52 
radical cyclization 52 
radical halogenation 132 
Radical iniüator, azobisisohulyronitrile 52 
rearrangemenl 99. 101 

aza-Cope 168 
Claisen 33 
lohnson onhaester 33 
[1,2) 171 

red-AI® 209,210 
Red-AI®I 148 
reduction 

al complex from DIBAH and butyl­
lithium 169 

Benkeser 193 
Bireh 182. 242 



1,2-1,4 86 
aluminum hydride 226 
Birch 23 
CBS 187 
DI BAH 203 
Luche 
NaBH4 

138 
166 

NaBH4 and CeCI3 138 
of 1,3-Diketone, cnantroselective 

of ami des 37 
of carbonyl groups 45, 166. 187 
of nitriles 226 
of quinones 16 
triple bond 148 
with [pPh3CuHj6 107 

reduetive elimination I 17, 2 12 
regioseleetivity 2 I 
resolUlion kinetic 253 
Resonance stabilizatioll J 83 
reverse transcriptase, inhibition 13 
ring strain 54 
ring system 5/5 187 
roflamyeoin 233 
ruthenium eatalyst chiral 237 

S,O aceLal 184 
(S)-proline 187 
S-Irans conformation 227 
salt effeeL 49 
saponification 164 
Srhlellk equilibrium 53 
SchJcnk equilibrium JO 

237 

Sehroek, carhene eomplex 73 
secondary-overlap effeet 2 I 
selenoxidc climination 55 

self-regeneration of stereocenters ISO 
sesquiterpene 1, 13 
sesquiLerpenes 4 I 
SET process 23, 136 
Se)ferth reaetion 172 
Sharpless dihydroxylation 123. 200 

asymmetrie 34 
Sharpless epoxidation 80, 87, 204, 253 
(J eomplex 1 16 
(J-donor Iigand 173 

/ndex 

sigmatropic rearrangement, l3 ,3 1 33 
si licon 

B-effeet 149, 168 
bXX-effeet 11 7 
hypervalent 153 

SilyeLher 
eleavage 74 
prepnaLion 33 

silyl eLher 
eleavage 36, 246, 260 
prepn . 259 

silylation 259 
sily1cther 

eleavac 210 
cleavagc 71, 205 

Simmol/s-Smirh rcaelian. cycloproppana­
tion 53 
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sodium bis(2-methoxyethoxy)aluminum hy-
dride 148 

Staudinger reduction 37 
stereocol1vergcnt allylation 83 
stereodivergenee allylation 82 
Still-Gennari reaetion 134 
Stille eonditions 210 
Streptazolin 161 
substrate control 168 
succinimide 164 
Sulfon 120 
sulfonamide effeet 36 
sulfonium sah 184 
sul f ur trioxide-pyridine eomplex 152 
Swern oxidation 104, 107, 152, 156, 186, 

208. 229 
syn elimination 50, 54 
Syn insertion 47 

s)'ll-climination 230 

Takai rcaetion 104, 114, 2 11, 2 I 4 
tanraLe 8 1 
TBAF 205 
Terpene 173 
terpenes 4 I 
tert-butoxy radical 191 
teniary carbocation 189 
Tetrapropylarnrnoniurn perruthenate 65 
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thennodynamic enolate 18 
thioacetal> 239 

/ndex 

thioster as activyated carboxylic acid 90 
THP ether, formarion 114 
thujones 111 
tin radical 222 
Litanocene dichloride 257 
topicity 48. 166 
LOsyl group. c1eavage 253 
tosylate 201 
TPAP 87,258 
trabsesterification 200 
Iml/S diol 200 
lransacetalization 200 
Transferases 127 
transition state 

Zillllller",alln·Traxler 63 
Diels-Alder reaction 21 

tram.ition-metal calalysis 249 
transmetallation 105, 117.212,254 
triall-ylLin hydridc 222 
triflate 184 
triflate leaving tendcncy 151 
trimcthylamine-N-oxide 156 

trimethylsilyl radical 224 
trimethylsilyloxypropene 3 I 
tri terpene I 79 
Typ ¡-TI reagenLs in allylation 82 

umpoled 241 
urethane 16 I 

Veticadinol 
vinylie iodide lOS, 149.210,2 12 
vinylsilane synthcsi s 114 

Weinrcb anlide 17 
IVi/kills(}1I cmaly,t 2 I 2, 213 
Wittig reaction 85, 161 , 170. 203, 211 
Wollenberg method 245 

Yamaguchi meLhod of lactonization 90 
ylide 70, 170 

Z-olefin 230 
¿ipper reactions 4 I 
¿irconocene dichloride 254 


