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Abstract 

2,3-Oxidosqualene-fanosterol cyclase (QSC) is suspected to bind (3s)- 

2,3-oxidosqualene in a chair-boat-chair conformation. It then mediates the 

sequential formation of four new ring forming bonds through a series of rigidly- 

he@ carbocationie intermediates producing a prolosterol intermediate which is 

subsequently transformed by the enzyme via a series of hydride and methyl 

migrations to lanosterol, the precursor t~ cholesterol in mammals and 

cycloartenol in photosynthetic plants. This thesis describes the synthesis of two 

types sf "mechanisrit-oased" inhibitors of QSC, the structures of which should 

allow the existence of three of the presumptive cationic intermediates to be 

probed. The first group of inhibitors are aza-monocyclic analogues of the 

monocyciic cation postulated to be initially formed in the cyclization. The second 

group of OSC inactivators are 9-thia and 16-thia 2,3-oxidosqualenes, which 

were prepared to examine the existence of presumptive bicyclic and tricyclic 

cati~nic intermediates, respectively. 

The synthesis of the ma-monocyclic mimics involved the application of 

two different methodoiogies. The first involved the conjugate addition of 

organocuprate reagents to 5,6-dihydro-4-pyridones to give C2-C3 substituted 4- 

piperidones and the second involved cyclocondensation of C2 substituted 

Nazarov's reagent with imines to give 62, C3 substituted 4-piperidones. The 

substituted 4-piperidones were then transformed to a structurally related group 

sf azacyclic compounds that were evaluated as inhibitors on yeast and pig-liver 

OSC's. The best inhibitor exhibited an lCso of 0.23 &IRA against C. ajbicans 

OSC. This inhibitor contained all the structural features of the intermediate it was 

designed to mimic except that the cationic center in the inhibitor was a tertiary 

nitrogen, 

iii 



Synthesis of ail trans 9-thia and 1 6-thia, 2,3-oxidosqualsnes inv~lved the 

preparation of novel sulfur substituted Wittig-Morner reagents (a- 

thioterpenoidyldjphenylphosphine oxides). These reagents were condensed 

with tho appropriate aldehydes at low temperature to generate a- h ydrsxy 

diphenylphosphinoyl adducts as mixtures of erythro/fhreo diastereoisomers, 

The diastereoisomers were separated by chromatography and the erythfs 

diastereoisomers transformed to the vinyl-thia (4 double bond. 
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Chapter 1 

1: introduction 

2,s-Oxid~squalene cyclases (OSC)l comprise a class of enzymes that 

catalyse the cyclization of (3s)-2,3-oxidosqualene (1) to tetracyclic sterols. 

Lanosterol (2) (Figure 1-1) is the product in fungi and mammals, whereas 

cycloartenol or @-amyrin are the products in photosynthetic plants's. The 

cyclizations and rearrangements carried out by this enzyme constitute some of 

the most complex and fascinating biochemical transformations in nature. These 

unique enzymatic transformations have been the subject of intense interest for 

nearly four decades? The goal of most work has been to understand the 

mechanism of these cyclizations and to harness OSC's for the preparation of 

novel sterols.2-16 It is suspected that the cyclization of 2,3-oxidosqualene (1) to 

protosterol (3) (Figure 1-2) proceeds through a series of enzymatically 

stablized, conformationally rigid carbocationic intermediate~.6~9 The work 

presented in this thesis focuses on the synthesis of compounds designed to 

probe the existence of three of these cationic intermediate by inhibiting OSC in 

a mechanism-based manner. 

Figure 1-1: Enzymatic conversion of 2,s-oxidosqualene (1) to lanosterol (2). 



Figure 19: Proposed mechanism of lanosterol (2) biosynthesis from 
2,3oxidosqualene (I). 



Figure 1-2: Proposed mechanism of lanosterol (2) biosynthesis from 
2,3-oxidosquaiene (I ). 

If: tanostero! Biosynthesis 

A: 2,3-Oxidosqualene-lanosterol Cycfase 

Oxidosqualene cyclases (OSC) are membrane-bound enzymes that, 

until recently. eluded all attempts to purify them to homogeneity. All early 

cyclization studies utilissd crude microsomal homogenates from animal 

sources. Recently methods for pulification of OSC from hug-li~erl0~~f and other 

3 



vertebratest? have been reported. Optirnisation of the partial purification13 of 
L A -  f - A t - i L -  21.- I.-- -f f i r ,  .-I--- the less siabie yeast cyciase nas tea to me purincatron ot ~,a-oxmosqriaiene- 

ianosterol cyclase from Saccharomyces c s r e ~ i s i a e . ~ ~  The yeast cyclase 

appears to be a single polypeptide with a molecular weight of -26 kDa14 and 

has a pH optimum of 6.213 (vs 7.2 for hog-liver OSC)lOaie This molecular 

weight is substantiaiiy tower than the 75 kDa , 78 kDa and 55 kDa (from SDS- 

PAGE) reported for the OSC from hog-liverllb, rat" and plants,l2 respectively. 

Yeast OSC was foiifid to be highly negatively charged, even at low pH (43) and 

required high c~ncentrations of potassium phosphate buffer for optimum 

activity.13 Apparently no cofactors are required. Hog-liver OSC requires a 

soluble protein factor and anionic phospho~ipids.~Od Chemical modification 

using N-ethylmaleimide of purified hog-liverloe and yeast 2,3-oxidosqualene- 

ianosteroll3 cycfase suggests the presence of a thioi residue (Cysteine-SH) is 

required for activity of OSC. Inhibition of yeast OSC using M(ethoxycarbony1)- 

2-ethoxy-l,2-dihydroquinoline (EEW) also implicates a carbxylate residue? 

B: Proposed Mechanism of 2,3-Oxldosquaiene Cyclization 

1: Involvement of Cationic Intermediates 

Wmmalian OSC is suspected to bind (3s)-2,3-oxidosqualene (1) in a 

chair-boat-chair-boat (five membered ring) conformation and mediate the 

sequential formation of four new carbon-carbon bonds leading to the highly 

strained protosterol, 3. fhis strain is then relieved by series hydride and methyl 

migrations8 to give enqmaticalty stabilized cartmationic intermediate 8, The 

elimination of the hydrogen from 6-8, presumably by the assistance of a basic 

ar negatively charged amino acid, then gives lanosterol (2)( figure 3-21, the 

precursor of cholesterol (9) in marnmak 

4 



Vfre other hypothesis hoMs that the enzymatic cydization of 2,3- 

oxidosqtralene ( 0 )  to protosterol (3) involves the formation of enzymatically 

stabilized CaFbOCafionic iRtermdiafes 

5 



b f t  wfsm& to as the "stepwise' nrechanism.4c.9 This hypothesis was 

imlb pmposd by Stork3b to explain cationic "biomimetic" cyclizations of 

1,Sporjrenes.arsd as wslf as the qciiralion of squalene (10) to lanosterol (2) 

(Fiure 1-3). Work a# w n  Tameten" group suppoded this hypthesis, in part, 

from resufts o b f a i d  from the chemic;tlly i n d u d  cycI~iifi~ns of f I ,  13a, 13b, 

anb 13c. f he= &OW& fR& (i) the ring A is form& with a high degree of 

nd vir=ip&irarr during S~2-tiks efwxida ring opening, and 

( i i )  the ~vsralf annulation prmess is not comptetely concerted but involves a 



Figure f -5: Substrates accepted and cyclized by 2,s-oxidosqualene- 
lanosterol cycfase (0SC)- 

the internal cbublt; bond, this resuft was interpreted to confirm the concerted 

formation of the first n'ng with a SNT-like participation of the immediate 

neQhbottting 6,y-a-bnb. To determine if additional x-bonds significantly 



ide t3b and triene epoxide ISc to the Lewis acid 

caiabysed q&T+&o~ mn&fions and compared haff-iives of ibse  

qcEizations. Ha#-Siws for f a ,  f 3b, and 13c were found to be -7 5, 100 and 

IMl min, respdiv%&, swgesting thal the initiaf epoxkle opening is the skwest 

step in the qcfizalion and afdifionaf a-bonds do not accelerate the rate of 

cydlzatbn, 

van famefee aka subjected unnatural 2,3-oxaosquafene analogues 

(3  Ba, 14b, 36 figtat 1-5) and pafliaffy qclized substrate 15 to mammafian- 

liver OSG's mediated cyclitatians.6 These experiments revealed that a full 

packet fit or the "W and key" is not essential for either substrate binding or 

qdization. This suggested that entropic control by this enzyme is minimal and 

the oxide-tetra-zbnd sequence of squalene constitutes the essential substrate 

rquirement for tetrqcRr&ion. A chiral trisubstituted oxide and the adjacent 

two cbubfe b n d s  seem to represent the minimum requirement for significant 

ey&se action. Sewraf cieveriy designed unnatural substrates (Figure 1-5) 

have beean shown to be accepted by OSC from yeast and animals.e17 



Chemically induced cyclizations of 1,s-polyenes are now generally 

amsidered to proceed ~ i a  the "stepwire" mechanism.15.16 The Johnson 

group36 has presented some of the strongest evidence in favour of the 

"stepwise" mechanism for "biomimetic" cycfizationa They have found that the 

yiaMs in polyene cyclizations increased dramatically when cation-stabilizing 

axilian'es were added to the polyenes at positions that allow them to stabilize 

the &ionic charges generated. For example, Lewis acid induced cyclization of 

23, skibstitufed with ;a =gun-staifizing auxiliary fmethytidene group) at pm C-8 

(pm-steroid numbing, Figure 1-61, gave tetracyclic products (258 and 25b) in 

combined yieM of 77%, as compared to 30% yield from the analogous polyene 

lacking the auxiliary at pro C-8 position. 

Figure 1-7: Sites of cabcation generation that could be stablized by 
nucfeophitic residues in the qciase catalytic pocket 

Johnson postulated that the OSC's may act to stabilize cationic 

intermediates by ion pairing- They might deliver these point charges as shown 

in figure 1-7. Far example, rate of closure of ring B in a boat conformation 

might be enhanced by providing a point charge to the pro-C-8 centre from the 

dace,  thereby towen'ng the activation energy of closure to a boat relative a 

chair conformation. Sirnitarty the anti-Markovnikov closure of r ing4 may be 

favoured by detivery of a point charge at pro-C-13 also from the a-face. The 



point charge delivery to pruC-10 from the p-face, although not specified by 

Johnson, may stabifizr, the cationic species at this centre. Attack by the A ~ O  x- 

bnb of 2,Soxidosquatene from the d a c e  would result in the f3-configuration of 

the GI 0 methyl. 

Figure 14: Isolation of &cyclic triterpenoid, 26, from Ptstacia fentiscus L, 
resulting presumibfy from the trapping of cationic intermediate 6 with H20. 

Finally the isolation of 26 (Figure 1-8) from the resin from the 

Mediterranean shrub Pisfacia kntiscus L by Boar et a1.17 provides possibly the 

strongest evidence in support of the existence of cationic intermediate 6. The 

structure and the absolute stereochemistry of this bicyclic triterpenoid is fully 

consistent with its formation by the interception of this cafb~cationic 

intermediae by H20. The equatorial (P) geometry of the C-8 hydroxyl group 

(steroid numbering) is that expected if 6 undergoes a chair-boat to chair-chair 

anformationaf change prior to reaction with water from the a-face. This 

compound is the only one, that is obviously derived from partially cyclized 2,3- 



Theoretical calculations18 have also suggested the sxistence of olefin- 

carbenium ion sc-complexes as distinct inlerrrted!ates in readlon of ca-tions 

with carbocations with olefins. These calculations support van Tamelen's 

postulation of "rigid" cationic intermediates fixed by sc-complexation with the 

next olefinic bond. 

OSC's must therefore exert most of the control by providing an electronic 

environment to sustain the presumed, conformationally rigid carbocyclic 

carbocationic intermediates (5+6+7-+3, Figure 1-2) and guide the course of 

the reaction in the formation of the next carbocation ion intermediate. 

Figure 1-9: Proposed cyclihation of ring C; involvement of an enzymaticaliy 
sfafsilized five-memberd MarEcovnEkov In!ermediate (28). 

2: Mechanism of Ring-C Formation 

Another mechanistic question that has fascinated investigators is the 

process leading to M i o n  of ring C. T b  &g must be formed either through 
If 



OSC -""V 

Figure 1-10: OSC mediated cyclization of C-18.C-19 dihydro-2,3- 
oxidosqualene (16) and 18(Z)-2.3-oxidosqualene (1 9): evidence for the 
existence of five-membered Markovnikov intermediate 28. 

an anti-Markovnikov cyclization of 6 to 7 in one step or via a Markovnikov 

cyclization to 28 (Figure 1-9). In the latter situation, ring expansion must occur 

via 27, prior to 3ubseqr;en: ieadioi;. The two catiofiic ifitermediajes 28 and 7 

a u ! d  either eqtr!!ibr&e thrnugh rs-mmplexed intermsdiate 27 or react as such 

depending on the nature of the oxidosqualene substrate. In the case of (3S),- 

2,3-oxidosqualene (I), 7 is the exclusive reactive intermediate. The reactive 

nature of 7 is most likely due to cornformational and sten'c constraints set by 
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OSC's. This apparently is not the case for severai other modified 

oxidosqua!ene substrates. 

Consider the enzymatic treatment of 2.3-oxidosqualene analogue 1 6 

lacking the ~ ' 8  double bond6b and analogue 19 containing an unsaturation at 

C-1% with the Z geometrfk (Figure 1-1 0). van Tameiensb found that the 

enzymatic cyclization of 16 resulted in the formation of tricyclic system 29 

contdning a six-six-five membered ring. This presumably involved a transition- 

state similar ta 28 with lass of a hydrogen from the methy! at C-14 (steroid 

numbering). Similar results were obtained by Krief and colleagues7k from the 

enzymatic cyclization of 19. They isolated the tricyclic sterols 30 and 31 with 

the six-six-five membered ring structure. The latter apparently arose from the 

capture of a H20 molecule by a Markovnikov intermediate similar to 28 (steroid 

numbering). 

Figure 1-13: OSG mediated qclization of 21d, lacking methyl 
substituents at C-10 and C-15 of naturai 2,3-oxidosqualene. 



~orey7h has  recently reported an investigation of the cyclization of 21d, 

iaekif;ig rnefi-ryi substitilents at G i O  and 2-1 5 (Figure 1 -j f j. The isoiaiion of 34 

impthtes a K-mmpfexsb cationic intermediate 32 which Is analogous to 27. It 

is noteworthy that in 34 ring E is in the chair form (rather than boat for normal 

2,3-oxi&squaisrte) and that a vfobrrtane ring has been formed rather than 

the normal five m s m b r d  ring D. These results suggest that C-10 methyl of 

2,Wxibo~uafene (1) is esseniiaf for folding of n'ng 8 in a hat conformation. It 

vailne, leucine or isleucine) may be present in the active site of the OSC and 

which is large enough to prevent d from assuming the chair conformation of ring 

B because of a steiic hindrance with the f3 oriented C-10 methyl. 

A: Synthetic Objectives 

We have used Wu strategies to test for the invoivemenf of cahocationie 

iNemediates in the enzymatic conversion of 2,3-oxibosqualene to lanosterol. 

One approach was to study the inhibition of 2.3-oxidosqualene cyclase by 

rationally designed mofecules that would w c  the m t i v e  catron~c . . 

. The other approach atso involves inhibiting 2,3-oxidosquaiene- 

knosteral cyc las .  fn this case, the enzyme would be irreversibly inactivated 

by 2,s oxkbsquaienoid substrate analogues in a met- manner. 

We have probed the existence of presumptive cafionic intermediate 5,6 

and Markovnikov intemaeKfiate28, kacydic anabgues 35 to 42 ( Figure 1-1 2) 

were prepared as mimics of presumptive intermediate 5. Thia-2,3- 

oxidmualerres 43 and 44 were synthesized, as possible mechanismbased 

iwctivatops, to the existem ai intermediales 6 and 28, respectively. 

14 



Ffgure 5-12: Aza-analogues of presumptive carbocation intermediate 5. 



The use of ammonium and suifonium ions to mimic suspected cationic 

iiiieririeciiatiies in eiizjtmatic processes have beeis valibaied a number of times in 

uu r l~~19~20  and other laboratories."i22.23~*4~2s Some of the most potent 

inhibitors of sterol enzymes have been rationally the designed ammonium and 

sulfonium ion analogues of postulated cationic interrnediates.24h A more 

thorough discussion on the use of heteroatom centred cations to mimic 

cabcation intermediates presumed to be generated in enzymatic processes is 

presented in Chapter 2. 

Figure 1-13: Vinyl-sulfur substituted oxidosqualenes 43 and 44, possible 
mechanism-based inhibitors of 2,3-oxidosqualene cyclase. 

The approach taken to evaluate the existence of intermediates 6 and 28 

required the synthesis of thia-oxidosqualene analogues, 43 and 44, 

respectively, (Figure 1-1 5) as mechanism based inactivators for the OSC's.26 

The sulfur atom has been introduced adjacent to the carbon position on which 

the cationic charge is presumed to reside. If these analogues are cyciized by 

the OSC's, the carbocations should be stablised by the lone-pair of electrons on 

the adjacent sukur.27 it was anticipated that such stabilization might impart a 

residue in the active site might compete with the ring closure to give covalently 

bound substrate. The reactive residue was anticipated to be that which is 



responsible for the stabilization of the presumptive cationic intermediate. Again 

a more thorough rationale IS prssented in Chap?er 4. 

B: Thesis organization 

This thesis has been organized into five chapters. Chapters 2 and 3 

describe two different methodologies for synthesis of ammonium ion analogues 

35-42 outlined in Figure 1-12. The results of the biological evaluation of 

compounds 35 to 42 as inhibitors of fungal OSC's are presented in Chapter 3. 

Chapter 4 outlines the synthesis of vinyl sulfur substituted oxidosqualenes 43 

and 44. Chapter 5 describes a new strategy for the synthesis of 1,5-dienes of 

the type used in the preparation of the terpenoid chains required for the 

synthesis of the inhibitors described in Chapters 2-4. 

Chapter 2 describes an efficient route to preparation of C-2,C-3 

hndionallized 4-pipefidones. The iiiiiiai step required the mn~ugatfi addition of 

higher order (H. 0.) organmuprates to I'V-(zarbobenzyloiiy)=3-~rt;om~thoxy- 

5,6-dihydro-4-pyridone (45) on route to the synthesis of required monocyclic N- 

methyl-2,3-substituted-4-piperidids as analogues of intermediate 5. A 



through study on the conjugate addition of organmuprate to 5,6-dihydro-4- 

pjridones is presented afong with the successful route to the 1,s-teiraeiie 

sidechain, which was appended to C-2 of the intermediate 4-piperidone. This 

approach was used to synthesize compounds 35-40. This methodology could 

root be used to prepare compound 41 and its methiodide salt 42, and a different 

strategy was conceived and executed. 

In Chapter 3 the s m s s f u j  route to the synthesis of anabgue 41 and 42 

Is presented. This methodology utilizes a modified Marrnich-like 

cyclocondensation between imines and appropriately substituted y,6- 

unsaturated-P-keto esters to give C-2, C-3 substituted-4-piperidones, 

intermediates in the synthesis of mimic 41. This chapter outlines the synthesis 

of some valuable terpenoid synthons as well as an improved route to y,6- 

unsaturated-P-keto esters. The reactivity of imines and y,6-unsaturated-b-keto 

esters is also discussed in this chapter. it was found that methyl 2-methyl-3- 

0x0-4-pentenoate (46) reacts with imines to give only of the two possible 

diastereorners of the C-2, C-3 substituted M-methyl-4-piperidone. The possible 

explanation for the stereochemical outcome of the cycloaddition is discussed. 

In Chapter 3, the results of the biological evaluation of the ammonium 

ions listed in Figure 1-12 (35 to 42) are also presented. These compounds 

were evaluated as inhibitors of 2,3-oxidosqualene-lanosterol cyclase of the 

yeast Candida aibicans, both in intact-cell and in cell-free enzyme systems. A 

discussion of the resuits is presented. 

Chapter 4 outlines successful routes for the synthesis of the vinyl sulfur 

substituted 2,3-oxidoqttatene 43 and 44. These oxidosquaiene anaiogues 

were prepared from farneslcrl and geraniol. The chemistry described in this 

chapter uses the classical Wittig-Horner ofefination to give geometrieaily pure 

all trans vinyl sulfur substituted 2,3-oxidosqualenes. This work required the 
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synthesis of new Wieig-Horner type [a-thio1erpenoidyl)diphenyIphosphine 

oxide reagents (47 awi 48). These were condensed with the appropriate 

aldehydes at fow temperatures, the intermediate a-  h yd  rs  x y 

diphenyfphosphinuyt mmpounds isotated as the eqdhru and ff3re0 mixture and 

separated by ckram&wraphy on silica. The erihro compounds were then 

converted to E w'nyi sufftrr-substautd 2,3-oxidssquafenes 43 and 44, 

Chapter 5 bexfibes the synthesis of 7 -metfsyl-3-prupjrt-2(E) ,6 [E) - 

nonadienjjf acetate (89), a terpnoid a m p o u ~ b  isafateb from the square- 

necked grain beetle, Crrfharfus quadricoflis (Guhr-), The methdoiog y makes 

extensive use of organofin and organocuprate chemistry for the synthesis of 

geometrically pure frisubsub~ituted 1,s-pofyenes. This strategy was devtsed 

with the intention of using it for the synthesis of trisubstituted 1,5 polyanes 

required for the prepraion of the inhibitors presented in Chapters 2, 3, 4. Due 

to the large quantifies of stming materials required for the total synthesis of the 

inhibitors, more conventisrral chemigry chosen. 



CHAPTER 2 

This chapter outfines the synthesis of compounds 35,36a, 36b, 37, 38, 

39 and 40 as analogues of presumptive intermediate 5 in the enzymatic 

cyciimtion of 2,3-oxidosquatene (I) to fanosterol (2). The syntheses presented 

in this cit;tpfer were -mptished by the conjugate addition of organmuprate 



A: Inhibition of Enzymes Using Charged Heteroatom Substituted 

Amfogues as Mimics of Presumed Carbocationic Intermediates 

It is recognized28 that if a molecule is structurally and electronically 

analogous to an intermediate produced during an enzyme catalysed reaction 

then the m o l ~ t e  may bind tightly with the site normaliy responsible for binding 

the intermediate. This is thought to be accomplished by exploiting the 

interactions active in the binding of the intermediate, The use of charged 

heteroatoms usualfy nitrogen and suifur but also arsenic, to mimic carbocations 

postulated to be invofved in bioiogicai transformations has been found to be art 

effective strategy in the design of inhibitors of enzymes operating in 

sterol1 $1920123-25 and terpenoid21.22 biosynthetic pathways. 

The use of pasitiveiy charged heteroatoms to mimic cationic carbon 

intermediates prodwed during enzymatic catalysis has been reviewed several 

times in the recent pa~.rc>2%~h Therefore, the background on this topic in this 

chapter has been limited to a few sptxific examples. 

I : inhibition of ~24-lWeifiyi transferases 

Enzymes that alkyiate the A*~-unsaturation 04 sterols are found in yeast 

and plants but not in mammafs. It has been postulated that the conversion of 

624(-25) sterols to 624f-283 rnethylene sterols by ~24-sterol methyl transfefases 

(24-SNfT) invofves at least two carbocation intermediates. The first step 

Imdws the nd-Hk bj the ~ 2 %  G ~ & ~ F ~ G S  of the stef~f otl the S- 



Figure 2-1: inhibition of ~%terol methyl transferases by ammonium 
and suHonium ion mimics.. 



Figure 2-1 : lnhibition of  sterol methyl transferases by ammonium 
and sutfonium ion mimics (cont.). 

methyl group of the S-adenosyl-L-methionine. This generates an intermediate 

C-25 cation (52) containing a C-24 methyl. Hydrogen migration moves the 

positive charge from C-25 to C-24 (53). This is followed by the elimination of a 

hydrogen from the G24 methyl to produce a 24-methylenestero129~~9~*3~24e~h 

(54). Sulfonium ionlcs20a~~3c (55a, 55b 55c and 55d) and ammonium ionlcl 

23c (556 and 55f) analogues of presumptive cationic intermediates 52 and 53 

involved in the atkyfation of zymosterol, 50, during biosynthesis of ergosterol, 

51, are potent inhibitors of yeast 24-SMT. In fact, 55a bound to this enzyme 

25,000 times more tightly than the natural substrate. 

2: Inhibition of Squalene Synthase 

Similarly, ammonium i0nlc*21~22a (61 b, 62a, and 62b) and sulfonium 

iodc~1ges20b (618 and 63) mimics of presumptive cationic intermediates 

involved in the biosynthesis of squalene (10) by squalene synthase are 

inhibitors of this enzyme, fhe transformations considered to be involved in the 

production of squalene by this enzyme are insertion of C-1 of one farnesyl 

pyrophosphate into the C-2, C-3 double bond of a second to generate 



___) 

60 squalene (10) R= 

Rgure 2-2: inhib-ition of squalene syntase by ammonium and 
suffonium ion mimics. 



intermediate 56 which rearranges to presqualene pyrophosphate (57). This 

degrades to give ion pair intermediate 58. Further conversion of 58 via a 

cyclopropylcarbinyl rearrangement yields intermediates 59 and 60. Hydride 

reduction of latter completes the enzymatic formation of squalene, lO.3O11c 

The inhibitory activity of rationally designed intermediate mimics of sterol 

biosynthesis has in the past has played a signiikant role in the elucidation of 

the mechanisms by which many of these enzymes operate. For example, 

sulfonium ion mimic1cp2o 55b was found to bind the 24-SMT more strongly than 

55c, suggesting that the stereochemistry of alkylation was as illustrated in 

(Figure 2-1). Furthermore, in the mechanism for synthesis of squalene (10) 

from presqualene dighosphate 57 shown above (Figure 249, the involvement 

of inorganic pyrophosphate (PPI) as the counter anion of cations 58 and 59 

was established by administrating ammonium ion mimicsZ1 62a and 62b, 

respectively. It was found that 62a or 62b had sjgnificant inhibitory activity only 

in the presence of PPi. Similar results have been observed for sulfonium ions 

61a and 63.20b 

3: Inhibition of 2,3-Oxidssqualene cyclases 

0SC24-26s31-33*1C is inhibited by both substrate,'= and product 

anal0gues.2~h Ammonium ion analogues of presumptive intermediates and 

arnine oxide mimics of intermediates presumed to be formed from epoxide 

opening have proven to be good inhibitors.24 Catlei's groupZ4h has shown that 

ammonium ion mimics of intermediates 4 and 6 effectively inhibit the cyclases 

from animal, krngal and plant sources (Figure 2-3)- 

Systematic acafirsis of the iiitiiSiiory aciiviiy of the @iimpirnbs revealed 

that the (if most effective inhibitors are those that possess a positive charge at 



Figure 2-31 Ammonium and N-oxide inhibitors of 2,3-oxidosqualene- 
lanosterol cyclase. 

C-2 of the squalene skeleton (mimics of intermediate 4); (ii) the N-oxides, 64a 

and 64b are more potent inhibitors than the corresponding amines; (iii) the 

cyclase will tolerate C-2 amine mimics with methyl (65a and 65b), ethyl (65c) 

as well as cyclic (65d) substituents on the nitrogen; (iv) the structure of the 

major hydrocarbon tail attached to nitrogen is important for inhibition, removal of 

double bonds in the squatene moiety or its replacement by a shorter chain 

resuk in a decrease in activity; (v) the 8-aza-decalin (66) mimic of intermediate 

6 was inhibitory only when squalene like side chains were present on the 

nitrogen, activity was lowered when the branch methyls of the side chain or the 



3-8 hydroxyl (steroid numbering) group were removed. It appears also that the 

binding site of the OSC's is quite sensitive to sieric hindrance due larger 

groups on the inhibitors. 

Table I: Inhibition of S W s  using ammonium and amine oxide mimics of 
intermediates 4 and 6. 

OSC source 

Compound C. afbims S. cerevisiae Pea seedlings Rat liver 

64a [24fJb N d  16 0.3 3.7 
Wb [24fJ ND 14 0.1 5 1.5 
6- [24fl ND 10 1.3 7.5 
65b [24fJ ND ND 1 .l 5.1 
65c [24fl ND 14 0.55 3.2 
65d E24fJ ND ND 3.5 ND 
66 [24g,h] ND ND Nld 2.0 
67 [24h] ND ND ND 165 
68 1334 2.0 ND ND 2 1 
69 1334 0.1 5 ND ND 0.23 

'C,, concentration of inhibitor required to reduce enzyme activity by 50% ; 

'[I, reference; 'ND, not determined; d ~ ~ ,  no inhibition. 

There are significant differences in the activity of a given inhibitor for 

OSC's derived from different sources (Table I). This is important in re-inforcing 

the observation that cyctases from different sources have different amino acid 

compositions at the active sites. Additionally these differences in inhibitory 

activity could possibly be manipulated to selectively target the OSC of a 

pathogenic yeast over the host in a thera~eutic treatment. OSC has been 

targeted in development of chemotherapeutic treatments of yeast infections33 

and hypuchulesterolemic agents? This enzyme has been shown to be 

essential b r  gmwth of fungi.a4 Unfortunately, as antifungal agents, most 
27 



inhiwors shown above are more active towards animai OSC's than the fungal 

fstrmd during Zfie cyclization of 23-oxidosqualene, tested by Jolidon and 

colteagues at F, Hoffmann-La Roche, shows a 10-fold selectivity in inhibition of 

the fungal cyclilse over the rat-liver cyclase.33 

ti: Results and Discwsfon 

A: Rstionate 

We believed that the initial formation of ring A, leading to intermediate 5 

was the slowest step in the enzymatic cyclization of 2,3-oxidosqualene (1) to 

protosterol (3), as observed by van Tamelen for the "biomimeticn cyclizati~ns.~b 

The cyclases were pastuiabd to exert much strider control in the formation of 

ring A, concurrent with the fornation af intermediate 5, than at any other point in 

the sequence leading to the formation of protosterol 3. Thus, inhibition of 

OSC's by heteruatum cationic mimics of 6 were expected to b9 significant. 

We chose to explore the existence of the presumptive intermediate 5 

using wacyciic anaiques as mimics of 5-35 We envisioned that these 

analogues would be easy to prepare in various substitution patterns. We 

retained as many of the structural features of the presumptive intermediate 5 in 

the mimics as pussibte. We have examined the requirements for double bonds, 

the length of the side chain zd C-2 (pipendine ring), the position of the branch 

methyls of the side-chain , and C-3 substituents of the 4-piperidinol ring. 

Although these cumpounds are racemic mixtures, the syn relationship between 

the C-4 p-ttydruxyf group and the C-2 side chain of the piperidinoh has been 

maintdned. In each case it is believed that the enantiomer that corresponds to 

the absolute stereschemistry of the biosynthetic intermediate will inhibit the 
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cyclase. The mines 35,37 and 39 are expected to be 

olsaicaf pH and thus should mimic the charge characta~istlcs ~f 

intermediate 5 to an emnt similar to that of their quaternary ammonium salts 

36a, 36b, 38 and 40. 



It was envisioned that the required compoarnds could be prepared by the 

con!ugafe addition of organocuprates, derived from the appropriate Grignard or 

lithium species, to an u,f+unsaturated 4-piperidone. Vinylogous amides, 

including a$-unsaturated 4-piperidones have been shown to undergo 

uncatalysed and Cu(1) mediated conjugate additions of Grignard reagents to 

produce C-2 substituted derivatives (Figure 2-4).36 This approach would allow 

the introduction of various side chains at C-2 to the same basic skeleton without 

changing the overatl synthetic strategy. After some exploratory work, we found 

N-(carbobenzyloxy)-3-carbomethoxy-5.6-dihydro-4-pyridone, 45,35 to be the 

ideal candidate. 

8: Synthesis Section 

3: Conjugate Addition of Cuprates to 77 

Since the target compounds are masked C-2, C-3 substituted N-methyl- 

4-piperidones, we initially thought it would be possible to use the known N- 

methyl-5,6dihydro-4-pyridone3? 77 as the substrate for cuprate additions. This 

reactiun woutd give a G 2  substituted intermediate containing a copper enolate 

&at mulb be trapped with Met to give C-2 alkyl C-3 monomethytated-N-methyl- 

4-pipsridones. We woutd then prepare N-methyl-3-methyl-$6-dihydro-4- 

pyridone (78) and caw out the analogous experiment to give the C-3 gem 

dimefityl mmpounds. Web this in mind we began the synthesis. 



Scheme 1 : Addition of cuprates to 77. 

BF3-0Et2, THF 
-78 "C 

[PhCH2)2Cu(CN)Mg8r 

THF, -78 OC 
- k.. 

Although N-methyl-5,6-dihydro-4-piperidon@ (77) (Scheme 1) was easy 

to prepare from commercially available N-methyl-4-piperidone (76) using 

reaction conditions described by Stutz and Stadler37 (yield, 35-50%), it was 

found to be unstable and began to polymerize almost immediately after 

isolation. When 77 was treated with (n-Bu)zCu(CN)Lin at -78 O C ,  none of the 

product (79) resulting from conjugate addition could be isolated. inclusion of 

1.2 equivalents of BF3-Et20,38 to activate the a$-unsaturated system toward 

conjugate addition gave the C-2 substituted product (79) in yield of 25-30%. 

We were unable to increase this yield. Surprisingly magnesia-cuprate derived 

from 2.0 equivalents of PhCH2MgBr and 1.0 equivalent of CuCN gave the C-2 

substituted 4-piperidone (80) in yields of >85%. The differential reactivity of the 

magnesio vs the lithium cuprate could be attributed to two factors: (i) the 

msgnesium counter ion is a better Lewis acid than the lithium ion and, 

therefore, may activate the enone by complexing to the oxygen; (ii) Grignard 

reagents are less reactive and are softer nucleophiles than the alkyf lithiurns. 

The carresponding magnesia-cuprate may form a better complex with the IC- 
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system of the enone than the corrresponding lithiocuprates. Differential 

reactivity between the cuprates derived from aikyi lithium species and aikyl 

magnesium halides has previously been noted? 

C3H7Br 
R DME-HMPA - (ir N R 

a Husson, H.-P.; ef af. Tetrahedron Lett. 1987,28,6457. 

Figure 2-5: Additions of Grignard reagents to 4-acetoxj-5,6-dihydropyridinium 
chloride (81) and attempted alkylation of enolates of 4-piperidones. 

While our study was in progress, Husson et d 4 0  reported that lithium 

enolates of N-alkyt-4-piperidone do not alkylate well at C-3. Although no 

explanation for this lack of reactivity was given one can assume that alkylation 

of the lithium enotate 83 (Figure 2-5) could be retarded by the lone pair 

electrons of the nitrogen. Indeed, the lithium of the enolate could be chelated 

by buth ?he enoiate oxygen and the nitrogen, resuiting in a less reactive 

very fragile hornoallylic terperroid chains at C-2 of 4-piperidones and 



lithimprates gave low yields in additions to 77, we abandoned this synthon in 

fav~ur of pyn'done 45. 

The lone pair eiwtfms on the vinylogous nitrogen of 4-piperaanas is 

expected to interact significsifltly with the asp-unsaturated system, and this 

shoufd govern both their reactiviiy and staility. This property af 77 has been 

exploited by Husson40 to prepare, in situ. 4-acetoxy-5.6-dihydf~pyi:dinittm 

chloride 81 (Figure 2-5). This intemediate ieacted with Grignard reagents to 

give C-2 substituted 4-piperidone snoi acetates 82 in good yiekfs. We 

suspect.& that if the nitrogen lone pair was deloicalized into in an amids or a 

carbarnate linkage, this migirt resun In increased stability as welt as mdified 

reactivity. Arnicie pliotming groups could be easily removd or transforma in ;a 

latter step. 

Scheme 2: Retro-synthesis of the C-3 gem dimethyr suWitMsd ma 
of intermediate 5. 



These requirements could be met with M-(carbobenmy1oxy)-3- 

cammethoxy-5,6-dihydro-4-pyridone, 4%.35 We could introduce side chains at 

C-2 via cuprate addition, mono-methylate the b-ketoester activated C-3, and 

transform the ester functionality to the second required C-3 methyl group via a 

reduction, tosylation and hydride displacement sequence. In the process, we 

~ o u l d  reduce the benzyloxycarbamate protecting group to the required N- 

methyl substituent (Scheme 2). 

2: Synthesis sf 45 

The N-(carbobenzyloxy)-3-carbomethoxy-5,6-dhydro-4-pyridon 45, 

was obtained in three steps in 70-75% overall yield from commercially available 

methy l-4-sxo-piperidine-3-carboxyhte hydrochloride 85 (Scheme 3)." The 

latter was protected as the benzyl carbamate derivative 86 and selenylated42 

Scheme 3: Synthesis of 45;. 

NaH, PhSeBr 
THF 

H &o2en 6 4 B n  

8 5  86 (91 %) 87 

45 (76% in two steps) 

at C 3  to give 87 as a light yellow crystalline solid (70-80 %). Best results were 

obtained in the selenylation when the sodium salt of fl-ketoester 86 was 

34 



generated with NaH in THF at 0 "C and then cooled to -50•‹0 prior to addition of 

PhSeBr. The selenylated product 87 was easily purified by recrystallization 

from ethyl acetate-hexanes or treated as a c ~ d e  isolate with 5% HeQ2(aq) in 

CH2C12 at If0-5 OC to give, after chromatography, the unsaturated piperidone, 

45. 

We found enone 4535 to be an excellent candidate for this strategy. It 

allowed introduction of various alkyl groups at C-2 as well introduction of 

geminal methyls at C-3. Cuprates prepared from alkyl lithium or Grignard 

reagents reacted with 45 to give high yields of conjugate addition products. 

3. Synthesis sf 35, 36% and 36b 

Amine 35 and its salts 36a and 36b were synthesized as models to test 

the minimal structural requirements of the side chain of analogues of 5 for 

inhibition of OSC. Fabrication of this amine required the introduction of a 

relatively small carbon chain (C4) at C-2 of 45 via conjugate addition of n- 

Bu2Cu(CN)Li2 and modification of C-3 to give geminal methyls. 

The conjugate addition of ( ~ - B U ) ~ C U ( C N ) L ~ ~  to 45 to give 88 was 

instantaneous and high yielding (87-91%) at -78 OC: (Scheme 4). 1H NMR 

spectral assignments of 88 were complicated due to restricted rotation about 

the nitrogen-carbon bond of the carbamate combined with enol-keto 

tautomerization of the P-keto ester. Methylation of 88 at room temperature was 

carried out in DME to give 89 in 72% yield. This readion apparently gave a 

single diastereomer as verified by GC analysis as well as l H  and '3C NMR 

spectroscopy. The relative stereochemistry of 89 was not determined, 

Protection of the latter as the ethylene ketal (90, in 89% yield) followed by 

treatment with LiAlH4 in refluxing THF reduced the methyl ester and the banzyl 

carbamate in 88% yield to a hydroxymethyl and a N-methyl, respectively (91). 





The structure sf the product was confirmed by the absence of the IH NMR 

signal due to the hydrogens (6 3.70) of the, methyl ester as well as !he 

appearance of the signal due to the hydrogens of the Kmethyl(6 2.25). The 

hydroxyl group of 91 was converted to a tosylate (92, in 84Y0 yield) by  

generation of the lithium alkoxide with n-5uLi in ether at O OC followed by 

addition of p-TsCl. Other methods of tosylation such as pyridinsfp-TsCI and 

KOHlp-TsCI, were unsuccessful. Tosylate 92 decomposed slowly upon 

storage, even at -20 OC, and was used within a day of preparation. Hydride 

displacement of the tosylate with LiEt35H43 in refluxing THF gave the C-3 

geminal dimetkyl containing ketal 93 in 91 % yield. Hydrolysis of 93 to give the 

4-piperidone 94 required refluxing in 6N HCI (74% yield). The latter was 

reduced" at -78 OC with LiAIH4 to give the equatorial alcohol as a racernic 

mixture 35, in an overall yield of 24% in 9 steps, with 295% diastereoselectivety 

as verified by gas chromatographic analysis. The equatorial stereochemistry of 

the hydroxyl group (C-4) of 35 was confirmed by 'H NMR which revealed a 

doublet of doublets at 6 3.20 (J =I 2.0, 5.0 Hz) for the axial methine hydrogen, 4- 

M, on the hydroxyl bearing carbon (C-4). Treatment of 35 with ether solutions of 

anhydrous HCI or Mel gave the respective ammonium salts 36a and 36b as 

white hygroscopic powders. 

As noted above the hydrolysis of ketal 93 required extremely harsh 

conditions. We were unable to remove this protecting group with more milder 

conditions. For example, no ketone 94 was isolated when 93 was treated with 

either refluxing 50% acetic acid in methanol-water mixture, refluxing pTs0t-l in 

acetone-water, or 50% trifluroacetic acid in water. Even with aqueous 6N HCl, 

refluxing for 6-10 hours was required for complete hydrolysis of ketal 93. We 

have no explanation for the unusual stability ~f the ketal of this 4-piperidone. 

Others45 have observed ethylene ketals of Kalkyl-4-piperidones to be stable to 



acid. Since much less drastic conditions are required 90 remove ethylene ketals 

of N-acyl-4-piperidone@ the basic character of the N-alkyl nitrogen may be 

playing a role. Conformations sf the respective piperidine rings may also 

control the hydrolytic ability of the ketal substituent.46 Preliminary experiments 

indicated that the E trisu bstituted unsaturation in the 1,s-terpenoid side chains 

of the proposed targets 37 and 39 and 41 would not survive the above 

conditio~s (6N HCI) for ketal removal. Thus, the synthesis of m ines  37 and 39 

was modified as presented below. A new strategy was devised for the 

synthesis of 41, containing geminal dimethyis at C-3 and is presented in 

Chapter 3. 

Scheme 5: Retro-synthesis of compounds 38 and 40. 



4: Synthesis of 37&3% and 39&48 

Given the successful introduction of a buty! group at C-2 of A5 we turned 

our attention to the introduction of chains of medium and exact length 

corresponding to intermediate 5. Additional modifications to the synthesis are 

as follows (Scheme 5 ): (i) the gem dimethyls at C-3 of the piperidine ring were 

not introduced; (ii) the carbomethoxy group at C-3 of the P-ketoester was 

removed by decarboxylation (iii) the resulting N-(carbobenzy1oxy)-4- 

piperidones were reduced in a single step to give N-methyl-4-piperidinols in a 

1:1 (axia1:equatorial) diastereoismeric mixture; (iv) the alcohols were rs- 

oxidized to N-methyl-4-piperidones and stereospecificaliy re-reduced to give 

C-2 substituted N-methyl-4-hydroxypiperidines, 37 and 39 with the 4-hydroxyl 

exclusively in the equatorial configuration. 

a: Synthesis sf 37 and 38 

Incorporation of a medium sized side chain cont ning branched methyl 

and unsaturation was initially pursued (Scheme 6). The homofarnesyl side 

chain was chosen, since it provided an opportunity to determine if the position 

of the branch methyls (side chain C-3 methyl moved to C-4, see 37 vs 39 on 

the chain affects inhibitory power. The change in the original strategy required 

omission of the C-3 gem dimethyls from the piperidine ring. This exclusion 

made the syntheses much simpler. Comparison sf the inhibitory power of 

37&38 with that of 398~40 should give some insight into the necessity of these 

methyls as "lipophilic" anchors, for proper binding.7hj24f 

Homofarnessl was prepared from (E), (&)-farnesol (95) using the 

procedure described by Leopold47a for the synthesis of hornogeraniol from 

geraniol. (E ), (E )-Farmsol (95) was first converted to farnesa148 (96) in 92% 

yield v ia  a Swern oxidation.49 The latter was reacted with 



methylenetripheslylphosphorane, generated from methylfriphenylphosphonium 

Wide and Phti in THF a! -78 O C ,  te give ?he fnfraane $748 in 91%. .- 
Hydroboration of 97 with disiamyl borane50 followed by oxidative work-up gave 

homofarnesol  (98)47bvc in 81%. Treatment of 9 8  with 

bremotriphenylphosphonium bromide gave homofarnesyl bromide (99), which 

was converted to homofarnesyl iodide (100)47c by reaction with Nal in acetone. 

Scheme 6: Synthesis of h~mofarnesy l iodide, 101. 

(CQ)C12, DMSO 
Et3N, CH2Ch 

CH2=PPh3 - - 
THF, -78 O C  

- - 
acetone, reflux 

99 (88%) 100 (94%) 

The method of choice for the cuprate mediated 1 ,honjugate 

introduction of homofarnesyl chain to C-2 of enone 45 involved generation of 

the higher order (H.0.)51 lithio-cuprate, 109, from homofarnesyl lithium 

produced from 100 with lithium 2-thienylcyanocuprate, (2-Th)Cu(GN)LL41 



Schera 7: Synthesis of t 02. 

H d ~ ~ ~ ~ ~ ~  Zr(Cp)2C12, TBAF 
then GICO2Et TBDMSO 

C02Et - 
CH2CI2 

THF 
103 104 (50%) 

&co2a DIML-H - Br 
7 

THF Br 

(a) MgO, THF / C c C I 2 M e  

CuCN 
(c) 45. THF 

A preliminary study of formation of the Giignard reagent from homoallylic 

bromide 101 revealed that copper catalyzed conjugate addition (-1 0% CuCNj 

or addition of the Grignard derived cuprate (-50% CuCN) to 45 on a relatively 

small scale (4 mmol) was troublesome, and the yields were consistently poor 

(yield of 102 in 40%-50%) (Scheme 7). Gas chromatographic analysis of the 

quenched hsmoallylic Grignard reagent revealed several species accompanied 

the protonated products, suggesting B-elimination and/or self coupling had 

taken place upon the formation of the Grignard. Substituted piperidone 1 02 

was prepared in hopes that it could be used as an intermediate in the synthesis 



of compounds 39 and 41. Since a more convergent strategy was developed 
1- tut - ihase syntheses (presented iii the fOIiO~Ii-ig pages), this approach was 

abandoned. 

The bifunctional intermediate 10452 was prepared by initial one pot 

carboalumination53 of silyl protected homopropargyl alcohol 103 and trapping 

the vinyl alane with ethyl chloroformate in yields of 4560% (in -95% isomeric 

purity) (Scheme 7). Emulsions encountered during the usual aqueous work-up 

of Zr(Cp)zC!z cata!ysed czrboalumination reactions were overcome by 

quenching the reaction with a minimum amount of water (-18 eq.) followed by 

addition of Celite and hexane. This provided metal salts that were easily 

filtered. Aqueous work-up of the filtrate and evaporation of volatile impurities 

under high vacuum resulted in relatively pure (-85% by GC) ester, 104.52 

Exposure of 104 to a THF solution of tetrabutyl ammonium fluoride yielded 

hydroxy ester 105. Tosylation of 105 using standard conditions (p-TsCI, 

pyridine) gave 106, which was treated with LiBr in refluxing acetone to give 

b r o m ~  ester 107. The latter was reduced to alcohol 188 using DIBAI-H in THF. 

Reaction of 108 with tert-butyldimet hylsilyl chloride gave 101. The Grignard 

reagent was prepared by the treatment of I81 with MgO in THF. Then CuCN 

(catalytic amount, 5-1074) was added followed by the addition of enone 45 to 

give 102, in yields of 40-56%. 

By comparison, the conversion of homoallylic iodides 100 to the 

corresponding lithium species via lithium-iodine exchange using t-butyl lithium 

at -78 O C  in diethyl ether54 was very clean (Scheme 8). Lithium-iodine 

exchange presumably minimizes p-elimination as well as Wurtz-type coupling 

that occurs during the generation of the corresponding Grignard species. 



Scheme 8: Synthesis of 37 and 38. 

2.2 equiv of t-BuLi enone 45 
-78 OC, Et20, then ('16H27)('-'h)Cu(CN)Li2 -78 PC, MF 
(2-Th)Cu(CN)Li 



Addition of lithium (2-thieny9)cyanocuprate to the homoallyl lithium 

species generated from 100 at -78 O C  in THF gave the corresponding H. O. 

cuprate, 109, as a brown solution. Reaction ~f the cuprate (109) with enone 

45 produced 11 0 in 85% yield. The 1 H NMR of 11 0 revealed the presence of 

an enolic proton (6 12.2), and the absence of a signal due to the vinyl hydrogen 

of 45 confirmed that transfer of the homofarnesyl group to C-2 sf 45 had 

occurred (Scheme 8). 

Decarboxylation of 110 using Krapchoss conditions of heating with NaCi 

in wet DMSO at 100 O C  for 5-8 h, gave 11 1 in relatively good yields (75-80%). 

Reduction of ketone of 111 was accompanied by reduction of the carbamate to 

the Al-methyl group. This treatment gave amino alcohol 112 as a nearly 1 :1 

(axiai:equatorial) diastereoisomeric mixture. This was deduced from integration 

of the I H  NMR (CDCl3) signals due to the methine hydrogen, 4 4 ,  on the 

hydroxy bearing carbons (C-4) H 3.60 (septet due to overlapping tt, J 

=I  1.0, 5.50 Hz); &quatorial H 4.07 (multiplet)] and the signal due to N-CH3 

hydrogens. The latter appeared as two signals at 6 2.32 and 6 2.24 due to the 

diastereoisomers containing an axial and equatorial hydroxyl group, 

respectively. The diastereoisomeric ratio was improved to >95% (equatorial 

alcohol), racemic alcohol 37 (45-50% in 4 steps), when the diastereoisomers 

were first oxidized to M-methyl-4-piperidone (113) and reduced using LiAlH4 at 

-78 OC.44 The oxidation was achieved with Ac20 in DMSO (Albright-Goldman 

procedure)56 to give ket~ne, 11 3, in fairly good yields ( 76-81%) with only 

minor amounts of the 0-acetylatisn. Treatment of racemic amino alcohol, 37, 

with Mel in dry diethyl ether yielded the quaternary ammonium iodide, 38, as a 

slightly yellow, hygroscopic semisolid. 



b: Synthesis of 39 and 40 

The tetraene iodide, 114, possessing the actual tetraene side chain 

found in the presumptive intermediate 5, was similarly coupled to C-2 of enone 

45. The synthesis of 114 required the preparation and coupling of 

intermediate 117 to farnesyl bromide (118) (Scheme 9). 

Silyl ester, 104, was reduced without purification by DIBAL-H to alcohol 

11552 which was easily purified by flash chromatography. Conversion of 115 

to the allylic chloride 11652 was accor~pIIshed, in nearly quantitative yield, by 

treatment of the alcohol with NCS-DMS complex.57 Reaction of 116 with the 

sodium salt of benzenesulfinic acid in DMFs8 gave sulfone 117 in 84% over 

two steps. Generation of the allylic anions8 of 117 with n-BuLi in TWF at -78 OC 

followed by addition of farnesyl bromide (1 18) gave the coupled product 11 9B in 

89%. Removal of the sulfone groups8 with Li in EtMH2 at -78 OC yielded 120, 

which was subsequently deprotected by treatment with tetrabutylammoniurn 

fluoride to give the free alcohol 121. Tosylation sf 121 with pTs@l in pyridine 

gave 122, which was convertad to tetraene iodide 114 by readion with Nal in 

refluxing acetone. 

The corresponding H. 0. cuprate, 123, was generated by treatment of 

iodide 114 with 2.2 eq. of t-butyl lithium in Et28 at -78 OC followed by addition of 

(2-Th)Cu(CN)Li in THF (Scheme 10). Reaction of the cuprate with 4% at -78 O C  

in THF gave the C-2 coupled product 124 in 90% yield (overall yield of 14% 

starting with 103). 

The sequence of steps in the preparation of inhibitor 39 and its 

rnethiodide salt 40 was accomplished by exactly the same procedure outlined 

for the synthesis of compounds 37 and its salt 38. Decarboxylation of 124 with 

NaCl in DMSO-H20 gave 125 in nearly 80% yield. Reduction of 125 gave, a8 

a mixture of diastereoisomers of N-methyl amino alcohol 126 in 87% yield. The 







diastereslsomeric ratio was again improved to 235% (equatorial alcohol), using 

the two-step procedure sf oxidation of 126 to i-methy! ketone I27 foliowed by 

stereospecific reduction using LiAIM4 to give the equatorial alcohol 39 

(83%yield; 50% yield in 4-steps). Treatment of amino alcohol, 39, with Mel in 

dry diethyl ether yielded the quaternary arnrn~niurn iodides, 40, as slightly 

yellow, hygroscopic semisolid. 



In this chapter synthesis of =a-analogues 41 and 42 is presented. The 

results of the biological evaiuation of 41 and 42 and aza-analogues prepared 

i;l Chapter 2 (35 to 40) as inhibitors of OSC from Candida albicans are also 

presented. The present synthetic route starts with a cyclocondensation reaction 

between methyl 2-methyl-3-0x0-4-pentenoate (46) and imine 128 to give C-2, 

C-3 substituted N-methyl-4-piperidone 129, as the key synthoo. 



A: Objective 

Synthesis of ammonium ion mimics 41 (and 42) required the 

introduction of C-3 gem dimethy Is on the piperidine ring. These substitutions 

render the ammonium ion analogues structurally equivalent to the presumptive 

intermediate 5. We wanted to determine the effect of the methyl substituti~n on 

inhibitory power. We were specifically looking for the ability of C-3 methyl 

substitution to influence the relative inhibitory power of OSC's of animals and 

BSC's of yeast origin. Substitutions has previously been noted to affect the 

ability of 2,3-oxidosqualenoids 20c7i341b and 21d,7h as well as the ammonium 

ions,24fPht33 to inhibit differentially OSC's from these two sources. 2,3- 

Oxidosqualenoid 20c is accepted as a substrate by yeast OSC, yet vertebrate 

OSC's are irreversibly inactivated by this compound. The opposite is true for 

2,3-oxid~squalenoid, 21d. This compound acts as a substrate for the 

vertebrate OSC's and as a irreversible inhibitor of the yeast OSC's. Because sf 

these subtle differences in the active sites of vertebrate OSC's versus yeast 

OSC's, we felt that the preparation of mimics 41 and 42 was crucial for a 

rigorous biological study. 

Although, we were able to introduce gem dimethyls at C-3 of 35 (and 

36a and 36b) (presented in Chapter 2) starting from 45, the same strategy 

could not be used to introduce gem dimethyls at C-3 of the piperidine ring on 

compounds 41 (and 42) due to the delicate nature of the terpenoid side chains. 

The drastic conditions required to remove the ketal protecting group of 93 (see 

transformation 92 to 93 Scheme 4) would have certainly isomerized the all E 

unsaturations of the terpenoid side chain of 41 (and 42). Although 

modifications to this strategy would have allowed for this transformation, we 



sought a shorter route. The new methodology utilizes the cyclocondensation of 

A rr Nazarov-type y,S-unsafi~iafad-~-ketoa~tei with imines to ganariata 2-2, 

substituted 4-piperidones. Piperidone 129 was used as the key intermediate 

for synthesis of mimic 41 (and 42). 

II: Results and Discussion 

A: Background 

While 3-0x0-4-pentenoates (Nazarov's reagent)5g9" have been 

established as excellent annulating agents in the synthesis of several terpenes 

and alkal0ids,6~3%6334 of particular interest to us was the use of these 

reagents in the preparation of functionallized 4-piperid0nes.62~63 

Hohenlohe-Oehringensza had first reported the synthesis of 3- 

carboethoxy-2-benzyl-Methyl-4-piperidone (1 30) in 29% yield from the 

reaction of phenyl acetaldehyde, methyl amine and ethyl-3-0x0-4-pentenoate 

(131). Presumably, the imine 2-phenylethylidene methyl amine, generated in 

situ reacts in a Michael fashion with 131, generating an iminium intermediate 

that is trapped to give the cyclized product (130). More recently Nakatsuka and 

co-workers62b have used the same methodology to prepare 1% labelled N- 

benzyl-4-piperidone (132) from paraformaldehyde and benzyl amine (Figure 3- 

1). Although the cyclization yield was considerably better than that for 130, 

they also isolated 133 and 134, arising from the large excess (4.0 equiv. sf 

each) of benzylamine and 131 used. To our knowiedge, these were the only 

reported examples, although there were several citations for the preparation of 

4,5-dihydro-4-pyridones using 131 and cyclic imino ethers63avb or cyclic 

thioimidatesmb as Michael donors. 



(H'~cHO),, PhCH2NH2 
131 - 

molecular sieves 
DMSO 

62b~akatsuka, I.,et a/. J. Label Compound. Radiopharm. 1979, 16,407. 

Figure 3-1 : Synthesis of 4-piperidones via cyclocondensation using 
Natarov's reagentJ31. 

B: Synthesis Section 

The chosen strategy required that we prepare N-methyl-4-piperidone-3- 

carboxyisrie (1291, stibsiiiilted at C-2 with the appropriate ietraerra side chain 

and at C-3 with a methyl gr~up. We envisioned that the carbomethoxy at C-3 

would then be transformed to the second C-3 methyl through a sequence of 

reduction, followed by tosylation and hydride displacement. This strategy 



required preparation of C-2 methyl substituted y,6-unsaturated-P-ketoester, 46, 

and its reaction with the methyl imine 128 of tetraene aldehyde,l44. 

1 : Synthesis of lrnine I 2 8  

We began synthesis of the imine 128 with selective epoxidation of 

geranyl acetate (135) using m-CPBA at -20 OC to give 136 in S O %  yield 

(Scheme 12). This was followed by oxidative cleavage of the epoxide, 136, 

with H904-H20 to give aldehyde 137. Attempted purification of 137 by 

distillation under raduced pressure resulted in polymerization, thereby reducing 

the Issla!ed yield. Therefore,a crude mixture of 137 was treated with ethylene 

glycol and p-TsOH in toluene to give acetal, 138 which, in turn, was 

deacetylated (MeOH/K2CO3). Purification at this stage by chromatography an 

silica gave (pure) alcohol, 139 (47% over 4 steps).64 The latter was then 
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Scheme 32: Synthesis 04 imine 12%. 
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converted to chloride 140 using NCSIDWIS~~, and this was treated with 

NeSOnPh in D M F ~ ~  to give sulfone 141 in 86% yield over two steps. The 

sulfone, 141, was then treated successively with n-BuLi and farnesyl bromide 

(118) at -78 OC in THF to give coupled product 142, which was subsequently 

treated with Li/EtNH2 to give protected tetraene, 143, in a combined yield sf 

84%. The ethylene acetal of 143 was then removed by reluxing with pTsOH in 

aqueous acetone to give aldehyde, 144, in 90% yield. 

We realized that we might be able to increase the yields of the 

cyclizations if we could isolate the imine prior to its treatment with the y,S- 

unsaturated P-ketoesters, instead of using them in situ as previously 

descri bed.62 Imine, 128, was therefore prepared, isolated and used 

immediately in the cyclization reaction. Preparation of 128 was accomplished, 

in nearly qualitative yield, by reaction of MeNH2 (5-10 equivalents) with 

aldehyde 144 in a sealed tube over activated powdered 3 A molecular sieves 

in dry toluene at -28 OC for 6-8 h. 

2: Cyclocondensation of Nazarov's reagent (131) with 128 and 146 

Cyclization with imine 128 was initially attempted with C-2 unsubstituted 

ethyl boxo-Cpentenoate 131 (Nazarov's reagent).59#60 The cyclized product. 

145, was isolated in -60% yield over two steps using DRJISOlTHF (9/1) as the 

solvent (Scheme 13). We were able to increase the yield (145) to 76% when 

anhydrous EtOH was used as the solvent. Aside from enhancing the solubility 

of the imine, reactions in EtOH required much shorter times, and aqueous woak- 

up was not needed. Several additional solvents@ including THF, CH&I:, and 

CH3CN as well combinations were examined. The irnine was imrnisibie in 

CH3CN. The other solvents gave reasonable yields, except that longer reaction 

times were required than when EtOH was used. We attempted a cyclization 



using a more stable imine, benzylidene aniline,66166c 146. The best yield of 

cyciization product, 147, was 2Wo (irom EiOiij obtained wnen 2 equivaients of 

131 were used. The decreased yield in the latter readion was attributed to the 

decreased nucleophilicity (Michael donor) of the nitrogen lone pair.@ 

Scheme 13. Cyclocondensation of 131 with 128 and 146. 

11 EtOH 

N=CH (146) 
~ h '  bh 

131 m 
EtOH 

3: Synthesis of 46 

Having successfully accomplished the cyclization of 128 with 131, we 

initiated synthesis of the required C-2 substituted methyl 2-methyl-3-oxo-4- 

pentenoate (46). This synthesis was easily accomplished using a method 

analogous to that described by Zibuck and Streibefioa for the preparation of 3- 

0x0-4-pentenoates. Treatment of methyl propionate (148) with LDA at -78 O C  

ioilowed by the dropwise addition of acrolein gave hydroxy ester 149 as 1 :1 

mixture of diastereoisomers in nearly 80% yield (Scheme 14). Hydroxy ester 

149 was then oxidized with Jones' reagent at 0 O C  to give 46 in 55-60% yield. 



Scheme 14: Synthesis of 46. 

 OM^ (a) LDA, -78 OC F (b) acrolein -  OM^ ca3-%~04> fiMe 
4: Synthesis of 41 and 42 

Addition of 2.0 equivalents of methyl 2-methyl-3-0x0-4-pentenoate (46) 

to freshly prepared imine 128, in EtOH gave the cyclized product, 129, in 26- 

30% overall yield in two steps (Scheme 15). We were unable to increase the 

yield of this cyclization. The reaction gave several other very polar 

uncharacterized products. It appears that steric interference due to the CH3 at 

C-2 of 46 is sufficiently large that the reactivity of the reagent is decreased. 

Cyclization failed completely with N-benzy lidmeaniline (1 46). 

We were surprised to find that the reaction of 46 with 128 gave only one 

diasteresmer (129). A NOESY analysis of the reduction product 150 showed a 

pattern that was indicative of the stereochemistry that is shown above (and 

Scheme 15). It appears that the CH3 at C-3 and the side chain at C-2 have a 

syn relationship. NOe's were observed between the CH3 hydrogen and the 

axial hydrogen at C-5 of the piperidine ring as well as between the axial 

hydrqen at C-4 and the axial hydrogens at C-2 and C-6. Qne explanation far 

the observed stereochemistry may be that reaction occurs via the Zenolic form 

sf 46 and a chair-like transition-state (Scheme 1 6 j. 





W 

noe 

w 
noe 

Scheme 16: Proposed transition-state for the synthesis of 129. 

Elaboration of the ring substituents began with the reduction (NaBH4, 

EtOH) of ketone 129 to hydroxy derivative 150 in nearly quantitative yield. The 

equatorial alcohol at C-4 was the only diastereoisomer detected by 1H NMR 

[C&/D20, 64-H axial=3.80 (dd, J=11.5, 5.0 HZ)]. Alcohol 158 was protected 

without purification as PHP ether 151, which was obtained as mixture of 

diastereoisomers in 81 % yield after chromatographic purification. Attempted 

purification of 150 by Silica gel chromatography led to much lower yields. 

Although the THP ether diastereoisomers (151) could be separated by flash 

chromatography, we elected to carry the mixture in the synthesis, "The ester of 

151 was next reduced to a hydroxy methyl (152) using LiAiHe in refluxing THE 

Silica gel chromatography was avoided at this step since there was substantial 

loss of the product upon chromatographic separation. The hydroxy methyl 

group of 152 was then transformed to a methyl group in a one-pat procedure 
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via tosytation and hydridcb dispkemeni. Thus, to 152 was added sequentially 

it-BuLi and pTsCl to generate, in situ, the tgasylated prodtad. Subsequent 

treatment with LiBEtsH gave the gem dimethy! substituted p r ~ d u d  153 in 73% 

yield. The TWP protecting group sf 153 was easily removed by treatment with 

pTsOH in MeOH to give 85-90 % of the C-2, @-3 substituted racemic 4-hydroxy 

piperidine 41. Only the signal due to equatorial hydroxy isomer was detected 

by 'H NMR [C)DCla, &+H axial= 3.16 (dd, J=11.5, 5.0 HE), confirming the axial 

orientation of this hydrogen]. This was then wnvertebl to its methicadide salt 42 

by exposure of 41 to Mel in EtnO. 

C: BlsioglcaB Results 

Amine analogues 37, 39 and 41 and their methiodide salts 38 , 40, 

and 42 , respectively, were found to be potent inhibitors of mammalians7 and 

fungal OSC's. They inhibited OSC of the pathogenic yeast C.albicanss~~~9 

both in cell-free extracts and in whole cells. Preliminary studies of the inhibition 

on 2,3-oxidosqualene cyclase and antifungal activity res~l ts  are presented in 

Table II (see experimental section also pp 97-98). These results were provided 

by Dr. N. H. Georgopapadakou at Hoffmann-La Roche Ltd in New Jersey, New 

York and by Drs. A.-M. Polak and P. G. Hartman at Hoffmann-La Roche & Cs. in 

Basel, Switzerland. 

We have found that for all mimics of intermediate 5 studied, the 

piperidine ring, even in the ammonium ion form is not sufficient for inhibition; the 

properly substituted, %-bond containing side chain is also required. 

Compounds 35, 36% and 36b, containing the butyl side chain at C-2 of the 

piperidine ring all failed to inhibit the cyclase up to 50 pglmb (-250 to 200 pM) 

in whole cells and consequently were not evaluated in the cell-free 

preparations of the enzyme. These results are not unexpected. The extremely 





short side chain renders these ions hydrophilic. The natural substrate 2,3- 

Oxidosqualene (I), on the other hand is very hydrophobic. One can safely 

surmise that the active site of OSC's contains a hydrophobic substrate binding 

domain. Cattel et a1.24f~h also found that ammonium ion mimics of the 

intermediate formed upon initial epoxide opening required "lipophilic" 

qualenoid chains to make them efficient inhibits of the QSC's. 

Consider the lC5o (Table I I )  of free amine analogue 37 vs amines 39 

and 41. On the cell-free OSC, 37 is over 14-fold less potent than 39 and 

nearly 42-fold less potent than 41. Amine 37 has a side chain shortened by 

five carbons, one definic bond omitted and a methyl at C-3 of the side chain 

relocated to C-4 and the gem-dimethyls at C-3 of the piperidine ring were also 

absent compared with tke structure of the ion (5) it is presumed to be mimicking. 

Structural deviations of 39 from presumptive intermediate 5 are limited to 

omission of the gem-dimethyls ai C-3 on the piperidine ring. In keeping with 

previous ~ b s e r v a t i o n s , * ~ ~ ~  the size of the side chain, the number of olefinic 

sites in the chain and the positioning of the methyls in the chains are imporknt 

for inhibitory activity. 

Analogue 41 meets all the requirements of presumptive intermediate 5 

and should show the best interactions with the putative hydrophobic pocket on 

the enzyme. Free m i n e  41, was indeed found to be the best inhibitor, being 

nearly 3-fold more poten't than amine 39. Thus, introduction of the gem- 

dirnethyls at the C-3 sf the piperidine (39 vs 41) clearly enhances the inhibitory 

activity. 

At the pH of the assay medium (pH-7.0) free amines are expected to be 
1 1  -and should mimic the eatisnicf intermediates. In despite of Phis, 

permanently charged ammonium ions have been found to be stronger inhibitors 

than the corresponding free amines. Surprisingly the methiodide salts 40 and 



42 were much less inhibitory than expected in the cell-free system. There is a 

strong possibility that the salts were unstable in aqueous soiution, as stock 

solutions of the methiodide salts tended to lose inhibitory activity with time. 

There is also the possibility that the methiodide salts are too sterically 

encumbered and thus cannot interact effectively with the OSC binding pocket, 

an observation also previously noted by Cattel for analogues of intermediate 4 

as inhibitors of 0SC's.24fIh The lower IC50 of 40 and 42 in the whole cells 

versus the cell-free OSC could be partially due to these salts acting as 

detergents to breach the integrity ot the cell envelope. 

The amines and their methiodide salts were also examined for their 

antifungal activity (MIC, minimum inhibitory concentration required to 

completely inhibit cell growth ) against several pathogenic fungi (Table I!). For a 

given compound, antifungal activity does not always correlate with inhibitory 

activity against OSC (IC50). For instance, 41 has an 1650 of 23 pM against 

whole cells ofC. albicans OSC, yet shows a MIC of 200 pg/mL against this 

organism. Compound 39 shows antifungal activity against Aspergillus 

furnigafus and Trichophyton mentagrophytes at 10 pg/mL. Analogue 39 

displays a MlC of 200 pM against C. albicans while exhibiting an ICso of 150 

pM. Several explanations can be offered for the observed antifungal activity: 

the permeabiiity of the cell envelope may be different for different compounds; 

the cyclase of different fungi may be inhibited with different potency by the 

sompounds; the antifungal activity could be due in part to the ability of these 

compounds to act as detergents and interrupt the integrity of the cell membrane 

(those with MIC's >100pg/mL). we are unable to explain the lack of correlation 

between the ICfjo of 41 in the whole cell assays and the obsewed MlC for C. 

albicans. Significantly, the compounds also showed activity against the gram- 

positive bacterium S. aureus, an organism that does not contain sterols. 



Compounds 35,36a and 36b showed no significant inhibitory activity against 

the OSC, yet displayed MIC's of 100 pM against C. albicans. 

It should be noted that we have obserwed a 7-fold selectivity of 

compound 41 for cyclase of C. albicans over the pig-live67 OSC. The reverse 

was found for compound 37, which shows a 16-fold selectivity for the pig-live67 

OSC. This observation supports our initial rationale for the preparation of 41 

and 42 and indeed selective inhibition of OSC from different sources is 

possible. Moreover, selective inhibition of the yeast OSC over the vertebrate 

OSC has been achieved, a criterion necessary for design of antifungal drugs. 

By "tweaking" the substituents on the inhibitors structures, it may be possible to 

enhance this selectivity even more. 

The inhibition results are in agreement with the postulate that the 

enzymatic cyclization of 2,3-oxidosqualene to lanosterol by 2,3-oxidosqualene- 

lanosterol cyclase involves an intermediate such as 5.9 Compound 41, a close 

structural analogue of 5 displays a IC50 that is comparable to 2,3- 

iminosqualene25 (IC50 of 0.15 pM for C. albicans),33 one of the most powerful 

inhibitors of C. albicans 2,3-oxidosqualene cyclase. 



The work presented in this chapter describes preparation of 43 and 44, 

which are two of several possible vinyl sulfur substituted 2,3-oxidosqualenes 

that are expected to be inhibitors of the OSC. 

I: Introduction 

A: Background. 

Our approach of using vinyl substituted sulfur 2,3-oxidosqualenes as 

possible mechanism-based inhibitors to probe the existence of cationic 

intermediates 6, and 28 stems from an earlier examination of a similar strategy 

used by Cattel, et al.*=a These scientists prepared 22,23-dihydro-20-oxa-2,3- 

oxidosqualene, 154, containing a vinyl ether linkage, as the possible 

mechanism-based interrupting group (Figure 4-1). This compound (154) was 

designed for the purpose of examining the existence of protosterol 3. It was 

presumed by these workers that this substrate would be accepted and cyclized 

by rat-liver OSC to the presumptive C-28 (steroid numbering) carbocation 

intermediate 155, an analogue of the natural protosterol 3. This cationic 

intermediate was then expected to be stabilised by the adjacent oxygen in the 

form of an oxocarbenium ion intermediate (156). Nucleophilic attack on the 



157 Enz 

inactivated enzyme reaction with the active-site 
J 

nucleophile 

Figure 4-1 : 22,23-Di hydro-1 8(E)-20-oxa 2,3-oxidosquaiene (1 54), a 
possible mechanism-based in hi bitor of OSC. 

oxocarbenium carbon by a basic amino acid residue, responsible for the 

stabilisation of the normal protosterol 3, on C-20 of 156 was expected to have 

lead to the inactivation of the enzyme through covalent bond formation. This 

was not the case. Oxa-2,3-oxidosqualanoid 154 was found to be a competitive 

inhibitor, not an irreversible "suicide" inhibitor as expected. Unfortunately these 

scientists did not determine if any cyclized product(s) had been formed from 

154. 

Virgil and Corey,7f using an extension of Cattel's26a strategy , cyclized 

vinyl ether 20-oxa-2,3-oxidosquafene (18) (Figure 4-2) to demonstrate the 

initial stereochemistry of C-17 (steroid numbering) in the enzymatic cyclization 

of 2,3-oxidosqualene (1) to protosterol (3). Here also, vinyl ether 18 was found 

to be a weak competitive inhibitor of the yeast OSC. These scientists labelled 

18 with a pro C-17 3H and, using this radioactive probe were able to 
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OSC 

158 

Figure 4-2: OSC mediated cyclization of 18 (E)-20-oxa-2,3-oxidosqualene 
(18); determination ~f the existence and orientation of protosterol 
intermediate (3). 

determine that I8 was accepted by the OSC and cyclized to tetracyclic ketone 

16Q. This presumably arose through oxocarbenium ion intermediate 158 

which, upon elimination from the cyclase then reacted with water to give ketone 

160. These results allowed determination of the folding of the side chain 

during the cyclization of 2,3-oxidosqualene (1) to lanosterol (2). The protosterol 

3 was shown to have a P-oriented side chain at C-17. This is contrary to the 

previously held view that the cyclization resulted in an a-oriented side chain at 

C-17 of the C-20 cationic intermediate of prot~sterof (3). Previously it was 

considered that the C-20 cation underwent "covalent attzchmentn4b1d to an 

amino acid of the enzyme prior to hydrogen migration from C-17 to C-20. 

Although the existence of carbocationic intermediate at C-20 has been 

demonstrated by this work, the lack of irreversible inactivation of the cyclases by 

18 suggests that covalent attachment by a nucleophile of the cyclase active site 

is not necessary. Recent work by Prestwich7il 1lb suggests that there seems to 
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163  Enz 

inactivated enzyme 

Figure 4-3: 29-Methylidene-23-oxidosqualene, 20c, a mechanism-based 
inactivator of mammalian OSC. 

be nucleophilic residues which may stabilize the (2-20 cation through 

electr~static interactions. 

A slightly different approach was taken by Prestwich and X i a ~ ~ ~  to 

determine the existence of the C-20 carbocation of protosterol 3. They 

prepared 3H labelled 29-methylidene-2,3-oxidosqualene (20c )  as a 

mechanism-based inadivator of OSC's (Figure 4-3). 2,3-Oxidosqualenuid 206 

was accepted as a substrate by the yeast cyciase and transformed to tetracyclic 

lanosterol-like product 162. They found that 20c was an jrreversible inactivatoc 

of vertebrate OSC's-llb These scientists postulate that 20c is cyclized by the 



cjrclase to the C-20 catisnic intermediate 161. This either undergoes the 

normal sequence of hydride and methyl migrations and proton kss  to give the 

lanosterol analogue 162 or the C-20 cation was trapped by an active-site 

nucleophile to give the inactivated enzyme by the mods represented by 163, 

The approach of using allylic substituents to stabilise presumptive carbocationic 

species in the biological system is analogous to the approach used by Johnson 

and cslieaguesl~ to increase the yields of tetracyclic products of biomimetic 

cyclizations (see Chapter I, figure 1-8). 

B: Rationale 

Our rationale for the introduction of sulfur at the chosen positions in the 

oxidosqualene backbone stems from the ability of sulfur to stabilize radicals, 

carbanions and wbocation$? a to the sulfur atom. Theoretical ~alculat ions2~~ 

on +CH2SH have shown that sulfur is an efficient x-and s-donor to electron 

deficient a-carbon. Specifically, sulfur forms a very strong wbond to an 

adjacent cationic centre. The interaction can be thought of as resulting in 

thiocarbenium ions,27b much like oxocarbenium ions generated I,, the case of 

oxygen substituents adjacent to carbocationic centers, as in the case of the vinyl 

oxa-oxidssqualenoids inhibitors. We have situated the sulfur atoms adjacent to 

the carbons on which the cation is presumed to be generated. We envisioned 

the formation of stabilized cationic intermediates that could react with the 

nucleophilic residues of the active site to give covalently modified OSC 

(mechanism-based inactivation). 

Thioearbenium ions, if generated by the cyclase as the result of 

cyclization of 43 and 44, should be as stable, if not more ~ t a b l e , 2 ~ ~ ~ c ~ d  than the 

oxocarbenium intermediates. This approach of using vinyl thioethers to probe 

for the existence of carbscyclic cationic intermediates should prove valid. 



Chemically, vinyl thioethers are more stable to hydrolysis than vinyl ethers.27c It 

was hoped that the larger sulfur atom and the longer C-S (1.82 A) bond as 

compared to C-C (1.54 A) and C-O (1.43 A) bonds, would not present a 

challenge to the BSC's. The acceptance by the OSC's of structurally modified 

substrates makes 43 and 44 attractive tools for this study. We have chosen to 

introduce sulfur at pro C-7 (43) and pro C-15 (44). These compounds, if found 

to be inhibitory would represent the very first mechanism-based inactivators of 

the OSC based on the "stepwise" cyclizati~n involving partially cyclized 

carbocationic intermediates. 

Figure 4-4: 9-Thia-2,3-oxidosqualene (43), a potential mechanism-based 
inhibitor of OSC. 



The sulfur atom in 2,3-oxidosqualenoid 43 is adjacent to the pro C-8 

position. The ptssibia consequences in the piacement of the suiiur in this 

position are outlined schematically in Figure 4-4. The sulfur atom falls in ring 8, 

a crucial point of control in the enzymatic cyclization. Normally (Figure 1-2) ring 

B must be folded in a boat conformation before reaction can proceed to give 

cationic intermediate 6. This reaction is f~llowed by formation of ring C leading 

to the anti-Markovnikov intermediate 7 (Figure 1-2). Sulfur substitution at pro 

C-7 will hopefully stabilize the C-8 cationic intermediate and lead to the 

interruption of the cyclization. If the "stepwise" cyclization hypothesis is correct, 

we would expect to see mechanism based inactivation of the cyclase via 

covalent coupling to pro C-8 centre (steroid numbering) of the bicycle 165, 

resulting in 166. Hopefully the coupling will be to the nucleophilic amino acid 

residue normally responsible for the stabilisation of this cationic intermediate 6. 

Alternatively intermediate 165 could be captured by water to give 

dihydroxylated product, 167, sulfur substituted analogue of 26. 

The sulfur atom of substrate 44, in pro C-15, is in a position of the 

squalane oxide that falls in the region of the five membered ring (ring D). This 

substrate may prove decisive in the elucidation of the mechanism of ring C 

formation. According to one hypothesis cationic intermediate 6 cyclizes by 

attack of the C-8 cationic intermediate by the dl4 bond (2,3-oxidosqualene 

numbering) to give partially cyclized cationic intermediate 27 (Figure 1 -9). This 

then can undergo equilibration between the five-membered Markovnikov 

stabilised intermediate 28 and the six-membered anti-Markovnikov 

intermediate ?.6apbj7hjkjl Products of cyclization are then determined by the 

substrate. If  ring C formation proceeds through an equilibrium in which 

intermediate 286apb17hlkl l  is formed prior to its rearrangement to anti- 

Markovnikov cationic intermediate 7 (see Figure 1-91, then the sulfur at pro C- 
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inactivated enzyme 

Figure 4-5: 16-Thia-2,3-oxidosqualene (44), a potential mechanism-based 
inhibitor of OSC. 

15 should stabilise the cation at C-14. In this event, 44 would be expected to 

act as a mechanism-based inactivator of the OSC through covalent attachment 

to the appropriate nucleophilic residue, represented by 170 (Figure 4-5). If 

formation of ring C proceeds via the one-step anti-Markovnikov ring closure 

giving 7 directly, then the sulfur in 44 would not be expected to interfere in the 

formation of protosterol 3, and one might expect to isolate some novel sulfur 

substituted steroids. 



Scheme 17: Retro-synthesis of 43 and 44. 

11: Results and Discussion 

A. Synthesis, Section 

!?et.rosyn!hetic analysis of the proposed vinyl thioethers 43 and 44  

showed that the E vinyl sulfide bond could be best intr~duced by a modified 

Wittig-Horner reaction in a strategy analogous to that used by Catte126a and 



Carey" for the synthesis of vinyl ethers 154 and 18, respectively. it was 

envisioned that appropriate diphenyl(thioterpenoidyl)phosphins oxide reagents 

could be added to 'rriene-aldehyde 172 and epoxy-triene-aldehyde I73 at low 

temperatures, the resulting a-hydroxy diphenylphosphinoyl sxidosqualensid 

diastereoissmers separated and converted to the respective targets (Scheme 

4 7). 

I. Synthesis of S-Tki&r-[1O(E)ll8(~~-2,3-oxidosqu~IIene (4311 74). 

We began this project by preparation of 10E/10Z mixture (43/174) to 

establish the chemical shifts and the coupling constants of the newly introduced 

double bond (I 1 -Hvinyl) and to test the viability of this approach. It had been 

established that both dialkyl (a-thioalkyl)phosphonate70a-c and diphenyl (a- 

thioa1kyl)phosphine oxidesf' add to aldehydes to give 2YE mixtures of vinyl 

sulfides. The E isomer is always isolated as the major product (Z/E ratio of 

-40/60). For the synthesis of ZIE, 43174, diethyl phosphonate 175 and 

aldehyde 172 were prepared. 

Scheme 18: Synthesis of chloride 176. 

Diethyl 1 -(3,?-dimethyl-2(E)-6,?-sxidoocte!nyIthio)phosphonate, 175, 

was prepared from the reaction of 6,7-oxidogeranyl chloride (176) with diethyl 
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phosphorylet hyl-1 -thiol (1 77).70c Synthesis of 6.7-epoxy geranyl chloride was 

initiated by the treatment of previously prepared 6,7-epoxy gsranyl acetate, 

136, with K2CO3 in MeOW to give epoxy alcohol 1178 in 90 % yield (Scheme 

18). The latter was ther! converted to ekleride I76 in 80-85 %, by the method 04 

Csrey58 using NCS-DMS complex in CH2C12. Phosphoryl thiol 67% was 

prepared, in 66%, by sequential treatment of diethyl ethylphosphonate 1796 with 

N3uLi foll~wed by the addition of elemental sulfur (Scheme 19).70c Reaction of 

a-phosphsryl thiol 177 in 35 % aqueous NaOH with chloride 176 under phase 

transfer conditions7l* gave 175 in 70%. 

Scheme 19: Synthesis of phosphonate 675. 

Triane aldehyde 172 was prepared by the procedure of Coates et a/?" 

Treatmerd sf farnesyl bromide (118) with the Cu (I) enolats of ethyl acetate 

gave triene ethyl ester 180 in nearly quantitative yield (Scheme 20). This was 

then reduced to the corresponding alcohol 981 using LiAIH4 again in high 

yields. Oxidation of 181 to aldehyde 172 was accomplished in 87 % using Py- 

SO3 and Et3N in DMSO.3 



: Synthesis of a!dehyde 172. 

I 0 
0 

(a) LDA, -4 00 O C  LiAIH*, THF - - 
Cul, THF 

(b) fa nes I bromide 
(11 4 

188 (quantitative) 

Scheme 21 : Synthesis of 43/174 mixture. 

1 /5 
(i) LDA, -78 O C  

(ii) 872, THF 
-78 "C to rt 

1174 (65135 mixture, 85%) 

Addition of aldehyde 172 to the lithium anion of a-thiophosphonate 175 

at -78 O i 3  and warming to room temperature gave 43174 as a 65/35 mixture 

(Scheme 21). 1H NMR (@DCls) shows the following chemical shifts and 

coupling constants of the 1 : 10 (Z) do~ble bond, 6 5.52 (tq, J=6.7, 1.51 

H?); 10 ( E )  double bond, F 5.38 (tq, J4 .7  , 1.1 9 Hz), 7he 11 -H of 10 (4, being 

syn to C-10 CH3 hydrogens, shows a slightly larger coupling constant than the 

I f  -# sf 10 ( E )  bond, 1.31 Hz versus 1 .I 9 Hz. NOEBS proved to ba of little help 



in determining the stereochemistry. The configurational assignment seem to be 

justified by the integratim of the vinyl 1 I-H (Q which was larger than that oof the 

vinyl 1 I-H (2). In addition the difference between She chemical shifts and the 

coupling constants observed for the vinyl 11-H were consistent with the 

assignment. C~rey,~Oa Mikolajczykmc and Warrt?n71a report that E Ehioethers 

compounds, in which the vinyf hydrogen is syn (or cis) to the sulfur of the vinyl 

sulfide (E), always resonates upfield (lower frequency) then that of the Z 

isomers. Compound 43, exhibited a signa! f ~ r  the 11-H ( E )  at 5 5.38. 

2: Synthesis of 1O{E)-9-Th1a-2,3-oxidosquaIene (43). 

Synthesis of isomerically pure 43 began with the preparation of 

diphenyl-l-[3,7-dimethyl-6,7-oxido-2(E>-he~enyIthi6]ethyIphosphne oxide (47). 

Grayson and ~ a r r e n "  have reported the synthesis and addition of diphenyl a- 

thisalkyldiphenylphospkine oxides to carbonyl compounds to give vinyl 

sulfides. These authors limited their study to the synthesis of (a-thioalkyl) 

diphenylphosphine oxides containing thiometkyl and thisphenyl substituents, 

which could be prepared from reaction of the lithium anions of primary 

alkyldiphenylphosphine oxides with commercially available dimethyl and 

diphenyl disulfides. Since we required geometrically pure vinyl sulfides we 

centred our attention on preparation of thisphosphine oxides that, when reacted 

with carbcanyls, would yield isolable a-hydroxy diphenylphosphinoyl 

condensation products, Our strategy was then to separate by chromatography 

the diastereoisomers and convert each diastereoisamer to a geometrically pure 

vinyl sulfide. The ability of Ph#O groups to give isolate-able irlterrnediate 

hydrcxy derivatives made these an exceptionally attractive reagents.71 blc 

Indeed erytArolthreo diastereoisorners (relative stereochemistry based on WD 

elythrose and UD t h r e ~ s e ) ~ ~  that are generated could be separated using flash 



chromatography. Treatment of the ery~hro (the functional groups ara syr? ta 

each other) adducts with a base leau" to the E double jbji syfi eiirisinationj bond 

whereas the threo (the functional groups are anti to each other) diastereoisomer 

was converted to the Pisomer. 

Scheme 22: Synthesis of 47. 

(a) 682, tobene 
0 

( i f  n-BuLi, -78 OC 
Ph3P pi$l 

(b) 35 % NaOH/H20 (ii) Ss, THF 
P h 2 q H  

183 90 "C-95 OC 184 (62%) 185 (80%) 

toluene 

We found that diphenyl- l - [3,7-dimethyl-6,7-oxido-2(E) - 
hexenylthio]ethylphosphine oxide (4%) could be easily prepared by a modified 

procedure of Mikolajczyksoc previously used for the synthesis of diethyl 1 -(3,7- 

dimethyl--6,7-oxid~-2(E)-ostenylthio)phosponat (176). Thus treatment sf 

ethyi triphenylphosphonium bromide, prepared from ethyl bromide (182) and 

triphenylphosphine (183) with 35 % aqueous NaOH s0lution7117~ at 100 'C for 

5 h gave diphenyl ethylphosphine oxide (d84), Sequential addition of n-Bubi 

at -78 OC followed by the addition of eiemental sulfur to 184 gave 

diphenylphosphinoyl ethyl-1-thiol (185) in 80 % (Scheme 22). The alkylation sf 

this1 185 with 6,7-epoxy geranyl chloride, 176, under phase transfer 

conditions, using 35% ~ a 0 ~ , 7 l d  gave 47 in 66% yield. 



The addition of aldehyde 132 to the lithium anion of 47 at -1 06 "C, 

fsilctwed by an acetic acid quench, gave the hydrmy intermediates 186/187 as 

a -4W0 (1H NMR) mixture in 73% yield (Scheme 23). Partial separation of the 

Scheme 23: Synthesis of 9-t hia-2,3-oxidoqua1enie (43). 

(i) LDA, -100 *C 
47 * 

(ii) aldehyde 172 
(iii) AcOH/H20 

THF 

combined yield, 186 and 187, 73% 

diastereoisomers was achieved using two cycles of flash chromatography. This 

provided pure erythro diastereoisomer 187, which eluted first, and then thres 

diastereoisomer 186 contaminated with -1 0 % sf ery,tkrs diastereoisorner. The 

treatment of 187 with MaH in THF gave pure IO(E)-9-thia-2,3-oxidosqlralene 

(43). NMR (CDCl3) shows a signal for vinyl 11 -H at 6 5.38 (1 H, tq, J=6.70, 

1 . i 9 HZ). A nOe of 2.3% was observed between 1 i -H and 3-H, confirming the 

assigned stereochemistiy. P ~ o i ~ ~ g d  storage of the ihia-sxidssqualenes 

resulted in decomposition. 



3: Synthesis sf l~(E)-l6-Bh6a-a!,~-sxid0sqssaiewe (44).  

Synthesis of 14(Q-16-tkia-2,3-oxidosqualene (44) was similarly accornptishsd 

by the reaction of biphenyl- l  -(thio-3,6-dimethyl-2(E) , 6 ( E )  - 
sctadienyi)ethylphosphine oxide (48) with 12,13-epoxy-5,9,13-trimtathyb 

4 ( 4  ,$(E)-tetradecatrim-I -a1 (1 73). Reaction of geranyl chloride, $ 8 ~ ~ 7 5  with 

diphenyiphosphinoyl ethyl-1 -thiol, 6 85, under phase-transfer" conditions 

using 35% NaBH gave 48 in 72% yield (Scheme 24). 

Scheme 24: Synthesis of 48. 

Synthesis of 12J 3-epoxy aldehyde (1 73) began with the initial 

protection of alcohol 181 as a silyl ether 189 in 96% yield (Scheme 25). 

Reaction of silyl7f ether 189 in H20/THF (40/60) with NBS followed by 

treatment with K2C03 in MeOH gave epoxide 198 in 51% yield in two steps. 

When alcohol 181 was protected as the acetate then treated with NBS in HaOlt- 

BuOH76 and then K2C03 in MeOH, a much lower yield in terminal ~poxide, 

191, (18 % in two steps) was obtained. Removal of the silyl ether, 190, to give 

alcohol 191 in 95% yield was facilitated with tetrabutylarnmonium fluoride. 

Oxidation sf f 91 using Py*S03 in DMSB in the presence of Et3M gave epoxy 

sldehyde ?73 in nearty quantitative yield. 



Scheme 25: Sjrnthesis of aldehyde 173. 

Addition of aldehyde 173 to the lithio anion of 48 at -100 *C gave, after 

acetic acid quench, a-hydroxy diphenylphosphinayl product 192/193 as a 

-35/65 mixture (by 'H NMR) in -75% yield (Scheme 26). Thin layer 

chromatographic analysis showed two overlapping spots. The darker spot 

(assumed to be the major eryfhro diastereoisomer) again eluted more rapidly. 

Two cycles of flash chromatography gave pure erythm diastereorner 193 in 

36% yield. The remainder sf the readion product was eluted as a mixture of the 

minor diastereoisorner 192 and 193. Treatment of 193 with NaH in THF gave 

pure l4(E)-l6-thia-2,3-oxidosqualena, 44, in 86% yield. 1H NMR (CDC13) 

revealed a signal for 14-H at 6 5.38 (1 H, tq, J=7.0, 1.20 Hz). Treatment of the 
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mixture sf the minor diasteresisomer 192 and 193 with NaH in TWF gave, as 

the major product 1 +?)-I 6-thia-2,3-oxidosqualena. This gave a 'H NMR signal 

for Zvinyi 14-H at 6 5.53 (tq, A7.00, 1.30 Hz). The NMR spectrum of 44 was 

identical to compound 43. This again confirmed the assigned stereschemistry 

for the geometrical isomers. 

2,3-Qxidosqualenoids 43 and 44 have yet not been evaluatsd as 

inhibitors of QSC's. 

Scheme 26: Synthesis of 16-thia-2,3-oxidosqualene (44). 

(i) LDA, -100 "C 
48 / 

(ii) aldehyde 173 
f iii) AcOH/H20 

THF 

NaH, THF - 44 (86%) - 

combined yield, 192 and 193, 75% 



This chapter describes a methodology for the preparation of synthons for 

the synthesis of trisubstituted 1,5-polyene. Application of this methodology is 

exemplified by the synthesis of 49, a terpenoid isolated from the square-necked 

grain beetle, Cathartus qwadricollis (G u6 r. ). 77 

A: Background 

in our ongoing investigation on the synthesis of modified 2,3- 

sxid~sqlrafenes as both mechanism-based inhibitors of OSC's and possible 

substrates for chemico-enzymatic synthesis of novel steroids by this enzyme, 

we required intermediates of type W4a-d for the synthesis of 2,3- 

oxidosqualeno'rds 195a-d (Figure 6-1). It was envisioned that these synthons 

(194a-d) could be readily prepared using stannylcuprate chemistry being 

investigated in our labsratory.78-$1 Before initiating a multistep synthesis of 

2,3-oxidosqualenoids 195%-d, we first examined the feasibility sf this approach 

by synthesis of a structuraliy similar but less complex terpenoid 49. 



(a) X= @H=CH2 
(b) X= CHZOCH3 
(c) X= CH2SCH3 
(d) X= CH=C=CH2 

Figure 8 1  : Proposed synthesis of modified 2,3-owidosqualenes (P95ra-cf), 
as possible substrates for OSC, using 194a-d as the key synthons. 

In the investigation of the square-necked grain beetle, Cathartus 

quadricollis (Gubr.) in our laboratories, Dr. Pierce and colleagues identified 

(3W)-7 -methyl-6(Q-nonen-3-yl acetate (quadriiure, 19 ) as an aggregation 

pheromone produced by rnaies.72 The male beetles also produced a 

compound with 1,s-diene acetate assigned the structure 4-methyl-3-propyl- 

2,6(E)-nonadienyi acetate on the basis of a detailed analysis of its daeoupled 

1 W  NMR spectrum. However, the 4H NMR spectra data did not permit an 

assignment of the geometry of the AZ double bond. Although this compound 

was apparently inactive in the laboratory bioassays, determination of its @ffecfs 

on the behavior sf the beetles was difficult due to the small amount of %he 

natural compound produced. The synthesis of 49 was undertaken to establish 

its structure and to provide sufficient material for testing. 



ill. Results and Discussion 

A: Synthesis Section 

Retr~synthetic analysis 49 revealed that both the 2(E)  and the 2(4 

isornors could be readily synthesised by the application stannylcuprate 

chemistry. As outlined in Scheme 27, the appropriately-protected vinyl stannyl 

allylic alcohois, prepared from fragments 1 9743 or 1 97b could be 

transrnetaliated to their corresponding vinyl cuprates and added to aciolein in a 

conjugate fashion, giving the respective 2(E) and 2 ( 4  unsaturation. The 

resulting intermediate aldehydes would then serve as the template for the 

introduction of the second double bond at C-64-7. 

Scheme 27: Retro-synthesis of 2(Q and 2(Z) isomers of 49. 



Prior experience with terpenoid insect pheromones lead us to believe 

there was a greater probability titat 49 possessed a 2(r3, 6jQ rather tnan the 

2(Z),fi(E) or 2(Z),6(d) configuration. Though both methyl 3-tributylstannyl-2(Q- 

and methyl 3-tributylstannyl-2(Z )-hexenoat@, (1 Wa) and (I 97b), respectively, 

were prepared, 197a was utilized first in the reaction sequence leading to the 

synthesis of appropriately substituted 2(E), S(dE)-nonadienyl acetate (49). 

1: Synthesis of i97a and 197b 

The preparation sf methyl 3-stannyl-2(E)- hexenoate (3 We), was 

straightforward using the method of Piers et a/? The addition of methyl 2- 

kexynoate (198) to Bu3SnCu (prepared form CuBr-DMS complex) at -78 'C in 

THF followed by MeOH quench, gave the required a$-unsaturated ester 19749, 

in 93 % yield with geometrical purity of >98%. Although 197b could be 

prepared by the addition of Bu3SnCu(SPh)Li to 199, as also described by 

Piers,so we found that the higher order (H. 0.) mixed stannyl ~ u p r a t e s ~ 8 ~ ~ l  

Bu3Sn(R)Cu(CN)Li2 also added to a, P-unsaturated acetylenic esters to give 

the predominantly the 3-stannyl-2(Z)-a$-unsaturated esters (Table Ill). Of the 

three cuprates tried (R=n-butyl, R=2-thienyl, and R=N-imidazole), the reagent 

with a N-lithio-imidazolee2 ligand gave the desired 197b in both the highest 

yields (>85%) and the greatest geometrical purity (>95%, Z). Therefore, 

treatment of 198 with BusSn(N-lmid)Cu(CN)Li2B2 at -78 "C and warming the 

reaction to ambient temperature gave a mixture of 197% and 197b in a ratio sf 

4/96 in nearly 90 Oh yield. The trace amount of 197a was easily removed by 

flash chromatography. 







2: Synthesis of 49 

Methyl 3-tribufyls:annyl-2(q-kexen~ate (1 9713) wars reduced ta alcohol 

199 with DIBAL-H and protected as its benzyi ether 200 in a combined yield of 

84% (&heme 26). The key readion in this synthesis invoived the coupling ~f 

200 with acro,lein. Transmetallation of the vinyl tributylstannyl group of 200 to 

the vinyi lithium species by treatment with n-BuLi at -78 "6 and its conversion 

to ?he 9-4. 8. Phienyl cyanocupratesl went smoothly. The most problematic 

reaction encountered was the conjugate addition of the cuprate to acrolein. 

The best yields of 281 (40-50%) were obtained when trirnethyisilylchloride 

(TMSCI)-HMPA83 was used as activating agent of acroiein. Repeated attempts 

to increase the yield of this reaction met with failure. 

Aldehyde 201 was treated with (carbethsxyethylidene)triphenyl 

phosphorane in refluxing CH2C12 to give a, p-unsaturated ester 202 ( >95% 

E) ,  in 82% yield. A trace amount of the Z isomer was removed by flash 

chromatography. Ester 282 was then reduced to aicohol 263 with DIBAL-H, 

which was converted to chloride 204 by treatment with NCS-DMS57 complex 

in CH2Ci2 in 88% yield over 2 steps. The allylic chloride 284 was reacted with 

the cuprate reagent derived from 2.0 eq. of MeMgl and CuBr-DM•˜, at -78 OC to 

give 205 in 97% yield. When 284 was reacted with Me2Cu(CN)Li2 at -78 OC, 

GC analysis of the reaction mixture revealed the presence of several additional 

products of similar molecular weights. Although this reaction was not repeated, 

it was assumed that a slight excess of Meki may have been present and this 

lead to the elimination of chloride ion as well as some • ˜ ~ 2 '  addition. The less 

reactive magnesia-cuprafe39 gave only the expected S N ~  product, 205. 

The benzyl protecting group of 205 was removed using Li metal in 

EtNH2 at -78 "C to give alcohol 206 (98% yield) which was acetylated 

(Py/AcaQ) to give 89 almost quantitatively. Acetate , 49, was found to be 



identical to the natural compound by cornpadson of GC lentigsn times, 1 H 

NMR, and mass speciral data. The synthesis of the 2{,7),6fE) isomer was, 

therefore, abandoned. 

Successful preparation of aldehyde 20"8kas proven the usefulness of 

the methodology. The synthesis 4 95a-d and other m~dified 2,3- 

oxidosqualenes using this method is currently being explored by othars in this 

laboratory. 



I:  Conclusican 

We have achieved inhibition of 2,3-oxidosqualene-lanosterol cyclases 

(OSC) by administering ammonium ion mimics 0% cationic intermediate 5, which 

is suspected to be formed during cyclizatkm ~f 2,3-oxidosqualene (1) to 

lanosterol (2) according to the "step-wisew cyciization hypothesis. These 

ammonium ion mimics, in particular compounds 39 and 41, displayed 

micromolar lCso values for OSC's from the fungus Candida albicans and pig- 

iiver.67 Aside from the mechanistic implications, the biological results obtained 

may have much broader impact. 

2,3-Oxibosqualene-lanosterol cyclase (OSC) has been targeted for the 

development of hypocholesteroiemi~32 and antifungal agents.3-n mammals, 

the cyclase represents an excellent target for potential serum cholesterol 

lowering drugs. Compactin, which blocks HMG-CoA reductase, is the current 

drug of choice for l~wering serum cholesteroI.85 Unfortunately prolonged 

administration sf this drug has been found to cause blockage of DNA replication 

leading to inhibition of cell growth and cell division.86 This deleterious side 

effect is a result of the inhibition of mevalonic acid biosynthesis by this drug. 

Mevalonic acid aside from being a precursor to cholesferol, is also required for 

DNA repIicati0n.86~ Inhibition of 2,3-oxidosqualene-lanosterol cyclase would 

result in seiective blockage in the biosynthesis of lanosterol the direct precursor 

of cholesterol. Recent studies have shown 2-aza-2,3-dihydrosqualene (65a) to 

be a powerful inhibitor of cholesterol biosynthesis in Swiss 3T3 fibroblasts.87 

An 1C50 of 0.3 FM was measured for 6%. The inhibition of lanosterol 

production also results in the accumulation of 2,3:22,23-dioxiciosqualene, a 



precursor of 24,25-epsxyeksiesterof, a known repressor of HMG-@oA 

redudase. This !cads to farther decrease cho1es:emf biosynthesis. 

In fungi, lanosterol and its metabolite ergosterol, have been found to be 

essential for cell growth and maintenance of the cell envelope integ~ity~ad 

Several fungi, including for example 6. albicans, cannot utilise exogenous 

~terols.33~6~~69 If lanosterol production is inhibited cell arrestment or cell doath 

is imminent. In an animal host, selective inhibition of fungal QSC may prove to 

be a useful form of antifungal therapy. The observation that atthe activs sites of 

the OSC's from mammalian and fungi are sufficiently different, suggests that 

selective inhibition of pathogenic fungi over the mammalian or plan? hosts is 

psssibie. Our biobgical results have shown compound 41 to be 7 -fold more 

selective in inhibition of the OSC from C. albicans versus the OSC from pig- 

liver.67 Fwthermore, some of our mimics show selective antifungal properties 

(MIC values, Table I!) against various human pathogenic fungi. 



As for the deduction of the mechanism of cyclization of 2,3- 

oxidoqualene (1) to protosterol (3), it now appears that this cyclization may in 

fact proceed via several distinct, partially cyelized cationic intermediates, 

involving the formation of intermediate 5 in the rate-limiting step as proposed by 

van Tamelen.4ca9 Taton et al.88 have recently published the results of a 

biological study (published after the completion of this thesis) on the inhibition 

of QSC's from various sources by monocyclic analogue 207, bicyclic analogue 

208, and tricyclic analogue 209 of intermediates 5 ,  6, and 9 respectively. 

They found that monocyclic N-alkyl-4-hydroxypiperidine 267, mimic of 

intermediate 5 (similar to the mimics of 5 prepared in this thesis) to be the 

strongest inhibitor of the series. This displayed an lCso of 1.0 pM on 2,s- 

oxidosjualene-cycloartenol cyclase from maize embryos. 

This led these scientists to the same conclusion reached by van 

Tarnelen. The formation of intermediate 5 may be the rate-limiting step (Figure 

1-2) as it is in the biomimetic polycyclization.6~~ Tighter binding of monocycilic 

mimic 287 to the active site of the OSC's compared with the other mimics may 

be the result of better electrostatic interaction with a nucleophilic residue of the 

active site responsible for the formation and the stabilisation of intermediate 5. 

Bicyelic analogue 208 was also found to be an effective inhibitor of the 

OSC's tested, displaying an lC50 of 4.0 pM for ~,3-oxidosqua~ene-cyc~oart~no~ 

cyclase. This stands to reason, since eationic intermediate 6 is thought to play 

an important role during the anti-Markovnikov annellatisn via n-comglexed 

intermediate 27 (Figure 1-9) to give intermediate 7. This must require a certain 

amount of enzymatic stablisation. As well, the isolation sf 26 (Figure 1-a), 

which has apparently arisen from the capture of 6 by a H20 molecule, also 

suggests the presence sf enzymatically stabiiised intermediate 6. The 13-aza- 



tricyclic analogue 209 failed to inhibit the 2,3-oxidssqua!t3ne-c)tc!oartenoI-, 

tanosteroi-, and P(a)-amyrin-cyclases. 

It is believed that for efficient inhibition of the OSC, the inhibitors must 

show a csnfsrmational flexibility similar to the natural substrate 2-3- 

oxidssqualene (I) ,  such that upon initial binding of these compounds in their 

ground state, a rapid conformational change of the active site is triggered, 

bringing the putative anionic counterpart into the vicinity of the ammonium ion 

centre. This may explain the trend of increasing biological activity as the size 

and the number of double bonds in the side chain of aza-cyclic mimics 35 to 42 

(see Table 91) were increased. The lack of conformational flexibility of 13-an- 

tricyclic analogue 209, could explain the lack of its biological activity. 

It is with this belief that we anticipate that 1O(E)-9-ihia-2,3- 

sxidosqualensid (43) and 1 4(E)-16-thia-2,3-oxidosqualenoid (44) will be 

effective "irreversible" mechanism-based in h! bitors of QSC. The binding of 

these substrates by OSC is expected to induce their cyclization concurrent with 

the conformational change in the enzyme active-site. The generation of the 

zppropriate thiscarbeniurn ion should result in both an increased libe-time of the 

cationic species as well as significant amount conformational deviation from the 

naturally occurring cationic species. The result is expected to be the csvaient 

modification of the enzyme by coupling of the inhibitor with the putative basic 

amino acid residue normally responsible for ion pairing with the cationic 

intermediate. 



NMR, Nuclear magnetic resonance, spectra were recorded on a Bruker 

AMX-400 spectrometer or Bruker WM-400 operating at 400.13, and 100.62 MHz 

for 4H and 13C{'H) spectra, respectively. chemical shifts are reported in 

parts per million (ppm, 6) and relative to TMS (0.00 gpm). 73C(1Hj are 

referenced to CDCI3 (77.0 ppm). IR spectra were reccrded on Perkin Elmer 

Model 599B and FT 4605 spectrophatometers calibrated with polystyrene 

(reference 3601 cm-1). iR spectra of oils were obtained as films between NaCi 

plates; spectra of solids were obtained from KBr disks. Low-resolution mass 

spectra were obtained on a Hewiett-Packard 59858 GCIMS equipped with a 

DB-1 capillary column (30 mm X 0.32 mm ID; with 0.25 pm) system operating at 

70 eV for electron impact (El) ionization. Chemical ionization (CI) was 

performed using isobutane as the proton source. Gas chromatographic 

anaiyses were performed on Hewlett-Packard 5880A and 5890 instruments 

equipped with a flame ionization detector and a JAN fused silica DB-1 capillary 

column (15 m X 0.25 rnm ID; with 0.25 j i r  1 film). High resolution mass spectra 

were recorded on Kratos/AEl MS 50 spectrometer at the University of British 

Columbia. Elemental analysis were performed at Simon Fraser University by 

Mr. M. Yang using a C a r l ~  Erba Model-1 106 Elemental Analyzer. All flash 

chromatography84 was performed on Silica Gel 60 (230-400 mesh, E Merck, 

Darmstadt). Thin layer chromatography (TLC) was performed on aluminum 

backed plates precoated with Merck silica gel 6QF-254 as the adsorbent and 



visuaiized by treatment with an acidic soiution of @e(584)2 (1%) and molybdic 

acid (I  .4%) fdfcwzd by gentle heatkg oii a hot plate. 

B: Chemical purifications and General Procedures 

Petrahydofuran (THF), diethyl ether (Et20) and dirnethoxyethane (DME) 

were freshly dist i l led from sodium benzophenone-ketyf; 

hexamethyiphosphesphoramidle (HMPA). Diis~propgriamine and triethylamine 

and trirnethylsilyl chloride (TMSGI) were distilled from CaH2 and stored under 

arcm; dimethylsulfide (DMS), dichloromethane (CH2C12), and toluene were 

freshly distilled from CaH2 prior to use. Ethanol (EtOH) was distilled from Mg 

filings and stored under argon. N-chlorosuccinimide (NCS) and N- 

bromosuccinimide were recrystallized from glacial acetic acid, washed with ice 

water and dried under high vacuum; para-toluenesulfonyl chloride (pTsCI) was 

purified by distillation under reduced vacuum (0.5 mmHg); acr~lein was 

distilled, first at atmospheric pressure and then under vacuum (0.05 mmHg) 

from a round bottom flask cooled to -30 O C  and condensed at -78 O C  (Dry 

icehcetone) and used immediately. Unless otherwise stated, chemicals 

obtained from commerciai sources were used without further purification. All 

moisture and air sensitive reactions were conducted under a positive pressure 

of argon in glassware that was flame dried under vacuum. A nitrogen glove bag 

was used to weigh all the moisture and oxygen sensitive compounds. Syringes 

and cannulas were used to transfer oxygen and water sensitive liquid reagents. 

Unless specifically stated standard work-up refers to the combined organic 

extracts being washed with ice-cold brine, dried over MgSO4 (or anhydrous 

K2C03 for amine) and the soivent removed using a rotary evaporator. 

Chromatography refers to flash chromatography.84 



1: h vddrs antifungal activity 

The minimum inhibitory concentrations (MIC values, concentration sf 

inhibitor required to completely inhibit growth of the organism in vitro) of the 

inhibitors were measured on Wowley agar against standard strains of Candida 

aibicans and Aspergillus fumigaius after two days incubation and Histopiasma 

capsulatum and Trichophyton mentapophytes after seven days. 

2: Sterol Biosyrnthesis inhibition Assays in Whole Cells 

Procedure as previously described in reference 69. C. albicans was 

grown at 37 OC in a 10 mL of YECD broth ( 0.5% yeast extract, 0.5% Casitone, 

and 0.5% glucose) and supplemented with 0.01 mM [I4C]acetate (1pCi) and 

the appropriate concentrations of inhibitor until late-log phase (monitored by 

optical density of 660 nm, 1.3). Cells were harvested after 8 h by centrifugation, 

washed once with cold 5% trichioroacetic acid, and extracted once with 1.5 mL 

of methanol followed by 1 mL of a 5 :1 mixture of methanol-benzene. The 

extracts were spotted on silica gel TLC plates and developed with 

heptanelacetic acid/isopropyl ether (6014135) as the eluant. The 

ergosteroIIoxidosqualenes (sum of 2,3-oxido and 2,3,22,23-dioxidosqualene) 

was established by scraping the respective band or bands into scintillation 

vials, diluting with 5 mL of Aquasol and the counting the radioactivity. The 

inhibition of 2,3-oxidosqualene cyclases results in the acclrmulation sf 2,3- 

oxidosqualene and the production of 2,3,22,23-dioxidosqualene and the 

decrease in ergosterol production in the cells (see reference 33). lCso was then 



deterrniced at the concentration of the inhibitor that reduced the ratio of 

ergosiers~oxidosqualenes to 50 % of the control. 

3: Cell-Free Enzyme! Inhibition Assays 

As previously described in reference 33. lC50 values ( the conc6ntration 

of the inhibitor required Po decrease the activity sf the enzyme by 50%) wsra 

measured using a cell-free preparation of Gandicla albicarls. Cells ware 

collected from an 8 h culture in TYG medium and were digested for 30 min with 

Zyrnolase 100T (Seikagaku Kogyo, Japan). For a gram of cell mass were used 

1.0 mg of Zymolase, 12.5 pl of 2-mercaptoethanol and 5.0 rnb ~f a digestion 

buffer (50 mM phosphate pH 7.4 containing 1.0 M rnannitoi). The resulting 

prstsplasts were collected by centrifugation and lysed in 100 mM phosphate 

buffer pH 6.9. The supernatant after centrifugation at 15000 g is the cell-free 

extract which retains fuil cyclase activity shown by a 42% incorporation of 

racemk 7%-2,3-oxidosqualene in the presence of the non-ionic detergent 

Decyi Poe (n-decylpentaoxyethlene, Bacem, Switzerland). This detergent 

inhibits the further metabolisation of lanosterol to fungal sterols by the cell-free 

preparation, and thus allows an accurate measurement of the inhibitory activity 

of the test compounds. The non-saponifiable lipids wer@ extraded and applied 

to TLC plates (silica gel F-254, Merck, Germany) which were developed twice in 

dichlsromethane. The radiolabelied spots, in this case only oxidosqualene and 

lanosterol, were quantified with an automatic PLC scanner (Rita 3200, Raytes!, 

Germany). The % activity was plotted against log inhibitor concentration to 

determine the 1650. 



A: Chapter 2 

N-Methyl-5,6-diRydr0-4-pyridone (77). This compound was 

prepared as described in reference 37. To a stirred solution of 76 ( 5.0 g, 44.2 

mmol) in CH2Cf2 (50 mL) at -40 OC was added dropwise a solution of m-CPBA 

(10.0 g, 48.6 mrnol, 85%) in CHzC12 (150 mL) over 1 h. This was stirred for an 

additional 2 k and Et3N (31 mL, 220 mmol) was added followed by A620 (4.6 

mL, 48.6 mmol), The reaction mixture was allowed to warm to 0 OC and stirred 

for 3 h,  poured into a separatory funnel and washed with ice cold 15% NaOH 

solution (3 X 150 mL) and ice cold brine (1 X 50) and dried over anhydrous 

MaC03. Distillation under reduced pressure gave 77 (1.6 g, 32%): bp 1 88-1 09 

OC @ 0.50 mmHg, lit.371 10•‹C@l .0 mmHg. 1H NMW (CDCl3, ppm) 6.94 (1 HI, dl 

A8.0Hz),4.92 (1HId,&8.0Hz),3.42 (2H, t, A8.0 Hz),3.01 (3H1 s), 2.47(2H,tI 

A8.0 Hz). 

2-n-Butyl-N-methyl-$-piperidone (99). To a stirred slurry of CuCN 

(242 mg, 2.7 mmol) in THF (5 mL) under argon at -78 "C was added dropwise 

n-BuLi (2.16 me, 5.4 mmoi 2.5 M in hexanes). This was allowed to react for 30 

min. To the light ye l l~w cuprate solution was added via syringe, BF3-OEt2 (0.25 

mL, 2.0 mmol) followed by the dropwise addition of enone 73 ( 200 mg, 1.8 

mmsl) in THF (2.0 rnL). After 30 min, the reaction was 'terminated by the 

addition of a solution of 1% NH4QH (5 mL). This was warmed to 0 OC and 

extracted with ether (5 X 15 mL) and dried over anhydrous K2C03. 

Chromatographic purification using ethyl acetatelNleOHlEt3N (8511 015) as the 

eluant gave 79 (75 mg, 24 %). 1R (film) 2940,2870,2799, 1725,1470, 1420, 



and 1280 em4 ; mass spectrum, CI m/z (isobufarte, tei intensity) 130 (Me+ 1 , 

100); 1H NMR (CDC13, ppm) 3.12 (1 H, m), 2.58 (I H, m) 2.50 (2H, m), 2.40 (3H, 

m), 2.3Q (lH, m), 1.58 (1H, m), 1.42 (IH, m), 1.30 (6H, brut), 6.92 (3H, t, J-7.0 

Hz); 1% NMR (CDCls, ppm) 209.2, 62.9, 54.3, 45.0,40.4, 323, 30.8, 27.2, 22.8, 

13.9. 

2-Bensyl-BV-methyi-4-pipce~id~n8 (80). TQ a stirred slurry of CuCN 

(121 mg, 1.4 rnmsl) in THF (5 mb) under argon at -78 "C, was added bensyl 

magnesium bromide (2.8 mL, 2.8 mmol, 1 M in Et;rO). After 30 min, 77 (1 00 mg, 

0.9 mmol) in THF (2 mL) was added dropwise. Reaction was terminated after 

30 min by the addition of loh aqueous NH40M solution (5 ml), extracted with 

ether (5 X 10 mL) and the combined extracts dried over K2C03. 

Chromatog rap hy tising ethyl acetate/MeOH/Et3N (95/3/2) as the eluant gave 

80, as an oil (160 mg, 87%). IR (film) 2995, 2840, 1725, 4600, 6437, 1397, 

1337, 1257, and 1 097 cm-1; mass spectrum, CI m/z (issbutane, ref intensity) 

204 (M++1, 100); 1# NMR (CDCI3, ppm) 7.28 (2M, m), 7.20 (IH, m), 7.13 (2H, 

m), 3.12 (2H, n), 2.80 (IH, m), 2.67 (IH, m), 2.55 ( 3 4  s), 2.50 ( 2 4  m), 2.38 (1H, 

m), 2.22 (2H, m); 13C NMR (CDCI3, ppm) 208.7, 138.2, 129.3 (2C), 128.5 (2C), 

126.4, 64.3, 53.4, 44.5, 41 -3, 40.4, 38.3. Anal. eaicd. for C13H17NQ: (5, 76.84 ; 

M, 8.43; N, 6.89. Found: C, 76.88; H, 8.42; C,6.98. 

AI-(Carbobenzy~oxy)-3-~a~b0metih0~y-4-pip~rid0ne ($6): To a 

slurry sf methyl-4-piperidone-3-carboxylate hydrochioride ($5) (5.0 g, 25.8 

mmoi) in 50 m t  of CH2612 and Et3N (9.8 mL, 65.0 mmol) at 0 "C, was added 

benzyl chloroformate (5.0 g, 28.0 mmol) over 20 min. This was stirred at 0 "C 

for 0.5 h and at room temperature for 1 h. The reaction mixture was poured 

i n t ~  an ice cold 2N HCI solution (100 mL) and extracted with CH2CI2 (2 X 50 



mij ,  The extracts were combined, washed with ice cold saturated NaHC83 

PC IC 7 sofufioii Standard work-up gave wv \". I g, 91 %), as :he only produd detected 

by 1H NMR and TtC, as an oil. An analytical sample was prepared by 

chromatography with hexanelethyl acetate (773) as the eluant, iR (film) 2200- 

3700 (b), 1 740, 1600 cm-I ; mass spectrum, CI m/r (isobutane, rel. intensity) 292 

( M W ,  100);.1H NMR (CDC13, ppm) 12.00 (-1 HI s, exchangeableID2O), 7.36 

(5H, m), 5.16 (2H , s ), 4.13 (2H, bs), 3.78 ( 3 4  s), 3.64 ( 2 4  m), 2.40 (2H, bs); 

1 3 ~  NMR 121 8K, CDCI3, ppm (rnajor/rninor rotomers)] 163.4/163.2, 154.5/154.4, 

151 7, 140.7-1 26.4 (6C, m, aromatic), 1 15.5/115.0, 70.467.4 & 63364.6 

(OCHzPh), 52.0, 41 .S/41.8, 39.0139.4, 28.4128.7. Anal. calcd. for C15H17N05 : 

C, 64.85; H, 5.90; N, 3.94. Found: C, 61.80; H, 5.84; N, 4.18. 

dv-(Carb~benzy~oxy)-3-~arb~metho~y-3-pheny~~@I@nyi-4- 

pipeaidone (87): To a stirred slurry of NaH (1.7 g, 42.5 mmol, 60% in oil) 

washed free sf oil with pentane (4 X 10 mL), in THF (250 mb) at 0 "C under 

argon was added dropwise a solution of 86 (10.0 g, 35.0 mmol) in THF (30 mL) 

ovw 20 min. The solution was stirred at room temperature for 45 min. and then 

cooled to -50 "6. To this was added dropwise a solution of phenylselenyl 

bromide (9.25 g, 39.2 mmol) in 50 mk of THF over 50 min. The mixture was 

stirred at -50 "€3 for 2 h and room temperature for 1 h, poured into ice cold 

saturated K2CO3 solution (200 mL) and extracted with Et20 (3 X 50 me). 

Standard work-up gave 87 (15.2 g, crude) as a yellow oil that crystallized on 

standing. A small sample was recrystallized from CH2Cl2Ihexane to give light 

yellow crystals, m.p. 108-1 09" C. iR (KBr pellet) 2950 (b), 1700(b), 1410, and 

1260 cm-I; mass spectrum, Ci m/s (isobutane, re!. intensity) 448 (M++1, 100); 

NMR (CDCI3, ppm) 7.40 (IOH, bm), 5.10 (2H, s), 4.60 (IH, bm), 4.10 (IH, 

bs), 3.62 (3H, s), 3.38 (IH, bs), 3.55 (1 H, bs), 2.66 (2H, bs); I3C NMR [243K, 



CDCi3, ppm (majorfminor rotomers)] 200.8, l67.8, 154.3, 138.04 23.0 (m, 12C) 

62.367.7, 60.6, 53.3, 51.5, 43.3, 40.2l40.0. And. calcd. for CZ1 H2f-lO5S@: C8 

56.51 ; t i ,  4.74; N, 3-14. Found: C, 56.71 ; H, 4.62; N, 2.95. 

N-(Carboberrzyio~y)-3-~8rb0m@th0~y~5,6-dihydr8-4-py~5d0n~ 

(45): To a vigorously stirred solution of 87 (15-0 g, crude) in CH2C12 (150 mL) 

at 0 O C  was added dropwise a soiution of H202 (7.8 g, 30% by weight in H20) in 

distilled water (40 mL) while monitoring the disappearance of 89 by ?LC. The 

readion was warmed to room temperature over 30 min, poured into ice cold 

saturated K2CO3 ( I  00 mL), the organic layer separated and the aqueous layer 

extracted with @H2C12 (2 X 50 mL). Standard work-e;p followed by 

chromatography with ethyl acetatelhexane (713) as the eluant yielded 45 (7.?g, 

76% in two steps) as an oil that crystallized on standing, rn. p. 74-75 O C .  IR 

(film) 2950, 1700, 1760, 1400, and 1250 em-'; mass spectrum, CI m/z 

(isobutane, re1 intensity) 290(M++1, 100); 1H NMR (CDC13, pprn) 8.83 (IH, s), 

7-40 (5H, bs), 5.30 (2H, s), 4.05 (2H, t, J =7.O Hz), 3.82 (SiH, s), 2.63 (2H, t, J ~ 7 . 0  

Hz); 1% NMR [218K, CDCI3, pprn (rnajorlminor rotomers)] 189.2, 164.6ll64.0, 

!51.8/152.0, 151.4, 133.61133.4, 129.1, 428.9, 128.7, 487.51108.0, 69.9, 

52.4/52.2, 42.1/42.5, 35.6. Anal. calcd. for C 1 5 k ! & $ k  C, 62.28; H, 5.23; N, 

4.84. Found: C, 62.14; H, 5.31; N, 4.76. 

2-n-Butyl-~-(carboben~yio~y)-3-carbometho~y~4-piperid~ne 

(88): To a slurry of CuCN (1.07 g, 12.0 mrnol) in THF (70 ml),  under argon at 

-78"6, was added dropwise n-BuLi (9-60 rnL, 24.0 mrnol, 2.5 M solution in 

hexane) and the reaction was stirred for 30 rnin. To the cuprate, at -78 "C, was 

added dropwise a solution of enone 45 (2.9 g, 10.0 mmol) in THF (25 mL) over 

15 min. The resuiting yellow solution was stirred for an additional 30 min. at 



which time saturated MH4CVNH40H (50 mL, pH-8) was added. The slurry was 

stirred while warming to O OC then extracted with Et2O (4 X 40 mL). Standard 

work-up followed by chromatography using hexanelethyl acetate (9/1) as the 

eluant afforded 88 (3.2 g, 91%) as an oil that crystallized on standing, m.p. 60- 

61•‹C. IR (KBr) 2950 (b), 1650, 1700 (b) and 1430 cm-l; mass spectrum, m/z 

(re!. intensity) 347 (M+, 20), 316 (33, 290 (46), 21 4 (1 00); 'H NMR (CDCI3, 

ppm) 12.50 (enolic t i ,  bs), 7.10 (5H, bm), 5.10 (2H, bm), 4.00 (1 H, bs), 3.31 (3H, 

bs), 2.80 jlH, bm), 2.26 (IH, bsj, 1-81 (IH, bm), 4.61 (IH, bs), 1.31 (6H, bm), 

0.81 (3H, bm); 13C NMR [213K, CDCI3, ppm (major/minor rotomers)] 170.9, 

169.6/170.3, 154.9, 135.9, 128.2-127.7 (5C, m) 100.6/101.l, 66.9, 51.7, 48.8, 

34.3/34.8, 33.1/32.8, 28.2, 27.9, 22.1, 14.0. Anal. caiccl. for C19H25N05: 6, 

65.67; H, 7.25; N, 4.03. Found: C, 65.36; H, 7.43; N, 4.04. 

piperidone (89): To a slurry of NaH (427.0 mg, 10.0 mrnol, 60% in oil) 

washed free of oil wiih dry pentane, in freshly distilled 1,2-dimethoxyethane 

(DME) (50 mL), under argon at 0 OC, was added dropwise over 20 min. a 

solution of 88 (3.0 g, 9.0 mmol), in DME (25 mL). The mixture warmed to room 

temperature and stirred for 45 min. Mel (1.7 mL, 27.0 mrnol) was then added 

and the reaction mixture stirred at room temperature for 48-50 h. The reaction 

was poured into saturated NH4CI solution. (50 mL), extracted with Et20 (3 X 50 

mL). Standard work-up followed by chromatography using hexanedethyl 

acetate (512) as the eluant gave the methyl product 89 (2.7 g, 72%) as a single 

dastereoisumer, an oil that crystallized on standing, m.p. 55-57 'C. IR (KBr) 

3400,2950,1700 fb), l69O,172O1 1760 and 1425 cm-5; mass spectrum, CI m/z 

(isobutane, rel. intensity) 362 (M++1, 100); 'H NMR (CDCI3, ppm) 7.35 ( 5 4  m), 

5.1 7 (2H, s), 4.47 (2H, m), 3.70 ( 3 4  s), 3.00 (1 H, bm), 2.70 (1 H, bs), 2.45 (1 H, 



bs), t .60 (2H, bs), f -45 (2H, bs), 1.20 (5H, bm), 0.78 (3H, s); I3C NMR [213K, 

CDCf3, ppm (majodminor rotomers)] 206,2, 1 70.71170.9, 155.6, 135.4, 1 28.3- 

127.7 (5C, m), 67.4, 60.0160.2, 58.3158.2, 52.5, 36.7137.0, 35.9136.0, 28.3128.5, 

27.1127.2, 22.1, 22.0, 14.0. Anal. aid. for C20H27M05: C, 66.47; H, 7.53; N, 

3.88. found: C, 66.20; H, 7.59; N, 3.78. 

2-n -Buty l -N - (carbobenzy Ioxy ) -3 -carbometh thy l -4 -  

pipetidone Ethytene Ketal (96): Compound 89 (2.0 g, 5.5 mmol) in 50 mL 

of toluene containing ethylene glycol (1.0 g, 16.7 mmol) and 50.0 mg of pTsOH 

were refluxed for 20 h in a 100 mL flask fitted with Dean-Stark collector. The 

csoied reaction mixture was poured into ice-cold saturated NaHC03 (50 me) 

and extracted with ether (3 X 30 mi) .  Standard work-up followed by 

chromatography using hexaneslethyl acetate (713) as the eluant gave 90 (2.0 g, 

89%) as an oil that crystallized on standing, m.p. 80-81•‹C. IR (KBr) 2945, 1770, 

1685 and 1420 cm-1; mass spectrum, CI m/z (isobutane, rel. intensity) 406 

(M++1, 100); AH NMR (CDCI, ppm) 7.30 (5H, m), 5.17 (2H, m), 4.6014.40 (1 H, 

rotomers, d), 4.25 (1 H, bs), 4.20 (2H, m), 3.96 (2H, m), 3.70 (3H, s), 3.10 (1 H, m), 

1.83 (1 H, m), 1.35 (3H, m), 1.17 (6H, bm), 0.78 (3H, m); 13C NMR 121 3K, CDCI3, 

pprn (major/minor rotomers)] 172.6, 155.W155.8, 136.211 36.0, 127.7-1 28.2 (56, 

m), 108.7, 66.9, 65.3, 64.0, 58.5158.3, 52.1152.2, 51.7151.6, 35.9136.1, 30.7131.3, 

28.tV28.5, 27.8, 22.2f22.4, 21.4121.7, 14.2. Anal. calcd. for C22H3, NO6: C, 

65.21; H, 7.70; N, 3.46. Found: C, 64.94; H, 7.61; N, 3.29. 

2-n-Butyf-N-(cafboben~yI8xy)-3-RydroxymethyI-3~met4y~-4~ 

piperidone Ethylene Ketal (91): To a slurry of LiAiH4 (1.0 g, 26.0 mmol) in 

30 mL THF, under an atmosphere of argon, was added dropwise a solution of 

ketai 90 (2.5 g, 6.1 nmol) in 15 mL of THF, The reaction was refluxed for 3 h, at 



which time excess LiAIF14 was destroyed at 0 OC by sfow addition of 1.0 g of 

water failowed by 1.0 g of 15% NaBH foilowed by 3.0 3 of water. The solids 

were filtered and rinsed thoroughly with small portions of EteO (5 X 25 ml). 

Standard work-up followed by chromatography using with ethyl 

acet;ate/MeOH/Et3N (951312) as the eluant afforded 91 (1.5 g, 88%) as an sii. IR 

(neat) 3600-31 00(b), 2800-3000(b), 1675 and 1 456 cm-I ; mass spectrum, Cl 

m/z (isobutane, rei intensity) 258 (M++1, 100); 1H NMR (CDC13, ppm) 3.90 (4H, 

m), 3.77 (2H, s), 2.80 (IH, m), 2.40 (2H, m), 2.25 (3H, s), 2.17 (IH, m), 4.70 (2H, 

m), 1.47 (2H, m), 1.30 (4H, m), 0.88 (3H, t, J =7.0 Hz), 0.70 (3H, s); 1% NMR 

(CDC13, ppm) 110.3, 70.8, 66.6, 65.6, 64.6, 54.2, 45.2, 42.9, 32.8, 32.5, 28.5, 

23.0, 15.2, 13.8. Anal. calcd. for C14H27N03: C, 65.34; H, 10.58; H, 5.45. 

Found: C, 65.15; H, t0.60; N, 5.63. 

2-n-5utyll-1,3-dimethyl-3-hydroxymeth~l-p-toluenesuIfonyl-4- 

piperidone Ethylene Ketal (92): To a solution of 91 (1.75 g, 7.0 mmol) in 

dry Et2O (25 mL), under positive pressure of argon at 0 OC, was added n-Bu Li 

(3.35 ml ,  8.4 mmol, 2.5 M in hexanes) and the reaction was stirred for 13 min. 

A solution of ptoluenesulfonyl chloride (1.90 g, 10.0 mmol) in Et2O (1 0 mL) was 

added dropwise and the mixture stirred at 0 OC for 5 k. The reaction was 'then 

diluted with 15% NaOH solution (2% mL) and extracted with Et2Q (3 X 30 mL). 

Standard work-up followed by chromatography using diethyl etherlethyl 

acetateltriethylamine (951312) as the eluant gave the tosylate 92 (2.41g, 84%) 

as a crystalline soiid (unstable to prolonged storage, no rn. p. obtained). IR 

(KBP) 3400 (b), 2940, 2940, 1600 and 1350 cm-I; mass spectrum, CI m/z 

(isobutane, rel. intensity) 240 (M++l -C7H702S, 100); 1 H NMR (CBCi3, ppm) 

7.78 (2H, rn), 7.33 (2H, m), 4.10-3.85 (6H, bm), 2.60 (1 H, m), 2.43 (3H, s), 2.25 

(3H, s), 1.85 (2H, m), 1 -60 (2H, bm), 1.30-1 2 0  (6H, bm), 1.03 (3H, s), 0.87 (3H, 



m); 1% NMR (CDC$, ppm) 144.4, 138.7, 128.4 (2C), 125.8 (2C), 110.0, 78.4, 

65.7, 65.5, 58.5, 46.7, 44.5, 29.8, 27.3, 24.9,22.8, 21 .I, 13.6, "f.2. Anal. caM. 

for C2: HmNO5S: C, 61.25; H, 8.08; N, 3.40. Found: 6,61.01; W ,  8.98; N, 3.48. 

P-n-Butyl-l,3,3-tr~methyl-4-g5peridone Ethylene Kettal (93): To 

a solution of 92 (2.0 g, 5.0 mrnol) in THF (36 rnb) under argon, was added 

LiBEt3H (10.0 mL, 10.0 rnmol, 1.0 M in THF) and the solution was refluxed for 3 

ha The reaction was wobd to room temperature then poured into ice-cold 15% 

NaOH solution (25 mL), stirred for 30 min. and extracted with ether (4 X 30 mL). 

Standard work-up followed by chromatography with hexaneslethyl 

acetate/triethyl amine (70/27/3) as the eluant gave 93 (1.1 g, 91 %) as an oil. IR 

(film) 2950 (b), 2870, 2790 and 1455 (b) cm-1; mass spectrum, Elm2 (re1 

intensity) 241 (M+, 4), 21 2 (13), 198 (lo), 184 (1 OO), 98 (44); I H  NMR (CDC13, 

pprn) 3.90 (4H, m), 2-70 (lH, ddd, J=12.0, 4.5, 3.0 Hz), 2.25 (IH, td, J=12.0, 3.0 

Hz) 2.21 (3H, s), 1.91 (1 H, dt, J=13.0, 4.5 Hz), 1.77 (IH, rn), 1.45 (3H, bm), 1.24 

(4H, m), 0.99 (3H, s), 0.86 (3H, t, J =7.0 Hz), 0.82 (3H, s); l3C NMR (CDCb, 

ppm) 116.5, 70.7, 65.0, 64.8, 54.3, 44.2, 44.1, 43.9, 33.8, 31.4, 30.3, 24.2, 20.5, 

4 9.3, 4 5.2. HRMS cacld. for 614H27NO: 241.2043, found 241.201 7. 

2-n-Butyl-l,3,3-trimethyl-4-pIperidone (94): A solution of ketal 

93 (1.0 g, 4.0 mmol) in acetone (25 mL) and 6N HCI (10 mL) was rsfluxed for 8 

h. The cooled reaction mixture was diluted with ice water (25 mL), neutralized 

with solid NaHCO3 and extracted with ether (5 X 30 mL). Standard work-up 

foliowed by chromatography using ethyl acetate/methanol/triethylamine (951312) 

as the eluant afforded the 4-piperidone 94 (600 mg, 73 %) as a an oil. IR (film) 

2950, 2790, and 1 71 0 cm-1; mass spectrum m/z (re1 intensity). 197 (M+, 38), 168 

(33), 140 (69), 126 (13), 112 (loo), 98 (85), 84 (15), 70 (15), 57 (25); NMR 



(GDCls, ppm) 2.92 (1 H, overlapping dt, J=13.O, 5.0 Hz), 2.50 (3H, m), 2.37 (3H, 

sj, 2.SO (IH, mj, 1.42 (IH, m), 1.30 (5H, mj, 1.20 (34, s), i.07 (34, sj, 0.90 (3H, t, 

J =7.O Hz); 1% NMR (CDCl3, ppm) 213.8, 72.2, 52.3, 50.0, 42.6, 37.7, 32.6, 

26.4, 23.6, 22.9, 20.8, 13.8. HRMS calcd. for C12bj23MO: 197.1 781, found 

1 97.1786. 

2-n-BtstyM ,3,3-taHmethy!-4~kybroxypiperidin@ (35): TO a slurry 

of LikfW4 (100 mg, 2.5 mmd) in THF (15 mb) at -78 OC, under a positive 

pressure of argon, was added dropwise a solution of piperidone, 94 (50 mg, 2.8 

mrnol) in THF (10 mL). Excess LiAIH4 was destroyed after 30 min by the 

addition of 0.1 g of H20 followed by 8.1 g of 15% NaOH solution followed by 0.3 

g of H20 at 0 O"@. The resulting solid was filtered and rinsed thoroughly with 

Et2O (5 X 25 mL). Standard work-up followed by chromatography using ethyl 

acetate/methanol/triethylamine(90/7/3) as the eluant gave the 4-piperidin01 35 

(460 mg, 83%) which was >95% the equatorial diastereoisomer, as a clear 

viscous oil. IR (film) 31 00-3500 (b), 2950, and 1450 cm-1; mass spectrum, El 

m/z ( re1 intensity) 999 (hA+,45), 182 (20), 1.62 (1 QO), 98 (38), 57 (33); 1H NMR 

(CD@13, ppn) 3.20 (lH, dd, J=12.Q, 5.0 Hz), 2.83 (IH, td, J=12.0, 4.0 Hz), 2.20 

(3H, s), 2.03 (IH, dt, S-12,0, 4.0 HZ), 1.75 (IH, dq, J-12.0, 4.8 HZ), 1.70 ( I# ,  

m), 1.55 (1 H, m), 1.90 (6H. bm), 0.95 (3H, s), 0.90 (3H, t, J=7.0 Hz), 0.85 (3H, s); 

136 NMR (CDC$, ppm) 76.3, 72.8, 55.6, 43.6, 39.9, 33.0, 30.5, 29.4, 24.1 , 23.1 , 

13.9, 13.5. Anal. cald. C12H25NO: 6, 72.31; H, 12.64; N, 7.03. Found: C, 

76 -99; H, 12.48; N, 6.83. HRMS ealcd. for C12H25NO: 199.1936, found 

1 99.1898. 

2-n-Butyt-1,3,3-taimethyl-4-hydroxypiperidinium Chloride 

(36a): To a solution of 35 (50 mg, 0.25 mmol) in 1 mL of dry EtnO in a tapered 



test tube was added 3 drops of 1 N MCI in Et20. The amine hydrochtoride sait 

precipitated as white flakes. The ether was evaporated under a stream QI 

nitrogen and the hydrochloride salt rinsed with dry Et2Q (3 X 1 mL). The 

residual solvent was removed under reduced pressure to give the 

hydrochloride salt 36a (40 rng) as white flakes, m. p. 150-155 OC. IR (KBr) 

3600-3200 (b), 2930, 2700 and 1418 cm-1; mass spectrum, FAB m/z  

(Xenon/glyceroI, re1 intensity) 200 (M+-CI-8 108); 1~ NMR (CD3OD, ppm) 3.40 

(2H, rn), 3.10 (IH, m), 2.84 (3H, s), 2.73 (lH, bs), 1.87 (3H, bm), 1.58 (IH, bs), 

1.47 (1 H, bm), 1.40 (4H, m), 1.1 1 (3H, s), 0.96 (3H, t, d =7.5 Hz), 0.96 (3H, s); 

1% NMR (218K, CD30D, ppm) 73.2 (2C), 54.9, 42.2, 41.6, 34.1, 28.8, 28.6, 

24.0, 233, 14.5, 12.2. 

2-n-ButyI-1 ,I ,3,3-tetramethyl-4-hydroxypiperidIniarm iodide 

(36b): To a solution of 35 (100 mg, 0.5 mmol) in 5.0 mL of dry Et20 in a 

tapered screw cap test tube was added Mel (0.2 mL). The reaction was placed 

in the dark at room temperature for 24 h. The ether was evaporated under a 

flow of nitrogen and the crystals rinsed with dry Et20 (3 X 2 mL). The residual 

solvent was removed under vacuum to give the salt 36b (120 mg) as a white 

powder, m.p. 161-1 63•‹C. iR (KBr) 3400 (b), 2975 and 1470 cm-1; mass 

spectrum, FA6 m/z (Xencrnlglycer~t, rel. intensity) 214 (M+-I-, 100); 1H NMR 

(CL)30B, ppm) 335 (2H, m), 3.4 2 (4 H, m), 3.1 0 (3H, s), 3.00 (3H, s), 2.1 0 (I M, 

bm), 1.93 (1 H, bm), 1.76 (2H, bm), 1.60 (1 H, bm), 1.44 (4H, bm), 1.09 (3H, s), 

1.04 (3H, s), 0.97 (3H, t, J =7.5 Hz); l3C NMR (CD38D, ppm) 81.5, 74.1, 65.1, 

56.5, 45.2, 42.6, 35% 227.1, 27.0, 26.7, 23.6, 15.3, 13.3. Anai, calcd. for 

Ci$==128NOk C, 45.75; H, 8.27; N, 4.10. Foud 6,4567; H, 8.50; N, 3.33. 



3,7,l 1 -TrirneOhy 9-%(E)$(E),li G-dodecairiene-1 -a0 (Farnesa[l)48 

(96): This was prepaid by Swern oxidation49 of farnesol (95) (10.0 g, 45.0 

mmol) according to the procedure of Leopold at aL4?a for the oxidation of 

geraniol to geraniai. Chromatography using ethyl acetatelhexanes (1 0/90) 

gave $6 in 91% yield. I #  NMR (CBC13, ppm) 9.98 (1 H, d, J=8.1 Hz), 5.88 (1 H, 

d, J=8.1 Hz), 5.07 (3H, m), 2.23 (4H, m), 2.15 (3H, s), 2.0% (2H, m), 1.97 (2H, m), 

1.67 (3H, s), 1.60 (3-4, s); 1% NDbnR (CDC13, ppm) 191.0, 163.5, 136.4, 131.3, 

127.3, 124.0, 322.6, 40.4, 39.5(2C), 25.5, 24.7 (2C), 17.5, 17.4, 15.9. 

was also prepared in as analogous fashion according to the procedure of 

teopold et in 85% yield starting with 96 (9.0g, 40 mmol) and 1.1 

equivalent methyienetriphenylphosphorane, generated from 

methyltriphenyiphosphonium iodide and PhLi. 1H NMR (CDCI3, ppm) 6.55 (I H, 

dt, J=17.0, 10.0 Hz), 5.85 (IH, d, J=10.0 Hz), 5.09 (3H, m), 4.97(1H, dd, J 

=I 0.0, 1.0 Hz), 2.00 (8H, m), 1.1 7 (3H, s), 1 -67 (3H, s), 1.57 (6H, app s). 

4,8,12-Trimethyl-3(e,7(€),11 -tridecatriene-1-01 

(Homofarnesol) (98): Hydroboration of tetraene 97 (6.5 g, 30.0 rnmol) with 

1.1 eq, disiamyl borane gave 98 in 85% yield according to the procedure as 

described by Leopold et a1.47a 1 H (CDC13, ppm) 5.08 (3H, m), 3.60 (2H, t, J 

=6.5 Hz), 2.27 (2H, q, J =6.7 Hz), 2.1 5-1.90 (8H, m), 1 -67 (3H, s), 1.64 (3H, s), 

1.59 (6H, app s); '3C NMR (CDC13, ppm) 138.8, 135.3, 131.3, 124.4, 121 .O, 

11S.9, 63.4, 39.8, 39.7, 31.5, 25.8, 26.5, 25.6, 17.6, 16.2, 16.8; mass spectrum, 

El m/r (re1 intensity) 236 (M+, I), 193 (4)) 136 (1 5), 3 23 (14), 107 (lo), 93 (1 2), 

81 (51), 69 (108). The spectra are in agreement with those reported in 

reference 47c. 



1 -Br@mo-4,8,1 P-!rirnethy!-3(,F:,7{~,11 -trideca!rEene 

(Xsm~farnesyl bromide) (99): To a solution of PPh3 (7.3 g, 28.0 mmol) in 

CH2C12 (100 mL) under argon, at O OC, Br2 was added dr~pwise until a yellow 

color persisted. A few crystals of PPh3 were added to consume the excess Br2, 

Pyridine (2.9 mL, 35.0 mmol) was added followed by the dropwise addition of 

hsmofarnesol (98) (5.5 g, 23.3 mmol) in CH2C12 (20 mL). The reaction was 

stirred far 5 h. The s~lvent was evaporated in vacua, the precipitate diluted with 

hexane (50 ml )  and filtered through a pad of Celite. The precipitate was rinsed 

well with hexane. Standard work-up foll~wed by filtration through a small silica 

gel column using hexane as the eluant gave bromide, 99 ( 6.1 g, 88%) as an 

oil. 1~ NMR (CDCI3, ppm) 5.1 0 (3H, m), 3.33 (2H, t, J =7.3 Hz), 2.57 (2H, dt, J 

=7.3, 7.0 Hz), 2.20-1 3 5  (8H, m), 1.67 (3H, s), 1.62 (3H, s), 1.60 (6H, app s); 13C 

NMR (CDC13, ppm) 138.5, 135.2, 131.2, 124.4, 123.9, 120.9, 39.7, 39.6, 32.9, 

31.7, 26.8, 26.4, 25.6, 17.6, 16.2, 16.0; mass spectrum, El m/z (re1 intensity) 

257/255 (M+, 2), l89/ l  87 (3), 136 (20), 121 (1 1 ), 95 (1 5), 93 (1 O), 91 (go), 81 

(63), 69 (1 00), 67 (402, 55 (1 8), 53 (15). 

1-Iod04,8,1P-trimethyl-3(~,7(E),l 1 -tridecaltriene 

(Wornofarnesyl Iodide) (100): To a solution of 99 (6.0 g, 20.0 mrnol) in 

acetone (50 ml)  was added Nal (5.0 g, 33.3 rnmol) and the mixture stirred for 6 

h at room temperature then refluxed for 2 h. Most of the solvent was evaporated 

in vacuo, then the residue was diluted with water (58 mL) and extracted with 

ether (3 X 50 mL). The extracts were combined and washed with 5% aqueous 

sodium thiosulfate (1 X 20 mL). Standard work-up followed by chromatography 

using ethyl acetatelhexanes (2198) as the eluant afforded the iodide 100 (6.5 g, 

94%) as an oil. 1 H NMR (CDC13, ppm) 5.09 ( 3 4  m), 3.1 0 (2H, t, J -7.4 Hz), 2.6 



(2H, dt, J J.5,  7.0 Hz), 2.1 -1.9 (8H, m), 1.67 (34, s), 1.61 (3H, s), 1.60 (6H, app 
4 Q- sj; lJr; NMR (CDCi3, ppmj 136.1, 535.1, 131.2, "124.4, 123.9, i23.0, 39.7, 39.6, 

32.4,26.8, 26.4, 25.7, 17.7, 16.3, 16.0, 5.8; mass spectrum, EB m/z (rel intensity) 

346 (M+,1), 303 (4), 137 (9) 136 (28), 123 (11), 121 ( l l ) ,  109 (6),  107 (8), 95 

(20), 93 (lo), 91 (8), 82 (lo), 81 (59), 79 (15), 77 (a), 69 (loo), 67 (LfO), 55 (10). 

The spectra are in agreement with those reported in reference 47c. 

Ethy9-5-[(te~t~butyfbi;;tethylsl9yl)oxy]-3-metRyl-2(~-pentenoate 

(104): To a slurry of ZrCp2C12 (29.8 g, 100 mmol) in dry CH2C12 (250 mh) 

under argon was added dropwise AlMe3 (20.0 mL, 200 mmol) over 10 min. 1- 

[(terf-butyldimethylsilyi)oxy~-4-butyne 103 (1 9.0 g, 100 mmol) in CH2C12 (25.0 

mL) was then added and the reaction stirred for 42 h. The resulting vinyl alane 

was cooled to 0 OC then freshly distilled ethyl chloroformate (19.1 mL, 200 

mmol) was added dropwise. After 3 h at room temperature, excess AIMe3 was 

destroyed (caution!!) by the addition of 11 mL of distilled water under a stream 

of argon at 0 OC. The slurry was diluted with 200 mL of hexanes then 10 g of 

Celite was added and the salts filtered. The Celite pad was rinsed thoroughly 

with hexane (-200 mL). The filtrate was concentrated in vacuo, diluted with 150 

mL of hexanes and washed with distilled water. Standard work-up followed by 

the removal of volatile impurities under high vacuum (0.05 mm Hg) gave the 

unsaturated ester 184, (15.5 g), >95% E isomer (80-85% pure, as judged by 

GC analysis). A smail sample was chromatographed using hexanelethyl 

acetate (911 ) as the eluant. IR (film) 2940 (b), 171 0, 1 650, 1 470 and 1 390 cm-1 ; 

mass spectrum, El m/z (re1 intensity) 257 (M+-CH3, 3), 227 (19), 216 (14), 215 

(go), 169 (20), 133 (20), 125 (1 3), 103 (1 001, 95 (33), 89 (55), 75 (75), 57 (20); 

H NMR (CDCl3, ppm) 5.65 (1 H, m), 4.1 4 (2H, q, J =7.0 Hz), 3.73 (2H, t, J =7.0 

Hz), 2.36 (2H, t, J=7.0 HZ), 2.17 (3H, d, J=1.2 HZ), 1.26 (3H, t, J=7.0 HZ), 0.87 



(9H, s), 0.032 (6H, s); l3C NMR (CDCl3, pptn) 166.6, 156.7, 117.3, 61.3, 59.4, 

44.0, 25.8 (3C), 19.1, 18.2, 143, -5.4 (26). Anal. calcd. for C14H2703%i: C, 

61 35; H, 10.02. Found: C, 61 .67; H, 10.21. 

Ethyl 5-hydroxyl-3-methy1-~E)-penteneata3 (1 Q5): Silyl ether 

6 04 (1.5 g, 5.5 mmol) was dissolved in a stirred 1.0 M solution of 

tetrabutylarnmonium fluoride (10 mL) in THF. After 1 h, water (50 mL) was 

added and the aqueous layer extracted with Et28 (4 X 25 ml). Standard work- 

up followed by chromatography using ethyl acetate/hexanes (25175) as the 

eluant gave 185 (0.80 g, 92%). IR (film) 3360 (b), 2910, 1710, 1690, 1640, and 

1370 cm-I; mass spectrum, El m/z (rel. intensity) 158 (M+,10), 140 (36), 128 

(52), 143 (loo), 142 (88), 4 1 1 (55), 108 (31), 82 (55), 67 (29)' 55 (V),  43 (12); 

AH NMR (CDC$, ppm) 5.73 (IH, q, k1 .0  Hz), 4.14 (2H, q, J=7.0 Hz), 3.78 (2H, t, 

J=7.0 Hz), 2.39 ( 2H, t, J=7.0 Hz), 2.1 8 (3H, d, A1.0 HZ), 1.27 (3H, t, J=7.0 HZ); 

1% NMR (CDCI3, ppm) 166.3, 155.9, 117.8, 60.1, 59.5, 43.6, 18.6, 14.2. Anal. 

calcd. for C8H@3: C, 60.75; H, 8.92. Found: C, 60.66; H, 8.89. 

Ethyl 3-methyl-5-(p-toluenesulfonyl)-2(E)-peseate (1 86): 

To a stirred solution sf 105 (1 -6 g, 1 8 mmol) in CH2C12 (25 mL) at O•‹C was 

added pyridine (5 mL) followed by pTsCI (1.90 g, 10 mmol). After 10 k, the 

reaction- was poured into ice water (50 mL) and extracted with Et20 (4 X 35 mt), 

The combined extracts were washed with 1N HCI (2 X 50 mL) and with 

saturated NaHC03 solution (1 X 50 mL). Standard work-up followed by 

chromatography using ethyl acetatelhexanes (25/75) as the eluant to give 106 

(2.5 g, 85%) as an oil. IR (film) 2980, 1710, 1660, 1600, 1450, and 1360 cmi; 

mass spectrum, Ei m/r (re1 intensity) 267 (M+-C2H50, 29), 1 55 (86), 1 40 (1 OO), 

112 (81), 95 (33), 91 ($I), 82 (191, 65 (24); 'H NMR (CDCl3, ppm) 7.77 (2H, d, 



&8,3 liz), 7.34 (2H, d, A8.3 Hz), 5.60 ( 1H, q, A1.0 Hz), 4.14 (2H, q, k7.Q Hz), 

4.12 (2H: P; A7.0 HZ), 2.46 (2H, t, J=7.0 HZ), 2.40 (3H, s); 2.65 (34, d, A5 -0 Hz), 

1.27 (3H, t, J=7.0 Hz); NMR (CDC13, ppm) 166.0, 152.9, 145.0, 133.0, 129.9 

(2C), 127.9 (2C), 118.5, 67.4, 59.7, 39.6, 21.6, 18.4, 14.3. Anal. calcd, for 

C15H2005S: C, 57.68; H, 6.46. Found: C, 57.64; H, 6.55. 

Ethyl 5-bromo-3-methyl-2(E)-penteneoate (I  87): To a stirred 

solution of 106 (2.5, 8.5 mmol) in acetone (30 mb) was added LiBr (1.15 g, 62.8 

mmol). After 12 h at room temperature the mixture was refluxed for 30 min, 

diluted with ice water (50 me) and extracted with Et20 (4 X 35 mL). Standard 

work-up followed by chromatography using ethyl acetaWhexanes (1 0/90) as 

the eluant gave 109 (1.6 g, 85%) as a clear oil. IR (film) 2970, 2930, 4710, 

1650, 1440, and 1370 cm-1; mass spectrum, El m/r (re1 intensity) 222/221 

(M++1, Is), 177/176 (67), 141 (54), 113 (loo), 95 (54), 67 (49); l H  NMR (CDCl3, 

ppm) 5.71 (AH, q, M . 0  Hz), 4.15 (2H, q, J=7.0 Hz), 3.49 (2H, t, J=7.0 Hz), 2.70 

( 2 4  t, J=7.0 Hz), 2.18 (3H, d, J=1.0 Hz), 1.28 (3H, t, J=7.0 Hz); NMR 

(CDC13, ppm) 166.3, 154.9, 126.6, 118.1, 59.7, 43.4, 29.2, 18.2, 14.2. 

5-Bromo-3-melthyl-2(~-penteno5 (10%): To a stirred solution sf 

107 (5.0 g, 22.5 mmol) in PHF (50 mL), under argon at -78 O C ,  was added 

dropwise via a syringe, neat DIBAL-H (10.03 mL, 56.3 mmol). The reaction was 

warmed to -30 OC over 3 h and poured into stirring 50% aqueous solution of 

tartaric acid (200 ml). This was extracted with Et2O (5 X 100 mL). Standard 

work-up gave 108 (3.9 g, 96%) as a light yellow oil. IR (film) 3300 (b), 2930, 

2870, 1700, 1650, 1440, and 1 390 cm-1; mass spectrum, El m/z (rel. intensity) 

180/178 (M+, 33), 165/163 (21), 152/150 (12), 199 (36), 71 (100); I H  NMR 

(CDC13, ppm) 5.49 jlH, t, J=7.0 Hz), 4.17 (2H, d, J=7.0 Hz), 3.48 (2H, t, J=?.0 



Hz), 2.58 (2H, t, J=7.0 Hz), 1.69 (34, s); I3C NMR (CDCb, ppm) 135.4, 126.5, 

58.9, 42.3, 30.8, 15.7. 

l -Brorrso-5-[(tert-buty ldimethylsilyl)o~y]-3-metRyI-9;(~~ 

pentene (181): To a stirred solution sf 108 (3.50 g, 19.6 mrnol) and Et3N (4.2 

mL, 30 mmol) in CH2C12 (50 mL) was added sequentially, tefl-buiyldimethylsilyl 

chloride (3.3 g, 22 mmd) and DMAP (-25 mg, catalyst). Afier 7 h, the reaction 

mixture was poured into ice water (50 m l )  and the organic layer separated. 

The aqueous layer was extracted with CHzC12 (2 X 50 mL). Standard work-up 

followed by chromatography using ethyl acetate1hexanes (5195) as the eluant 

gave 191 (5.0 g, 92%) as a clear oil. 1R (film) 2930, 2850, 1720, 1660, 1470, 

1390, 1260, 11 10, 9060, and 840 cm-1; mass spectrum El m/z (re1 intensity) 

2371235 (M+-C4Hg, 25), 139/137 (14), 81 (loo), 79 (28), 75 (72), 73 (17)' 57 

(1 2); 1 H NMR (CDCI3, ppm) 5.38 (1 H, tq, J=6.5, 1 .O Hz), 4.1 9 (2H, d, J=6.5 Hz), 

4.34 (2H, t, J=8.0 Hz), 2.55 (2H, t, J=8.0 Hz), 1.64 (3H, s), 0.90 (9H, s), Q.067 

(6H, s); 1% NMR (CDC13, ppm) 133.5, 127.7, 60.1, 42.6, 30.8, 26.0 (3C), 18.4, 

1 6.0, -5.1 (2C). Anal. cacld. for C12M25Q: C, 49.1 4; H, 8.63. Found: C, 49.26; H, 

8.63. 

N-(Ca~bobenzyloxy)-3-carbome%hoxy-2-[3-methyI-5-[(tsrt- 

buPyIdimethyIsiIyi)oxy~-3(E)-pentenyI]-4-piperidone (102): To a 

stirred mixture of Mg turnings (0.13 g, 5.4 mmoi) in THF (10 mL), at room 

temperature under argon, were added a 3 drops of 1,2-ethylenedibromids. 

After the bubbling had stopped, z solution of bromide 101 (1.0 g, 3.6 mmoi) in 

THF (5 mL) was added dropwise, via a cunnda over 10 min. After 2 h at room 

temperature, a sampie from the reaction mixture was quenched (saturated 

NH&I solution) and analysed by GC, which showed complete consumption of 



the 101, but only -60% of the GC integration was due Po the protonated 

Grignard of 10%. The grey solution was transferred via a cannula to another 

round bottomed fiask (under argon) containing 6uCN (20 mg, 40% based on 

60% conversion of 1101 to Grignard) and this cooied to -78 OC. The resulting 

slurry was warmed to 0 OC and then recooled to -50 "C. Enone 4% (1.1 g, 3.6 

rnmol) dissolved in THF (10 mL) was then added dropwise. The reaction was 

warmed to 0 OC over 2 h, diluted with saturated NH4WNH4QH (W1) (50 mL) 

and extracted with Et20 (4 X 35 mL). Standard work-up followed by 

chromatography using ethyl acetate/hexanes (20/80) as the eluant gave 182 

( W 3  g, 41%) as a viscous oil. 'H NMR of I02 was found to be difficult to 

interpret. In CDCl3, 402 exists a 1/1 mixture of enol/keto forms. The spectrum 

was further cornplica!ed by the restricted rotation about the carbamate linkage. 

IR (film) 2935 (m), 2856, 1 703, 1 660, 161 8, 1443, 1 429, 1 368-1 30.6 (m), 1 248, 

1208, 1 109, 1068, 836 and 776 cm-I ; mass spectrum, El rn/z (rel intensity) 489 

(M+, trace amount), 41 2 (trace amount), 338 (1 5), 290 (70), 21 4 (75), 91 (1 00); 

l H  NMR (CDCb, characteristic peaks, ppm) 9.20 (-0.5 H, d, enolic H), 7.35 (5H, 

m, aromatic), 5.5-5.0 (35 H, m, OCH2 -t vinyl H and ketonic H), 4.30/4.15 ( 2 4  

m), 3.78 (3H, s, OMe), 3.12 (lH, m), 2.50 (IH, m), 2.28 (IH, m), 2.00 (2H, m), 

1 3 0  (2H, m), 1-56 (34, m), 0.90 (6H, s), 0.06 (6H, s); 1% NMR (CDC13, 

characteristic peaks, rotomers, ppm) 170.9 (m, C=O), 170.2 ( C=O), 155.2 

(C=O), 137-1 24 (7C, vinyl and aromatics), 102/103(C-4, enolic form), 68.0 

(OCHa), 60.2/60, 51.6, 49.6 (OCHa), 39.0/38.3, 35.9, 35.6/35.2, 32.0, 29.8, 

28.6128.2, 26.0 (3C), 18.4, 16.5, -5.1 (2C). Anal. calcd. for C27H41N06Si: C, 

64.38; H, 8.20; N, 2.78. Found: C, 64.59; H, 8.29; P!, 2.90. 

N-(Cerbobenzylory)-3-cerbomethoxy-2-[4,8,12-trimethyl- 

3(E)J(E)J 1 -tridec8trienyl]-4-pIgeridone (1 10): To iodide 100 (1.73 g, 



5.0 mmot), deoxygenated under high vacuum and purged with argon, was 

added dry Et20 (50 mb) and cooled to -78 O C .  t-BuLi (6.2 mL, 1 1 -0 mmol, 1.7 M 

in pentane) was added drspwise over 15 min and the yellow solution was 

stirred f ~ r  30 min. Lithium (2-thienyl)(cyano)cuprate (20.2 mL, 5.05 mmol, 025 

M in THFj was added to the alkyi lithium over 10 min. The resulting brown 

suspension was warmed to -30 '(2 for 30 min. to solubilise the reagent. The 

clear solution of H. 0. cuprate (109) solution obtained was recooled to -78 OC 

and 45 (1.5 g, 5.0 mmol) in TWF (25 mL) was added dropwise to this. The 

reaction was stirred for an additional 45 min and quenched with saturat~d 

MH4CIINH40H solution (50 mL, pH-8). The slurry was warmed to 0 'C and 

extracted with Et20 (4 X 50 mh). Standard work-up followed by 

chromatography with ethyl acetatelhexanes (15/85) gave I 1 0  (2.2 g, 85%) as 

an oil. IR (film) 291 7, 2855, 1703, 1659, 161 7, 1440, 1384, 1359, 1303, 1245, 

12'12, 11 10, 1068, 101 1 and 821 cm-1; mass spectrum, CI m/z (isobutane, re1 

intensity) 51 0 (M++1, 8), 466 (€9, 376 (1 I) ,  374 (€9, 348 (5), 153 (1 00), 127 (33), 

125 (40); 'H NMR [CDC13, ppm (majorlminor rotomers)] 12.20 (-1H, enolic 

proton, m), 7.40 (5H, m), 5.30-5.05 (5H, m), 5.0014.85 (IH, dm, J=7.0 Hz), 

4.3014.15 (lH, dd, J=10.0, 7.0), 3.8 (3H, s), 3.21-3.10 (1H, m), 2.55-2.42 (IH, 

m), 2.2 (lH, m), 2.10-1.90 (10H, m), 1.68 (3H, s), 1.60 (6H, app s), 1.57 ( 3 4  s), 

1.5Q (2H, m); 1% NMR [CDCb, 243K, ppm (majorlminor rotomers)] 171 -311 71.2, 

170.91470.4, 155.2, 136.5, 135.51135.4, 134.8, 131.3, 128.6-127.9 (3C), 124.3, 

124.1, 123.61123.3, 101.31160.9, 67.3, 51.7, 49.5, 39.7, 39.6, 35,4135.0, 

34,0133.6, 28.7128.3, 26.6, 26.5, 25.9, 24.9, 19.8, 16.1(2C). Anal. calcd. for 

C31 H&Q: CI 73.06; H, 8.50; N, 2.75. Found: C, 72.81 ; ti, 8.49; N, 234. 

EI-(Carbobenzyloxy)-2-f 4,8,12-trimeth yl-3(E),7(E),1Iv 

Pridecatrienyfj-4-piperidone (I 1 f f :  A DMSO (20 mL) solution of 110 (1 -0 



g, 2.0 mmol), Hz0 (150 mg, 8.0 mmol) and powdered NaCi (230 mg, 4.0 mmol) 

was heated at 100-1 10 OC for 6 h under an argon atmosphere. The reaction 

was @soled to room temperature, diluted with ice water and extracted with ether 

(4 X 50 ml). Standard work-up followed by chromatography using ethyl 

acetate/hexanes (317) as the eluant gave I1 1 (735 mg, 81 %) as an oil. IR (film) 

2965, 2917, 2855, 1702, 1423, 1381, 1351, 1347, 1309, 1233, 11 77, 11 1 and 

1010 cm-1; mass spectrum, CI m/z (isobutane, re1 intensity) 452 (M+-r-1, 108), 

360 (73), 316 (40), 232 (60), 142 (50), 136 (30); I H  NMR (CDC13, ppm) 7.40 

(5H, m), 5.20 (2H,s), 5.10 (3H, m), 4.70 (lH, bs), 4.40 (IH, bs), 3.20 (lH, tm, J 

=A2 Hz), 2.70 (IH, m), 2.50 (IH, bs), 2.30 (2H, m), 2.10 (4H, m), 2.00 ( 6 4  app 

m), 1.70 (3H, s), 1-60 (3H, s), 1.58 (34, s), 1.56 (3H, s), 1.55-1.48 (2H, m); 13C 

NMR (CDCI3, ppm) 207.4, 155.3, 136.4, 136.3, 135.0, 134.2, 128.6, 128.2, 

128.0, 124.4, 124.1, 122.6, 67.6, 52.2, 45.4, 40.6, 39.7, 39.6, 38.5, 32.5, 26.8, 

26.6, 25.7, 24.2, 1 7.7, 1 6.0 (2C). Anal. calcd. for C29H41 NO3 : C, 77.1 2; H, 9.1 5; 

M, 3.10. Found: C,76.86; H, 8.99; N, 3.07. 

pipetidone (1 13): A solution of piperidone 11 1 (1 -3 g, 2.8 mmol) in THF (1 0 

ml) was added dropwise to a slurry of LiAIH4 (538 mg, 14 mmol) in THF (20 

mL) under an argon atmosphere. The mixture was refluxed for 2 h, cooled to 

0•‹C and the excess hydride destroyed by the addition of 0.55 mL of H20, 

followed by 0.55 mL of 15% NaOH solution followed by 1.65 mL of H20. The 

salts were filtered and rinsed thoroughly with Et20 (5 X 25 mt). The organic 

washes were combined, dried janhyd. K2C03) and the soivent evaporated in 

the eluant gave 112 (800 mg, 87%) as a mixture of (axiaVequatorial) alcohols 

(-50/50). 1H and NMR spectra of the product showed two sets of signals 



for the diastereoisomers. The ratio was determined by the integration sf the 

signals due to the methine hydrogen (aaxial 3.37, tt, J= 11 -0, 4.5 Hz,vs Gquatorial 

3.80, rn, CsDs) of the hydroxy bearing carbon (C-4) and the integration of the 

two signals due to the N-methyl (&ar OH 2.30, Gequatorial OH 2-25, CM=.13). 

The pair of diastereoisomers was oxidized to ketone 113 using Albright- 

Goldman conditions. f he diasteresisomeric mixture 1% 2 (400 mg, 1.2 mmol) in 

DMSO (4 mL), was added to DMSO-Ac2O complex prepared from acetic 

anhydride (6.0 mL) and DMSO (30 mL). After stirring overnight (-1 0 h) at room 

temperature the reaction mixture was poured into ice-cold saturated NaHCO3 

(20 mL), stirred for I k and extracted with Et2O (5 X 50 mL). Standard w~rk-up 

folbwed by chromatography using GH2C121Et2Q (4/1) as the eluant gave ketone 

113 (320 mg, 81%) as a slightly yellow oil as well as some sf the 0-acetylated 

product. 18 (film) 2923, 2854, 2790, 1723, 1450, 1374, 1275, 1242, 1133 and 

101 0 cm-1 ; mass spectrum, El m/z (re1 intensity) 331 (M+, 7), 262 (1 8), 194 (23), 

174 (7), 138 (16), 125 (14), 119 (5), 112 (loo), 96 (31), 91 (6), 81 (6), 68 (40), 

69 (27); I H  NMR ( CDC13, pprn) 5.08 (3H, m), 3.12 (1 H, dtm, J =12.0, 4.0 Hz), 

2.65-2.47 (3H, m), 2.40 (3H, s), 2.45-2.25 (3H, m), 2.45-2.27 (1 OH, m), I '68 (3H, 

s), 1.60 (W, app s), 1.50 (2H, m); I3C (CDCI3, ppm) 209.2, 135.8, 135.0, 131.2, 

124.3, 124.1, 123.4, 62.3, 54.1, 44.8, 40.3, 40.2, 39.7, 39.6, 32.6, 26.7, 26.5, 

25.6, 23.4, 17.0, 16.0, 15.9. HRMS calcd. for C22H37N0 331.2877, found 

331 2880. 

N-Methyl-2-[4,8,12-tricnetRyi-3(~,7(~,11 -tridecatrlenyl]-4- 

hybroxypiperidine (37jr i s  a slurry of iiAlH4 (50 mg, 1.5 mmti) in THF (10 

mL) at -78 OC iri-tdei an aigsr? atmosphere was added dropwise piperidone 113 

(250 mg, 0.75 mmol) in THF (5.9 mL). After stirring for 30 min. the reaction was 

warmed to O OC, 15% NaOH solution (18 mL) was added and the mixture 



extracted with Et20 (5 X 25 mL). Standard work-up followed by 

chromatography using ethyl acetate/methanol/triethylarnine ($51312) as the 

eluant afforded 37 (220 mg, 88%) as an oil (>95% equatorial), Wl (film) 3330 

(b), 2924,2855,2770,1066,1450,1370,1273,1110,1080 and 990 cm-1; mass 

spectrum, CI m/z (isobutane, rel intensity) 334 (M++1, 100); I H  NMR (Cells, 

ppm) 5.30 (3H, m), 3.37 (1 H, tt (septet), 3 =1 I .0, 5.5 Hz), 2.67 (1 H, dt, J =12.0, 

3.5 Hz), 2.25 (6H, bm), 2.16 (4H, m), 2.12 (3H, s), 2.05 (IH, bm), 1.92 (IH, td, J=  

12.0, 2.5 Hz), 1.77 (2H, bm), 1.72 (3H, s), 1.66 (6H, app s), 1.61 (3H, s), 1.68- 

1.53 (3H, m), 1.38 (1 H, q, J= 12.0 Hz); I3C NMR (CDC13, ppm) 135.2, 134.8, 

131.1, 124.3, 124.1, 124.0, 69.0, 61.6, 55.3, 41.6, 39.7, 39.6, 39.5, 33.5, 32.6, 

26.7, 26.5, 25.6, 23.4, 17.6, 15.0, 15.9. Areal. cald. for C22H39NO: C, 79.22; H, 

11 39; N, 4.28. Found: C, 79.01 ; H, 11 -78; N, 3.97. 

1N,N-Bimethyl-2-[4,8,12-trimeth yl-3(E)J(E),ll-tridecatrienyl]- 

4-hydroxyplperidSn5um Iodide (38): To a solution of 37 (25 mg, 0.072 

mmol) in dry EtzO (1 mL), in a screw-cap vial, was added Mel (0.10 ml). The 

mixture was placed in the dark for 15 h. Excess Mel and ether were evaporated 

under a gentle stream of argon and the yellow paste was washed with small 

portions of dry Et20 (4 X 2 mL). The residual solvent was removed under 

reduced pressure (0.1 mmHg) to give salt 38 (25 mg, 73%) as light yellow, 

hygroscopic, semisolid. IR (KBr) 3386 (b), 2923, 1450, 1381, 1072 (m) cm-1; 

mass spectrum, FAB m/r (xenon, Noba, rel. intensity) 348 (M+-I-. 100); 1H NMR 

(CDCl3, ppm) 5.1 (3H, m), 4.15 (IH, m), 4.08 (IH, bm), 3.35 (IH, td, J-13.0, 3.0 

Hz), 3.68 (1 H, t, 4 =12 Hz), 3.36 (3H, s), 3.1 7 (3H, s), 2.40-1.90 (1 4H, tam), 1.78 

(34, sj, 5.60 (311, sj, 4.58 (6H, app sj, 1.45-1.55 (2H, m); 1% NMR (CDCI3, 

ppm) 138.2, 135.2, 131.3, 124.2, 123.8, 121.1, 71.2, 64.74, 64.3, 53.3, 43.41, 

39.7,39.6,34.3,29.8,29.3,26.7,26.6,25.6,24.5, 17.7, 16.4, 16.0. 



5-[(Bert=Butyldianethylsil yl)oxy~-3-raetRy~-2(~-pena~nm~ -01 

(1 15):56 To a THF (1 00 mL) solution of ester 104 (1 5.0 g, -80% pure) at 

-7a0@, under a positive pressure of argon, was added neat diisobutylalurninium 

hydride (DIBAL-H) (16.0 mL, 9Q mmsl). The reaction was warmed to B•‹C and 

stirred for 2 h. Excess reagent was destroyed by the addition of EtOAc (5 mL) 

and poured into a vigorously stirred ice-cold 25% aqueous solution sf tartaric 

acid (150 mL). The mixture was extracted with EP20 (4 X 50 mL) and the 

combined extracts were washed with ice-cold saturated NaHCO3 solution. 

Standard work-up followed by chromatography using ethyl acetatdhexanes 

(15/85) as the eluant gave the allylic alcohol, I 1 5  (9.0 g, 38% in two steps) as 

an oil. Mass spectrum, El m/r (re1 intensity) 173 (M+-C4Wg, 61, 155 (€9, 105 

(IOO), 89 (9), 81 (lo), 75 (95),73 (22); 1H NMR (CDC13, ppm) 5.42 (1 H, t, J 27.0 

Hz), 4.14 (2H, d, J=7.0 HZ), 3.69 (2H, t, J=7.0 Hz), 2.24 (2H, t, J=7.0 HZ), 6.69 

(3#, s), 0.88 (9H, $9, 0.04 (6H, s); 13C NMR (CDCI3, ppm) 136.6, 125.3, 62.1, 

59.2, 42.8, 25.9 (3C), 1 8.72, 16.62, -5.34 (2C). 

5-[(test=Bartyldimethylsilyl)oxy]-I -chloro-3-metRyl=2(E)- 

pentene (1 16):56 To a solution of N-chl~rosuccinimide (NCS) (1.07 g, 8.0 

mmd) in dry CH2Cl2 (45 mL) at 0 OC, under an argon atmosphere, was added 

dimethyl sulfide (BMS) (0.74 mL, 10.0 mmol) and the slurry cooled to -25 %. 

To the coded NCS-DMS complex was added dropwise a solution of 415 (1 .O 

g, 4.4 mmol) in CH2Cl2 (10 mL). The mixture was warmed to 0 "C and stirred 

for 8 h. The reaction was poured into ice cold distilled water (50 mL) and 

exiractea with hexanes (4 X 30 mi). Standard work-up gave 516 (1.0 g, 92 YO) 

as an oil. Mass spectrum, El m/z (re1 intensity) 1 981 90 (M+-C4H9, 6, 16)" 155 

(lo), 145 (lo), 125 (65), 123 (loo), 95 (61), 93 (94), 81 (90),75 (N), 73 (45), 57 



(26); 1H NMR (CDC13, pprn) 5.4% (1 H, t, J =8 Mnf, 4.09 (2H, d, J =8 Hz), 3.59 

(2H, t, 4 =7 Hz), 2.26 (2H, t; J =7 Ha), 4 -74 (3H, d, J =I Hz); 6.88 (SH, s), 0.04 

(6H, s); 1% NMR (CDCI3, ppm) 139.9, 122.1, 101.7, 42.6, 40.7, 25.9 (3C), 18.2, 

16.4, -5.4 (2C). 

1 -(Benxeneslslfonyl)-5-[(~ert-bmty~dimethyIsilyl)oxy]-3-meth yl- 

2(4-pentene (1 IT): To a solution of I 16 (1.0 g, 4.0 mmol) in dry DMF (1 5 

mL) at rt, under an argon atmosphere, was added NaS02Ph (1.0 g, 6.0 mmol) 

and the mixture stirred overnight (-1 0 h). The contents of the flask were poured 

into distilled (50 rnL) water and extracted with hexane (4 X 30 m%). Standard 

work-up followed by chromatography using ethyl acetate/hexanes (1 5/85) as 

the eluant afforded the sulf~ne 117 (1.2 g, 86%) as an oil. IR (film) 2925, 2856, 

1472, 1447, 131 8, 1253, 1 132 and 1086 cm-1; mass spectrum, Elmh (re1 

intensity) 241 (M-+-QH15Si, 3), 21 7 (68), 4 99 (1 OO), 135 (71), 89 (45), 81 (55), 

73 (52); 1 H NMR (CDC13, ppm) 7.87 (2H, d, J =7.0 Hz), 7.64 ( 1 H, t, J =7.0 Hz), 

7.53 (%H, P, J =7.0 HZ), 5.22 (lH, tq, 4 =7.5, 1.0 HZ), 3.80 (2H, d, J =7.5), 3.60 

(2H, t, J =7.0 HZ), 2.2 (2H, t , J =7.0 HZ), 1.32 (3H, d, J =1 HZ), 0.88 (9H, S) , 0.04 

(6H, s); 1% NMR (CDC13, pprn) 143.6, 538.6, 133.5, 128.9 ( 2 0 ,  128.5 (2C), 

11 2.0, 61.7, 56.0, 42.8, 25.8 (3C), 18.2, 16.5, -5.4 (2C). Anal. calcd. for 

C18f+$&SiS: @, 60.98; H, 8.53. Found: 6, 60.90; H, 8.65. 

5-(Benzenesu1fonyl)-I -[(%erb-butyldimetRylsllyl)oxy]~3,8,12,16- 

tetramet hyl-3(E),7(E),l 1 @,I 5-keptadecatetraene (I 19): To sulfone 

117 (1.0 g, 2.8 mmol), deoxygenated under high vacuum, under a positive 

pressure of argon in dry THF (20 mL) at -78 O C  was added dropwise n-BuLi 

(1 2 0  mL, 3.1 rnmol, 2.5 M in hexanes). The yellow solution was stirred for 1 h 

and a solution sf farnesyl bromide (118) (900 mg, 3.1 rnrnol) in THF (10 mL ) 

was added dropwise. After stirring the reaction for 5 h at -78OC, MeOH (3 mL) 



was added foliowed by water (50 mL). The mixture was warmed to 0 "C and 

extracted with Et20 (3 X 40 mL). Standard work-up followed by 

chromatography using ethyl acetate/hexanes (1/9) as the eluant yielded 119 

(1.4 g, 89 %) as an oil. 1R (film) 2930, 1664, 1446, 1383, 1305, 1253, 1147 and 

1 086 cm-1; mass spectrum, El m/z (re1 intensity) 559 (M+, 1 5). 41 9 (6), 41 8 (1 7). 

41 7 (53), 286 (1 81, 285 (86), 259 (1 5), 257 (20), 21 7 (1 4), 191 (1 5) ,  143 (1 OO), 

133 (1 4), 123 (26); 1H NMR (CDCl3, ppm) 7.85 (2H, d, J =8.0 Hz), 7.60 (1 H, t, J 

=8.0 Hz), 7.50 (2H, t, J=8.0 Hz), 5.00 (4H, m), 3.72 (IH, td, d=10.0, 3.5 Hz), 3.52 

(2H, td, J =7.5, 2.0 HZ), 2.88 (1 H, ddd, J =14.5, 7.5, 3.0 HZ), 2.35 (1 W ,  ddd, J 

=14.5,?.5, 3.0 Hz), 2.16 (2H,t, J=7.0 Hz),2.Q (8H, bm), 1.67 (34, s), 1.60 (3H, 

s), 1.59 (3H, s), 1.56 (3H, s), 1.22 (3H, s), 0.88 (9H, s), 0.04 (6H, s); l3C NMR 

(CDC13, ppm) 142.4, 138.6, 138.3, 135.1, 133.2, 131.1, 129.1 (2C), 128.6 (2C), 

124.2, 123.9, 118.7, 118.6, 64.8, 61.9, 43.0, 39.7 (2C), 26.7, 26.6, 26.5, 25.9 

(3C), 25.6, 18.2, 17.6, 1 6.9, 1 6.3, 1 5.9, -5.4 (26). Anal. calcd. for C33H5403SiS: 

C, 70.91 ; H, 9.74. Found: C, 70.88; t-4, 9.76. 

1-[(ter~-Butyld5methy~silyl)oxy]-3,8,12,16-tetrarnethyl~ 

3E),7E),ll(E),I5-heptadecatetraene (1 2Q): To EtNMa (-25 mL) at -78 

"C, under argon, was added sulfone 119 (500 mg, 1.0 mmol) in 4 n L  of THF, 

followed by small pieces of lithium wire (-50 mg, excess). This was stirred until 

the solution became dark blue (35 min). Solid NH4CI (500 mg) was added and 

the excess lithium was removed with forceps. The mixture was diluted with 

water (25 mL) and extracted with ether (4 X 40 mb). Standard work-up followed 

by chromatography using ethyl acetatethexanes (5/95) as the eluant gave 120 

(360 mg, 86%) as an oil. IR (film) 2925, 2856, 1666, 1446, 1382, 1254, 1 O96 

and 836 em-1 ; mass spectrum, CI m/r (isobutane, re1 intensity) 41 9 (M++1, 1 O), 

316 (13), 288 (14), 287 (63), 285 (141, 261 (25), 231 (13), 217 (12), 205 (37), 



203 (201, 193 (14), 191 (26), 179 (15), 177 (31), 165 (13), 163 (45), 161 (62), 
4 cn In* 
133 \go), 151 (261, 149 (381, I37 (100j, 135 (2G) ,  133 (20j, 12% (131, 123 (35); 

1H NMR (CDC13, ppm) 5.1 3 (m, 4H), 3.65 (2H, t, J =7.i Hz), 2-1 9 (2H, t, J = T i  

Hz), 2.00 (1 2H, bm), 1.68 (3H, s), 1.61 ( 3 4  s), 1.60 (9H, app s), 0.88 (9H, s), 

0.04 (6H, s); 1% NMR (CDCI3, pprn) 135.1, 134.8, 132.1, 131.1, 126.2, 124.4, 

124.3, 124.2, 62.5, 43.1, 37.6 (2C), 28.3, 28.2, 26.8, 26.7, 25.9 (3C), 25.6, 18.3, 

1 7.6, 16.4, 16.8, 15.9, -5.3 (2C). Anal. calcd. for C2sHssOSi: C, 77.44; H, 1 2.03. 

Found: C, 77.41 ; H, 12.26. 

3,$,12,16-TetrarnelthyI-3(~,7(E),11 (E),15-Reptadecatetraen- 

1-01 (121): Silyl ether 120 (2.2 g, 5.4 mmol) was dissolved in 30 mL of 1.0 M 

s~iution of tetrabutylammonium fluoride in THF and stirred for 4 h at room 

temperature The solution was diluted with water (100 mb) and extracted with 

ether (4 X 40 mL). Standard work-up followed by chromatography using ethyl 

acetatelhexanes (2/8) as the eluant yielded 121 (1.5 g, 90%) as an oil. Mass 

spectrum, Cl m/z (isobutane, re1 intensity) 305 (M+al, GO), 287 (16), 219 (SO), 

205 (21), 193 (28), 191 (28), 179 (20), 177 (28), 163 (25), 153 (25), 151 (36), 

149 (320, 139 (loo), 136 (20), 135 (20), 125 (21), 123 (41); I H  NMR (CDC13, 

pprn) 5.24 (1 H, m), 5.10 (3H, m), 3.64 (2H, t, J =6.0 Hz), 2.24 (2H, t, J =6.0 Hz), 

2.05 (8H, m), 1.98 (4H, m), 1.68 (3H, s), 1.62 (3H, s), 1.59 (9H, app s); 136 NMR 

(CDCl3, ppm) 135.6, 135.0, 131.3, 131.2, 127.9, 124.4, 124.2, 124.0, 60.1, 42.7, 

39.7 (2C), 28.3, 28.1, 26.8, 26.7, 25.7, 17.7, 16.1, 16.8, 15.8. Anal. calcd. for 

Czl H3@: C, 82.83; H, 1 1.90. Found: C, 83.04; H, 1 2.1 7. 

1-[(pf oiuenssurlfonyl)oxy]-3,8,12,1 &tetramethyl- 

3(E),?(E),I 1 (E),15-heptadecatetraene (1 22): To a stirred solution of 

121 (1.5 g, 5.1 mmol) in pyridine (10 mL) and CH2C12 (25 mL) at O•‹C, was 



added p-TsCI (1.07 g, 5.6 mmol). The reaction was stirred for 10 h at O06, 

poured into ice-water (50 mL ) and extracted with ether (3 X 50 mL). The 

extracts were combined, washed with ice cold 2N HCI solution foliowed by ice 

cold saturated NaHC03, Standard work-up gave tosylate 622 (2.4 g) as an oil. 

An analytical sample was purified by chromatography using ethyl 

acetatelhexanes (5195) as the eluant, fR (film) 2922, 1598, 1448, 6363, 11 88, 

11 77, 1098 and 964 cm-'; mass spectrum, El m/z (re1 intensity) 458 (M+, I ) ,  229 

(4), 192 (3), 161 (3), 155 (41, 149 (lo), 147 (4), 137 (lo), 136 (15), 123 (9), 121 

(15), 109 (Is), 95 (18), 94 (Is), 93 (Is), 93 (20), 91 (30), 82 (23), 81 (IOO), 79 

(20), 69 (83), 68 (22), 67 (27), 55 (1 O), 53 (9); 1H NMR (CDC13, ppm) 7.78 (2H, 

d, b 8 . 3  Hz), 7.33 (2H, d, J=8.3 Hz), 5.01 (4H, m), 4.06 (2H, t, J=7.0 Hz), 2.44 

(3H, s), 2.3 (2H, t, J =7.0 Hz), 2.05 (4H, m), 1.98 (8H, m), 1.67 (3H, s), 1.60 (6H, 

app s), 1.58 (3H, s), 1.51 (3H, s); '36 NMR (CDC13, ppm) 144.5, 135.4, 134A3, 

133.4, 431.4, 131.1, 129.7 (2C), 429.4, 128.0, 127.8 (2C), 124.3, 124.2, 823.9, 

69.0, 39.7 (2C), 38.7, 28.2, 27.9, 26.9, 26.6, 25.6, 21.5, 17.6, 55.9 (26). Anal. 

calcd. for @28H"/40$S: C, 73.32; H, 9.23. Found: C, 73.33; )-1,9.20. 

6-Iodo-S,8,12,16-tetrarmetP%y9-3(E),'ir(E),11 (E )J  5- 

heptadecatetraene (I 14): To a solution of tssylate 122 (2.3 g, crude, 5.0 

mmol) in acetone (50 mL) was added powdered Ma! (1 .I g, 7.3 mmsl) and the 

mixture was refluxed for 4 h. The cooled reaction mixture was poured into ies 

water (50 m i )  and extracted with diethyl ether (3 X 40 mL). She cembined 

extracts were washed with 5% aqueous sodium thissulfate (1 X 20 mL). 

Standard work-up followed by chromatography using ethyl acetatelhexanes 

(5195) as the eluant afforded iodide 114 (1 .6 g, 77% in two steps) as an oil. 1R 

(film) 2964, 2923,2854,1666,1444, 1381, 1243,1168 cm-I ; mass spedfum, CI 

m/z (isobutane, re1 intensity) 41 5 (M++l, 60), 41 3 (29), 333 (1 8), 283 (20), 269 



(15), 205 920), 193 (a), 191 (27), 177 (18), 165 (15), 163 (21), 151 (30), 149 

(261, 1 43 (221, 1 37 (1 OO), 1 36 (23), 1 35 (231, 1 25 (3O), 1 23 (50); 1 H N R/IR 

(CDCla, ppm) 5.22 (1 HI, m), 5.1 4 (3H, m), 3.21 (2H, t, J =7.5 Hz), 2.52 (2H, t, d 

=7.5 Hz), 2.02 (4  2H, m), 1.69 (3H, s), 1.6 (1 2H, app s); NMR (CDCIs ppm) 

135.2, 134.8, 133.6, 131.1, 127.4, 124.4, 124.2, 124.8, 43.9, 39.7 (2C), 28.3, 

27.9, 26.8, 26.7, 25.7, 47.67, 16.1, 160, 15.4, 4.71. Anal. alcd. forC21H351: C, 

60.87; H, 8.51. Found: C, 60.94; H, 8.44. 

N-(Carbo benzyloxy)-3-esnrbomethoxy-2-3,12,16- 

tetramethyi-3(E),7(Q,$(E),I 1 (E),15-heptadecatetraenyll-4- 

piperidone (124): This compound was prepared using the same conditions 

as for preparation of 110. Reaction ~f 114 (700 mg, 1.7 mmol) in $9 Et2O (25 

mLj with t-BuLi (2.2 mL, 3.75 mmol, 1.7 M in pentane) followed by lithium (2- 

tkieny1)cyanocuprate (7.2 mL, 1 -5 mmol, 0.25 M in THF) and enone 45 (540 mg, 

1 3  mmsl) in THF (10.0 mL), respectively, gave 124 (900 mg, 90%) as an oil, 

after chromatography using ethyl acetatelhexanes (119) as the eluant. IR (film) 

2920, 2855, 1705, 1660, 161 7, 1440, 1385, 1359, 1302, 1245, 121 2, 1 1 10, 

1068, 101 1 and 820 cm-1; mass spectrum, CI m/' (isobutane, re1 intensity) 578 

(M++1, 62), 534 (331,444 (33), 306 (35), 290 (1 OO), 200 (40), 156 (38), 137 (37), 

123 (31); 1l-I NMR [CDC13, ppm (majorlminor rotomers)] 12.20 (-1H, rn, enolic 

proton), 7.30 (5H, m), 5.25-5.05 (6H, bm), 4.9714.84 (1 H, dm, J =10.Q Hz), 

4.27/4.14 (IH, dd, J=10.0, 7.0 Hz), 3.78 (3H, s), 3.15 (IH, m), 2.52 (lH, m), 2.28 

(IH, m), 2.10 (4H, bm), 2.00 (10H, bm), 1.70 (3H, s), 1.60 (12H, app s), 1.55 (2H, 

m); 13C NMR [CDCIS, ppm (majcr/rninor rotomers)] 171.311 71 .I , I7O.7/l7O.O1 

155.2, 136.7, 135.1, 134.9, 134.4, 131.0, 129-127 (m, 4C), 124.5, 124.4, 124.2, 

101.3/108.9, 67.3, 51.6, 49.7, 39.5 (2C), 35.9, 35.2, 34.7, 31.9131.8, 28.5, 28.2, 



28.1, 26.5, 25.8 (2C), 17.7, 16.4, 16.0, 15.9. Anal. calcd. for C36H51NQ5: C, 

74.84; H, 8.90; N, 2.42. Found C, 75.02; H, 8.84; N, 2.30. 

N-(Carbobenzyloxy)-2-[3,8,12,1Qi=Petramethyl- 

3(E),T(E),ld (E),15-heptadecate':raenyI]-4-piperidsne (1 25): 

Piperidone 125 was prepared from 4924 (650 mg, 1 . I3 rnrnol), DMSO (7.0 mL) 

containing Hz0 (82 mg, 4.0 mmol) and powdered NaCl (132 ma, 2.0 mmol) in 

the same manner as described for 1% 1. Chromatography using ethyl 

acetate/hexanes (218) as the eluant gave 125 (520 mg, 85 %) as an oil. IR 

(film) 291 7, 1703 (b), 1422, 1343, 1309, 1233 and 11 13 cm-I ; mass spectrum, 

Cl m/a (isobutane, re1 intensity) 528 (M++1, 25), 476 (Is), 428 (20), 386 (loo), 

151 (as), 137 (55), 123 (55); 1H MMR (CDCI3, ppm) 7.37 (5H, bs), 5.18 (2H, s), 

0.10 (4H, bm), 4.60 (IH, bs), 4.40 (IH, bs) 3.23 (lH, tm, J =12.0 Hz), 2.67 (1H, 

bm), 2.47 (1 H, bs), 2.35 (1 H, bs), 2.30 (2H, bs), 2.06 (4H, bm), 1 -98 (1 OH, bm), 

1.68 (3H, s), 1.59 (9H, app s), 1.55 (3H, s), 1.54 (2H, bs); 13C NMR (CWl3, 

ppm) 207.4, 155.3, 136.4, 135.2, 134.9, 133.5, 13i.1, 128.5 (2C), 128.1, 128.0, 

127.9 (2C), 125.2, 124.4, 124.2, 124.1, 67.6, 52.2, 45.2, 40.6, 39.7 (2C), 38.5, 

35.6, 30.8, 28.3, 28.2, 28.1, 26.7, 26.6, 25.6, 17.64, 16.0, 15.9 (2C). Anal. calcd. 

for C34H49N03: C, 78.57; H, 9.50; N, 2.69. Found: C, 78.41 ; H, 9.30; N, 2.43. 

Al4l@Oky9-2-[3,8,12,i 6-tetramethyl-3(E),7(E),Z 1 (E),l5- 

heptadecatetraenyll-4-pi peridsne (1 27): This compound was prepared 

in the same manner as 1 13. Ketone 125 (500 mg, 1.0 rnmol) and LiAIH4 (200 

mg, 5.0 mmdj gave 126 (320 mg, 82%) as a -1ii mixiwe of diasieawoissrnaric 

alcahots. Oxidatioii of 126 (250 mg, 3.62 mmot) was performed irsing a 

solution of acetic anhydride (3.0 mL) and DMSO (20 mL) at room temperature, 

for 16 h. Chromatography using Et201CH2C12 (111) as the eluant gave 127 



(1 90 mg, 76%) as a yeliow oil. IR (film) 291 7, 1703 (b), 1 422, 1343, 1309, 1 233 

and t 113 cm-1; mass spectrum, CII m/s (isobutane, rel intensity) 400 (M++1, 

100); 1H NMR (@DC13, ppmj 5.12 (2H, m), 3.12 (lH, ddd, J=42.0, 18.0, 4.0 Hz), 

2.60 (IH, m), 2.50 (IH, m), 2.39 (3H, s), 2.39-2.25 (4H, m), 2.05 (4H, m), 2.OQ 

(IOH, m), 1.68 (3H, s), 1.59 (12H, app s), 1.50 ( 2 4  m); 13C NMR (CDCl3, ppm) 

209.1, 135.2, 134.9, 134.3, 131.2, 124.8, 124.4, 124.2, 124.1, 62.3, 54.0, 44.8, 

40.3, 40.2, 39.7 (26), 34.8, 30.8, 28.2, 28.1, 26.8, 26.6, 25.6, 17.63, 16.0 (3C). 

Anal. calcd. for C27H45NO: C, 81 -1 5; H, 1 1.35; N, 3.51. Found: C, 84.1 0; Hi, 

1 1 .46; N, 3.53. 

loeptardecetet~taenyif-4-hydroxyplperidine (39): This was prepared in 

the same manner as 37. Reaction of LiAIH4 (27 mg, 0.7 mmol) and piperidone 

627 (120 mg, 0.30 mmol) at -78•‹C followed by chromatographic purification 

using ethyl acetatelmethanol1trie:hylamine (951312) as the eluant gave amino- 

alcohol, 39 (160 mg, 83%, >95% equatorial). iR (film) 3330 (b), 2926, 2854, 

1666, 1449, 1375 and 1081 cm-1; mass spectrum, El m/z (re1 intensity) 401 (M+, 

2), 264 (5)' 196 (6) ,  127 ( l l ) ,  115 (7), 114 (loo), 96 (lo), 70 (11), 69 (13); 1H 

NMR (CsD6, ppm) 5.30 (4H, m), 3.37 (1 H, tt (septet), J =11 .O, 5.5 Hz), 2.67 (1 H, 

dt, J=12.0, 3.5 Hz), 2.25 (14H, bm), 2.12 ( 3 4  s), 2.05 (lH, bm), 1.92 (lH, td, J= 

12.0, 2.5 Hz), 1.77 (2H, bm), 1.72 (3H, s), 1.66 (9H, app s), 1.61 (3H, s), 1.60- 

1.53 ( 3 4  m), 1.38 (1 H, q, J = 12.0 Hz); l3C NMR (CDC13, ppm) 135.0, 134.9, 

134.7, 131.0, 124.3 (2C), 124.2, 124.1, 69.8, 61.5, 55.3, 41.7, 39.7, 39.6, 34.8, 

31 .8,28.2,28.1, 26.7, 26.6, 25.6, 17.6, 16.0 (3C). Anai. calcd. for C27H47NO: C, 

80.74; H, 1 1.79; N, 3.49. Found: C, 80.86; H, 1 1 .92; N, 3.31. 



N,N-Dimethyl-2-1[3,8,12,1 B-tetramethyl-3(~,7(IE),ll QE),l5- 

heptades=a%ettaenyIj-4-kydr~xypipagridinium icsdliide (40): This was 

prepared in the same manner as 38 in 130% yield, starting with 39. IR (KBr) 

exactly as reported for 38; mass spectrum, FAB m/l (Xenon, Naba) 416 (M+-I-); 

1H NMR (CDC13, ppm) 5.20 (1 HI bm), 5.10 (34, bs), 4.1 4-4.0 ( 2H, bm), 3.83 

(lH, tcl, J=13.0, 3.0 HZ), 3.62 (IH, t, J =  61.0 1-42), 3.36 (34, s), 3.17 (3H, s), 2.40- 

2.10 ( 2 4  m), 2.10-1.85 (16H, bm), 4.66 (3H, s), 1.68 (3H, s), 1.57 (9H, app s), 

1.56-1.45 (2H, m); 1% NMR (CDC13, ppm) 135.5, 434.9, 132.3, 131.2, 126.9, 

124.3, 124.1, 123.8, 71.4, 64.8, 64.4, 53.3, 43.5, 39.7 ( X ) ,  35.8, 34.3, 29.8, 

28.3, 28.1, 27.5, 26.7, 26.6, 25.6, 17.6, 16.0 (3C). 



Ethyl 3-ox0-4-pentenoa9e (I 31 ). This was prepared by the 

procedure described by Zibuck and Streiber.6oa To a solution of LDA at -100 

OC [prepared from diisopropyl amine (15.5 mL, 110 mmoi) and n-BuLi (44 mL, 

2.5 M in hexanes) at -78 OC, in THF (308 mh)] was added dropwise dry ethyl 

acetate (8.8 g, 108 rnrnol) in THF (25 mL) over 15 min. This was followed by the 

addition ~f freshly distilled acrolein (8.7 mib, 100 rnrno!) over a 5 min. After 

stirring for 10 min, a solution of saturated NH4CI (25 mL) was added followed by 

EteO (200 mL). The resulting slurry was poured into a separatory funnel and 

the aqueous layer drained and the organic layer washed with saturated NaCl 

solution (2 X 100 mL). The organic layer was dried (MgS04) and distilled under 

reduced pressure to give ethyl 3-hydroxy-4-pentenoate as an oil (1 1.7 g, 80%): 

bp 63-64 OC/O.lC mmHg (Kugelrohr oven temperature) lit.60a bp 75 OC/O.BO 

mmHg. 

Ethyl 3-hydroxy-4-peritenoate (7.2 g, 50 mmsl) was diluted with acetone 

(200 mL) and cooled to 0 OC. To this was added dropwise (-30 min), with 

stirring, a solution sf Jones' reagent, prepared from concentrated H2S04 (5.5 

mL) and CrO3 (5.5 g, 55 mmol) and poured into water to make up a 55 mL 

solution. After 4 h, MeOH (20 mL) was added and the reaction was stirred for 

an additional 20 min, poured into a separatory funnel and extracted with Et2O (3 

X 100 mb). The extracts were combined and washed with ice-cold water (2 X 

100 mL) and ice cold saturated NaCs solution (2x100 mL), dried over MgS04, 

and distilled under reduced pressure to give 131 (4.0 g, 55 %): bp 43-46 

OCIO.7 mmHg (Kugelrohr temperature), lit66a bp 45 OC10.60 mmHg. IR (film) 

2983, 1740, 1659, 1590, 1423, 1242, 11 50, 1039 and 81 2 cm-1; 1H NMR 

(CDCI3, ppm) exactly as reported in ref. 66a: 11.80 (enol H, s), 6.43-5.90 (2H, 



m), 5.9 ( IH,  app t), 5.05 (-IH, s), 4.30-4.10 ( 2 4  m), 3.60 (ketonic H, bs), 1.30- 

1 2 0  (3H, overlaping :). 

6, ?-Epoxy geranyl acetate (136). To a mechanically stirred 

solution of geranyl acetate ( 4 3 5 )  (32.0 g, 163 mmol) in CH2C12 (500 mL) at -35 

OC to -20 OC containing MaOAc (13.5 g, 165 mmol) was added m-CPBA (37.0 g, 

165 mmol, 80% by weight) in 3.0 g portions over 1-5 h. The mixture was 

warmed to 0 OC and stirred for an additional 2 h, and poured Into 500 mL cf 

saturated NaHC03 and the organic layer separated. The aqueous layer was 

extracted with CH2C12 (2 X 50 mL). The extracts were combined, washed with 

ice cold 1 N NaOH (1 00 mL). Standard work-up gave almost pure epoxide 136 

(34.0 g, 98%) as an clear oil. Mass spectrum CI m/z (isobutane, rei. intensity) 

21 3 (M++1, trace amount), 153 (1 00, M+-OAc), 135( 24); 'H NMR (CDCI3, ppm) 

5.37 (IH, tq, J=7.5, 1.2 Hz),4.57 (2H,d, J=7.0 HZ), 2.68 (IH, t, A6.O HZ), 2.15 

(ZH, m j, 2.03 (3H, s), 1.72 ( 3H, s), 1.65 (2H, m), 1 -2% 3H, s), 1 -23 (3H, s); 1% 

MMR ( CDC13, ppm) 170.6, 140.9, 118.9, 63.6, 60.9, 58.0, 36.0, 26.9, 24.6, 20.7, 

18.5, 16.2. 

ti-Acetoxy-4-naethyl-4(E)-hexenal (1 37).64 To a mechanically 

stirred solution of epoxide 136 (20.0 g, 94 mmol) in Et20 (300 mL) at 0 OC was 

added dropwise HlO4-2H2O (23.0 g, 100 mmoi) dissolved in THF (200 mL) over 

2 h. The slurry was stirred for an additional 0.5 h, poured into H20 (250 mL), 

the iayers partitioned and the aqueous layer extracted with Et20 (3 X 50 mL). 

The combined extracts were washed with saturated NaHC03 (2 X 50 mL). 

standarci work-up gave 137 (15.4 g, 82% crude), which was used without 

purification in the next step. Mass spectrum Ef m/z (re/ intensty) 126 (M+- 

&2M30, 261, 110 (M+-C2H302, 39), 95 (lo), 84 (100), 83 (12), 82 (25), 81 (521, 



79 (28j, 77(1ff, 68 (26), 67 (a), 55 (27), 54 (20); NPAR (CDC13, ppm) 3.80 

n u \ ~ t = r l  + U + A  1 7 n + n u , t ~ ~ ~ : : 1 r ) u r d  7 n u 1  I u (IH, t, J=:.8u IIZ~, 4.Jr (vsl, r y ,  tl=l.u, f.u tiL,, -.JJ \a 1, u, At." IIZ,~ 2.60 \2r1, 

td, J=7.5, 1.3 Hz), 2.35 (2H, t, J=7.5 Hz), 2.00 (3H, s), 1.70 (3M, s); 136 NMR 

(CDCi3, ppm) 201.3, 170.6, 139.7, 118.5, 60.7, 39.2, 31.2,20.6, 16.36. 

6-Eth ylenedioxy-1 -acetoxy-3-methyI-2(E)-hexene (1 38)64. A 

solution sf 137 (15.0 g, 75 mmol, crude), (CHZOH)~ (8.0 g, 132 mmol) and p- 

TsBH (300 mg) in !o!uene (200 mL) were refiuxeb for 5 h under a nitrogen 

atmosphere using a Dean-Stark separator to remove the water. A solution of 

saturated NaHCO3 (100 mL) was added, the organic layer separated and the 

aqueous layer extracted with EteO (2 X 50 mL). Standard work-up gave 138 

(15.5 g, 96%, crude), which was used without purification in the next step. Mass 

spectrum @I m/z (isobutane, re1 intensity) 21 5 (M+al , trace amount), 155 (1 00); 

1I-i NMR (CDCl3, ppm) 5.37 (1 H, tq, J=7.0, 1 .O Hz), 4.85 (1 H, t, J=4.5 Hz), 4.55 

(2H, d, J=7.0 Hz), 3.95 (2H, m), 3.85 (2H, m), 2.15 (2H, m), 2.04 (3H, s), 1.77 

(2H, m)1.70 (3H, s); '3C NMR (CDC13, ppm) 170.6, 141.0, 118.3, 103.7, 64.5 

(2C), 60,9,33.3, 31.7,20.6, 16.0. 

S-Ethylenedioxy-3-rnethy~-2(~-hexenol (139).G4 To a solution of 

138 (15.5 g, 72 mmol, crude) in MeOH (500 mL) was added K2CO3 (2.0 g). 

After stirring for 10 h, most of the MeOW was removed in vacuo, the resulting 

was slurry diluted with H20 (1 00 m l )  and extracted with Et2O (3 X 50 mL). 

Standard workup followed by chromatograhy using ethyl acetatel hexanes 

(50150) as the eluant gave 139 (7.7' g, 65 %; 47 % yield over 3 steps) as a clear 

oil. IR (film) 3408,2953-2883 (m), 1669,I445,141O, 1 1 40,1032 and 897 cm-I ; 

mass spectrum Cf m/z (isobutane, rel intensity) 171 (M++l , trace amount), 155 

(1 00); 1 H NMR (CDC$, ppm) 5.43 (1 H, tq, h6.5, 1.3 Hz), 4.85 (1 H, t, A5.0 Hz), 



4.13 (2H, d, J=7.0 Hz), 3.95 (2H, m), 3.83 (2H, m), 2.13 (2H, t, A7.5 Hz), 1.77 

(2H, m), 1.68 (3H, s); I3C NMR (CDCl3, ppm) 137.8, 123.7, 104.0, 64.6 (2C), 

58.77, 33.4, 31.84, 16.0. 

6-Ethylenedioxy-l-chIoae-3-methyl-2(E)-hexene, (1 40). Alcohol 

139 (2.5 g, 44.6 mmol) in 25 mh of CH2Cl2 was added dropwise to NCS-DMS 

complex, prepared from NCS (3.8 g, 22.5 mmol) and DMS (2.2 mb, 30 mmol) at 

0 'C according to the procedure of Corey,57 in CH2C12 (50 mL) at -20 OC. The 

cloudy mixture was stirred at 0 O C  for 6 hr, poured into water (50 mL) and the 

organic layer separated. The aquous layer was extracted with CH2C12 (3 X 25 

mL). Standard work-up gave chloride 140 (2.70 g, 97 % pure by GC) as a 

yellow oil. IR (film) 2955.4, 2883.6, 1721.6, 1662.7, 1448.8, 1386.5, 1254.5, 

1 140.1, 1036.7, and 944 cm-I ; mass spectrum Ci m/k (isobutane, re1 intensity, 

major isotope) 191 (M++1, 34), 155 (93), 131 (32), 129 (1 00); H NMR (CDCl3, 

ppm) 5.45 (1 H, tq, b7.5, 1.2 Hz), 4.83 (1 H, t, J=4.5 Hz), 4.05 (2H, d, J=7.5 Hz), 

3.93 (2H, m), 3.82 (2H, m), 2.15 (2H, t, A7.5 Hz), 1.75 (2H, rn), 1.70 (3H, s); 1% 

NMR (CDC13, ppm) 140.8, 120.4, 103.8, 64.7 (2C), 40.8, 33.4, 31.8, 15.9. 

6-Et hy Oenedioxy-1 -(benzenesaslf snyt)-3-met hyb2(E)-taext!ne 

(146). To a solution of 140 (2.5 g, 13 mmol, crude) in DMF (20 mk) at 0 "C was 

added NaSO2Ph (2.35 g, 14.3 mmol). After stirring for 5 hr, water (5Q mk) was 

;added and the aqueous layer extracted with Et20 (5 X 25 mk). Standard work- 

up followed by chromatography using ethyl acetate/kexanes (1/1) gave the 

sulfone 141 (3.10 g, 86 %) as an oil. IR (film) 2955, 2885, 1663, 1447, 1407, 

1305, 4240, 1150, 1085, 1034, 902, 741 and 690 cm-l; mass spectrum CI rn/x 

(isobutane, re1 intensity) 297 (M++1, loo), 235 (33), 157 (15), 155 (73), 143 

(62); NMR (CDC13, ppm) 7.87 (2H, d, J = T O  Hz ), 7.64 (1 H, t, J = T O  Hz) 7.53 



(2H, t, J=7.0 Hz), 5.20 (IH, tq, J=7.5, 1.2 Hz), 4.80 (IH, t, A4.5 HE), 3.93 (2H, 

m), 3.83 (2H, m), 3.78 @H, d, J=8.0 Hz), 2.10 (2H, t, ~=7.5 Hz), i.65 (24 m), 

1.30 (3H, s); NMR (CDCl3, pprn) 145.5, 138.5, 133.5, 128.9 (2C), 128.4 

(2C), 1 10.6, 103.7, 64.8 (2C), 55.9, 33.6, 31.8, 16.0. Anal cald. for C15H2004S: 

C, 60.79; H, 6.80. Found: C, 60.62; H, 6.51. 

llEPhyOenedioxy-6-(benzenesufonyl)-4,9,1 3,Iir=tePramethy!- 

4(E),8(E),l2(~,lG-o@tadeeateiraewe (1 42). To a solution sf sulfsne 135 

(3.0 g, 10.0 mmoi) in THF (30 mL) under argon at -78 OC was added il-BuLi (4.4 

mL, 11.0 mmol, 2.5 M in hexanes). After stirring for 1.5 h, farnesyl bromide 

(118) (3.1 g, 11 mmol) in THF (10 mL) was added dropwise and this was stirred 

for 5hat -78 OC, MeOH (2 mL) was added followed by Ha0 (50 mL), the 

resulting was slurry warmed to room temperature and extracted with Et20 (4 X 

50 mL). Standard work-up followed by chromatography gave 142 (4.7 g, 94 %) 

as an oil. fR (film) 2923 (m), 1665, 1585,1446, 1383, 1304, 1 146, 1085,1036, 

896 and 741 cm-I ; mass spectrum El m/z (re1 intensity) 500 (M+, trace amount), 

359 (6), 221 (1 0), 297 (9), 1 59(lO), 1 47 (1 3), 1 3611 37 (1 5), 1 25 (1 2), 1 21 (1 5), 

119 (1 5), 109 (151, 107/105 (131, 99 (31), 93 (37), 91 (13), 81 (50), 79 (1 5), 77 

(1 4), 73 (43), 69 (1 OO), 55 (1 2); H NMR (CDC$, ppm) 7.87 (2H, d, J =7.0 Hz ), 

7.64 (lH, t, J =7.0 Hz) 7.53 (2H, t, J =7.0 Hz), 5.05 (3H, m), 4.95 (IH, t, J=7.5 

Hz), 4.77 (1 H, t, J=4.5 Hz), 3.95 (2H, m), 3.85 (2H, m), 3.70 (1 M, td, J=10.0, 3.0 

Hz), 2.85 (IH, ddd, A14.5, 7.5, 3.0 Hz), 2.35 (1H, overlaping ddd, J=14.5, 7.5, 

3.0 Hz), 2.1 0-1.90 (1 QH, m), 1.67 (3H, s), 1.65-1 -60 (2H, m), 1.60 (3H, s), 1.57 

(3H, s), 1.55 (3H, s), 1.1 8 (3H, d, J=1.2 Hz); 136 NMR (CDCb, ppm) 144.2, 

138.5, 138.0, 135.0, 133.2, 131.0, 128.9 (2C), 128.6 (2C), 124.2, 123.7, 118.4, 

117.3, 103.6, 64.8 (2C), 64.6, 39.6 (2C), 33.7, 31.8, 26.6, 26.4, 26.3, 25.5, 17.5, 



16.3, 46.2, 15.8. Anal. cald. for C ~ Q H ~ ~ Q ~ S :  @, 79 -96; H, $.8& Found: C, 

71.82; H, 8.72. 

fi -Ethylenedioxy-4,9,13,1T-tetrrsmethyl-4(~,8(~,12(F),16- 

octadecatetraene (143). To EtMH2 (35 mL) at -78 "C under an argon 

atmosphere were added small pieces of Li wire (508 mg, 70 mmol) followed by 

a solution of 142 (4.7 g, 9.4 mmol) in THF (10 mL). This was stirred until the 

solution became blue at which time solid NH&I (5 g) was added and the 

excess Li metal removed with forceps. Water (50 mL) was added and this 

extracted with Et20 (4 X 40 mL). Standard work-up followed by 

chromatography using ethyl acetate1 hexanes (5195) as the eluant gave 143 

(3.0 g, 89 %) as an oil. Mass spectrum CI, m/z (isobutane, re1 intensity) 3611360 

(M++1, 6011 5), 3001299 (2311 OO), 229 (91, 21 8121 7 (7137), 205 (1 O), 203 (1 5), 

193 (lo), 192 (lo), 191 (18), 189 (20), 175 (25); 1H NMR (CDC13, ppm) 5.20- 

5.05 (4H, m), 4.84 (1 H, t, J=4.5 Hz), 3.95 (2H, m), 3.85 (2H, m), 2.2-1 -92 (1 4H, 

m), 1.75 (2H, m), 1.67 (3H, d, J=1.2 Hz), 1.62 (3H, s), 1.58 (9H, app s); 13C 

NMR (@DC13, ppm) 135.2, 134.8, 134.2, 131.2, 124.6, 124.5, 124.3, 124.2, 

104.4, 64.8 (X ) ,  39.7 (2C), 33.9, 32.5, 28.3, 28.2, 26.8, 26.7, 25.6, 17.6, 16.0 

(3C). Anal. calcd. for C24H4002: C, 79.95; H, 1 1 .I 8. Found: C, 79.84; H, 10.82. 

4,9,13,17-Tetramethyl-4(E),8(E),12(E),16-octadecatetraenai 

(I 44). A solution of aceta! 143 (3.0 g, 8.3 mmol) and p-TsQH (200 mg), in 

acetonefH20 (85115, 100 mL), was refluxed for 12 hr. Most sf the acetone was 

removed in vacuo and the concentrate diluted with Hz0 (50 mL) avd extracted 

with Et20 (5 X 25 mL). Standard work-up followed by chromatography using 

ethyl acetatelhexanes (5195) as the eluant gave 144 (2.5 g, 95 %) as an oil. IR 

(film) 2924 (bm), 5727, 1443, 1382, and 1 126 cm-I ; mass spectrum CI m/z 



(isobuians, re! intensity) 317 (M++i ,  22), 299 (23), 235 (7), 217 (251205 (81, 

203 (91, I93 (SO), 191 (!6), I89 (141, 179 (I I), 175 (149, 165 (14), 163 (I$?), 161 

(13), 153 ( l l ) ,  151 (22), 149 (49), 147 ( I l ) ,  139 (lo), 133 (lo), 137 (180), 136 

(28), 135 (21); 1H NMR (CDCl3, ppm) 9.80 (1H, t, J=1.8 Hz), 5.00-5.30 (4H, m), 

2.50 (2H, td, A7.5, 1.8 Hz), 2.3) (2H, a ,  A7.5 Hz), 2.1-1.95 (12H, bm), 1.68 (3H, 

s), 1.61 (3H, s), 1.60 (9H, app s); I3C NMR (CDC13, ppm) 197.8, 130.8, 130.3, 

128.5, 126.6, 120.9, 119.9, 119.7, 119.4, 37.6, 35.2 (2C), 27.3, 23.6, 23.5, 22.2, 

22.1, 21.113,1, 11.5, 11.4 (26). Anal. cald. forC22H360: CP 83.48; H, 11.46. 

Found: C, 83.53; H, 11.36. 

suspension of freshly activated powdered 3A molecular sieves (2.5 g) in dry 

toluene (15 mL), in a sealed tube, was added aidehyde 144 (0.550 g, 1.6 

mmol) and the mixture was cooled to -78 OC. Into the tube was then condensed 

a pre-weighed amount of MeNH2 (0.51 g, 16 mrnol). The system was sealed 

and stirred at -20 OC for 6 hr. Excess MeNH2 was evaporated and the solution 

was filtered and transfered via canuula into a round bottom flask. The 

molecular sieves were rinsed weil with dry Et20 (5 X 10 ml). The organic 

washes were combined and concentrated in wacuo, using a vacuum pump, (0.5 

mmHg) to give imine 128 as an oil (almost quantative conversion as judged by 

GC analysis). 

lmine 128 was dissolved in anhydrous EtOH (10 mL) and cooled to 0 OC. 

To this was added dropwise, ethyl-3-0x0-4-pentenoate (131) (0.50 g, 3.52 

mrnol) in EtOH (5 mL). After stirring for 7 h, the solvent was removed in vacua 

and the oil chromatographed using ethyl acetate/hexanes (25/75) as the eluant 

to give 145 (0.579, 76 %) as a mixture of enol-keto tautomers. IR (film) 3406 



(b), 2929 (m), 1744, 1720, 1650, 1600, 9446, 1379, 1299, 1223, 1195, 1061, 

and 830 ern-'; mass spectrum El m/z (re! intensity) 471 (M+, tiace amount), 426 

(trace amount), 344 (2), 220 (7), 197 (1 3), 185 (1 3), 154 (1 OO), 151 (a), 149 (1 I ) ,  

139 (9), 138 977), 136 (81, 125 (8), 112 (IO], 95 (1 I), 93 (1 I) ,  85 (lo), 84 (1 I), 

81 (19), 71 (1 I ) ,  69 (44), 67 (12), 57 (IS), 55 (20); 'H NMR (CDC13, ppm) 12.20 

(enolic H, s), 5.20-5.05 ( 4H, m), 4.30-4.1 0 (2H, m), 3.35-3.03 (-2.5W, contains 

ketonic H, m), 2.75 (1 H, m), 2.50 (1 H, m), 2.35 (3H, s), 2.20-1 "90 (1 5H, m), 1.68 

(3H, s), I .58 (1 4H, app s), 1-30 ( 3 4  m). Anal. @aid. for C ~ Q H ~ ~ N O ~ :  C, 76.39; 

H, 10.47; N, 2.97. Found: C, 76.11; H, '10.61; N, 3.03. 

3-Carboethoxy-l,2-dipkenyl-4-piperidone ( 3  47). TQ a solution of 

A/-benzylideneaniline (146) (184.0 mg, 1.8 mmol) in EtOH or THF (5 mL) was 

added dropwise ethyl-3-0x0-4-pentenoate (631) (284 mg, 2.0 mmol) in EtOH or 

THF (5 mL). After stirring for 24 h, the solvent was removed in vacuo and the 

residual oil chromatorgaphed using ethyl acetate/ hexanes (5/95) as the eluant 

to give 147 as a solid essentially in enol form (IH NMR, CDC13). EtOH as the 

solvent gave 147, 70 mg (21%) while use of THF gave 147, 60 mg (19%). 

Mass spectrum, El m/z (re1 intensity) 323 (M+, 5), 246 (5), 21 8 (7), 200 (1 8), 1 81 

(87), '186 (loo), 152 (5), 131 (7), 106 912), 105 ( E P ) ,  104 (21), 103 (S), 89 (8), 84 

(IQ), 78 (I%), 78 (92), 51 (26); I H  NMR (CDC13, ppm) 12.50 (enolic H, s), 7.20 

(7H, m), 7.00 (2H, d, J=6.3 Hz), 6 35 (IH, t, J=6.3 Hz), 4.15 (2H, t, J=7.0 Hz), 

3.50 (lH, app dd, J=14.5, 6.5 Hz), 3.25 (IH, ddd, J=l4.5, 11.5, 4.5 Hz), 2.65 

(IH, ddd, J=18.0, 11.5, 6.5 Hz), 2.25 (IH, ddd, J=18.0, 4.5, 2.5 HZ), 1.10 (3H, t, 

J=7.0 Hz); 13C NMR (CDC13, ppmj 172.1, 171.0, 149.4, 141.6, 129.2-I 28.7 

(5C), 127.9, 127.8, 127.0, 119.4, 116.6, 99.4, 60.4, 57.4, 39.8, 27.0, 14.0. Anal. 

calcd. for C20H21 NO3: C, 74.28; H, 6.55; N, 4.33. Found: C, 74.60; H, 6.24; N, 

4.33. 



Meth yi 3-'aydroxy-2-meihy1144penten~8te (1 49). To a soiution of 

L9A (0.1 1 mrnol) in THF (300 rnL) at -78 OC under an argon atmosphere was 

added dropwise, via a syringe, neat methyl pr~pionate (1 48) (9.63 mL, 100 

mmoi) over 15 rnin. After stirring for 0.5 h, neat acrolein (6.60 ml, 100 mmol) 

was added dropwise over 5 min and stirring continued for an additional 5 min. 

Saturated NH&I (50 mL) was then added to produce a slurry that was poured 

into a separatary funnel containing EtnO (200 mL), this shaken vigorously and 

the layers separated, The aqueous layer was extracted again with Et28 (100 

mL) and the organic extracts were combined. Standard work-up followed by 

bulb to bulb distillation (58-62 OC @ 0.5 mmHg) gave 149 (1 1.43 g, 80 %) as 

111 mixture of diastereokorners, as an oil. 18 (film) 3464(b), 2984, 2952, 2883, 

1738, 1460, 1436, 1354, 1259, 1201, 11 75, 1048, 929; mass spectrum El m/z 

(mi intensity) 144 (M+, trace amount), 113 (5), 88 (loo), 57 (76), 56 (25), 55 

(20); 'H NMR (CDC13, ppm) 5.88-5.75 (IH, m ), 5.35-5.25 (lH, dm, J=17 Hz), 

5.22-5.1 5 (1 H, dm, A1 1 Hz), 4.4014.17 (1 H, diastereotopic, d 4.4Q, bin; d 4.1 7, It, 

J=7.0 Hz), 3.7Q (3t-1, s), 2.70-2.55 (2#, bm), 1.16 (3H, d, J=7.0 Hz); 1% NMR 

(CBCl3, ppm, diastereoisomers) 175.71175.4, 137.911 37.5, 11 6.711 15.9, 

74.6173.0, 51.6, 45.2/44.7, 13.6/11.2. 

Metkyl-2-metkyl-3-o%o-4-gentenoate (46). To a mechanically 

stirred solution of hydroxy ester 149 (7.2 g, 50 mmol) in acetone (200 mL) at Q 

OC was added dropwise Jones' reagent [ 55 mmol, prepared from CrO3 (5.5 g, 

55 mmol) and conc. H2S04 (5.5 mL) and added to water to make up a 55 mL 

solution]. After stirring for 2 h, MeOH (5 mL) was added and the stirring 

maintained for an additional 20 min. The contents were poured into ice-cold 

water (250 mL) and Et20 (250 mL). The organic layer was partitioned and the 



aqueous layer extracted with Eta0 (3 X 50 mL). The combined extracts werQ 

washed with ice-water (3 X 100 mh) and saturated NaCl solution (108 mk), 

treated with anhydrous WIIgSO4 and the solvent removed by simple distillation. 

Bulb to bulb distillation (receiving bulb cooled to -78 O C  with dry ice, bp -43-46 

O C  @ 0.5 mmHg) gave keto-ester 46 (4.0 g, 56 %), mixture of end-keto 

tautomers, as an oil. IR (film) 3540 (b), 2958 (m), 1945, 17Q2, 1655, 1614, 1578, 

1440, 1 402, 1353, 1246, 1074, 1040,982,861, and 822 ern-I ; mass spectrum 

El m/z (re1 intensity) 142 (M+, trace amount), 914 (Is), 55 (108); 1I-i NMR 

(CDCI3, ppm, enol/keto tautomers) 12.40 (end H, s), 6.65-5.55 (2H, enol/kets 

tautomers), 3.80 (ketonic H, q, J=7.0 Hz), 3.78/3.70 (3H, s), 1.83/1.35 [(CH3); 

d l  .53 (s), d l  .35 (d, A7.0 Hz) 1. 1% NMR (CDC13, ppm, keto tautorner) 195.0, 

174.0 134.2, 129.5, 52.2, 50.0, 12.7. 

3-Carbsmethsxy-1 ,3-dimetkyL2-~3,8,12,1 Wet ramethyl- 

3(E),?(E),ld (E),15-heptadecatetraerllyI]-4-pCpe~idone (I 29). lmine 

12% was prepared as described for the synthesis of 145. Readion of aldehyde 

144 (1.91 g, 5.4 mmd) in toluene (20 mL), containing powdered 3A rnsleeular 

sieves (5.0 g) and MeNH2 (1.10 g, 32 mmol) in a sealed tube at -20 OC gave 

imine 128 in quantatiwe yield. 

Imine, 128, was dissolved in anhydrous EtOH (25 mL), cooled to 0 O C  

and unsaturated P-keto ester 46 (1.9 g, 13.4 mrnsl) dissolvsd in EtOH (5 mL) 

was added drspwise. After stirring at room temperature for 12 hr, the solvent 

was evaporated in vacuo and the oil chromatographed using ethyl 

acetatelhexanes (20180) as the eluant to give cyclized product 129 (0.67 g, 26 

% in two steps) and substantial amount af polymeric material. The eyclizsd 

product was deduced by 1 H NMR to be a single diastereoisomer. IR (film) 2926, 

2853, 171 5 (b), 1448, 1377, 1255, 1207, 11 16, and 1077 ern-' ; mass spectrum 



El m/z (re1 intensity) 471 (M+, 3), 402 (6), 185 (8), 184 (59), 136 (1 2), 95 (20), 98 

(23), 399 (40), 149 (12), 142 (31), 124 (14), 121 (lo), 111 (12), 109 (lo), 85 

(lo), 82 (1 3), 81 (50), 70 (231, 69 (1 00), 68 (1 4), 67 (28), 57 (21), 55 (32); 1H 

NMR (CsDs, ppm) 5.30 (4H, bm), 3.42 (1 H, t, b5.0 Hz), 3.40 (3H, s), 2.98 (1 H, 

overlapping ddd, A14.5, 18.0, 7.5 Hz), 253 (I#, app td, A12, 5 Hz), 2.35 (1H, 

tm, J=18 Hz), 2.20-2.80 (1 8W, m), 1.7% (34, s), 1.68 (6H, app s), 1.68 (3H, s), 

1.58 (3M, s), 1.50 (1 H, bm), 1.42 (3H, s), 1.25 (1% bm); NMR (CDC13, ppm) 

207.0, 173.6, 135.2, 134.8, 134.2, 131.0, 1252, 524.3, 124.1, 124.0, 67.2, 62.6, 

52.2, 48.8, 42.5, 39.6 (2C), 38.6, 36.6, 28.2, 28.0, 26.7, 26.6, 25.5, 22.6, 17.5, 

17.1, 15.6 (3H). Anal. calcd. for C30H49N03: C, 76.39; H, 10.47; N, 2-97. Found 

C, 76.22; H, 10.23; N, 2.69. HRMS calcd fur C30H49N03: 471.371 2. Found; 

471.3705. 

3-Carbomethoxy-I ,3-dimethyl-2-[3,8,12,16-tetramet hyl- 

3(E),T(E),I 1 (E),i5-keptadecatetraenyl]-4-hydaoxypiperidine (I 5 0 ) .  

To a solution of ketone 129 (315 mg, 0.67 mmol) in EtOH (5 mL) at 0 '6: was 

added NaBH4 (60 mg, 1.5 rnmol). After stirring for 1 h, 15 % aqueous NaBH (10 

mL) was added and the resulting slurry extracted with Eta0 (5 X 25 mL). 

Standard work-up gave the reduced product 150 (300 mg, 95 %) as a single 

diastereoisomer. Chromatography was avoided at this step, since it 

substantially decreased the yield. 1 W (film) 3406, 2926, 2854, 1 725, 1 446, 1 377, 

1257, 1220, 1 137, 1 102, and 1035 cm-I ; mass spectrum El m/z (re1 intensity) 

473 (M+, 4), 404 (4), 336 (1 1 ), 288 (4), 268 (20), 1 86 (1 001, 85 (1 5), 69 (30); 1 # 

MMR (CDel31D20, ppm) 510 (4H, m), 3.90 (IH, dd, J=l l .OY 6.0 HZ), 3.70 (W, 

s),2.80 f1H,dt,J=12.0,4.0Hz),2.25(3H,s),2.15(1H, rn),2.65(6H3 bm),2.00 

(8H, bm), 1 -88 (1 H, td, &I 2.0, 6.0 Hz), 1.70 (2H, m), 1.68 (3H, s), 1 59 (6H, app 

s), 1.56 (6H, app s), 1.45 (IH, m), 1.35 (IH, m), 1.20 (3H, s); 1% NMR (CDC13, 



pgm) 176,4, 135.i, 134.8 (2C), 131.1, 124.6, 124.4, 124.2, 1241, 73.9, 67.7, 

55.1, 54.3, 51.9, 42.8, 39.7 (2C), 30.4,29.4, 28.2,28.1, 26.7, 26.6,25.6, 17.6, 

16.0, 15.9, 15.8, 9.1, missing one carbon. Anal. calcd. for C30H51 NO3: C9 

75.06; H, 10.85; N, 2.96. Found: C, 75.70; M, 9 0.61 ; M, 3.04. HRMS cacld. 

473.3868: found 473.3869. 

3-Gaabornetlmoxy-l,3-dimethyl-4-[(3et~%kydropyrotnyI)~2~oxy~~2~ 

[3,8,12,16-tetramethyl-3(Q,7(E),11 ( q , I  5-heptadecatetr%earyI]- 

piperidine (151). A solution of alcohol 150 (300 mg, 0.67 mmol), 5,6- 

dihydropyran (DHP) (500 mg, 1.2 mmol) and pTsOH (150 rng, 0.74 mmol) in 

CH2Cla (5 mh) was stirred for 6 h, treated with 15 % aqueous NaOH (10 ml), 

and extracted with CMzCl2 (5 X 20 rnL). Standard work-up followed by 

chromatography using ethyl acetate/ hexanes (15i'Gj as the eluant gave 151 

(310 mg, 81 %) as mixture of separable diastereoisomtvs (not separated but 

carried as a mixture through ihe synthesis). I R (film) 2946, 2851 , 2782, 1 739, 

1442, 1379, 1281, 1260, 1220, 1136, 1078, 4 029, and 978 cm-l; mass 

spectrum El m/z (re1 intensity) 557 (M+, trace amount), 456 (80), 352 (5), 270 

(loo), 186 (270), 170 (73), 85 (671, 69 (50); I H  MMR (CDCI3, ppm, major 

diastereoisorner) 5.50 (4H, m), 4.75 (1 H, t, J=2.6 Hz), 3.98 (1 H, dd, J=11.5, 4.6 

Hz), 3.7Q (3H, s), 3.62 (1 H, m), 3.42 (1 H, m), 2.90 (1 H, m), 2.28 (3H, s), 2.20 (1 H, 

bm), 2.1 0 (7H, bm), 2.00 (8H9 bm), 1.90-1.65 (3H, m), 1.68 (2H, s), 1.68-1.3 

(20H, overlapping rnultiplets), 1.25 (3H, sj. Anal. calcd. for C35H~gP104: C, 

75.36; H, 1Q.66; N, 2.51. Found: C, 75.27; H, 10.61; N, 2.74. HRMS calcd 

557.4447; found 557.4444. 



pliperiidine (652). To a solution of !he diastereoisomers of ester 151 (230 mg, 

0.41 mmol) in THF (5 mL) under argon was added M H  (100 mg, 2.6 mmol) and 

the mixture refluxed for 1 hr. The mixture was cooled to 0 OC, diluted with EtzO 

(26 mb) and Ireated successively with Hz0 (0.10 mh) foilswed by aqueous 15 

% NaOH solution ( 0.10 mL) followed by H2Q (0.30 mh). The solids were 

filtered, rinsed well with Et2Q (5 X 10 mh), dried over anhydrous M2C03 and the 

solvent removed in vacuo to give alcohol 152 (239 mg, crude) as a mixture of 

diastareoisomers. Chromatography was avoided at this step since it is 

accompanied by a decrease in yield. IR (film) 3456 (bs), 2937 (m), 1443, 1379, 

1275, 4 167, 1 133, 1075, I026 and 980 cm-I ; mass spectrum El m/z (re1 

intensity) 530 (M+, 2), 428 (1 7), 242 (72), 158 (31, 142 (1 2), 124 (3), 1 1 S (5), 1 10 

(91, 101 (12), 97 (7), 95 (6), 87 (17), 85 (IQO), 84(12), 81 (16), 70 (17), 69 (43, 

67 914), 57 (15), 55 (12); I H  NMR (CDC13, ppm, characteristic peaks) 5.15 (4H, 

m), 4.70-4.45 (anomeric H, m), 4.00-3.30 (5H, m), 2.6012.40 (3H, s), 2.20-1.30 

(-41#, m), 0.88/0.78 (3H, s). HRMS calcd for C34H59N03, 529.4494; found 

(153). A solution of 152 (130 mg, 0.25 mmol) in THF (5 mL) at 0 O C ,  under an 

argon atmosphere, was treated with Mebi (0.35 mL, 8.5 mmol, 1.4 M in EtzO), 

followed by dropwise addition of freshly distilled pTsCl (150 mg, 0.79 mmol) in 

THF (3 mL) and the mixture stirred for 4 h. To the cloudy mixture was then 

added i i i 3 E t 3 ~  (2.5 mL, 2.5 mmol, 1 M in THF) and this refluxed for 1 hr, coded 

iij 0 *C and diluted with 15 Yo aaqueuus Na0i-i (20 mi). Standard wofkup using 

Et2O (5 X 25 mL) followed by chromatography using Et3NIethyl 

acetatelhexanes (4/19180) as the eluant gave 153 (95 mg, 73 %) as a mixture 

141 



of diastereoisomers. IR (film) 2938 (m), 1442, 1382, 1360, 1 188, 1 1 18, lO7f, 

1027, 980, and 81 7 cm-'; mass spectrum El mi2 (re1 intensity) 51 4 (M+, 3), 41 3 

(1 9), 41 2 (53), 227 (I 4), 226 (1 00), 142 (5), 138 (9), 126 (1 I ) ,  124 (5), 98 (6) ,  85 

(22), 83 (7), 70 (20), 69 (25), 67 (a), 55 (77); l H  NMR (CD-, ppm, mixture of 

diastereomers) 5.12 (4H, bm), 4.7514.58 (anomeric H, app t, J=2.514.0 Hz), 3.90 

(1 H, m), 3.45 (1 H, m), 3.201308 (1 M, dd, d=11.5, 4.5 Hz; app t, A 1  2.0 Hz), 2.85 

(1 H, m), 2.25 (3H, bs), 2.20-1 3 0  (-41 H, overlapping m), 1.0210.92 & 0.9010.87 

(6H, s). Anal. calcd. for C34H59N02: C, 79.48; H, 11.57; N, 2.73. Found: @, 

79.1 8; H, 11 55; N, 2.90. HRMS calcd. 513.4545; found 51 3.4551. 

hep%adecatetr&renyl]-I ,3,34rlrneth yl-4-hydroxy plperidine (41 ). A 

mixture of 153 (95 mg, 0.1 84 mmol) and p-TsOH (50 mg) in MeOH (5 mL) was 

stirred for 5h and most of the solvent removed in vacuo. The slurry was diluted 

with saturated NaHC03 (10 mL) and extracted with Et2O (5 X 10 mh), dried over 

anhydrous K2C03 and the solvent evaporated in vacuo. Chromatography on a 

small column using MeOHIethyl acetatelhexanes (5135160) as the eluant gave 

racernic amino-alcohol 41 (76 mg, 96 %). IR (film) 3388, 2930 (m), 1 445, 1374, 

1275, 11 71, 1082, and 990 cm-1 ; mass spectrum El m/z (re1 intensity) 429 (M+, 

trace amount), 412 (M-H20, trace amount), 155 (5)' 142 (loo), 98 (lo), 81 (5), 

69 (19); 1H NMR (CDC131D20, ppm) 5.1 5 (4H, m), 3.1 6 (1 H, dd, J=11.5, 5.0 Hz), 

2.82 (lH, dt, J42.0, 3.5 Hz), 2.22 (3H, s), 2.15-6.90 (WH, bm), 1.75 (IH, app 

dq, d=12.0, 5.0 Hz), 1.68 (3H, s), 1.64 (IH, m), 1.60 (9H, m), 1.57 (3H, s), 1.35 

(2H, m), 6.95 (34, s), 0.87 (34, s); 13C NMFi (CD@i3, ppm) i35.2, 1353, i 34.9, 
f r= 131.2, 124.6, i24.4, i24.3, 124.2, 76.8, 72.3, 55.5, 43.6, 40.7, 40.0, 39.7 \2b), 

30.4, 28.4, 28.2 (2C), 26.8, 26.7, 25.6, 24.0, 17.6, 16.1, 16.0, 15.9, 13.6. Anal. 



c&d. for CBH~INO: Ct, 81 .Q6; 1-9, 11 .%; N, 3.26. Found: C, 80.98; Hi, 12.03; N, 

3-36, HRMS calesd, 429.3970; found 429.3963. 

2-[3,$,f 2,I 6-Tetramethy I-3(E)J(E),"II ((),I 5- 

h~ptadecatettaenyl~,3-trilmethyI-4~hyd~6,~yp1pe~id5nium Iodide 

(42). To a solution of amino alcohol 41 (20 mg, 0.047 rnmsl) in dry Eta0 (1 me) 

in a tappered screw capped centrufuge tube was added Me1 (0.1 0 mL) and the 

mixture was left undisturbed in a dark place. After 24 hr, the solvent and excess 

Me1 was evaporated under a gentle stream of argon to give a white paste. Dry 

pentane (1 mL) added, the mixture was vortexed, then centrifuged and the 

pentane decanted. This cycle was repeated 3 times, the residual solvent 

evaporated under high vacuum to give salt 42 (26 mg, 93 %) as a hygroscopic 

solid. IR (KBr) 3385 (b), 2925, 1450, 1388, 1072 (m) cm-I ; mass spectrum FAB 

rn/z (Xenonhoba, re1 intensity) 444 (M+-I-, 100); 1H NMR (CDC13, ppm) 5.20 

(lM, bm), 5.10 (3H, m), 4.15 (lH,app td, J=13.0, 4.0 Hz), 4.00 (2H, bs), 3.72 (IH, 

bm), 3.38 (316, s), 3.12 (3H, s), 2.40-2.15 (4H, bm), 2.10-1.91 (12H, m), 1.90- 

1.80 (2H, m), 1.67 (3H, s), 1.58 (12H, bs), 1.18 (3H, s), 1.15 (3H, s); 436 NMR 

(CDCl3, ppm) 135.4, 1343, 133.2, 131.2, 126.3, 124,4, 124.2, 123.9, 78.5, 71.8, 

63.5, 55.4, 45.6, 41.5, 41.0, 39.7 (2C), 28.3, 28.0, 25.8, 26.7 (2C), 26.3, 25.7, 

25.4, 97.7, 16.2, 16.1, 16.0, 15.8. 



C: Chapter 4 

3,7-Dlmetky!-Qi,7-~~xido~2(E)-h~xen-1-8LI (6,7-epoxygeaenliel) 

(178). To a stirred solution of 6,7-epoxy geranioi acetate (136) (10.6 g, 50 

mmol) in MeOH (200 m:) was added K2C03 (2.0 g, excess). After 5 h, most of 

the MeOH was removed in vaeuo and the slurry diluted with Ha0 (50 me) and 

extracted with Et20 (4 X 30 ml). Standard work-up foilowed by 

chromatography using ethyl acetate/hexanes (317) as the eluant gave 178 (7.6 

g, 90%) as a clear oil. IR (film) 3406 (b), 2961, 2925, 1668, 1 451, 1379, 1323, 

1250, 14 17, 1003 and 841 cm-A ; mass spectrum, CI mfz (isobutane, re1 

intensity) 169 (M++, l ) ,  ,153 (loo), 135 (2Q), 123 (4), 109 (trace); 1 W NMR 

(CDCI3, ppm) 5.43 (It-l, tq, J=7.0, 1.2 Hz), 4.13 (2H, dl J=7.0 Hz), 2.70 (lH, t, 

J=6.0 HE), 2.4 5 (2H, overlapping ddt), 1.68 (3-4, s), 1.64-1.60 (2H, m), 1.28 (3H, 

s), 1.24 (3H, s); 1% NMR (CDC13, ppm) 137.9, 124.2, 64.0, 59.0, 58.3, 36.2, 

27.0, 24.7, 18.6, 16.11. 

1-CkIoro-3-Methyl-7,6-0xido-2(~-hexene (6,7=epoxygeranioI 

chloride) (176) To a stirred solution of NCS (6.0 g, 45 mmol) in CH2Cl2 (100 

mL) at 0 O C  was added DM•˜ (5.51 mL, 75 mmoi). The resulting siurry was 

cooled to -20 "C and to this was added dropwise 178 (5.Og, 30 mmol) irr 

CH2C12 (25 ml). After 5h at 0 "C, the clear reaction mixture was diluted with ice 

cold Hz0 (100 mL), the organic layer separated and the aqueous layer 

extracted with CH2C12 (2 X 50 me). Standard work-up followed by 

chromatography using ethyl acetate/hexanes (4/9) as the eiuant gave 176 (4.5 

g, 80 %) as an oil. IR (film) 2981,2926, 1662, 1451, 1378, 1253,1121 and 875 

em-' ; mass spectrum Cl m/z (isobutane, re1 intensity) 189 (M++1, 51 ), 171 (40), 

153 (106), 135 (251% 125 (5); H NMR (CDCla, pprn) 5.54 (1 H, tq, Jc8.0, 1.20 



Hz), 4,09 (2H, d, J=8.0 Hz), 2.69 (1 Hi t, J = W  Hz), 2.29 (2#, overlapping dci!), 

3.74 (3H, s), 1.65 (2H, t, A7.0 Hz), 1.30 (3H, s), 1.25 (3W, s); 1% NNiR (CDCls, 

ppm) 141.6, 420.9,63.7,58.2,40.7,36.1,27.0,24.7, 18.7, i6.0. Anal. calcd.for 

C10H1fiCI: C, 63.65; H, 9.08. Found: C, 63.83; H, 9.1 8. 

Diethyiphosphonate ethane-I-tkfd (173): Ethyl bromide, 182, 

(7.84 mL, 105 mmol) was heated with neat iriethylphosphite (22.8 mL, 110 

mrnol) at 150 OC in a sealed tube for 10 h. Distillation of the resulting crude oil 

at 40 OC @ 0.50 mmHg gave diethyl ethylphosphospkonate, 179, (17.0 g, 97 

740). 7 0 ~  

To a solution of 179 (5.0 g, 30 mmoi) in THF (50 mL) at -78 OC, unde! 

argon was added n-Buti (f 2.7 mL, 32 mmol, 2.5 M in hexanes). After 40 min, 

elemental sulfur (S8) (1.03 g, 32 mmol), dried in a desiccator over P205, was 

added in one portion and the mixture warmed to -20 OC over 4 h. The reaction 

was terminated by the addition of aqueous 5% NaOH (20 mL). Most of the THF 

was removed in vacuo and the aqueous solution extracted with CH2C12 (3x30 

mL) and organic extracts discarded. The aqueous layer was then acidified to 

pH -5 with concentrated HC1 and the turbid mixture re-extracted with CH2C12 

(4x30 ml). The combined extracts were washed with ice water (50 rnF), 

saturated NaCl (50 rnL) and dried (MgS04) and the solvent removed in vacuo 

to give 177 (4.2 g, 66 %) as an oil. 1H NMR (CDC13, ppm) 4.15 (4H, 

overtapping dq, &-~=7.0 HZ, Jp-~=7.1 ), 3.1 0 (I H, m), 2.02 (1 ti, d, J=8.3 Hz), 

1.49 (3H, dd, Jp-~=17.7 HZ, &-~=7.7 Hz), 1.35 (6H, t, J=7.0 Hz); NMR 

spectrum is identicat to that reported by Mikolajczyk, et al.7k 

DSethyt e thy l -1  - [ 3 , 7 - d i m e t h y t - 6 , 7 - o x i d o - 2 ( E )  - 
sctenylthio)phosphonate ( I  75).  This was prepared by reaction of 



(die+hylphosphoryl)ethy 1-1 -thiol (1 77)?Oc with 6,7-epoxy geranyl chloride (1 76) 

under phase transfer conditions.72 To a solution d (diethylphosphoryl) ethyl-1 - 

thiol (177) (1 .O g, 5.05 mmol) in toluene (25 rnL) and 35% aqueous NaOH (20 

mL) was added 6,7-epoxy geranyl chloride (176) (1 -0 g, 5.3 mmol) and phase 

transfer catalyst, tetraoctylammonium bromide, (1 00 mg). The mixture was 

stirred vigorsus~y for 10 h and extracted with EtzO (4x30 ml). The combined 

extracts were washed with ice water (2x25 mL) and saturated solution of NaCl 

( I  X 25) and dried (MgS84). Chromatography using ethyl acetatelhexanes 

(111) as the eluant gave 175 (1.2 g, 70%) as an oil. IR (film) 3406, 2933, 2234, 

1712, 1448, 1389, 1233, 11 64, 1055, 1024, 962, 797 and 732 cm-1; mass 

spectrum, C1 m/z (isobutane, re1 intensity) 354 (M++S, 82), I99 (60), 166 (25), 

153 (loo), 135 (30); 'H NMR (CDCI3, ppm) 5.30 (IH, .irn,J= 7.0 Hz), 4.20 (4H, 

m), 3,501330 (2H, m, diastereoisomeric H's), 2.78 (1 H, m), 2.68 (1 H, td, A6.0, 

1 .O Hz), 2.1 8 (2H, rn), 1 -70 (3H, s), 1 -63 (2H, t, J=7.0 Hz), 1 -45 (3H, ddd, Jp- 

~=17.0 Hz; JH-H=~.~, 2.2 Hz), 1.33 (6H, td, &-~=7.5 HZ; Jp-~=3.0 HZ); 13C NMR 

(CDC13, pprn) 139.2, 120.1, 63.7, 62.81 62.3(Jp-H), 58.0, 36.2, 33.9132.4 (Jp-H), 

29.7, 27.1, 24.8, 18.6, 16.3, 16.1, 16.0, 15.9. Anal. calcd. for C16kf3104SP: C, 

54,84; H, 8.92. Found: C, 54.66; H, 8.80. 

5,gJ 3-TrimetRyI-4(E),8(E),12-tetradecaltrien-l -a1 (I 72). This 

was prepared as according to the procedure of Coates, et a1.73 To a slurry of 

Cui (7.61 g, 40 mmoi) and ethyl acetate (1.95 mL, 20 mmol) in THF (100 rnL) at 

-100 OC under argon was added dropwise, LDA f20 mrnol, prepared from 

biisopropyt amine (2.8 m:, 20 mmol) and n-BuLi (8.0 rnL, 20 mrnol, 2.5 M in 

hexane) at -78 OC] in THF (25 mi). After 45 min, a solution of farnesyl bromide 

(I 18) (2.71 mL, 10 mmof) in THF (15 mL) was added dropwise. The mixture 

was further stirred for I h at -100 OC and allowed to warm to 0 O C  over 3 h. 



Saturated NW&llfdW43H (311) (1 00 mL) was added, the mixture stirred far 30 

min open to air and extraded with Et20 (4 X 50 mL). Sandard work-up gave 

coupled ester 180 in nearly quantitative yield (3.0 g), which was a single spot 

by thin layer chromatographic analysis. 1R (film) 2977, 2924, 1 738, 1 447, 1 375, 

1347, 1252, 1179, 1098 and 1042 cm-1; 'H NMR (CDC13, pprn) 5.1 0 (3H, m), 

4.13 (2H, q, p8.0 Hzj, 2.23 (2H, t, A3.0 Hz), 2.00 (10 H, bm), 1.69 (3H, s), 1.67 

(3H, s), 1.60 (6H, app s), 1.26 (3H, t, J=8.0 Hz). l H  NMR spectrum is in 

agreement with that given in reference 73. 

A solution of 1180 (3.0 g, 10 mmol) in THF (25 mL) was added to a stirring 

slurry of LiAIH4 (1.0 g, 26 mmol) in THF (35 mL) under argon. After 2 h, H20 

(1.0 g) was added followed by 15 % NaOH solution (1.0 g) and then by H20 

(3.0 g). The resulting slurry was stirred for 0.5 h, diluted with hexanes (50 mL) 

and filtered through a pad of CelitelMgS04 (311). The salts were rinsed with 

portions of hexanes (3 X 25 mL). The filtrate was reduced in vacuo to give the 

reduced alcohol 181 as a slightly cloudy oil. This was filtered through a small 

column of silica using Et2O as the eluant to give a clear oil (2.3 g), single spot 

on TLC using ethyl acetatelhexanes (2l8). 1R (film) 3346, 2927 (m), 1668, 1448, 

1381, 1058 and 833 cm-I; l H  NMR (CDCl3, ppm) 5.29-4.59 (3H, m), 3.66 (2H, t, 

6.0 Hz), 2.28-1.90 (1 2H, m), I .69 (3H, s), 1.62 (3H, s), 1.60 (6H, app s). 

Alcohol 181 (1.5 g, 6.0 mmol) was dissolved in dry DMSO (35 mL) 

containing Et3N (8.3 mL, 60 mmol). To this stirred solution was added 

dropwise, a solution of Py-SO3 (2.9 g, 18 mmol) in DMSO (20 mL). This was 

stirred for 10 h and poured into ice-cold saturated NaCI (1 00 mL) and extracted 

with Et2O (4 X 30 mL). Standard work-up followed by chromatography using 

ethyl aceiatelhexanes (1/9) as the eluant gave aldehyde 172 (1.3 g, 87 %). IR 

(film) 2921,2717,1727,1448,1383 and 1108; 1H NMR (CDCl3, ppm) 9.78 (1 H, 

t, J=t -6 Hz), 5.06 (3H, m), 2.46 (2H, m), 2.34 (2H, m), 2.00 (8H, m), 1 -69 (3H, s), 



1.67 (39, s), 1.62 (3H, s), 1.60 (33, s); MMR (CDCb, ppm) 202.5, 136.8, 

135.1, 131.2, 124.3, 323.9, 122.0, 43.9, 39.7, 39.6, 26.7, 26.4, 25.5, 20.8, 17.5, 

16.0, 15.9. 'H NMR spectrum is in agreement with that reported in reference 

73. 

Synthesis of 174143 as 18(Z/E) Mixture. To a solution of LDA [1 .l 

rnmol, prepared from diisopropyl amine (0.17 mL, 1.2 mmol) and n-Bubi (0.45 

rnL, 1 .I mmol, 2.5 M in hexanes) at -78 "C] in THF (5 mL) at -78 O C ,  under argon 

was added dropwise a solution of phosphonate 175 (0.350 g, 1.0 mmol) in THF 

(3.0 mL). The solution was stirred for 0.5 h and to this was added dropwise a 

solution of aldehyde 372 ( 0.250 g, 1.0 mmol) in THF (3.0 mL). The mixture 

was warmed to room temperature over 2 h and stirred at room temperature for 3 

h. Ice water (25 mL) was added and this was extracted with Et20 (3 X 25 mL). 

Standard work-up followed by chromatography using ethyl acetaWhexanes 

(5/95) as the eluant gave inseparable 10ZE (35/65) mixture of 174/43 (0.378 

g, 85%). IR (film) 2920 (m), l665,1629, 1444,1377,1248,1118, and 838 cm-l ; 

mass specirum CI m/z (re1 intensity) 445 (M++l, 7), 135 (100), 135 (7); shows 

1H NMR (CDC13) shows the following chemical shifts and integrations of 11-H 

vinyl hydrogen: 10(Z) (174) , 6 5.52 (tq, A6.70, 1.31 Hz); 10(E) (43)' 6 5.38 (tq, 

A6.70 , 1 .I 9 HZ). HRMS calcd. for 444.3426. Found: 444.3421. 

Ethyl diphenylphosphine oxide (3 84): To an aqueous solution of 

35% NaBH ( 50 mL) was added triphenyl ethylphosphonium bromide (10.0 g, 

27 mmol) [prepared from PhsP, 183, and bromoethane, 182, in toluene] and 

the mixture heated at -90 OC for 5 h. The slurry was cooled to room 

temperature and edracted with CH2C12 (4 X 50 mL). Standard workup followed 

by recrystallization from CH2CIz/hexanes gave 184 as white crystals, mp 122 



O C .  iR (KBr) 2995 (m), 1440, 1179, 1123, 1024, 742, 721, 698, 672, 545 and 

502 cm-1; mass spectrum, CI m/z (isobutane, rel intensity) 231 fM++l); 1H NMW 

(CDCl3, ppm) 7.75 (6H, m), 7.50 (6H, m), 2.30 (2H, overlapping dq, &-~=7.5 Hz; 

Jp-~=14.5 Hz), t 2 0  (3H, overlapping dt, JH-H=~.~ Hz; Jp-~=17.5 Hz). Anal. 

caw. for C14H15OP: C, 73.02; H, 6.57. Found: C, 73.24; H, 6.62. 

Diphenylphosphinoyl ethane-1-thiol (185): To a suspension of 

ethyl diphenylphosphine oxide, 184, (5.75 g, 25 mmol), in THF (150 mL) at -78 

OC under argon was added dropwise n-Buli (1 1.0 ml ,  27.5 mmol, 2.5 M in 

hexanes). After 30 min, to the resulting clear red solution was added in one 

ptriion, S& powder (0.89 g, 27.5 mmolj. The yellow solution was warmed Po -40 

O C  and stirred at this temperature for 3 h. Then 15% NaOH solution (5.0 mL) 

was added and most of the THF removed in vacuo. The slurry (-25 mL) was 

diluted with ice water (50 mL) and extracted with CH2C12 (3 X 30 mL) and the 

organic extracts discarded. The aqueous iayer was acidified to pH -5 with 

concentrated HCI and the turbid mixture was extracted with CH2C12 (4 X 30 

mt). The combined extracts were washed with ice water (2 X 25 ml), ice cold 

NaCI (25 rnL) and dried (MgSO4) to give 185 (5.23 g, 80 %) as a light yellow 

solid, rnp 138-141 OC. IR (KBr) 3053, 2921, 1618, 1438, 1182, 1119, 1071, 

1027,997,740,722, 697, 630, and 531 cm-I ; mass spectrum CI m/z (isobutane, 

re1 intensity) 263 (M++1, 100); I H  NMR (CDCb, ppm) 7.90 (4H, m), 7.50 (6H, m), 

3.45 (1 H, m), 2.07 (1 H, dd, &-~=7.0 HZ; Jp-~=1 0.0 HZ), 1 5 0  (3H, dd,J~-~=7.5 

Hz; &-~=15.O HZ), 1% NMR (CDCl3, ppm) 128.51 31.9 (l2C, m), 31.5/30.9 (Jp- 

c), 18.7. Satisfactory combustion analysis could sot be obtained due to 

disuifide contaminant. 



Diphenylphosphinoyl 1-[3,7-dimethy!-6,7-sxldau2(E~- 

hexenyithio]ethane (47). To a solution of diphenylphosphjnoyi ethane-1- 

Phi01 (485) (0.525 g, 2.0 mmol), at room temperature, in toluene (25 mL) was 

added 35 % NaOH (10 mL) followed by the addition of 6,7-epoxygeranyl 

chloride (176) (0.376, 2.0 mmol) in toluene (5 mL) and the phase transf~r 

catalyst tetrasctylarnmoniurn bromide (50 mg). The mixture was stirred for 10 h, 

diluted with Hz0 (25 mL) and Et20 (50 mL). The layers were separated and the 

aqueous layer exlracted with Et20 (3 X 25 mL). Standard work-up followed by 

chromatography using ethyl acetatelhexane (713) as the eluant gave 47 (0.550 

g, 66%) as an oil. 1R (film) 3024, 2963, 2925, 1737, 1661, 1591, 1437, 1378, 

1322, 1248, 1 190, 1 1 18, 1072, 1027, 998, 873, 741, 722 and 699 ern-1; mass 

spectrum, CI m/z (isabutane, rel intensity) 417 (M++2, 27), 41 6 (M++l , 100), 263 

(30), 231 (21), 230 (32), 229(18), 153 (22), 135 (1 0); 1H NMR (CDCl3, ppm) 

7.85 (4H, m), 7.50 (6H, m), 5.1 5 (1 H, m), 3.27 (1 H, dq, &-~=7.5 Hz; Jp-~=11 .O 

Hz ), 3.1 5 (2H, overlapping dd), 2.66 (1 H, tm, J=6.0 Hz), 2.1 5 (2H, m), 1.60-1 5 0  

(8H, m), 1.28 (3H, s), 1.24/1.23 (3H,s); 1% NMR (CDC13, ppm) 139.6, 132.6- 

128.3 (12C, m), 119.9, 63.9, 58.2, 37.0/36.3 (Jp-C) , 29.7, 27.3, 24.8, 18.8, 16.1. 

Anal. cacld. for C24H3102SP: C, 69.54; H, 7.54. Found: C, 69.80; H, 7.44. 

9-Thia-1 O(E)-2,3=0xidosqualene (43) To a solution of LDA (0.60 

mmol), prepared from diisopropyl amine (0.90 mL, 0.65 mmol) and n-BuLi 

(6.375 mL, 0.60 mmol, 2.5 M in hexanes) at -78 OC, in THF (5.0 mL) at -100 'C 

was added dropwise 47 (0.207 g, 0.50 mmol) in THF (2 mL). After 20 min, to 

the dark orange soltttion was added aldehyde 172 (0.15 g, 0.60 mmol) and the 

reaction stirred for 36 min. Acetic acid (460 mgj and ~ 2 0  (100 mg) were added 

sequentially and most of the THF was removed in vacua The gelatinous dl 

was diluted with Et20 and filtered through a small column of silica gel using 



ethy! acetate as the eluant to give a dias!e:eoisomeric mixture of 6861187 (240 

mg; 73 %). Thin layer chromatographic analysis using repeated 

developements with increasingly polar mixtures of ethyl acetate and hexanes 

(1 I9 to l / t  ) revealed two closely migrating spots, the major diastereoisomer 

(darker component), assumed to be the erykhro diastereoissmer, migrated 

higher than the minor diastereoisomer. 1H NRnR of the mixture showed a ratio 

of -35165, 1861187. The oil was rechromatographed in two cycles using ethyl 

acetatelhexanes (218 to 111) as the eluant to give the major diastereomer 

(erythro) (88 mg, pure) and the rest as a mixture of the two diastereomers. 

Major diasteaoisomer (187): iR (film) 331 4, 2923 (m), 1690, 1437, 1378, 1324, 

1566, 1 1 12,910,856, 723 and 697 crn-1; 1H NMR (CDC13, pprn) 8.40 (2H, rnj, 

8.10 (2H, m), 7.58 (6H, m), 5.67 (IH, bs), 5.09 (3M, bm), 5.00 (IH, t, J=8.5 Hz), 

4.07 ( I  H, t, J=8.5 HZ), 2.87 (1 H, tm, ~=8.5 HZ), 2.65 (1 H, t, J=6.0 HZ), 2.30 (2H, 

bm), 2.20-1.90 (1 4H, bm), 1.68 (3H, s), 1.64 (3H, s), 1.59 (6H, app s), 1.57 (3H, 

s), 1.55 (3H, s), centred at 1.40 (3H, d, Jp-~=16.O Hz), 1.30 (3H, dl J=2.0 Hz), 

1.25 (3H, s). 

The major diastereoisomer, 687, (88 mg, 0.133 mmol) was dissolved in 

THF (5 mL). To this was added NaH (10 mg, 0.266 mmol, 60 % in oil). The 

mixture was stirred at room teimperature, mder argon, for 6 h ar which point 

)-f20 (108 mg) was added. The solvent was removed in vaem and the slurry 

chromatographed ,,?ing ethyl acetatelhexanes (119) as the eluant to give pure 

43 (50 mg, 85 %). This compound was found to be unstable to prolonged 

storage, even at -30 OC under an argon atmosphere. iR (film) 2921(m), 1665, 

1630,1444, f 377,1248,1 t 18 and 838 cm-1; mass spectrum, Cl m/z (isobutane, 

ref intensity) 445 (M++l , trace), 427 (trace), 277 (9), 259 (1 5), 187 (5), 177 (7), 

169 (16), 167 (5), 155 (12), 154 (15), 153 (loo), 137 (15), 135 (28); 1H NMR 

(CDCl3, ppm) 5.38 (1H, tq, A6.70, 1.10 HZ), 5.30 (IH, tq, J=7.5, 1.20 HZ), 5.10 



(3M, s), 3.32 (21-1, d, A7.5 Hz), 2.69 (1 H, t, A6.Q Hz), 2.28-1 '94 (1 6H, bm), 1.87 

(3H, s), 1.69 (3H, s): 1.68 (34, s) ,  1.60 (9H, bsIi 1-30 (3-4 -s), f 26 (a!-!, s); 1% 

NMR (CDCl3, pprn) 138.2, 135.7, 135.0, 131.2, 129.7, 127.0, 124.4, 1242, 

123.7, 120.2, 63.9, 58.2, 39.7 (2@), 36.2, 29.7, 29.2, 27.9, 27.4, 26.8, 26.7, 25.6, 

24.8, 18.7, 18.1, 17.6, 16.1, 16.0, 15.9. Anal. cald. forC2gHaOS: C, 78.32; H, 

40.88. Found: C,  78.58; HI, 11.14. 

Biphenylphosphinoyl-l-(3,6-dimethyP-2(E),6(~- 

sctadienylthis)ethane (48). To a stirred solution of diphenylphosphinoyl 

ethyl-1-thiol, 185, (0.525 g, 2.0 mmol) in toluene (25 mL) was added 35% 

aqueous solution of NaOH (10 mL) and tetraoctylammoniurn bromide (50 mg) 

as the phase transfer catalyst folDowed by geranyl chloride (188) (0.345 g, 2.0 

mmol). The mixture was stirred at room temperature for 10 h, diluted with Hz0 

(25 rnL) and extracted with Et20 (4 X 25 mL). Standard work-up followed by 

chromatography using ethyl acetatelhexanes (713) as the eluant gave 48 

(0.579, 72 %) as an oil. IR (film) 3024, 2924, 2967, 2930, 1437, 1376, 1 190, 

11 18, 1072, 741, 723 and 697 cm-1; mass spectrum, CI m/z (isobutane, re1 

intensity) 400/399 (M++i, 26/1 OO), 397(13), 230 (31), 229 (78), 137 (25); H 

NMR (CDCb, ppm) 7.87 (4H, m), 7.50 (6H, m), 5.05 (2H, m), 3.27 (IH,, J p ~ = l  1.0 

Hz; JH-~=7.50 Hz), 3.12 (2H, dd, h8 .0  Hz, 3.5 Hz), 2.10-1 -98 (4H, rn), 1.67 (3H, 

s), 1.58 (3H, s), 1.56 (6H, app s), 1.54 (3H, dd, Jp-~=15.0 Hz; J H - H = ~ . ~  Hz); 13C 

NMR (CDCl3, ppm) 140.5, 132.2-1 28.2 (1 3C), 123.8, 11 9.3, 39.6, 36.8/36.1 (Jp- 

c),  29.9, 26.5, 25.6, 17.7, 16.1, 16.0. Anal. cald. for C24H310SP: C, 72.33; H, 

7.84. Found: C, 72.00; H, 7.67. 

l-[(te~t-Butyldimethylsilyl)oxy]-5,9,l3-trimethy~-4(E),$(E),d 2- 

tetradecatriene (189) To a solution of alcohol 181 (1 -0 g, 4.0 mmol) in 



CH2Cl2 (25 ml ) ,  was added EtsN (0.83 mL, 6.0 rnmol) and fert- 

butyfbimethylsi1.jf chf~ride (0.670 g, 4.8 rnmc;!) and DMAP (50 mg, catalyst). The 

mixture was stirred for 10 h, diluted with water and extracted with Et28 (3 X 35 

mL). Standard work-up followed by chromatography using ethyl 

acetatelhexanes (5195) as the eluant gave silyl ether 189 (1 -4 g, 96%). IF% (film) 

2928,2851,1444,1383,1255,1099,836 and 775 cm-l ; mass spectrum, Cl m/z 

(isobutane, re1 intensity) 365 (M++1), 307 (6), 234 (18), 233 (100), 231 (24); I H  

NMR (COCls, ppm) 5.1 2 (3H, m), 3.60 ( 2 4  t, Jz6.0 Hz), 2.1 0-1.95 (1 0 H, bm), 

1.68 (3H, s), 1.60 (W, app s), 1.55 (2H, bm), 0.90 (9H, s), 0.05 (6H, s); 1% NMR 

(CBC13, ppm) 135.3, 134.9, 124.5, 124.3, 124.1, 62.7, 39.7 (2C), 33.1, 26.8, 

26.7,26.0 (3C), 24.6, 24.2, 18.3, 17.6, 16.0, -5.3 (2C). 

1-[(~ert-Buty~dimethylslly~)oxy]-l2,13-epoxy-5,9,13-trlrnethyl- 

4(E),$(rE)-tetrrademtriene (1 $0)  To a stirred solution of silyl ether (I 89) 

(1.0 g, 2.7 mmol) in a THFlH20 (60140) (25 mL) at 0 O C  was added dropwise a 

solution of MBS (0.508 g, 2.83 mmol) in THFIH20 (60140) (25 mL) over 30 min. 

The mixture was stirred for an additional 1 h, diluted with Ha0 (50 mL) and 

extracted with Et20 (4x50 mL). Standard work-up gave the assumed 

intermediate 12-bromo-13-hydroxy derivative contaminated with the starting 

material. 

The crude mixture was dissolved in MeOH (100 mL) and to this was 

added K2C03 (1.0 g, 7.25 mmol). The mixture was stirred for 10 h. Most of the 

solvent was evaporated in vacuo (-20 mL remained), the slurry was diluted 

with ice-water (50 mL) and extracted with Et20 (4x30 mL). Standard work-up 

followed by chromatography using ethyl acetatelhexanes {119) as the eluant 

gave epsxide 190 (0.52 g, 51 % in two steps) and unreacted triene 189 (0.300 

g). I F 3  (film) 2928, 2856, 1462, 1378, 1253, 1100, 1006, 836 and 775 cm-1; 



mass spectrum, CI m/z (issbutane, re1 intensity) 382/381 (M++l , 1 2/41 ), 363 

(1 5), 250 ( W), 249 (53), 232 (1 7), 231 (1 00); H MiMR (CDC13, ppm) 5.1 5 (2H, 

m), 3.58 (2H, t, A6.5 Hz), 2.70 (1 H, t, J=6.0 Hz), 2.1 5-1.96 (1 OH, m), 1.60 (3H, 

s), 1.59 (3H, s), 1.54 (2H, m), 1.29 (3H, s), 1.25 (34, s), 0.95 (9H, s), 0.05 (6H, s); 

136; NMR (CDCl3, ppm) 4 35.2, 1 34.8, 4 24.9, 1 24.2, 64.1 , 62.7, 58.2, 39.6, 36.3, 

33.0, 27.5, 26.7, 25.9 (3C), 24.9, 24.2, 18.7, 18.3, 16.0, 15.9, -5.4 (242). Anal. 

wild. for C23H4402Si: C, 72.57; H, 1 1.65. Found: C, 72.53; H, 1 1.53. 

5,9,1 3-Trimethyi-4(E),8(E)-12,13-Epoxytetradecatrlen-l-oI 

(1 91) Epoxy sifyl ether 196 (0.50 g, 1.32 mrnol) was dissolved in a 1.0 M 

solution of tetrabutylammoniurn fluoride in THF (20 mL) and stirred for 4 h. Ice 

water was added and this extracted with Et20 (4 X 25 mk). Standard work-up 

followed by chromatography using ethyl acetaWhexanes (3/7) as the eluant 

gave epoxy alcohol 191 (8.330 g, 95 %) as an ~ i l .  IR (film) 3432, 2926, 1447, 

1379, 1 250, 1 122, 1059 and 873 cm-1; mass spectrum, CI m/r (isobutane, re1 

intensity) 268/267 (M++1, 19/100), 250 (1 7), 249 (95), 153 (30), 137 (1 1 ), 135 

(27), 127 (1 6), 123 (1 5), 1 11 (1 6), 109 (27); 1 H NMR (CDCl3, ppm) 5.1 3 (2H, m), 

3.63 (2H, t, k6 .5  Hz), 2.70 (IH, t, A6.5 Hz), 2.18-1.98 (10 H, bm), 1.60 (8H, m), 

1.29 (3H, s), 1.25 (3H, s); 1% NMR (CDC13, ppm) 135.6, 134.1, 124.8, 123.9, 

64.2, 62.9, 58.3, 39.6, 36.3, 32.8, 27.5, 26.5, 24.8, 24.2, 18.7, 16.0, 15.9. Anal. 

c;tkd. for C17H3&: C, 76.54; H, 1 1.35. Found: C, 76.36; Id, 1 1.18. 

5,9,13-f rimethyl-4(&),8(E)=l2,13-epoxytetradecatrien-1 -aI 

(173). TG a stirred soli;:i~n of e p ~ x y  alcohol 191 (0.730 g, 0.00274 rnrno!) and 

E%N (3.8 mL, 27.4 mmo!) Ir! OMS0 (25 mL) under argon was added dropwise a 

solution of Py-SO3 (1.54 g, 9.7 mmol) in BMSB (10 mL). The mixture was 

stirred at room temperature for 3.5 h, diluted with ice-cold saturated NaCl (50 





(a8  to 111) as the e!uant. This gave pure 193 90.188 g, 36%) and 192, thrao, 

((150 mg), contaminated with -10% of 193. Major diast@r@oisagmer, 193: IR 

(film) 333 4, 2925, 1739, 4 664, 1590, 1437, 1377, 1323, 1245, 1 166, 1 1 11, 

1087, 855, 748, 750 and 698 ern-'; I H  NMR (CDC13, ppm) 8.40 (2H, 

overlapping dm, J=9.0 Hz), 8.40 (2H, overlapping dm, A9.0 Hz), 7.50 (6HI m), 

5.54 (IX, d, 3.5 Hz), 5.13 (2H, m), 5.03 (IH, tm, A6.5 Hz), 4.94 (IH, t, A8.0 Hz), 

4.07 (lH, bt, J=8.0 Hz), 2.85 (lM, dd, &11.0,8.0 Hz), 2.68 (IW, t, A6.Q Hr),2.33 

(2H, m), 2.20-1.9Q (1 5H, m), 1.68 (34, s), 1.63 (301, s), 1.60 (3H, s), 1.58 (3H, s), 

1.52 (3H, s), 1.40 (3H, d, J ~ H ,  16.8 Hz), 1.29 (34, s), 3.24 (3H, s). 

The major diastereoisomer 193 (0.4 75 g, 0.265 mmol) was dissolved in 

THF (5 mL). To this was added NaH (21.5 mg, 0.53 mmol, 60 % in oil). The 

mixture was stirred for 6 h under argon and the reaction was terminated by ths 

addition of water (100 mg). The solvent was removed in uacuo and the slurry 

diluted with Et20 (1 mL) and f~ltered through a small silica gel column using 

Et2O. Chromatography using ethyl acetatdhexanes (5195) as the eluant gave 

44 (0.1 03 g, 86 %) as an oil. IR (film) 2962, 2923, 2854, 171 4, 1665, 1626, 

1447, 1377, 1248, 1 1 19 and 841 cm-1; mass spedrum, Cl m/a (isobutane, re1 

intensity) 446/445 (M++1, 311 O), 309 (1 5), 307 (7), 291 (1 L a ) ,  275 (31 ), 257 (1 1 ), 

169 (lo), 138 (18), 137 (WO), 135 (14), 127 ( l l ) ,  125 (lo), 123 (10); I H  NMR 

(CDC13, ppm) 5.38 (1 H, tq, J=7.0, 1 2 0  Hz), 5.25 (1 Y, tq, d=7.5, 1.20 Ha), 5.14 

(2H, m), 5.07 (1 H, tm, J=7.5 Hz), 3.31 (2H, d, J=7.5 Hz), 2.70 (1 H, t, J=6.0 Hz), 

2.1 0-1.97 (1 6 H, bm), 1.87 (3H, bs), 1.68 (6H, app s), 1.62 (3H, s), 1.60 (6H, bs), 

1.39 (3H, s), 1.26 (3H, s); 1% NMR (CDC13, ppm) 139.1, 135.5, 4 34.1, W S 6 ,  

129.8, 126.9, 124.9, 124.0, 123.8, 119.5, 64.2, 58.2, 39.7, 39.6, 36.3,29.9, 29.2, 

28.0, 27.6, 26.7, 26.6, 25.6, 24.9, 1&7, i8.1, 17.7, 16.1, 16.0, 15.9. Anal, calcd.. 

for @29H480S: @, 78.32; bi, 10.89. Found: 6, 78.1 9; H, 10.68. HRMS calcd for 

C29Hm0SJ 444.3426. Found 444.3434. 



ii: Chapter 5 

Methyl 3-tribrstylstanngc!-2(~-hexenoate (1 97a). To a solution of 

LDA (26,O mmsl) at -78 OC in THF (50 mL) under an argon atmosphere was 

added neat n-BusSnH (6.72 mb, 25.0 rnmol), After stirring for 1.5 h,  CuBr-DM% 

ccrmplex (5.13 g, 25 mmol) was added in one portion. The brown solution was 

stirred at -78 OC for 1 h, and to it was added dropwise methyl 2-hexynoate, 198, 

(3-15 g, 25 rnrnsl) in THF (25 mi). The temperature was maintained at -78 O@ 

for an additional 2 h and the reaction was terminated with MeOH (10 mL), 

trsated with 100 r n l  of saturated NH4@I/NH40M (9/1), stirred for 30 min and 

extracted with Et28 (4 X 50 mL). Standard work-up fo l l~wed by 

chromatography using ethyl acetatelhexanes (5195) as the eluant gave 197a 

(9.70 g, 93%) as clear oil. IR (fiim) 2958 (m), 1723.5, 1591, 1462, 1431, 1351, 

1168, 1072, 1043, and 883 cm-1; mass spectrum, CI m/z (isobutane, re1 

intensity, major isotopes) 41 9/41 7(M++1, 1 08/75), 3871385(27/22), 361 1359 

(1 OO/8O); 'H NMR (CDCIs ppm) 5.94 (1 H, t, J-1 .l HZ; JSn-~=67.0 HZ), 3.68 (3H, 

s), 2.84 ( 2H, tq, J=8.0, 1.1 Hz; Jsn-~=56.0 HZ), 1.53-1.38 (8H, bm), 1.30 

(6H,sex, A7.5 Hz), 0.90 (18 H, bm); NMR (CDC13, ppm) 174.0, 164.4, 

127.4, 50.5, 37.2, 28.9 (3C), 27.3 (3C), 22.9, 14.0, 13.5 (3C), 10.0 (3C). Anal. 

calcd. for 619HmO2Sn: C, 5470; H, 9.18. Found: C, 54.68; #, 9.20. 

Procedure for the preparation st methyl 3-(tributylstanwyll)-2(+)- 

hexenoaf 65 (1 97b). 

From Reaction with Bu$3n(N-lmid)Cu(CN) biz. A solution of (N- 

ir,rid)Cu(CN)Li [prepared from freshly sublimed imidazole (0.17 g, 2.5 mmol), 

which was treated with rrBuLi (1 .O mL, 2.5 mmol, 2.5 M in hexanes) at -78 OC in 

157 



THF (45 mL) and after 5 h, CuCN (8.23 g, 2.5 mmsi)] was warmed to room 

tempera2ure ai;d stirfed for an additionat 4 h. The rtj~~tiiiig cloudy green 

solution of (N-imid)Cu(CN)Li was further diluted by addit i~n of THF (10 rnL) 

and then added dropwise via canula to Bu3SnLi (2.5 mrnol) in TWF (10 mL) at 

-78 OC, prepared from Bu3SnH ( 0.672 m&, 2-5 mmol) and LDA (2.52 mmol) as 

described above for 197a. 

To the clear light yellow solution of Bu3Sn(M-imid)Cu(CN)bi2 was added 

dropwise 198 (0.315 g, 2.5 rnrnol) in THF (5 mL). After 0.5 h at -78 "C, the 

reaction was warmed to room temperature and stirred at this temperature for 2 

h. Addition of saturated NH4CIINH40H (9/1) (50 mL) and extraction of the 

aqueous !ayer with Et20 (4 X 50 mL), followed by standard work-up gave a 

mixture of 197a and 197b (4/96 by GC). The isomers were easily separated 

by chromatography using ethyl acetate/hexanes (5/95) as the eluant. isomer 

197b (0.87 g) eluted first and followed eluation of isomer 197% (trace amount) 

in combined yield of 89 5%. 

From reaction with BusSn(n=Bu)Cu(CN)Li2. To a solution of 

BusSnLi (2.5 mnsl), prepared from Bu3SnH (0.672 mL, 2.5 mmol) and LDA 

(2.5 mmol) as described above, in THF (10 mL) at -78 "C was added quickly, 

via canula, n-BuCu(CN)Li (2.6 mmol) prepared from CuCN (0.24 g, 2.6 mmol) 

and n-BuLi (1.04 mL, 2.6 mmol, 2.5 M in hexanes) at -78 "C in THF (20 mL). A 

solution of Bu3Sn(n-Bu)Cu(CN)Li2 was stirred for 0.5h and 198 (0.31 5 g, 2.5 

mmol) in THF (5 mL) was zdded dropwise. After stirring for an additional 2 h at 

-50 OC, saturated NH4CI/NH40H (50 mL) was added and the mixture warmed to 

0 OG then extracted with Et20 (4 X 50 mL). Standard work-up gave the crude 

product as a mixture of 197 b and 197a (1 5/85 by GC analysis). 



Chromatography using ethyt acetatelhexanes (5195) as the eluant gave 197% 

(0.76g1 87%) and 1978 (0.1 1 g, 13%), in combined yield of 83%. 

Reaction with IBu$3n(2-Th)Cu(CN)b. To solution of Bu3SnLi (2.5 

rnmol), prepared from Bu3SnH (0.67 rnl, 2.5 mrnol) and LDA (2.5 mmol) at -78 

"C in THF (20 mt )  was added (2-Th)Cu(CN)Li (10.5 mt, 2.6 mmol, 0.25 M in 

THF) and this was stirred for 0.5 h. To BusSn(2-Th)Cu(CN)Li was added 

dropwise 698 (0.315 g, 2.5 mmol) in THF (5 mt), and this reaction was stirred 

ior 0.5 h . The reaction was then warmed to room temperature and stirred for 2 

h. Saturated NH4CI/NH40H (50 me) was added and the mixture was extracted 

with Et28 (4 X 59 ml). Standard work-up gave the crude product as a mixture 

of 197a and 197b (10f90, by GC analysis). Chromatography using ethyl 

acetate/hexanes (5/95) as the eluant gave 197b (0.739, 90%) and 197a 

(0.084 g, 10%) in combined yield of 81 %. 

197b: IR (film) 2855-2871 (m), 1709, 1596, 1463, 1434, 1327, 1 199 

and 9051 ern-'!; mass spectrum Ci m/z ( isobutane, re1 intensity, major isotopes) 

41 7/49 9 (Wl++l ,trace amount), 361/359 (1 OO/74); 'H NMR (CDC13, ppm) 6.35 

(1 H, t, A1.5 HZ, Jsn-~=l 08.0 HZ), 3.72 (3H, s), 2.35 (2H, td, J=7.5, 1.5 HZ; JsR- 

~=44.0 Hz), 1.50-1.35 (8H, bm), 1.35-1 -23 (6H, sex, A7.5 Hz), 0.98-0.84 (1 8H, 

m); NMR (CDCl3, ppm) 176.0, 168.2, 128.1, 51 -3, 42.6, 29.2 (3C), 27.4 

@C), 22.4, 13.7, 13.6 (3C), 19.1(3C). 

3-n-Tributylstanrsyi-2(@-hexen-1-01 (199). To a solution of 197a 

(3.5 gt 22.7 iriii-iiioij ir7 TdF (50 mi) under a n  argan atmosphere at -40 "C was 

added dr~pir'ise neat DIBAL-H (9.0 EL, 50 mimi). The readion was warm to 

0•‹C over 2 h , poured into a 25 % aqueous solution of tartaric acid (250 mL) 

and extracted with Et20 (4 X 50 mL). Standard work-up, followed by 



chromatography using ethyl acetatdhexanes (B8) as the eluant gave 199 (8.3 

g, 94%) as clear oil. IR (film) 3302 (b), 2955 (b), 1464, 1376, 1072, 101 9, 960, 

873; mass spectrum, Cf m/z (isobutane, re1 intensity, major isotopes) 3911389 

(M++1, trace amount), 3731371 (trace amount), 333/331 (30/25), 293 I289 

(100/80); 1H NMR (CDC13, ppm) 5.75 (IH, b!, J=6.5 Hz; &"-~=68.0 Hz), 4.23 

(2H, t, J=6.5 HZ), 2.24 (2H, t, A7.5 HZ; &-~=58.0 HZ), I .60-5.48 (6H, bm), 1.4- 

1.26 (8H, bm), 0.93-0.84 (1 8H, bm); I3C NMR (CDCb, ppm) 148.0, 139.4, 58.9, 

35.6, 29.1(3C), 27.3 (3C), 23.4, 13.8, 13.5 (3C), 9.7 (3C). Anal. calcd, for 

Cj&i380Sn: C, 55.55; H, 9.84. Found: C, 55.74; H, 9.92. 

1-(Benzyioxy)-3-(fributy 1stannyl)-2(E)-hexene (200). To a 

suspension of NaH f0.665g, 21 -6 mmd, 60% in oil, washed free of oil with 

pentane (3 X 1Q mi)) in DMF (25 mL) at 0 OC: under argon was added dropwise, 

199 ( 7.8 g, 18.0 mmol), in DMF (10 mL) followed by neat benzyl bromide (2.25 

mi, 18.9 mmol) via syringe. The mixture was stirred for 10 h at rt, poured into 

water (200 mL) and extracted with Et20 (4 X 50 mL). Standard work-up 

foilowed by chromatography using ethyi acetate/kexanes (3/97) as the eluant 

gave 200 (7.66 g, 89%) as a clear oil. IR (film) 2930 (b), 1454, 1376, 1357, 

1097, 1071 em-I; mass spectrum, Cl m/z (is~butane, re1 intensity, major 

isotopes) 479/477 ( M++l )trace amount), 423/42 1 (trace amount) 291 /289 

(1 00/80); 1H NMR (CDC13, ppmf 7.30 (5H, bm), 5.74 (1 9, tt, A6.0, 1 -0 Hz, f i n -  

H=68.0 HZ),  4.50 (2H, s), 4.13 (2H: d, J=7.5 HZ), 2.22 ( 2H, t, J=7.5, Jsn-~==58.0 

Hz), 1.53-1.43 f6H, bm), 1.32 (8H, bm), 0.88 (18H, m); 1% NMR (GDC13, ppm) 

148.9, 138.6, i36.9, 128.3 pC),  127.8 (2C), 127.5, 72.0, 66.3, 35.8, 29.1 (2C), 

27.4 ( X j ,  23.4, i3..9, 13.6 ( X j ,  9.7 (2C). Anal. calcd. for C25H440Sn: C, 

62.65; H, 9.25 Found: C, 62.85; H, 9.32. 



&(Senzy isxy)-e-propy!-4(m-hexenal (201). Stannane 200 (4.85 

9, 10.0 mmoi) under argon atmosphere, deoxygenated by two cycles of 

evacuation of the flask with oil pump vacuum and purging with argon, was 

dissolved in THF (50 mL) and cooled to -78 OC. n-BuLi (4.86 mL, 1 1 mmol, 2.5 

M in hexane) was added dropwise and after 2 h (2-thieny1)CuCNLi (46.0 mL, 

31.5 mmot, 0.25 M in THF) was added via a syringe over a 10 min. The brown 

cuprate solution was stirred for 30 min and HMPA (3.5 mL, 20 mmol) was 

added followed by the dropwise addition of a solution sf acrolein (1.0 mL, 15 

mmol) and TMSCI (1.9 mL, 15 mmol) in THF (10 mt). After 2 h the reaction 

mixture was poured into mixture of ice-cold 0.25 N aqueous HCI (50 mL) and 

EtzO (50 mL) and stirred for 0.5 h. The Et28 layer was seperated and the 

aquous layer extracted with Et20 (3 X 50 mL). Standard work-up followed by 

chromatography using ethyl acetate/hexanes (119) as the eluant gave 201 (1.2 

g, 49 5%) as a slightly yellow oil. IR (film) 2930, 2868, 2720, 1723, 1665, 1454, 

1354, 1090, 737, 698; mass spectrum CI, m/z (isobutane, re1 intensity) 247 

(M++1, 20), 245 (33), 229 (20) 202 (loo), 155 (30); NMR (CDC13, ppm) 9.78 

(1 H, t, J=1.2 Hz), 7.30 (5H, m), 5.38 (1 H, t, J=7.5 Hz), 4.50 (2H, s), 4.02 (2H, d, 

A7.5 Hz), 2.55 (2H, tm, A7.5 Hz), 2.35 (2H, t, A7.5 Hz), 2.00 (2H, t, A7.0 Hz), 

1.37 j2H, sex, A7.5 Hz), 0.86 (3H, t, J=7.0 Hz); '3C NMR (CDC13, ppm) 201.4, 

141.8, 138.2, 128.0 (2C), 127.5 (2C), 127.2, 122.0, 71.9, 66.0, 41.7, 32.6, 28.5, 

21 -3, 13.6. Anal. calcd. for C16H2202: C, 77.01 ; H, 9.01. Found: C, 77.27; H, 

8.97. 

Ethyl 8-bennytsxy-2-methy1-6-prcapy1-2(E),6 

(202). A mixture of aldehyde 201  (0.615 g, 2.6 mmol) and 

(ca&ethoxyethylidene)triphenylphosphorane (1.1 2 g, 2.9 mmol) in dry CH2C12 

(15 mL), was refluxed for 6 h under an argon atmosphere. The solvent was 



evaporated in v a m  and the resulting slurry :.:as diluted with hexaioes (20 mL), 

filtered through a pad of celite and the precipitate rinsed with portions of 

hexanes (5 X 20 mL). The solvent was evaporated in vacuo and the oil 

chromatographed using ethyl acetatelhexanes (1/9) as the eluant to give 

geometrically pure 202 ( 0.700 g, 82%) as a clear oil. IR (film) 2930, 2869, 

1709, 1649, 1453, 1366, 1268, 1091~m-~;  mass spectrum, CI m/z (isobutane, 

re! intensity) 331 (M++l, trace amount), 223 (1 UO), 149 (20); 1H NMR (CDCI3, 

ppm) 7.40 (5H, m), 6.75 (1 H, t, J=7.0 Hz), 5.42 (1 H, t, J=6.5 Hz), 4.50 (2H, s), 

4.17 (2H, q, k7.0 Hz), 4.05 (2H, d, A6.5 Hz), 2.30 (2H, q, J=8.0 Hz), 2.15 (2H, t, 

J=8.0 Hz), 2.02 (2H, t, J=7.0 HZ), 1.84 (3H, d, J=1.0 HZ), 1.40 (2H, sex, J=7.5 

Hz), 1.28 (3H, t, A7.0 Hz), 0.87 (3H, t, k7 .5  Hz); 1% NMR (CDC13, ppm) 168.0, 

143.0, 141.3, 138.3, 128.2 (2C), 127.9, 127.6 (2C), 127.4, 121.8, 71.9, 66.2, 

60.2, 35.1, 27.1, 21.5, 14.1, 13.9, 12.2. Anal. calcd. for C21H3003: C, 76.31; H, 

9.16. Found: C, 76.19; H, 9.04. 

8-(Benzyioxy)-2-methyl-6-propyl-2(E),6(E)-octadien-l-ol 

(203). To a solution of 202 (0.50 g, 1.5 mmol) in THF (10 mi) at 0 O C  under 

argon was added dropwise DIBAL-H (3.75 mL, 3.75 mmol, 1.0 M in THF). The 

mixture was stirred for 2 h, poured into 25 mi of 25% aqueous tartaric acid 

solution and extracted with Et20 (4 X 20 mL). Standard work-up followed by 

chromatography using ethyl acetatehexanes (25175) as the eluant gave 283 

(0.41 g, 95%) as a clear oil. IR (film) 341 5, 2958 (bm), 171 0, 1659, 1452, 1378, 

and 1070 (m) cm-1; mass spectrum, CI m/z (isobutane, re1 intensity) 289 (M+el, 

trace amount), 271 (3), 253 (2), 241 (trace amount), 233 (21, 181 (25), 163 

(1 UO), 135 (5), 123 (20); 1H NMR (CDC13, ppm) 7.30 (5H, m), 5.39 ( 2 4  m), 4.50 

(2H, s), 4.02 (2H, d, A6.5 Hz), 3.97 (2H, s), 2.1 6 (2H, m), 2.08 ( 2 4  m), 2.02 (2H, 

t, A7.0 Hz), 1 -66 (3H, s), 1.37 (2H, sextet, A7.5 Hz), 0.86 (3H, t, A7.5 Hz); l3C 



NMR (CDCl3, ppm) 143.7, 138.4, 435.0, 428.2 (2C), 127.7 (2C), 127.4, 425.3, 

121.4, 71.9, 68.5, 66.3, 36.2, 32.5, 25.9, 21.6, 13.9, 13.5. Anal calcb. for 

C1+i2802: C, 79-11; H, 9.79. Found: C, 79.42; H, 9.90. 

8-(Benmyloxy)-1 -ehIsro-2-methyl-6-p~opyf-2(rE),6(~-6etadiene 

(204). To a solution of NCS (0.1 80 g, 1.35 mmol) in dry CH2Cl2 (1 0 mL) at 0 OC 

under argon atmosphere was added dropwise DMS (0.15 mt, 2.0 mmol) and 

the s!urr;r cooled to -20 OC. To this was added dropwise alcohol 203 (0.262 g, 

1.0 mmol) in CH2C12 (5 ml). The mixture was warmed to 0 OC and after 6 h 

poured into water (25 mL) then extracted with Eta0 (4 X 30 mL). Standard 

work-up followed by chrcmatography using ethyl acet;ate/hexanes (5/95) as the 

eluant gave 204 (0.250 g, 93%) as a clear oil. IR (film) 2930, 2868, 1453, 

1377, 1263, 1090, 1027, 736, and 697 cm-I ; mass spectrum CI (isobutane, re1 

intensity, major isotopes) 289 (M++l, 51,271 (3), 253 (7), 20111 99 (33/1 OO), 163 

(43); 1H NMR (CDCI3, pprn) 7.30 (5H, m), 5.52 (IH, t, J=6.5, Hz), 5.40 ( I# ,  t, 

J=7.0 Hz), 4.50 (2H, s), 4.04 (2H, d, J=6.5 Hz), 4.60 (2H, s), 2.17 (2H, m), 2.07 

(2H, m), 2.00 (2H, t, A7.5 Hz), 1.56 (3H, s), 1.37 (2H, sex, A7.5 Hz), 0.86 (3H, t, 

J=7.5 Hz); l3C WMR (CDCb, ppm) 143.3, 138.5, 131.8, 130.2, 128.2 (2C3, 

127.6 (2C), 127.4, 121.7,71.9,66.3,52.2,35.8,32.6, 26.4,21.6, 14.0, 13.9. 

1-(Benzyloxy)-?-methyl-3-propyl-3(E),6(E)-nonadiene (205). 

To cuprate Me2CuMgBr(f), at -78 OC under argon, prepared from CuBr-DMS 

(0.335 g, 2.0 mmolf and MeMgl (1.1 mL, 4.0 mmol, 3.0 M in THF) in THF (10 

mL) at -40 OC for 1 hr, was added dropwise allylic chloride 204 (0.25 g, 0.86 

mmol) in THF (5 mL). After 0.5 hr, saturated NH4CVNH40H (25 mL) was added 

and extracted with Et20 (4 X 25 mL). Standard work-up followed by 

chromatography using ethyl acetatefhexanes (5/95) as the eluant gave 205 
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mC), acetic anhydride (G.1@, 1.0 rnmol) and few crystals sf DMAP. The mixture 

was stirred overnight (10 f??), pourxi Into ice-w!d water and ex?raded with Et20 

(4 X 20 mL). Standard work-up followed by chromatography using ethyl 

acetaWhexanes (5195) as the eluant gave 49 (0.120 g, 99%) as a clear dl. IR 

(film) 2932, 2873, 1742, 1460, 1369, 1231 and 1023 cm-I : mass spectrum, CI 

m/z tisobutane, re/. intensity) 2381239 (M++1, trace amount), 179 (M+-C2H302, 

100); Ef m/z (ref intensity) 178 (4), 149 (9), 135 (9), 121 (12), 108 (7), 93 (1 I) ,  83 

(GO), 82 (29), 81 (201, 79 (20), 68 (211, 67 @ I ) ,  55 (IQQ), 53 (15). 1H NMR 

(CDC13, ppm) 5.35 (lH, t, J=7.0 Hz), 5.08 (IH, tq, J=6.0, 1.2 Hz), 4.58 (2H, dl 

A7.0 Hz), 2.1 5-2-02 (9H, m), 1.98 (2H, t, J=7.5 Hz), 1.59 (3H, s), 1.40 (2H, sex, 

A7.5 Hz), 0.97 (3H, t, k7 .5  Hz), 0.89 (3H, t, A7.5 Hz); NMR (CDC13, ppm) 

170.9, 146.1, 137.3, 122.3, 118.7, 61.2, 36.8, 32.7, 32.3, 26.4, 21.8, 21.0, 15.9, 

13.9, 12.7. Anal. calcd. for C15H2602: C, 75.58; H, 10.99. Found: C, 75.36; H, 

11.20. 



E: 2-Dimensional 4H NMR Spectra of Compounds 35, 129 and 150 



Figure 7-1: 400 MHz COSY spectrum of 35. 



Figure 7-2a: 400 MHz COSY spectrum of 129, 



Figure 7-2b: 400 M M  COSY spectrum of 129 ( expanded region 3.5 ppm to 
0.0 pprn), 



Figure 7-2c: 400 MHz COSY spectrum of 129 ( expanded region 3.0 pprn to 
2.0 ppm). 



Figure 7-3a: 400 MHz COSY spectrum of 150. 



Figure 7-3b: 4C0 MHz COSY spectrum of 150 (expanded region I .OD ppm to 
3.00 ppm). 



Figure 7-36: 409 MHz NOESY spectrum of 150. 



Figure 7-3d: 400 MHz NOESY spectrum of 150 (expanded region 3.00 ppm 
to f -0 ppm). 
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