
Introduction 

I. REACTIONS AND STRATEGIES 
A. Additions to carbowcarbon double bonds 

1. With intemal asymmetric induction 
2. With relative asymmetric induction 

B. Additions to carbonyl compounds 
1. With relative asymmetric induction 
2. With internal symmetric induction 

C. Siitropic rearrangements 
1. Claisen and Cope rearrangements 
2 [23]-Siitropic rearrangements 

II. SYNTHEI’IC TARGETS 
A. Controlling C-15 in the prostaglandins 
B. Ionophore antibiotics 

1. Nonactic acid 
2. Lasalocid A 
3. h4onensin 

C. Macrocyclic natural products 
1. The Prelog-Djerassi lactonic acid 
2. Macrotide antibiotics 
3. Maytansine 

D. Extracyclic chiral centers in terpene synthesis 
E. Alkaloids 

1. Quiuine 
2. Emetine 
3. Phthalideisuquinoline alkaloids 

F. Multistriatin 

3 

4 
8 

15 
22 

28 
39 

41 

46 
49 
51 

54 
57 
59 
61 

63 
66 
66 
67 

References 68 



TETRAHEDRONREPORTNUMBER 

STEREOCONTROL IN THE SYNTHESIS OF ACYCLIC SYSTEMS: 
APPLICATIONS TO NATURAL PRODUCT SYNTHESIS 

PAUL A. BARTLER 

apartment of Chemistry, Univa-sity of California, Berkeley. CA !M?20, U.S.A. 

(Reccid in UK 8 he 1979) 

Although organic chemists have been fascinated by the threedimensionality of their science for more 
than a century, it has been during recent decades that the challenge of stereochemical control has come 
to the forefront of synthesis. In some areas, the state of this art has become spectacularly sophisticated, 
notably in the construction of rigid or confonnationally well understood systems. Far less evolved is 
methodology for the stereocontrolled elaboration of acyclic molecules; that is, for the inuoduction of 
chiral centers which are not contained within the same ring system. This area is becoming increasingly 
important, however, as organic chemists focus their attention on the synthesis of macrolide and ionophore 
antibiotics. 

This report examines the methods currently available for controlling the stereochemistry of acyclic 
systems, with an emphasis on their applications in natural product synthesis.‘2 The first part of the 
report presents a numlnx of reactions and strategies for effecting acyclic stereocontrol; the second part 
outlines syntheses of targets of major interest in which such control has been required. In the first part, 
strategies which rely upon the coupling of optically active fragments or upon the arrangement of chit-al 
centres on a cyclic framework prior to ring cleavage are not speci6cally covered, since in conception 
they rely on prior art. In the second part, such strategies are discussed in connection with specific 
synthetic targets. 

At the outset, we can identify two fundamentally Merent types of stereochemical relationships 
which may be established during the course of a reaction. The chiral centers generated in a react&t can 
bear a specific relationship to preexisting chiral centers in the molecule, and/or they can bear a specihc 
relationship only among themselves. Stereocontrol in the former sense is referred to as relative 
asymmetric induction, and we propose that stereocontrol in the latter sense be referred to as internal 
asymmetric induction. While Schlosseti has defined a,#Miastereogenic reaction types and their ~,a’- 
diastereogenic counterparts for the same purpose, we feel that the terminology we suggest is more 
general and less cumbersome. In each case we are referring to the establishment of intmn&cular 
relationships; the establishment of intermolecular relationships falls under the aegis of absohtte asym- 
metric induction. 

The anti-Markovnikov hydration of a double bond by hydroboration-oxidation, as in Mori’s synthesis 
of one of the components (l-3) of the aggregation pheromone of S. mdtishiutus’ (Scheme l), is an 
example of a reaction which proceeds with internal asymmetric induct& The Z_geometry of the olefin, the 
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syn-addition specScity of the hydroboration process, and the retention of c&&p&on in the oxidation 
step combine to produce the racemi~ tiui# alcohol l-2 stereospecifically. 

The hydroxyMrected epoxidation of the dial 2 - 1 proceeds with relative asymmetric inductionon, on 
the other hand, as depicted in an approach to the beetIe defensive substance pederi$ (Scheme 2). In this 
instance, tbe association of each OH group with the epoxidiz& specks allows the chirality of the 
carbiwi carbon to determine which face of the homoailylic double bond will be attacked, resultiqg in 
selective establishment of the eryfhro relationship at each end 
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Ckarly, for the synthesis of stereocbemic&ly cumpkx &mtancu, reactions of thSs latter class are 
obligatory, unless ti plans to couple optically active fmgmen&. Most of the effort in acylic s&re~03* 
trol, therefore, has been d&ted toward effecting relative asymm&tric induction. 

1. W~~intClllOIar~rjcindrrctionAnysequenceinwhicba~~bandunderIlioesstereo- 
specific addition can be used to genera& chiral centers with a de&d l~-~~. Moreover, this 
stra@y is versatik in the sense that either diastereomeric product is potentiaUy available, depend& on 
the geometry of the starting ole5 For instance, the etyth diastereomer of 1.3 was also prepared 0 ~y,~~l~~s~~~ 

Thefacttbat~~~~stereospecificapeniaewithcarbonaawenaswithhetc3lroatorn 
nuckophiles is particularly u&d. In the sy&hesis of indohnyciq’ the desired stereochemktry of 
indobnycinic ester 3’5 is introduced speci&@ in this manner. U~o~y, Tokyo is epimelixed 
(toa1:1mixh&underthecbnditi.onsofitsfonnationfrom3~5. 

bfori has prepared all four 2R*3R* isomers (e.g. 3’ 7) of the Saw& pheromone by c~upliag the 
enantiomers of trun.~-2,3-epoxybutaae and lithium ~(~~~~d~~~~ Other exampks of 



cuprate openings of epoxides 
maytmwinc and rn~s~. 

A~etticientprocessfortheMti8dditi~ofaCatomaadaheteroatomtooldwMebondhas 
found application ia a mm&r of natural product syntheses. This seqt~& involves the cyclo- 
prqwmtkn of an olefin with a dhnnalonatc or adia?%~-kctoestq and subaequcnt ring open& by 
nuckophilic displacement.‘* Examples arc found in Trost’s model system for the steroid side chain 
(Scheme 4):’ in Danisbcfsky’s syntheses of tbc pyrrolitidine bases (Scheme 5),‘4*1s and in the pros- 
~~~di~~~P~I1. 
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The syntheses of hastanecine and dihydroxyheliotridane are noteworthy in two re~pects.~ The 
intramolecular nature of the carbene additions provides for very e!Rcient relative asymmetric imhtc&m 
from the allylic chiral centers of 5 - 6 and 5 * IC. Additionally, the regiospec&ity in the cyclopropane 
opening reaction is opposite that observed in the other cases above. The constraint of intram01ecular 
“spiromode” attack necessitates cleavage of the bond common to both rings. This cannot occur in the 
bicyclic system, as pointed out above, and the reaction of 5 - 7 and its stereoisomer proceeds with 
hydraxinolysis of the lactone prior to the intramolecular displacement reaction. 

2. Wirh rdatiue asymmetric induction. As pointed out in the Introduction and suggested by the last 
examples of Scheme 5, stereospecific addition to a double bond is most useful when it can be 
accomplished with relative asymmetric induction from preexisting chit-al centers. In many instances, the 
conformational and steric constraints on an olefinic substrate are su5ciently strong that one diastereo 
topic face of the double bond is signi6umtly more’ accessible than the other one. Several examples of 
this phenomenon are depicted in Scheme 6. In most instances such as these, the double bond is directly 
attached to a ring system which provides a strongly asymmetric steric environment An extended 
conformation about the ringole6n bond and approach of the reagent from the least congested din 
appear to explain the observed stereospecificity adequately in most cases. 

Noteworthy for their absence from Scheme 6 are catalytic hydrogenation reactions, ordimuily known 
for their stereoselective cis hydrogen delivery and sensitivity to steric influences. Examples of 
hydrogenations of substrates similar to those of Scheme 6 are found mainly in the steroid area,” in the 
reduction of 20@2>unsatmated derivatives, and the reported results are inconsistent.“~” Moreover, 
some of the earlier claims of stereospecificity appear to be incorrect. 

Recently, Kishi has descrii some remarkable instances of asymmetric induction in the hydro- 
boration of acyclic olef3n.9, as will be discussed in Part II in connection with the synthesis of monensin. 

In purely acyclic systems, examples and studies of relative asymmetric induction in olefin additions 
usually involve cases in which some kind of intramolecular assistance is provided. (This is in contrast to 
nucleophilic addition reactions of carbonyl compounds, which will be addressed below.) When the 
reagent is associated either covalently or non-covalently with functional groups on the acyclic chain, 
nearby chiral centers can exert a high degree of stereocontrol in the functional&ion of acyclic double 
bonds. 

As was reco@x4 a number of years ago, hydrogen bonding of the hydroxyl group with an 
epoxidixing species greatly assists in the epoxidation of allylic alcohols.uz The stereochemistry of the 
reaction of acyclic allylic alcohols” was ihst studied in a thorough manner by Pierre and Chautemp~,~ 
using p-nitroperoxybenxoic acid, and later by Sharpless and Noxak? using peracids and the more 
selective transition metal catalyzed t-butylhydroperoxide systems. Their results, reproduced in Table 1, 
indicate that in a number of instances very high l&asymmetric induction can be obtained. 

By analysis of the stru&nal depemlence of the stereoselectivity, Chautemps and Pierre”* concluded 
that conformations such as those ,ilhM&ed below are responsible for the observed speci6cii. Based on 
their results,n and those of Whitham,= with the epoxidation of 2-methylenecyclohexanol and 2- 
cyclohexenol derivatives, Chautemps and Pierre nb deduced that epoxidation takes place preferentially 
via conformations II and III. The less encumbered direction of approach is that depicted in II, implying 
that the R*R* isomers should be favored in the absence of other steric influences. In fact, the R*R* 
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T&k 1. Klm&fl 
Ratio Rw/R%* 

t-Eiuoc4l. x2* 
Entry mberate cafzl2, o*c rzT.$* t-llocui, vo(auc)2. 
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my analysis of tha structural dependence of the l tereorlectivity, 

Chautempe and Pierre2'b- concluded that conformations such am those 

illustrated belau are responsible for the observed SpecifiCitY. 

Based on their reeultn, 2' and thoee of whitham, with the epoxidation 

of 2-msthylenecyclohexanol and 2-cyclohexenol derivatives, Chauteme 

and Pierre2'kdeduced that epoxidation takee place preferentiallY 

via conformations II and III. The lem encumbered direction of 

approach is that depicted in II. implying that the R*R* isomer6 

isomers are the major products only when there is a sub&rent in the a-position, with the exception of 
Entry 4. ‘Ihe majority of the observed results can be explained, however, by considering conformation 
IV, which is favored when there is no a-sub&rent and strongly favored in the presence of a cis 
/3-substituent.n’ In connection with a recent correction= of their earlier published results,% Sharpless has 
reached substantiaIly the same conclusion, favoring C=C-C-O dihedral an&s of -W for the vanadium- 
catalyzed epoxidation and - 120’ for the peracid epoxidations. For a series of cyclic allylic alcohols, S. 
Teranishi et al. suggest that these angles are -90” and - IW’ respectively.2M 

The Meocontrolled epoxidation of acyclic aIlyIic akzohols has been employed in an approach to 
maytansine (Part III, and has also been applied to the synthesis of isomers of the branched chain sugar 
hamamelose,29$o as iIIustrated in Scheme 7. In the latter work, each diastereomer of the intermediate 
ahylic alcohol afforded a single epoxy alcohol with t-Bu00H/VO(aca&. Unfortunately, neither of these 
isomers led to the natural stereoisomer, which was finally obtained by epoxidation of the pyranoside 
7 - 5, followed by alkaline hydrolysis?’ 
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Analogous, systematic studies of the epoxidation of homoallylic alcohols have not been reported, 
although some specific cases, such as that depicted in Scheme 2: and one employed in Kishi’s momAn 
synthesis (Part II), are quite selective. In contrast, the simplest homoallylic alcohol, 4-penten-2+l, 
exhr&its little 1,3-asymmetric induction with a variety of reagents, as indicated be10w.~’ 

0 

r H - IP+rQ 

r~-CPEaA, CliCl3, 25-C 55 I 45 

&-BuooE, vo(acac)2, 
benzene, 25-C 

66 : 33 

&-BLz;nO6""'6, 45 * 55 , 

We reasoned that if the carbinol moiety could be made to participate in the functionalixation of the 
double bond in a more direct manner, improved 1,3-asymmetric induction m@ht be realixed in a 
predictable fashion. In approachin this problem, we sought to take advanta8e of the high stereochemi- 
cal preferences of 5- and imembered rings, as well as the tendency for electrophilic attack on an olelin to 
lead to cyclixation by appropriately positioned nucleophiles?3 As illustrated schematically below, this 
“oxidative-cyclixation” process we envisaged would be used to control the relative stereochtmistry of 
the chit-al centers, either kinetically or thermodynamically. Subsequent elaboration would then restore 
the acyclic system, in a sequence which, overall, would accomplish the asymmetric functionalixation of 
the double bond. 

To apply this stratgy to homoallylic alcohols, we requhed a functional group which was symmetric 
(so as to avoid difhculties arising from diastereomeric starting materials), which extended the reach of 
the nucleophilic OH group (so that it could participate in a cycliition reaction), and which allowed the 
stereochemical information to be transmitted eflectively to the oleflnic center.” We chose the phosphate 
moiety for this purpose, and were delighted to I&l that diethyl+n~2-yl phosphate undergoes an 
intramolecular Arbuxov-type reaction in the presence of iodine, 8iving the cyclic phosphate 8 - 3 in 87% 
yield’* (Scheme 8). Ring open&g of the phosphate and rirg closure to the epoxide 8 -4 occur upon 
treatment with sodium e&oxide, and provide material which is more than !B% pure stereochemically. 
This extremely high l&symmetric induction results from intermediacy of cyclic tetraal- 
koxyphosphonium ion, 8 - 2, and avoidance of the 1,Maxial interactions which would necessarily be 
present in its diastereomer, and reflects thermodynamic control over the cyclixation process. 

a.1 __ 

TlTRAVd.36th I-B 
scbsme a. 



12 P. A. BAmmI 

As Table 2 i&i&es, this strategy for epoxidation of homoallylic alcohols is general for a variety 
of derivatives.~ Furkrmore, it is specific for 13_ as opposed to I&U3ymmetric kduction, as 
illustrakd by the results observed for the crythro and thrao diastereomers of diethyl ImethyM-penten- 
Zyl phosphate (Entries 2 and 3, respectively). In addition, the cyclic iodophosphates and the epoxy- 
phosphates may be reduced directly to the erythm diols with lithium aluminum hydride.” The 
application of this phosphatedkcted functionalization procedure in a synthesis of nonactic acid is 
OutlinedinPartII. 

1 ,dAsymmetric induction in the epoxidation of bishomoallylic alcohols has been observed by Ki~h.i,~ 
using the highly selective &Bu00H/VO(acach reagent (Scheme 9 and Table 3). The stereoselectivity of 
the epoxidation process was ascertained after acid-catalyzed cyclization of the epoxy alcohols to the 
tetrahydrofuran derivatives 9 - 4 and 9.5. surprisingly high selectivity is obtained, and again, it is the 
carbinol center (1~4) rather than the closer tertiary carbon (1,3) which controls the stereochemistry 
(compare Entries ‘3 and 4). The preference for 9 - 2 over 9 - 3 is explained by reference to dia- 
stereomeric transition state conformations 9 - 6 and 9 - 7,# with the suggestion that the steric interaction 
of R3 and the Et group deskbilks the latter. It is difkult to see, however, why there isn’t a similar 
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interaction with R* in conformation 9 - 6, or why 1,4 and not 1,3-asymmetric induction is observed for 
Entries 3 and 4. While a definitive evaluation of possible transition state conformatkxu most await a 
more comprehensive study, the high l&symmetric inductions observed are impressive, as are the 
syntheses of the ionophore antibiotics which incorporate this reaction (see Part 11). 

A carboxyl group can also be used to direct the epoxidakn of an ole6n by an “oxidative cyclization” 
process” (Scheme 10). With the proper choice of conditions (iodine in acetonitrile with either the 
carboxylic acid or the ester), the cyclization step is reversible (via 10 - 2). and the thermodynamically 
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favored iodolactone can be obtained very selectively. Akaline methanolysis opens the ring, providing 
the epoxy ester 10 * 4 in an overall sequence which proceeds with very high asymmetric induction (1,2- 
in these cases), as illustrated in Table 4.n 

Tibk 4. Epoxidah of okhic acids 

Ratio, 

7 

8 

9 

Ro2crY+ 

“-fY- 

‘I L HO 

1O:l 

lOI1 

10:l 

20:1 

2011 

20:l 

2011 

20rl 

1011 

(3:2)= 

80b ‘W2C 
+ 

El . 

98 I 

H 

7s mo2 +Y 
77 (R-O&x) 

71 (It-He) - 

a9 “““TYB 

52 

Conversion of the epoxy ester in Entry 7 to a -multistriatin is dkuxssed in Part II. The epoxides from 
Entries 5 and 6 are of interest as potential intermediates in the syqthesis of the rifamycins,“’ 
strept~aricins,~ and the related byte and s~~ly~.~ 
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The Simmons-Smith cyclopropanation of olefins is also very strongly directed by OH groupsr and 
recently the stereospecikity of this reaction has been studied with acyclic allylic alcohols.” A 
comparison of these results flable 5) with those of the analogous epoxidations (Table lp” reveals a 
very close simikity, and the direct& effects’ have ken explained in the same nnumer.” 

A number of other reactions of ole6ns are known to be directed by OH coordination, but their 
application to acyclic systems remains largely unexplored. Among these are catalytic hydrogenation’* 
and the addition of complex hydrides43 and organometallic species.” A preliminary study suggests that 
dichlorocatk~ addition to acyclic allylic alcohols is not directed by the OH group.‘-’ 

T&k 5. Cycbpm of allylic alcohols 

2 X:64 

33r67 

<1:99 

(B) Additions to carbonyl compounds 
1. with dative asymmetk induction. The greatest effort in the area of acyclic stereochemistry has 

been devoted to understandiq relative asymmetric induction in nuckophilic additions to chiral carbonyl 
compounds.‘3 The study o&inated with Fiber’s work on hydrogen cyanide addition. to ahioses,~ led 
to the efforts by Cram,“‘~ Comfort&‘!’ Karabatsos,‘O and Fellrid’ to provide comusknt and useful 
models for predktiq relative asymmetric induction, and continues to tbe present with theoretical 
treatments of the phenomenonW 

The specittc conformations of the carbonyl s&&rates whkh were originahy considered in order to 
explain a-asymmetric induction are iilustrated below. Cram proposed an “open-chain model’” for 
simple alkyl-substituted carbonyl compounds, expect@ the carbonyl oxygen and the largest Q- 
sub&rent to adopt an anti relationship for the add&n. Cornforth YipoW’modeP suggests that for 
a-halo derivatives, the carbon-halogen and carbonyl dipoles prefer an unti conformation For com- 
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poundswhichcontainana-s~t~eof~tbecatioaicpartofthe~the 
“cyclic” modePN predicts that this substituent will be eclipsed with the carbonyl by formation of a 
&elate in the favoured conformation In each case, nucleophilic addition is understood to occur from 
the least encumbered side of the r-bond, that which faces the smallest sub&ituent, as indicated below. 

dipoh dmP qlotic3 wa#a4’,‘8 

While these models adequately guide synthetic chemists in their predictions of the major isomeric 
products, the quantitative discqancies between predicted and observed results as the sub&rents are 
systematically varied has led to alternative suggestions. %’ A major portion of this work has been 
reviewed by Morrison and Masher’ and will not be expanded upon here. One of the more successful 
alternative models is that of Felkin,” who proposes that the appropriate conformations to consider for 
the open&ain model are those in which the bond to the largest a-sub&rent is perpendicular to the CO 
group. The carbonyl oxye is considered to be less sterically demanding than the CO substituent, 
therefore favor@ conformation A below. 

4 
8 . . ..a mm*... . 

R @- 
-t 

5 B 

Recently, Anh and Elisensteinn have reported the results of their ub inSo calculations of appropriate 
transition states for both the open&am and dipolar models. They conch& that the conformation 
chosen by Felkin” for the open&tin system lies closest to the minimum energy for the tramSon state, 
~becauseofu-lrmixingoftheaaubstituentandCOorbiCals.Theyfurtberproposethata#ack 
as in A is favored over B, but for a Merent reason than that suggested by Felkin. The dire&n of 
nucleophileapproachtothecarbonylcarbonisnotperpendiculartotheC~bond,butisinsteadfroma 
direction tilted away from it.% This trajectory brings the nucleophile closer to the medium-sized 
sub&rent in B’ below, de&&S&g this traMion state relative to A’. The prediction by Anh and 
E&nste3 of the favored conformation for the dip&r model meshes smoothly with this picture as 
well, with the halogen occupying the position perpendicuku to the carbonyl, as in C below. 

Inthec~stryofnaturalprodncts,themostextensivestudiesofmlativeasymmetric~in 
carbonyladditionreaotionsareencounteredinthesteroid&l~incormectionwiththeconstnrctionaf 
the acyclic side chain. As this speciRc topic has been reviewed very recently,2’ only a few ilhMWive 
examples will be given. 
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Nuckophilic addition to the 20-keto steroids is hi&Iy seIective for the si face?‘” This is consistent 
with the open-chain model, which pred& that the tmnsition state should resemble 11-S. In the 
scqmce depicted in Scheme 1lP thisleadstothc#IRepoxide11~2Intbtpresenceofisoamyi- 
magnesium bromide, this compound undergoes rearraagemcnttothe2ORaldehyde11~3,whichintum 
uadergoesaaotherhighlyselectiveadditionreaction,~inthepredictedsense(ll.~),togivethe22R 
alcohol 11.4. As would be expected, 22s alcohols are the major products from addition to aldehydes of 
the epimeric 2OS series?’ While the addition of orgawmetaEc rea~~ente to Z-aldehydes proceeds in the 
expected manner, in some instances the hydride reduction of 20-ketone-s occurs in the “anti-Cram” 
SCIISC!.2’ 

Il.6 -_ 
Il.5 -_ 

scheme 11. 

Although the substrates are quite dBeren& the stereochemical outcome of nucleophilic addSon to 
the double bond of E-22-en&4-one steroid derivatives can be interpreted in a fllMIlW!iimilartOtlN? 

reactionS of 2%aldehydes. For instance, the aMine epoxidation of 12 - 1 alfords very selectively (!I5 : 5) 
the 22S,23R epoxide 12 - 2,Sm as depicted in Scheme 12 A reasonable proposal for the trans&m state 
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structure is 12 - 5, which is analogous to that for carbonyl addition and predicts the observed specificity 
for 12 - 2. Similarly, enoue 12 - 1 reacts with dimethylsulfoxonium methylide to give exchtsively the 
22S,23S cyclopropyi ketone 12 ~3,~ also as predicted by 12-S. The epoxy ketone 12 -2 has been 
employed in syntheses of the fungal hormones 23deoxyantheridiol” and isoan&eridiol,~ and the 
cyclopropyl ketone 12 - 3 has been converted to isomers (I2 - 4) of the marine sterol demethyl- 
3ouPterols 

Gr@rd additions to 17a-hydroxy-XLketo steroids follow the predictions of the cyclic model quite 
well, as revealed in the examples below. u On the other hand, the 16a,l7u-e@des react relatively 
nonselectively$bo and without consistent adherence to either the cyclic or dipolar models. 

R',R= = alkyl 

A number of natural product syntheses employing additions to chiral carbonyl compounds having a- 
or @*xygen substituents are outlined in Scheme 13. In Johnson’s synthesis of the antibiotic cyclo- 
heximidep’ the correct side chain co&uration is inuoduced swcally in the course of 
hydrogenation of the racemic enol ketone We 1. The hydroxy ketone W-2 was shown to be an 
intermediate in this reduction, and it was sug@ed that an intramolecular H-bond fixes the con- 
formation of this molecule such that further hydrogenation occurs from the direction indicated in l3 - 4. 
Surprismgly, the course of the hydrogenation is different when applied to optically active l3 - 1, affording 
both 13 - 3 (30% yield) and the diastereomer 13 - 5 (20% yield) with the same relative diol stereo- 
chemistry. 

As an example of titanium tetrachloride-catalyxed aldol condensations, Mukaiyama treated 2- 
benxyloxyhexanal with diketene, obtain& an 85: I5 mixture of diastereomeric esters (I3 - 6) after 
methanolysis of the acid chloride intermediate.Q The major product, which is that predicted by the 
cyclic model l3 - 7, atfords the fungal product pestalotin upon further manipulation. 

In a recently reported synthesis of pederamide,@ tlte amide fragment of the molecule pederin, a 
ketone reduction is employed to introduce the extracyclic chiral center stereoselectively. However, the 
basis for the observed selectivity is not immediately clear in the absence of appropriate models havin8 
two a-oxygen substituents. 

Although the 16a,l7aepoxy-2@keto steroids exhibit little selectivity in their reacti~ns~‘~ in a series 
of acyclic @upoxy-ketones, high selectivities can be observed on sodium borohydride reductiflfi 
(Table 6). Epoxy ketones lackinR an a-substituent atford the R*R* isomers specifically. The presence of an 
a-Me dimini&s or abolishes the selectivity entirely. This asymmetric imhtction has been rationalixed on 
the basis of the cyclic model,nb although it is unlikely that sodium ion is chelated by these compounds in 
alcohol solvents to any great extent. Moreover, in hydride reductions of ketones in which this type of 
chelation would be much more likely,U only limited stereocontrol is observed. 

Re8ardless of the interpretation of the basis for the observed selectivity, this route is quite valuable 
for the synthesis of epoxy alcohols of opposite relative stereochemistry to those produced by OH- 
dire&d epoxidation of allylic alcoholsma (compare Tables 1 and 6). In an analogous (albeit more 
hmited) studf’ (Table 7), the reduction of chiral cyclopropyl ketones also proceeds selectively, to give 
the carbinols complementary to those obtained by the Simmons&nith cyclopropanation of allylic 
alcohols” (compare Tables 5 and 7). 

It seems likely that the same factors are responsible for the stemoselectivity of both epoxyketone 
and cyclopropyl .ketone reductions,‘* and we suggest that the trans&n states for each resemble 
conformation A below when the a-substituent is hydrogen This conformation allows the CO r+rbital 
tomixwithtbeWalshorbitalofthe3_membcredrin&andminimizesthestericinterectionsofthering 
with the CO substituent R and the incoming complex hydride. Moreover, the favored conformer for 
methyl cyclopropyl ketone itself resembles A” When a Me group occupies the a-position, conformation 
A is destabilized, and increasirg reaction via conformation B diminishes the stereoselectivity of the 
reduction 
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W-Y Subetrate Ratio k?htwo/~~~) 

1 52X48 

2 52148 

3 62r38 

4 PI@+ 88812 

5 84116 

6 87:13 

Kishi has dcvclopcd - for the s-ve reduction of some 7&epoxy kctones,~ as 
shownin’Eebk8,aadhasemptoyad~nadZoninhisionapbons~seartI1).Atthoushonlya 
few substmtcs were investigated, the reddons a8ain proceed with’a specificity complementary to the 
epoxidatb process (see Table 3). 

Tabk88. Rafuctiabcydintian dyJcpoxykcia& 

Entry Substrata Reaqent 

2 . LUB4, ether, O*C 1:3 

3 . 
LiAUi(OpBul3, ether, OV It4 

4 . b LiAlli4*Diamine , ether, -78V lrll 

6 JJ$? LA"4.DIad.*thu, -7S.C 1:lO 
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2. Wifh internal asymmetric induction. Addition reacthi of carbonyl compounds are not only 
capable of establishiug vi&al chiral centers in the sense of eqn (1) below (with relative asymmetric 
induction), but, in the case of enolate addition, in the sense of eqn (2) (with internal asymmetric 
induction) as well. hfany variations of the aldol condensatkm and the Reformataky reactkm have been 
pursued in an attempt to achieve stereoselectivity in the latter sense, and for the aldol condensation 
some notable success has been reahxed. 

R” 
R ’ 

‘$ 
P- + R=ai=c 

km - Tier St* q. 8 
R ’ 

The work of Heathcock,*‘~ Dubois,@ and Housem (among others),* has kd to an understanding of the 
factors responsiile for stereocontrol in the aldol coMbcI188tioI. Scheme 14 depicts the co&nsation of 
an aldehyde with a ketone enolate of the Z-geometry~ The reaction proceeds via the chelated Gil 
states, I3 and Ts, and the intermediates E and T, when the reaction is carried out in aprotic solvents in 
the presence of a coordinating counterion. Similar stnMures can be envisaged for euolates of the 
E-geometry. 

For k&&ally controlled reactions @i-n between El and T$; see Table 9), the tvyt!uu 
isomer is tbe favored product from Zenolates, while the rlvao product predominates from Ecnolates 
(with some exceptions). The bulk of R” is important: with decreaGi size, steric interferer~~ with the 
%xially” disposed R group in T# (Scheme 1) diminishes and stereoseiectivity decmases. Moreover, as R’ 
becomes bulky, its garcchc interaction with R destabibxes l3 (Scheme 14) and favors tbe tluw, product 
with 2 enolates. 

Under conditions of thermodynamic control @&M&ion between E and T in Scheme 14), the 
ffuw, product is favored, regardless of the geometry of, the starting er~8late.~~ For instarrce, the 
Z-bromomagnesium e&ate of ethyl t-butyl ketone condenses with benxaldehyde to give the etyzhru 
product kinetically (entry l), but if tbe reaction mixture is allowed to staud (period of time unspecified) 
the tb isomer is nearly the exclusive products In a report evamating the in&ence of dilTereni 
counterions on the aldol condensation, House found that either stereoisomeric enolate of phenylacetone 
condenses rapidly (less than 5 min) with butyraldehyde in dimetboxyethane/etber at 7-10” in the presence 
of zinc chloride to give predominantly the fhrco produ~%.~ This stereochemical result and the inva&nce 
of product composition with longer reaction times are consistent with thermodynamic control over 
formation of the alkoxide chelates E and T. A number of highly coordim&g metals have been studied 
as counterions in the aldol condensation, inchrding boron;D aluminum,“~” and titanium7s in addition to 
those mentioned above, with varying degrees of stereoselectivity observed. 

R’ R’ 

R 

-* R= 

E 

R 

-JA . 

R’ 
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In the ab8ence of a coonfinstias cation, for ixatmce with a quaternary ~~~ enolate, reverse 
aid& ~~ is very rapid.% In some instances (e.g. entry 15 in Table 9p these non-chelated . 
W arc quite sterwseltive, with a Zcadate &xding the thw product.a*n In protic 
media, wbcrc control via &latcd intermediates is also unavaikbk, very low stercoscl~on is nsualiy 
gbscrvul.6B;” 

Tablo9.NdolcaodadmwithhiDeticcartrol 

1 RCEO 
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82r18 (58) 
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t&w only 
(74) 

t?tr# only 
(66) 

93:7 (69) 

48t52 
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Anotber potential method for obtaiGng thr#, a-aIkyI+hydroxy-ketones is suggested by J&r’s 
reporP that isoxaz.oI.ine “em-&es” am be alkyIated stereoselectively to give the tmns isomers, as 
‘shown below. WhiIe they do not report attempts to cleave these or simihu products to hydroxy ketones, 
they were able to reduce them stereoselectively to V-amino alcohols. 

The unusual hydroxyethyl side chain of the antii Genamycin has generated interest in 
aIdol-type condensations of &la&am derivatives. In this connect& the stereochemistry of the reaction 
of benzyl perMIMe em&es with acetaIdehyde has been elucidated (Scheme 15).“O Addition from the 
exo (a) face of the enolate 15 - 1 affords a comparable mixture of erytb and thm isomers 15 - 2 and 
15 -3, whereas addition from the more stericaHy encumbered endo (B) face provides only the t/ma 
isomer 15 ‘4. The chelated transition state (lS -5) proposed by the Merck chemists ration&es *&is 
result quite well. 

‘bo2cE2Ph 
t 

IS.1 -_ 

Iii.2 -_ Es.3 -_ 154 -_ 
248 499 279 

AsonemiehtanticipatefromtheimporCanceofabnlkyR”snbstituentaadastereochemicallypure 
enoIate in the model of Scheme 14, the classical Refomutsky reaction*‘* and its modem coon&parts 
using lithium en&&P usuaUy exhii only moderate s&reoscIectivity.” In this regard, the Reformat&y 
condensation of methyl bromopete with 2-pbenyIp1opa&” (Scheme 16) is representative: a 
thmhyth selectivity (internal asymmetric i&c&m) of 29:71 (16.1+16-2/16~3+16~4) and a 
reIative asymmetric induction of 79:21 (16.1+16~3/16~2+16~4) are observed. The reaction of 
3-phenyl-ZbutaMmep ontheotherIuuu&ispartMarlyin&re&&&ausetbethtz&rythtuseIe&ity 
(9o:lO for 16~5+16~6/16~7+16~%) is WUU&, and both it and the relative asymmetric indu&m 
(85:15for16~5+16~7/16~6+16~8)areeven~.Untortunately,~wasthemiaorisomers16~6and 
16 - 7 which were desired for conversion to the WuralIyqcurriq necicMidC4(QispaticardfUhGlic, 
respectively) by ozoadysis and hydrolysisP 
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The partMar experiments ill~trated in Scheme 16 raise an interesting que$ion of &n&s, because 
the intrmal asymmetric i&u&on for the reaction of the ketone is presumably established by a 
tbelmodynamkauy contlolkd process:‘. while the rdatiue asymmetric induction is presumably 
es@lished by a kineticany controlkd proces~.~~‘~ 

In order to circumvent the generally low stereosekctivity of ester enolate condensations, Heathcock 
used 2-metbyl-2-trimethylsilyloxy-3mtanone as the enolate precurso I in the aldol condensation.a After 
genem&m of tbe Z-enolate and kinetically controlkd formation of the erythro aldol product (see Entry 
4, Tabk 9), periodic acid removes the silyl group and unmasks the carboxylic acid by cleavage of the 
B-hydroxy ketone. Erythm 8_hydroxy-a-methyl acids are thus availabk as outlined below. 

Li 

:-Ax Rclio 

-3 
-76v! 

*3 

\ 

66-906 

Jr-- B IiIO, 

SO-778 J?% im3 

The di&ulty of obtain@ the analogous E-enolates renders the diastereomeric three @hydroxya- 
metbyl acids inaccessible by this route. However, Heathcocp has demonstrated that Hiyama’s 
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me&&’ for the addition of crotyl bromide to aldehydes with chromous ion provides the thaw products 
very selectively (Scheme 17). The three acids arc then available by cla~age of the double bond. The 
stereospe&city of this transformation is expw by reference to the chair-like cyclic tram&on 
states17~3and17-4,inwhichtheaxiallyorientedl@andsoftheoctaLderaUycoordinatbdmetalplaya 
major role in destabilizing the conformation (17 - 4) which would lead to the crpthm product. This 
suggestion is particularly interesting since a variety of similar reactions employing other metals are 
believed not to proceed via cyclic transition states.m 

RCHO + WBr + 

25V 

H 

1. 03, EtOAc -& 09 
2. H202, lK!O3- I 

17.1 -- 17.2 -- 

OR2 

c R20\ i 
R 

A 

/-' I 

Cl) =% 
- 17-l -_ u 

t 
r& 

Cl 
E R+AO 

Cl 

17.4 -- 

!khelw 17. 

The relative asymmetric induction attainable in the aldol condensaGon~ and the reaction of Scheme 
17# has also been studied by Heathcock (Scheme 18). Both reactions exhibit the specScity predicted by 
the models discusse4l above, although the selectivity is only moderate in the case of the crotylchromium 
i3dditiOU. 

X-B 86 14 
x=Osilw3 61 I 19 

72 I 28 

74 I 26 

-O--f- +_+&+& 

lEl-RAVd.lbL. I-c 

50 I 50 

Maw 18. 
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A few less common reactkms involving ester enolate un&nWks have been used successfully for 
acyclic s tereoWntro1 in natural product syntksis (scheme 19). Among these are the sekatalyxed 
condensation of ethyl glycinate with two molecules of ,p-nitrobenzaklehyde to give the rhrao adduct 
19 - Lm Since this isomer crystallizes from the soluti~ the stereocontrol observed may result from an 
equiliition process. Further elaboration of 19 - 1 alhds the autiiiotk chhamplkfmicol.m 

cbr-uHcu2cE~O + d 
19.2 P b? 
-_ 

l9.3 -- 

PB 10-U 

258 

19’1 
ch?.olunph4mioot 

!kkmt 19. 

Condensation of tbe protected &minopropanal derivative (19.2) with the activated glycine reagent 
(19 * 3,” proceeds in a similar stereochemical sense, providing the thrco hydroxyamino acid 19 - 4 with 
its diastereomer in a ratio of 8: l.n Replacement of the OH group with ammonia in a double inversion 
sequence and condensation with cyanogen bromide lead to capreomycidine, a constituent of t&e 
antibiotic capreomycin. Similar thm selectivity was noted for tbe condensation of 19 - 3 with aldehyde 
Sugars? 

A number of Michael reactions proceed with high internal asymmetric induction.- In particular, 
the addition of cyclohexanone enolates to Spenten-2-e has been thoroughly studied as a means of 
establishing the cis dimethyl relationship in the eremophilane sesquiterpenes- (Scheme 20). Marshall’s 
original application of this strategy employed 2-carbomethoxy4isopropylidenecyclohexanone (29 - 1, 
R- CMe2) as the nuclecphile. 93 In this react& carefully controlled conditions were required to 
optimixe tbe stereoselectivity (about 3 : 1 in favor of the cis product 26 - 4). The transition state sbucture 
26 - 2 was proposed to account for this selectivity and its dependence on solvent and counterion.” 

Under poorly disscciating conditions and with the more basic enolates derived from u-methylcyclo- 
hexanones 23.5, the hJichac1 addition is kinetically controlled and stereospeciik- procAbg via a 
transition state such as a.6 which mink&es steric interactions and charge separations. While tbe 
acyclic stereocontrol depicted in Scheme 20 was employed only for the consbuction of intermediates, the 
potential application of this strategy for specifically acyclic targets is obvious. 

(C) Sigmattupic mfmngements 
The transition states ofthe [33J- and the [W+mabopic mments are usually highly ordered, 

with tbe result that specitk sterecckmical relatbships in a start& makrial are faithfuUy transformed 
to specific reMio&ips in the product. These reackns are capable of both relative and internal 
asymmetric induction aml have therefore been employed to great advantage in the construction of 
acyclic systems.‘” 

1. Claisn and cope -es. In general, tbe [3JJ&matropic reammgements of acyclic 
molecules show a preference for a chair-like umformation of the transition state (C), as depicted in 
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scheme 21 for tbe Claisen nxuraqement.‘“‘-‘W For the crotyl propcnyi ethers (stereoisomers of 21-l; 
R=X=H), mment through an ahmative boat-like conformation (B) is disfavored by 2% 
2.7 kcalhnole.“” When applied to secondary allylic alcohols, a high proyify fzrtz ;f E 
E-okfin is observed, particularly wben X#H, because of the “pseudohxui 
chair4ke transhn state (C) lead& to the z-homer 21. sm 

Therecankupto~chiralccntersdirectlyiDvolvedintheCtsisen reamqpzment: that of the 
startingmaterial21~1andthoseoftbeproduct21~2(thecoge wt can involve up to four 
chiral centers if the oxysn is rephced by a chiral carbon). Hill has &own that these murangements 
ptooeedsuprafaciallywithregardtotbeallylicmoicty,~sothattbc~oftheanylicchiral 
center of tbe product is specihlly related to that of the starting ma&al. Moreover, either con@mtion 
ottheaewchiralcentermaybeobtainedbyc~tbCIFcOmetrYofthtallyticdouMeboad(compare 
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Ji#j$ -----* * 
21.3 -_ 

C’ 

2l.4 -_ 21.5 a- 

!sdRmt 21. 

21.1~21.2with21~4~21.S).Althoughachiralcenterisdestroyedinthe~m~~~reappears 
in the.aUylic position. OIE of the useful features of the reaction therefore, is the ability to transmit 
chirality along a carbon chain (relative asymmetric induction& as illustrated in Schemes 22% for the 
construction of the steN&P and tocopherol’@= skkchains.“oo 

InLytbgc&routetotheWindaus-Gnmdman C-19 ketone (Scheme 22), a key intermediate for the 
synthesis of Vitamin 4, propynyl Grigaard addition to de 2%aldehyde 22 - 1, gives a mixture of isomers 
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turnisumvertedbycbriscn ~~totbe3s;IRproduct23~7,whichcanbecolrpkdwithan 
optically active chroman unit to give tocopherol.~ 

othersimilatroutestotbisvaamindevdopadbytheRocbelpoup(sebemcU)cntailtransmission 
of the chimtity in the othex direct@ with the conversion of microbiob&aUyderived S-aldehyde 24.1 
to the m ester 24.3,” and the S-chromane aldehyde 24.5 to ester 24.7.‘” While the latter 
ma&al could c<wceivBbly be homologated again, the remainiqg chiral center of tocopherol was 
introducedbycollplissthetoeylate21.8withtbcR~reagent2rl.9. 

As suggested by !kheme 21, the Cl&en vent can introduce two chiral centers in the 
product with ‘&rnal asymmetric induction as well. Their relationship is established by the chair-like 
transition state and depends on the geometry of the double bonds of the starting materi as illutrated 
below for the isomerk 2-butenyl-l-propenyl ethers.“l ?his feature of the reaction, comb&d with the 
suprafacialnatureofthe reammgement, allows both of the chiral centers of the product to be related to 
that of the starting material, and to be introduced with either configuration by control@ the geometry 
of the double bonds. 

143-15o.C 

95.99 
stereoselective 

15&19m 

94-n 
stereorelective 

\ Q 
E 

145-165V -3 - 145imv 

95.5% 95.41 
ster8oselectlve rtereoselectlve G 

Control of the geometry of the enol ether double bond is the most di5cult to achieve, although 8 
variety of methods for doing so are now availabk.“1-113 Sucrow demonstrated that the allylic ketene- 
N,O-acctalsproducedbyexchaqgewiththeetboxyderivative25.1aregeneratedandrearra4gedwith 
high selectivity, aIT* #pthro products from trans-allyiic alcohols, and thr#, products from 
cis-allylic alcohols”’ (Scheme 25). These results imply a Z-geometry for the ketene-N,O-acetal inter- 

Fatio, A/E. YiSld 19) 

9585 76 

9218 65 

3r97 65 

7x93 79 
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mediates25.2and25.3.Thelargebullroftbedimethylaminosubsti~nt(especiallywhenthenitrogen 
lone pair is conjugated with the 3r-system; see 25 - 4) accounts for this preference. 

In a synthesis of sanUnatriene”’ (Scheme 26), Sucrow first prepared the amide 26.2 using this 
procedure. The corresponding methyl ester (methyl santolinate) was later recogdxed as a natural 
product.“~ 

mth#t antQlC?mte 

schomt 26. 

Sucrow has also employed this reaction for both relative and internal asymmetric induction in the 
stereoselective consuuction of all of the diastereomers of 27 * 2, precurso rs to steroids which contain the 
25cthylated side chain (Scheme 27).S’10 

El . 

22523-d 

22&Z,-g 

22$23-E 

22&23-E 

nz . 

Ratio with 
Major Imamr c-25 Epimmr Yield (9) 

24&25Fj 9416 92 

24&2Sg 99111 __ 

24lJ25g 9713 79 

24g,2Sg 9713 70 

schemen. 

Although the ynamineClaisen reamqrement, which involves an alternative means of generating an 
allylic ketene-N,O-acetal (such as 25 - 2), was descrii by Ficini and Barba# a number of years ago, 
the stereoselectivity of this process was not reported. We have found that this reaction (Scheme 28) can 
be controlled to give either of the diastereomeric products selectively, depending on the choice of 
conditi~ns.“~ If the reaction is carried out at room temperature with BF3 catalysis, equiliition of the 
ketene-N,O-acetals occurs and rearrangement takes place via the thermodynamically favored Z-isomer 
22 - 3. If the reaction is carried out under ~nditions of kinetic control (by adding the alcohol slowly to a 
refluxing solution of the ymunine in xylene), rearrangement via the E-ketene-ND-acetal 22 - 2 is 
observed. Kinetic selectivity for the E-isomer arises from attack of the alcohol on the ketemminium 
intermediate (22 - 1) from the least congested direction. 

Ratio of 2W28~S Wild) 
Catalyzed by !slowaddsonof 

R’ R’ R’ R‘ BF,*E&O, 2ST m. lm 

CH3 H H 1:2Ow%~ 2:1(62%) 
H CHH, 1:5 (37%) 2.5:1(74%) 

E: 
H A, :: 1:10(50%) 10: l(s6%) 

H CH3 
Ph :: H H 

1:3 (19%) 4:1(36%) 
l:lO(6@%) 2 : 1(61%) 



Enohtion of allylic esters may also be stereocontrolled, with appropriate choice of substrate and 
deprotonation conditions. ‘12 Wilson and Ftiter have taken 
exhii by senecioc esters on deprotonation with hindered 
diplodinl” and shyobunone”’ (as shown below). 
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advantage of the Eenolate selectivity 
lithium amides for syntheses of botryo- 

91 (88t yield) 

16 (9% yield1 

18 82 (98% yield) 

A 80 20 (959 yield) 

The most versatile method for controHin8 the stereochen&ry of the ester enolate Claisen rear- 
rangement origkted with Ireland, ‘lz”g who showed that either enolate isomer of a propionate ester can 
be generated selectively, M on the choice of teactioll sol~m. In 7x1~ alone at -78”~. 
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soclllfioll of a bulky1 lithium didkyhmide with tbe ester substfate in the transition state, suggested to 
Zsefnble the structures above,lt2 leads to formation of the Zcndate predominantly. In 2396 HMPARHF, 
intramdecularcoordinationislessimportant,tbcestaoxygenbecomcsthemorc~ydemandiqgonc, 
and the Jhnolate is favored. After silyhtion and W, tbediastereomerkpraductsafeobtaimd 
with very good selectivity, as Table 10 reveals. 

R’ 

fi 

LM 
solvent t-9uMc2SiC1 Hfl 

--- qyL+ g -WC 
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Rc 
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Entry Substrate so1vult Ratio, A/B YfOld (8) 

TBP 

238 EHl'A/TltF 

87113 79 

19r8i 73 

Tlw 

23) EUPA/'lW 

11189 75 

86x14 75 

TEF 88112 68 

231 EMPA/THF 20180 57 

TAP 

236 BMPA/'I'EF 

21r79 59 

85x15 69 

Tm 

23@ EMPA/TFIF 

18r82 

80r20 

80 

75 

TTW 

23) EMPA/Tli? 

17183 76 

77~23 80 

TIP 

23@ ENPA/TIIF 

30170 60 

78~22 59 

'wp 53147 67 

236 imPA/lTR 52848 72 
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Entries~areparticularlyinterestiosbecausethey~~aaalternativeroutetocompounds 
having the a-alkyl+hydroxy (aidol) subs&u&m pa&m?’ This route has the advanta@s of affurdiug 
either isomer selcctiuety, even when there is a @alkyl sm The cimramylctype esters (Wry 81, 
however, reamnge essentially non-selectively, relkcting apprcGiaMe rcactkm via a boat-like transition 
SWL’” 

Methyl santolinatc @&me 26) has also bccu synthesized stcreosckctively (8: I ratio, 53% yield) 
from E-S-methyl-2,dhexadknyl propaooate by the ester enolatc Cl&en procedun.‘” 

A number of Claisen -me&s of esters which are a-substituted with heteruatom groups have 
been repo&~I,~~‘*‘~ but only tbe phqcne-induced reamuUe ments of benzo~‘p allylic esters have 
been suggested to occur stereosekctively. Siuce this latter rcactiun proc&s via an oxaxole (e.g. 29 - l), 
the doubk bond geometry is ubviously fixed; however, the ~ment of the crotyl ester affords at 
best a 2: 1 mixture of diastereomers’~ (Scheme 29), indicating that part of the reaction involves a 
boatlike transition state c43nformation. This rearrangement has been reported to be stereospecifIc for the 
geranyl esters’” on the basis of ‘H NMR analysis of the product. 

PhC5M 
2.1 

phT+ F 

<2 : 1 

rrc3SlCl WC &OH 
- - - 3.5 I 1 

We have studied the wment of these derivatives by the ester enoh& procedure, via the 
dianions 2) l 2, and find that this process is more stereosekctive (as illustrated in Scheme 29 and Tabk 
ll).‘p The &reoselc&ity of the reactku can be improved by carryh~ out the dcprotonation in the 

!! 3 
Rntxy substrata -ticJ, 1vB Yield fat 

1 pBoci 5 

3:1 76 

5:la 9sa 

ii-B= 

2 % 

3:l 60 

PhCOE 

3 ?5 

3.5:1 71 

79 
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presence of chelating cations (Entry 2), but it appears to be reIatively iusen&ve to solvent compositk 
Thee stereockmistryof tbeenolates wasinferred bycunvertingtkproductsfromnnangemeotof&- 
and tmn,~crotyl t-Boc-gykinate to t-Boc-isoleucine and -u.Uo-isoleucine, respectively, by hyw 

In spite of the high selectivity for chair-like transition states in tbe Claisen reamu@ment of acyclic 
molecules (except see Entry 8, Table lo), in the face of geometric or steric constraints the reaction can 
proceed partly or exclusively through a boat-like transition state geometry.“‘X1n These const&ts are 
usuallyencuWeredinsubstratesinwhkhoneortheotberdoublebondispartofaring,asiathe 
oxakle example illustrated in Scheme 29. Lythgoe has reported a number of cases with cyclobexenol 
derivatives, involving cyclic enol ethers of fixed geometry, in which tbe rearrangement procc& 
exclusively via the boat (Scheme 30; Table 12).lS 

RI 

b R' ‘Q& pfT3 m 
30.4 30.5 -_ -_ 

306'1 -_ 

2’P 30.7 -- 

Rntry 

1 

Substrata 

ZPl 
(R-He,R'-&n-l) 

2 3Pa 0:100 60 
(R-It'-&n-2) 

3 -_ 30.1 01100 64 
(R-U., R'-E,n- 21 

4 z!PA 63rS7 75 
(R-E,R'-He,n-2) 

5 aPa 65r35 77 
(R-R'- H&n-2) 

6 30*4 mr12 40 a_ 

7 30'5 70130 __ 
-_ 
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We have studied the ester en&e, amide acetal, and ynamine Claisen rearrangement of 2*ycl* 
hexenol itself, and 6nd that the preference for chair- or boat-like transition state conformations depends 
on the geometry of the enol derivative and the heteroatom substituent’” (Table 13). Intermediates which 

T&k 13. Claisu~ reclrraqgement 0!2cydobexallol&livativcs 

1. =t2 E E =3 90r10 62 

Ib =t2 H =3 B 50r50 36 

3= osim2r_eu E E cli3 75125 36 

4d =-2s* B m3 B as:15 47 

5. =t2 -3 n =3 95r15 36 

6' -w!P- ca, H a3 57:43 30 

7d =-2t_Bu -3 -3 H no:20 41 

‘Cydobuenol+yarmine,xyle#A 
‘Cychxd+lethoxy-l~~#lhylrmimpopeae.x~A 
‘1. btar+LDA. 23% HMPM’HF, -WC; 2. Mm; 3. A 
‘1. hta+LDA, TM’, -7FC; 2 lde,!GQ 3. b: 

. 
cwmstcnt with those of Lythgae” (Tabk 15 Entries l-3 and 45 respectively), and suggest that both the 
heteroatom subst&mt X and vinyl substituent R prefer to be exe in the bicyclic transition states 
depicted be-low. For substrates in which one is forced into the endo position (Entries 4 and 5, Tabk 
12; Entries 2,4 and 7, Tabk 13) the competition favors the chair (R ato). 

A study by Evansln of the oxy-Cope rearrangements of cyclohexenyl derivatives has also unearthed 
examples in which boat-like transition states contribute to the reaction pathwa~.‘~’ 

2. M-sigmot~p~ narronganmts. T&e [2J]-sigmatropic vents are capable of the same 
typesofs tereoumtrol as their [3,3#counterparts: generation of double bonds of specilk geometry,‘“‘3s 
migrati of chirality along a carbon *‘p’31-‘33 and (to a lesser extent) internal asymmetric 
inducGon.‘~*~‘~ A high preference for the formation of tmns oklins has been noted for the 
mts of allylic amine oxides,‘3’ sulfoxides,‘=129 sulfonium y&is,131 and allyloxy carberM’= 
and carbanions, ‘3)*134 although !Still has mNedlS some specilk exceptions for the latter reaction. The 
concerted -me&s proceed suprafacially with respect to the ally1 mokty,14’3’-‘33 and the 
chiralityoftbeallyiicchiralcentercanbetransmi#edpradictabtyasintheClaisenrearraagement. 
Applicatisnsofthisstrategyarefouadinprostaglandinsyntheses(tobediscussedinPartII)andinyet 
another approach to tocopherol’~ (Scheme 31). 

Using the same allylic alcohols discussed in colmcctioIL with Scheme 2j,lm Chfm et af. studied the 
stereochemistry of the [2Jj+matropic narra\lpgements of the dimethylformamide ac&alderived car- 



R-Z-23*2 -_-_ 499 

S-E-23.2 ---- 

benes. The mrnent of the chllylic alcohol R-Z-23 * 2 procetds sWeospe&cally to give the 
desired product (31.3). The fmns-allylic alcohol, however, q to an 87:13 mixture of 31-3 
aml31.4.~~~thegeometryofthedoublebomlinthep~uctisImimportant,thefactthet 
transition state conformation 31-S is only slightly favored over 31-6 means that control over the Me 
co&uration is not complete. The higher selectivity of the vent of the cb-alcohol is clearly the 
result of more severe akyhlkyl hractions in the disfavored transition state amformatioh 31. 2.1S 
Similar stereocbemical results Bn seen on mment of the hoinologs 23.6. 

The [2J1_sigmabopic ~tssutTerincomparisonwithtlieirClaisenandCopecounteqmrts 
since they in general do not create viciaal chiral centers with internal asymmetric induction. For 
sulfonium’” and ammonhmP ylid and Wittig ~nts,133.1y nogreatsel&ivityforeitkthecxo 
or the en& transition states has been reporkd except for one case: the Wittig vent of 
chrotyl benzyl etheP (Scheme 32). This ma&al tiords exclusively the thno hon&lylic alcohol 
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viatheexotransitionsEate.Ontheotherhand,iathecaseofasCabilizedsulfoniumylid~ment, 
we have observed that the geometry of the ole6n has no h&ence on the sele~&ty’~ (scheme 33). 

The [2,3]-reanangements do, however, offer the opporhmity for another center of cErality in the 
substrate to control the new asymmetric centers. This phenomenon, which has been labeled “self- 
immolative asymmetric synthesisO,‘Q has been observed in the vts of optically active 
sulfoxideq”’ amine oxide~,‘~ and sulfonium ylids.la In some instances the asymmetric induction is 
nearly quantitative. This strategy has not yet been employed in natural product synthesis, however. 

for RI-Ph,RZ-R and Rl-R,R'-Ph 

!wmx 33. 

PART IL -C TARGET?3 

(A) Controlling C-15 in the prostaglandins 
The tremendous interest in prostaglandin synthesis’” and the chaIlenge of the remote chiral center at 

C-15 have inspired many elegant examples of acyclic stereocontroL While early syntheses relied on the 
coupling of optically active fragments to control the conf@ration at C-15, as illustrated in scheme 34 by 
examples from Corey’s”’ and Siih’~‘~ laboratories, a number of routes have been developed which 
involve relative asymmetric induction. 

05iM.#Bu 
( > BOO 

In an extensive and inspired investigation, ‘4~ Corey devised a method for the stereoselective 
reduction of a C-15 ketone derivative which relies on the use of the Qphenylphenyl m moiety as 
a protecting group on the C-11 OH (Scheme 35). The van der Waals at&a&on between this rigid 
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sub&rent and the enone sidechain favors a conformation (35 - 3) of these two groups which protects 
the a-face of the ketone from the approach of a buIky reducing reagen~‘~ By opera- at - 130”; the 
desired 15a alcohols 35 * 5 arc obtaiocd with greater than 90% selectivity, using the limonen&rived 
borohydride 35 - 4. 

Among the many routes to prostaglandins which Stork has reported are two which entail the 
stereospecihc relation of the C-12 and C-15 chiral centers via sigmatropic wments (Scheme 3P 
and Scheme 37’9. Startiq with Gerythrose acetonide (36 - l), the truns-allylic alcohol 36 -4 is 
constructed by vinyl Grignard addition, orthocster Claisen reauangement, and suitable protection and 
deprotection steps. The vicinal stereochemical relationship of 36 - 4, which is provided by the starting 
material, is then converted into a 1,4_relationship by another orthoester Claisen reamtngement. The 
chiral center a to the carboxyl group of 36.7 is not controlled in the orthoester procedure, but is 
epimerized during subsequent steps to give the thermodynamically favored contlguration at C-8. 

T 
361 . 

Us& a substantially dilferent approach’@ (Scheme 37), Stork was able to capital& on an obser- . ._ 
vation initially reported by chemists at Synte~;‘~ namely,thatthewuplingoftheZ-vinylcuprate37~2 
with hydroxycyclopenten 37 - 1 is highly selective for combination of R*+mone with R*-cuprate 
instead of R* with S*. This kinetic selection is exclusive when Renone 37 - 1 is treated with an excess 
of mcemic cupratc J7 - 2, c&ding in essence resolution of the latter component.‘” Addition of the 
trans-cuprate is neither as e5cient nor as selective.‘~ 

In an earlier collaboration with the Syntex chemists, Stork had devised an elegant method for 
correcting the stereochemistry of both the double bnd and the C-15 center of 37 - 3,1m ti advantage 
of both the suprafacial nature of the sulfoxide-sulfenate [2,3J+puatropic ~ment’” and its 
specificity for formation of tmnsdouble bonds. ‘29 The 13-ZJSR sulfenate ester 37 - 4 is a transiently 
formed intermediate when the corresponding alcohol is treated with tolylsulfenyl chloride and triethyl- 
amine, and it rearranges specifically to the 13S.l~R sulfoxide 37.5. This isomer, in turn, is in 
quilibrium with a small amount of the IIE,lSS sulfenate 37.7, which can be trapped with trimethyl 
phosphite more rapidly than it reverts to the allylic sulfoxide. The suprafacial sbeci!My of the 
rearrangement thus couples the co&urations of the two sterecchemical elements of the allylic system. 
This isomerixation is more specitlc than simple cis#tmns quilibration of a l&lisubstituted alkene, 
because the selectivity is determined by the free energy difference between two ratedetemmmul 
transition states of the sigmatropic rearmqcment (CX-*O--* !I-O-C).lg 
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TabeP' and Kondo et d.‘n’” have idqmdently rqxnted an ahemative method for the stereo- 
speci6c introduction of 13~ sulfexides in prostanoid systems (Schernc 38). A ~-ketoester’s’-‘s3 or 
mak~aate’~ moiety and a phenylthio group are added in an anti manner across a double bead via tbe 
cyclopropanes 36 - 2. The do4Wy-actMed cyclopropanes are cleaved resio_ and stereospecihlly with 

38-1 -- 
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bcmmethiolatc to provide the desired 13a sulfides 38 - 3. Either before ls’*‘n or after1R1J4 introduction 
of the remaining sidechains, the sulfur is oxidized and tbe sulfoxide+suifenate vent is 
employed to introduce the lSa-OH specifically. Although the intramolecular carkne addition of 38 - l(d) 
proceeds with only modest relative asymmetric induction (cxo(u)/aufo@)=2: l), comlitions were 
discovered u&r which only the desired isomer reacts with benzenthiol (triethylamine, VC) to form the 
adduct 38 * 3(d)? 

Cyclopropane opening has been used in another approach to prostagb&ns invoking bicy- 
clo[3.l.OJhexane derivatives’JS’n (Scheme 39). The known preference for solvolysis and ring opening of 
cyclopropyl carbinyl systems to give trensdouble bomk?” could be utikd to relate the u&gurations 
of the cycloprqyl carbinyl and homoallylic centers of the startiq mater% and product, respectively, if 
cleavage of the leaving group were concerted with -meat. Folbwing Just’s controversial ~laim’~~ 
of the formation of PGF,, on @atment of the vinyl cyclopropa~ 39 - 1 with HAMHCOrH, he and 
Upjohn chemists thoroughly explored the solvolysis of stereoisomeric mixtures of the epoxides of 39 - 2’% 
and of each, separak stereoisomer of the dimesylates 39 - 3.‘” In each case, a 61096 yield of the desired 15~ 
products (39 - 4) are obtained, accompanied by compa&le amounts of the 15/?-isomers (39 * 5). The major 
products are so~volyzed but umWKan@ glycol derivatives, Akcting a nonumcerM solvolysis- 
~tmechanism. 

On the other hand, II&Q the same approach on a somewhat d&rent ~ystem’~ (Scheme 40), Kelly 
and van Rheenen demon&a&d that the or&ester derivative (40.4) of the glycol obtained from the 
cis,cis vinyl cyclopropane 40 * 1 reamqes to provide a single isomer, with the desired um6guration at 
C-15 This example demonstrates that the cyclopropyl carbinyl+homoallyl isomer&ion can be utilized 
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under appropriate conditions to convert a l&elationship to a lJ_relationship, ahhough in the system 
under scrutiny the glycol con@rations are not introduced with relative asymmetric i&c&m. 

Formation of the 5-m ringoftheprosu&ndinswithconcomitantgenemtionoftheaXrect 
relationship between C-12 and C-15 has been accomplished by chemists at Roussel-Uclaf,“” as out&d 
in Scheme 41. The Z-olefin tmnscpoxide 41.3 is prepared 

. 
w y by a route which involves 

addition of lithioacetylide 41-l to 2-chloroheptanal to give the erythrv chkuohydrin 41.2, in agreement 
with the models discussed in Part I.@>’ Fither acid- or basecatalyzed cyclization of the fl-ketoester 
41.3 alfords predominantly the tetrahydrofuran 41.4, as consideration of the geometric con&aints of 
the orbitals involved would suggest.16’*‘b2 The pyrrolidine enamine 41.4 is umeactive; however, 
treatment of this material with strong base effects the desired cyclixation in 43% yield.‘” While tire 
introduction of another sp’-hybridixed carbon in the enolate intermediate would appear to further 
constrain it, the fact that the enolate must rotate out of conjungation with the emunine during cychxation 
(41-a) actually introduces a degree of freedom which allows this step to proceed. In etfect, the ring 
closure becomes an allowed 5-cxo-trigonal instead of a disallowed S-endo-tr@nal proce~s.‘~’ 

The S&’ opening of the vinyl epoxide proceeds stereospec&ally from the syn dire&on, m 
the E-ole6n and the 1Sa alcohol. Although the factors responsiie for syn or anti sekdvity in !&2’ 
displacements are still the subject of investigation,‘63 it is clear from examination of models of 41.6 that 
the cation can simultaneously coordinate the oxygens of the enolate and the epoxide in the transition 
state for syn addition. 

FoZEt Y+ C02Et 

Q I 

A somewhat similar,.cationic cyclization inspii by a w postuMe** (Scheme 42) alfords 
equal amounts of the C-15 epimers of 42 - 2. With the huuu,tmn.r s&eoc&n&try of the vinyl epoxide 
moiety in 42 - 1, stmospccific syn sN2’ displacement would have led to the 154 alcobd 
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(B) Ionophorc Mtibiozics 

P.A.Burmm 

Among the more formidable challenges to be tackled by the synthetic chemist are the ionophore 
antiit&, such as the nonactins, antibiotic A-23187, ‘* lasalocid A, and monensin. The multitude of chiral 
centers and their distribution over an acyclic or tetrahydropyran or -furan framework call for stereocontrol 
of greater sophistication than in any other class of synthetic targets. 

1. Non&ic acid. The macrotetralide mmactin is a meso compound, constructed from altemaw 
enantiomers of nonactic acid. The synthetic precursor to nonactin, the linear tetramer of subunits, has 
been assembled both with*bsS166 and witboutls’ control of the al&nating chimlity required. A number of 
syntheses of the nonactic acid subunit have been reported (Scheme 43). although none is stereospecitic. 

With two exeeptions (Route V’@ and Route VI’@), these syntheses rely on hydrogenation of a 
2,5disubstituted furan to establish the cis stereochemistry of the ring. Controll& the co&urations of the 
extracyclic chiral centers (C-2 and C-8) has been a much greater chaUenge. In the first synthesis of 
nonactic acid to be reportedlm (Route I), no control over these centers was attempted. Several of the 
other routes intersect, at various intermediates, and take more or less advantage of two observations for 
controlling the C-2 and C-8 centers. First, with a ds tetrahydrofuran ring, base-catalyzed epimerization 
favors the natural thrao relationship between the C-2 and C-3 positions. This equiliwon apparently 
can proceed without ring open&~ since the cis stereochemistry of the tetrahydrofuran ring is preserved. 
Although Gerlach reports, without experimental detail, that the e&dliin of the 8-ketoderivatives 
43 - 5 and 43 - 6 favors the thnw isomer by a ratio of 80: 2tI,16) Schmidt et ai.‘U*171 and WhiP were able 
to enrich methyl non~!~tate and the ketoester 43 - 5 over their C-2 epimers by only 60: 40. Interestingly, 
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Gerlach also reports that methaaol/potassium hydroxide ia acctoai&ik qu%bmtes both t& C-2 and C-3 
centers of mcthyl aoaactate.‘” 

Second, catalytic hydrogeaatioa=“’ or lithium tri(sec-butyf)-borohydride reductiOa’alBD of the 
8-keto derivative 43 a 5 afIords 8-epi-aoaa& acid selectively. The natural isomer caa thea be ob&ed 
by iaversion of m either bd~re’~*“’ or dmiagl” m and CYC~ to d 

White'" suggests that the l&asyaanetric iaductioa observed ia the coa@ex borohydride reduction may 
result from coordiLIBtioll of a borohydride species with both the ketone carbonfl and etbcr OXYSl& as 

depicted below. 
9’-= 

By combii both the selectivity of the ketone hy-oa aad the ability to epimerize the C-2 
center, Schmidt et aL’“*‘7’*‘n developed a scheme for earichiag ia aoaactic acid a mixture of equal 
mnounts of all C-2 aad C-8 diastereomers (Route III). This stngegy is not applicable to the optically 
active series (startiag with S43 - 7) however, methyl aoaactate aad its 2,8-“diepimer” caa be obtained ia 
pure form by chromatography.‘” 

Aa alternative procedure for relatiag tbe Cd aad C-8 chiral ccate# (Route V) involves redu&m 
ofthedione43~12toal:lmixtureofdiolsO~13andO~14.Thet~isomerO~14Linoorpofated 
ia a synthesis which genera@ all four C-2 aad C-3 epimers by aa intramolecular Michael add&a. 

We have recently completed a synthesis of aoaactic acidla (Scheme 44) ia which the “phosphate 
extension” stra&# discussed ia Part I is utilized to establish the relative stereochctitry of Cd aad C-8. 
Thephosphatemoietydirectsthcepoxidatioaofthediene44. lbothstereo-aadregiospecifi&ly,providiag 
the erythm dial 44 - 3 after reduction. After elaboration of the /&ketoester moiety (44 - 4), methaaolysis aad 

2. Laralocid A. Kishi has developed two routes to isolasalocid ketone (scheme 45”’ aad Scheme 
46’n),amlhascarriadtbismaterialontotheionophore~A1H(Scheme47).Tbetirstsynthesiaof 
the ketoae iatennediate employs lithiun ahaniaam hydride~dM-(o-~yl~y&diae com- 
plexforthehiehlyselective(betterthanlO:lratio)~ofsryi~U~l,iatbc~~ 
from coafonaatioa 45.2. The doable beads are w by epoxidatkm usiag t-butyl hydra- 
peroxide/VG@cac~ ia beazeae at room temperature,relyiagoatbebis-homoanylic0Hgroups0f4!!~3 
andIS~StocontroltheStmochemistry,as~edformodelcompoundsinPartL~Epoxidationaf 
compouad4S~SactuaUyaffordsthewroag~forconversioa toU~8,andtheepoxidemust 
be iaverted prior to this cyclixatioa. 
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The aryl moiety is degraded to the olefin 45 -9, which undergoes a stereospecific hydroboration 
reaction, afford@ only ketone 460 10 after Jones oxkhtion. Althou& the relative asymmetric induction 
in this hydrcmxbon step is rema&bk, it unfortunately provides the undesired stereoisomer, and 
isolasalocid ketone (46 - 11) it&If is obt&ed only after alkaline epimeriWior~ 

A considerably shorter synthesis of isolasalocid ketone”’ (scheme 46) employs the altemative 
strategy of generating epoxy alcohols by selective ketone reduct&% As discussed in Part I, this 
process is stereochemiudly complementary to the epoxida& reactioq and provides 46 - 2 with 10: 1 
selectivity without resorting to the epoxide inversion sequence which was required earlier to obtain 
45 - 7. After resolution, protection, and oxonolysis, the addition of resolved Grigmud reagent 46 - 4 gives 
carbinol 46.6 specifIcally. Grigmud addition to the 2-acyltetrahydrofuran is highly stereoselective, 
affording the product predicted by the cyclic model (e.g. 46. S).rn The carbinol center in 46 -6 is 
destroyed by oxidation, but it is reinuoduced specifically in 46 -7 by ethyl Grigmud addition to the 
corresponding ketone. While Grignard reactions of this type are highly &ereoselective, the outwardly 
similar organolithium additions to 4-acyldioxalanes are much less so. For instance, treatment of 
glyceraldehyde acetonide with 3JdiethoxyUithiopropane affords 7 - 1 and 7 - 3 in a ratio of only 7 : 3? 
a preference contrary to that predicted by the cyclic model. 

The remaining carbon atoms and &al centers of isolasalocid ketone are &oduced by an aldol 
condensation followed by acid-cat&~& cycli&on. ‘Ihis dehydration, most likely occwrmg via 
Michael add&m to the enone, generates the thermod*y favored trusts reh&mship between the 
two adjacent substituents on the tetrahydrofuran ring. However, both ethyl epimers are obtained and an 
epimerixation-separation procedure (as in the fust route) is necessary. 

The conversion of isolasalocid ketone to lasalocid A necessitates two transformations’” (Scheme 47). 
solvolytic ~mentofmesylate47~1providesthedihydropyran47~2,alongwithasmallamount 
of 49.11. Piiy, addition of the xinc enolate of 47 * 2 @neWed with lithium diisopropylamide and xinc 
chloride)toopticallyactiveal&hy&YI~3furnisheslasalocidAaethemajarcomponent ofamixtureof 
four compounds (96% yield, with 67% conversion of starting mateMs). The wr&maGons of the chiral 
centers introduced by this condensa&n are as predicted for a-asynunet& induction and for zino 
~~aMol~~~~(PartI).Theformerisakimticselactivityandtbela#erreputbdlya 
thermodynamic one, raisin9 the same question pointed out in commctitm with the Reformatsky 
reactionsU of Scheme 16. Improved stereoselectivity but poorer conversion were noted on using 
dimethoxyethane as solvent 

3. MorIenSin. one of the most spectacular achievements in the area of acyclic stereocontrol has been 
the synthesis of monensin by Kishi d al. **Ia This compound, which contams seventeen chiral centers, 
was assembled from three subunits as depicted in Scheme 49. 

Scheme 49’= outhnes the preparation of the ester compormd48~4,whichcontainscarbons l-7of 
themonensinbaclrbone.AUoftherelativestmocbemisbyofthiscompormdisestablishedvery 
selectively in the course of two hydroboration rea&ms. While hydroboration is often employad to 
hydrate olefins with internal asymmetric induction, few examples of relative asymmetric indu&m have 
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bum rep-ted for this reacticm in acyciic systems. The stsreosptcificity is adequately rahahd’” by 
the model below, which depii borane appm&hg the face of the double bond that is least hindered ia the 
most likely conformation of the starting material. The key element io these systems would appear to be tbe 
presenccofa~substituentoathedoubkbond(R’belaw),inordertofavorasstronglyaspossiMethc 
Mcated conformation The scape of this asymmetric induction needs to be explored, however, sinoe some 
similar substrates exhibit less selectivi~ (see Scheme SO), while other quite different ones react 
s&eosp~itkally (e.g. 45 - 9).“’ 



in the c.o&ructkm of segment 48 * lfn (Scheme 51), peracid epoxidation of 51.2 proceeds with 
1,2-asymmetric induction and affords isomer 51.3 exclusively. Only one face of the double bond can be 
accessible to OH-dire&d epoxidation if steric interference of the ally1 and Et subs&uents is to be 
avoided (compare Sl - Z(a) with 51. 2@)).ln The OH groop is removed (via the tosylate) and the ketone 
is reduced with lithium ~~ hydride, to give a 7:2 ratio of akohol diastereomers (51.4). This 
reducti~ exhiits the same speci6city but lower selectivity than the model reactions descrii in Part 
1% and in Scheme 46,‘” which employ the lithium aluminum hydride - df-2+-toh&!inomethyl~pyr- 
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~omorec~centersare~~by~~theopticanyactivelactol48~1arithopticany 
active ylid 48 l 21n (Scheme 52). The relative stereochemistry of 48 - 2 can be traced to the cis-3J- 
dimetbylcyclohexanone starting material. The ci+disubstituted double bond of tbe Wittig product is 



54 P.A.BAMUlT 

stereoselectively functional&d by an oxidative cyclization process, using N-bromosuccimmide in 
acetonitrile. The stereochemistry of this kinetically controlled process retkcts the participation of the 
OH group in the rate-determining step, since it proceeds so as to’avoid the steric interactions .which 
would arise during formation of the alternative isomer (compare 52 - 7 and 52 .S). 

The hemiketal moiety of monensin exists in its thermodynamically favored co&umtio~‘.‘~ Hence, it 
presents no stereochemical problem and merely requires appropriate protection (as the methyl ketal) in 
the course of constructmg intermediate 48.3. The remaining chiral center of this intermed&, the 
terbary aubinol, arises from a stereospecihc Grignard reaction of ketone 52 * 5. The s& .of this 
reaction was discussed in connection with the synthesis of isolasalocid ketone’” (Scheme 46). 

As far as stereochemistry is concerned, only maximization of relative asymmetric induction in the 
aldol condensation of the two optically active fragments 48 - 3 and 48 - 4 was necessary for completion of 
the synthesis”’ (Scheme 53), because the spiroketal won of monensin is the one which is 
tbermodynamidy favored.‘m Even under optim&d conditions, employing bromomagnesium diisopro- 
pylamide as base, this aldol condensation requires a trade-off between conversion and stereoselectivity, 
suggestiru3 that retro-aldol equilibration of the bromomagnesium alkoxide product is competitive with the 
rate of addition, even at low temperature. By conducting the reaction at -78” and uurying it to 23% 
conversion, a 92% yield (based on unrecovered ketone 48 - 3) of a better than 8: 1 ratio of isomers 53 - 1 
can be obtained. Deprotection and dehydration provide the spiroketal of correct con&ration,“” and 
finally, monensin. 
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(C) Macrocyclic nctural products 
Ahboughthechiralcentersofthe macrocyclic natural products are contained within a ri.118 system, 

the majority of approaches to the synthesis of these compounds entail the establishment of the chiral 
centers on acyclic precursors, Iso hence their relevance to this report Much of the work in this area is 
quite recent’ and many of the examples presented will concern pertinent model studies or synthetic 
approaches. 

1. The P&g-Djemrsi luctonic acid A degradation product which figured prominently in the 
stmcture elucidation of the macrolide antiiotics, the Prelog-Djerassi la&one’*‘-‘” was first synthesized 
by Bergel’son and Batrako~‘~ before the complete three-dimensional structure was ~IKWIL’~ Their 
route (outlined in Scheme 54) involved the reduction of &ketoester 54.2, affording different dia- 
stereomeric products depend& on the choice of mducing agent. They claimed that reduction with lithium 
aluminum hydride in ether at - W, with subsequent hydrolysis and chromatographic pmiflcation, 
affords a 28% yield of racemic Prelo@jerassi lactone having m.p. 125-1X9. The isomer isolated from 
this reaction was apparently incorrectly identified as the Prelog-Djerassi lactose by IR comparison with 
an authentic sample (see footnote, Ref. 183~). Although all the C-2, C-3 stereoisomers were prepared (by 
using other reducing agents), it is not possible to evaluate thec3tereoselcctivity of these reductions from 
the published information.‘M 
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s&em 54. 

In Scheme 55 are depicted three syntheses of the Prelog-Djerassi lactone in which the chiral centers 
are established on bicyclic and cycloheptane frameworks prior to cleavage and lactonization. In 
connection with his synthesis of methymyciq Ia5 Masamune prepared the lactone in a twelve-step 
sequence (Route II) starting with bicyclo(4.2.l]nona-2,4,7-triene, obtaining racemic material (mp 11% 
120”). More recently, White’& and Stork’” have completed fully stereocontrolled syntheses which also 
entail the construction and cleavage of cycloheptene intermediates.‘“’ They report melting points for 
racemic material of 110-l 13” and 114-l 15”, respectively. 

*I2 55.14 -- 
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Masamune has rcfcm4 to a Merent approa41’~ to this cmqound which relies on an aldol 
candensatioa of the type developed by Hcathcocp for the synthesis of c@uo+-hydroxy-u-mcthyl- 
auboxylic acids (Scheme 56). The aldehydc component (66-l) is prep@ from muo-2,4dimethyl- 
@Mark anhydrkkug Intcr&ngly, and quite forhmatcly from the synthetic standpoint, ti relative 
asymmetricindudionobsmedoncoltdensationofthismataialwiththeenolate56~2isminimal,with 
the result that nearly equal amounts of the dia&rcomeric ayrlvo products are obtain&. The models for 
a-asymmetric induction, as well as similar condensations observed by Heathcock’s gro# @chcme 18), 
8uggcst that the u&sir&d isomer shoukl pr&o&atc. 

J&Tutu F (_. 1979) 
198 

56.3 56.4 -_ -_ 
-.l :1 

I 

/ 

a104 

We have approached the probkm of controll& the stereochemistry of the P&g-Djcrassi lactose 
from a Merent point of vkw,leo de- to reverse (in essence) the elimi&ion rcactio~+~ which leads 
to an olc6nk diacid depicted below. This diacid is readily obtained from the aldehydc ester S6 - 1 by a 
Wittig rca&~ but it exhii no tendency to cyclixc under a variety of conditions. 

Ontheotherhaad,thealdchydeacidsI~1cyclizesasitsmethylhemiecetalinthepresenceof 
mercuric ion, pcrmittiq stereocontrol at the C-2 and C-3 carboas by an oxidative cy&ation process 
(Scheme 57). Cyc4ization by attack on the other face of the double bond is strongly disfavored since it 
wouldleadtoseverestcricinteractionsinthetransitionstatc(dSI.6withSI.7).U 

57.1 57.2 -- -- 

laZCs3 \ 
MeoH 
-6O'C 

(328 trolr 57-A) 57-S 57.4 -- -- 

6+ I 6+ 

57.6 57.7 -_ -- 
schemfl. 
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Demercuration using sodium borohydride in alkahne methanol produces almost exclusively the 
inverted isomer sI.4, which on hydrolysis and oxidation is converted to 2-cpi-Pre&Djerassi lactone. 
On the other hand, the desired isomer (Sr - 5) can be obtained as the predominant product on cleavage 
with sodium trithiocarbonate in rMhanol at -60”. After hydrolysis and oxidation, the PrewDjerassi 
lactone (m.p. 116117”) and its C-2 epimer are obtained in a ratio of up to 7:2 Since the aldehyde acid 
57 - 1 is available from mcso-2Jdimethylglutaric anhydride in 55% yield, this synthesis is quite ellfcient. 

2. Macrdidc antibiotics. In the Rrst synthesis of a member of the propionatederived macrolide 
antiibi~tics’~ (Scheme SS), Masamune coupled the ( + kaldehyde 58 - 1 with racemic Wittig reagent 5fl- 2 
(R= SiMe&Bu) derived from the Prelog-Djerassi la&me and obtained a diastereomeric mixture of 
epoxy enones. After hydration of the correct diastereomer (38 - 3, R= SiMe+Bu), the glycol was 
lactonized and deprotected to afford the aglycone methynolide.‘“’ Complete stereocontrol could of course 
be accomplished by coupling resolved fragments. The epoxy enone 58 - 3 (R = CHJICH,) is also being used 
in a synthesis of pikronolide, Iso the homologous U-membered aglycone. 

The first total synthesis of the M-membered macrolide erythronolide B was recently reported by 
Corey aml his team at Harvard’9’J92 (Scheme 59). The s tereoumtrol in this synthesis is exercixed 
primarily on cyclic intermediates, prior to cleavage to the acyclic lactomxation substmte. The &reoceu 
ters at C-2 through C-8 are established by the con&u&m of bicyclic lactone 59.2 from the dienone 
59 - 1.19’ After hydrolysis of the lactone and Jones and Baeyer-Villiger oxidations, the 2-pyridylthiol ester 
59.3iscondensedwithavinylGrignardreaeent,aflordiagthee~~59.7.’nBothofthtcompoacntsof 
this condensation,are available in optically pure form, ahhough the prelimmary work was carried out with 
racemic thiol ester. The relative stereochemistry of the Grignard reagent is established by a regiosekctive 
epoxide opening. 

1 &Reduction of the enone system of 59 - 7 with zinc borohydride in 8lyme/eti (2 : 1) at 5” occurs . . 
stereospecitUly and with concomitant e to Rive the l&nembered lactone 59.9. 
~thcnewchiralcenteratC-9isultimately&s~yedbyreoltidation,itisinterestingtonotethat 
itisgeneratedwiththeoppositeco~thanwouldbepredictedbytheopen-chainmodels. 
Perhaps coo&ration of the xinc counterion with the lactone and ketone oxygens plays a role in 
deuXm&gthisspeciMy. 

~SuitaMedeprdectiontprotection~nthe,~5).His~~~~YiCkltOfbC 
14mcmbcrcd l8ctom. The rmaiahg chid caltcm (C-10 aad C-11) are then inuoduced stereo- 
-y, employin a previously developed routers which takes advantage of the conformrrtional 
rieidityofthe~~~sy~*WithonsfaceafthecaoaedouMoboad~~bytherin& 
alkahne hydrogen peroxide provides the #+poxy ketone S9.13. HyQoeenolysis of this epoxide, 
epimerMion at C-10, and dekeMxation afford totally syntMc aytbronolide B. 
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Several alternative approaches to the problem of stcnocontnzl in macrolide synthesis should be 
* 

menamed Among them arc the akid condensation studies .of Heatbcoc~~ and tbe Claisen 
nanangccllf Work of Ircland,t” wbicb were discussed in Part I. Vedejs has demonstraW that both the 
macmc~clic ring system pnd the rdative stereochemistry of metbymycin can be generated by a series of 
aulfonium yIid riug expuuioa rcactions.‘~ In a compktely diifcrcnt approacb,,Hanessian has derived 
tmm D-$uco6c two fragments of CQficct absoblte and relative stereochemistry c!$resp(mding to carbons 
1~7~9~lS~~~~de~*% 
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3. h4aytunshc. The promising antileukemic activity and limited avaihbility have made the Maytenus 
macrocyclic lactamsl”~‘w a prime target for the synthetic chemist. Corey has recently reportad the ftrst 
total synthesis of a maytansinoii, N-methyln~ysenine,‘~ a derivative lacking tbe oxymn substituents at 
C-3 C4 and C-S.‘% Of the chiral centers present in maytansine, the cahhohh at C-9 can be 
ep&erized to give the desired isomer,‘99 and the possibii exists that, for some intermediate~,‘~~ the 
center at C-10 can be epimerized also. For tbe most part, attempts at the stereocontrolkd synthesis of 
acyclic precursors have focussed on centers C-3 through C-7,aD’-aM and particularly 011 C-6 and C-7. 

R=MD; X=H m-m -tiq/ws~ 
It=!-Pr. x=aH COlWl. 

Corey"' and Friedm independently selected dimethykuprate opening of the ketal epoxide 60 - 1 to 
generate the C-6$-7 relationship and to facihte selective protection of tbe trio1 derivative 66 - 3. In 
model studies,pz Fried elaborated 60.3 into the cahmate 60.4; Corey umverted it to the dithiane 
66 - S20’ and employed it in his synthesis of N-methylmaysenine.l” 

hlC& 
atha, 25.C 

Two otber model studies which lead to fragments containing the C-6 and C-7 chiral wnters involve 
rinig cleavage of carbocyclk jweawsors as rqorted by !Janmon et al.,* and by Edwards and Ho 
(Scheme 611.” The sequence devised by Samson et al.. based w prostawid &em&y, leads to acyl 
anionaquivaknts~l~4andil~5.Theothersequsnceisparticahrly~terwtingsimx~providesforthe 
stmoaelactive generation of the C-10 chiral center. It relies on eekctive forma&n of the hthylidene 
lactoae61.9andosmiumtetroxidehydroxyfationfromthel~~sideofthedouMebond.After 
protection of the dioL the cyclic ahamate modelsystemisfofinadonwrdysisoftheecyl~61~12. 
t3anemhasemploycda&nilarCurtiusrearraqeementina0asyet ~lkd~oftbe 
model compound 61*15.m 
TElRAVd36Nal-@ 
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A number of model studies for various quadrants of the maytansenoid ring system have been 
reported by lbfeyeem (Scheme 62). One which establishes the two chiral centers at Cb and C-7 by 
a Wittig dire&d aldol condensation pnxceds witbout any apparent stereocoatrol to give 62 - 3.2m After 
further elaboration of this &hydroxy ketone to the bicyclic carbamate 62 -4, two stereoisomers in 
approximately equal amounts are observed. 

Another approach,= which prod uces a fragment corresponding to carbons l-7, entails the addition 
of the enolate of methyl acetate to 62 - 5, a reactioa with little potential for I,rl-asymmetric inductioo. 
The t-butylbydroperoxide/vanadyl acctylac&oWe ~xidatianofallylicalcoholssuchas62~6isknown 
to be highly selective for formation of tbe erythu isomers, as discussed in Part La Column chromatography 
of a derivative gives the desired stereoisomer (62 * 8) as 42% of the mixture. 

Meyers has also assembled carbons 7 tbrougb the aroma& ring via intermediates which may 
ultimately lead to colubrinol, as weIl as provide a mechanism for epimeSz& tbe co&gun&a at C-10 
(via62. *62 * 13).=* 
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Scbane 62. 

(D) Extmcydc chid centers in mpt?ne synthesis 
Most etbrts dir&d toward acyclic stemntrol in the area of terpene synthesis have focussed on 

the steroid side chains. Because mauy examples were mentioned in Part I, and since (as pointed out 
above) this subject has recently been reviewed:’ further comment on this specific topic will not be made 
here. However, a number of additional terpene targets contain extracyclic chiral centers, usually at a 
position adjacent to a rin& although relatively few synthetic approaches have satisfactorily addressed 
this probkm. 

Tbe stereochemical chaIlenge to be met in the synthesis of juvabioae is representative of that alluded 
to above. Ahhougb the stereochemical assignments of tbe juvabione diastereomers have followed a 
somewhat checkered history,-lo it now appears2’0 that tbe s&tance or&ally isolated from Chadian 
balsamm in fact has the 4RJ’R stereochemistry as hitially assigned. Nonetheless, epijuvabiom can be 
isolated from other source~.~” Because of its juvenile hormonelike activity in insects, juvabhe has 
been the goal of many synthetic studie~,2~~*~ although a nuaher of these were misdirected stereo- 
chemically due to confusion over the correct con&u&ion at the extracyclic center. 



To date, the only stereocontrolled synthesis of one of these isomers has been that of Ficin? 
(Scheme 63).ln’ Her approach relies on the abiity to control the hydrolysis of cycloalkenone-ynamine 
adducts, such as 63 a 1, to furnish either diastereomeric product spe&caU~?~’ Anhydrous HCl 
isomer&s 63-l to the thermodynamically favored exe isomer 63.2 and subsequently provides the 
RW isomer 63.3 on hydrolysis; direct aqueous acid-catalyxed hydrolysis of 63 - 1 proceeds with 
kinetically controlled protonation of the enamine and atfords the R*R* product 63 - 5. Since the stereo- 
chemistry of juvabione was believed at this point to be 4R,l’Sp”B the R*R* isomer 63 - 5 was carried on to 
the tinal product Juvabione and epijuvabione are essentially indisting&hable except by optical rotatory 
dispersion,21s which was inappropriate for comparison of tire racemic product obtained by Fi with 
authentic material. Nonetheless, the versatility of the hydrolysis reaction in providing either diastereo- 
mer clearly makes it possible to achieve a stereospecific synthesis of juvabione itself by this route.*“’ 

Among the alternative, non-stereoselective syntheses of juvabione is that reported by Birch*” 
(Scheme 64). The relative stereochemistry is established by a D&Alder reaction which unfortunately 
atfordsa1:1mixtureofendoarule.roisomers64:1and64:2.TheseareseparaWbydistilhuionand 
carried on to tire juvabione isomers as ilhrstrated. 
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Pawson’s synthesis”s of the juvabione isomers utilizd as starting mater&& the isomeric alcohols 
65 - 1 and 65 - 2, obtained as a 3 : 2 mixture by hydroborationloxidatioation of limonene (Scheme 65)?“* The 
same alcohols have also served in the syntheses of the beetle defense s&stances chrysomelidiaLaos 
plagiolactone,2’* and dehydroir&dial.2’9 Other syntheses of juvabione also have employed hydro- 
boration as a means of f- the isopropenyl group of a terpene precursor.2’3 

3 : 2 
65.2 PzogloZUOtO?U 
-_ 

In other areas of terpene synthesis, chiral centers of this nature have been introduced stereosekc- 
tively on a cyclic framework, with eventual cleavage of the ring. Examples of this approach are found in 
Marshall’s synthesis of dictyoledp and Grieco’s syntheses of ivanguE#’ and ti~lanin.~ 

(E) Alkaloids: quinine, em&e* and thephthalideisoqqu 
Alkaloids are renowned primarily for their polycyclic complexity; however, a number of them 

containchiralcenterswhichareaotincludedwithinthesame~system.Syatematicapptortchestothis 
stereochemical aspect of alkaloid synthesis have been rare, altIm@ a number of intriguhg rea&ms 
have been uncovered.2”0 

1. Qllininc.Inspiteofcontinuedinterestinquininesincettss~t~synthesisofthissubstanceby 
Woodward and Doering in lW5,m no stereospecifk route has ever been reported. The stereochemktry 
of the carbinol center relative to the quinuclidine ring can be established in a variety of ways, hut the 
known syntbetk routes all produce comparabk amounts of the quinidine stereoisomer at some stage of 
the synthesis. 
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!3everal methods have been developed for generating the erythn.3 relationship between the amino and 
hydroxyl centers in a selective manner (Scheme 66). Basecatalyzed oxygenation 2~~7 of desoxyquinine 
and desoxyquinidine aifords the natural etihyn, isomers in predom@u& over the 9-epi (t&o) 
products. A recent paper by Gutzwiller and Uskokovip indicates that this oxygenation is stere+ 
spec%c, ahhough earlier commu&ations from their laboratory,m as well as others,=” report a ratio of 
erythm to thmo products of approximately 5: 1. Repulsion between the nitrogen lone pair electrons and 
the oxygen radical anion intermediate (as depicted in 66 - 8, following page) is suggested to account for the 
observed specilicity? 

With appropriate choice of reducing ageat,- quininone and quinidiuone can be reduced sekc- 
tively to either the aythn, or the thno aminu alcohols. Borohydride in ethanol provides a mixture of the 
Pepi compounds, while disobutylaluminum hydride gives the natural con@uration. The specificity of the 
latter reaction is explained by reference to the ami~alane compkx 66 * 9 (following page), from which 
hydride transfer occurs intramolecula~ly.~ The dipolar models discussed in Part Ims adequately explain 
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the borohydride specifkity. Aryllithium add&km to the quinuck aldehydes 66’ 7 also proceeds 
selectively,pg apparently controlled in the same Mama as the borohydride reduction, to furnish 
predominantly efyrlcro products. 

. ~fonnationoftheq~~systanarad~ofthc~~ 
s~~s~canbe~~~~bycy~nofthe~epoxidtsdcpictedinscheme67. 
Selective fw of the tnuwcpoxides has baen clvridd Out fOr the CkChollhW~ChkC~ Wie3 
(Ar = 4quinolyl) by sulfonium ylide additkm to the aldehyde 67 l 2,=’ The methoxy de&at&s (Ar 9: 6 
methoxy4quinolyl) have been obtained by other methods only as a mixture with the ci~-isomers 
(67-S),” which therefore result in f!uro/cryfhnrr product mixtures. On the other hand, the &isomers 
~~7,andthustht9_cpiproducts,canbe~~sekctivefyby~~ofthcc~~~~ 
diastereomers 67.6 and s&sequent ring closure of tbe e~~hy~.- 
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2 Emiti. Of the many syntheses of emitine and related alkaloids,m only one provides for 
stereoselective introduction of the C-l’ chiral centeP (Scheme 68). Condensation of acetonedkar- 
boxylic acid with imine 68 - 1 and equilibration of the product diastereomers can be controlled to furnish 

either the dl or meso product q&&ally, by appropriate manipUion of the solvent and acid 
counterion- so that a single dktereomer crystakes from the mixture.~ These isomers are easily 
in&converted, however, and some epimeriza tion is observed on conversion of the meso compound 
48~3totbeMichaeladduct68*4. 2f3b The two ends of this symmetrical molecule are dike&ted by 
al&l cyckation during the course of its conversion to emetine. 
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3. PMali&isoqu&wline alk&i&. The synthetic approaches developed for these alkaloids have 
involved with few exceptio&” the addition of a phthalide derivative to ao’immonium ioF= (Scheme 
69). For some coM+ons of reactants, this process akds a single diastereomeric product.- 
However, because the products were isokted by crystallization, this apparent ster&sclectivity is not 
proof of the absence of isomeric makrial. 
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R-M. X-H: S-tBtouen 

‘IS b+yclic ketal, a-rntdtidh, is one of the components of the aggega& pheromone of the 
lesserI3umpemelmbarkbeetk.Ithasbeensynthesized -s~yanumberoftimesvia 
the acyclic ketodiol70 - P* and epoxy ketone 70 * P la2 (Scheme 70). The stereochemical ‘chnllenge 
presented in these approaches is therefore OIK of acyclic amtrol in the coarW&m of these prearsors, 
although the chid center at C-4 can be epimerizd in the tbal product.-‘- 

E!Jliott ad Friedpg utilized the ketal60-3, which they had prepared in conjunction with their 
maytans& model warp (Scheme aO), to establish the non-epimerizable relationship of ketodiol78~ 1. 
After elabomtd of the rest of the chain (to give m- 3), an 85: 15 mixture of a-m~ ad 
y-mubtriatia is obtained after cydizatkm and epimebtion. 
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We have recently completed a highly stereoselective synthesis of (+ )-a-multistriatiP (Scheme 71). 
starting from mwo-2,4dimethylghWic anhydride and utilhing an iodolactonhation react@’ to intn 
ducethethirdchiralcenter.Theole~cacid~~1cyclizeswithiodineinacetonitriktoprovidethe 
all-equatorial la&one 71.2, with better than 95% selectivity. After conversion to the epoxyketone 70 * 2, 
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