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Abstract: The use of Vinylogous urethanes as pivotal intermediates m the synthesis of 
mdolizidine alkaloids is illustrated with reference to mdolizidines 209B (1) and 167B (2), 
two simple alkaloids isolated fiom dendrobatid fiogs. Methodology is optimized for the 
diastereoselective synthesis of the racemic alkaloids, after which modifications leading 
towards the enantioselective synthesis of (-tmdolizidine 209B are presented. 

Introduction 

Nearly three hundred alkaloids belonging to about two dozen different structural classes have been partdly or 
Mly characterized fiom the skin secretions of amphibians (re€ 1). One of the largest of these classes is the 
mdolizidine alkaloids which occur m dendrobatid fiogs fiom Central and South America as well as m some 
unrelated fiogs and toads fiom locations as i3r apart as Australia and Madagascar. The most thoroughly 
explored amphiiian indolizidines are the pumiliotoxius and allopumiliotoxius, but the more recently discovered 
5-akyhdolizidines and 33-  and 5,S-disubstituted mdolizidines are now attracting increasing attention. Because 
of their extremely low natural abundance, there is sti l l  uncertainly about the relative and absohte stereostructure 
of many of these alkaloids and this accounts for at least part of their popularity as synthetic targets. They are 
also simple enough to use as models for illustrating new synthetic methodologies. In their own right, however, 
they are potenhally useM tools for neurophysiological applications 
because they are non-competitive blockers of sodium ion iuflux 
through nicotinic receptor channels both m muscle and m ganglia (re€ 
2). Two simple indohidine alkaloids, 209B and 167B, which have 
the tentative but widely accepted structures shown as 1 and 2 
respectively, have provided us with an opportunity for investigating 
the stereochemical implications of a generalized synthetic strategy that 
we have been developing for several years (ref. 3). 
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Svnthetic ~lanning for indolizidine 209B 

In seven of the nine reported syntheses of mdolizidine 209B, the bicyclic nucleus was assembled by making the 
C3-N bond, i.e., by cyclization on to nitrogen of a suitably hctionalized 2-substituted pipendine derivative, as 
shown m the simplified disconnection overleaf(refk. 4 - 6). Our own approach to the mdolizidine core mvolves 
an unconventional disconnection at the C7-CS bond. The reason for this analysis becomes apparent once the 
synthon 3 is replaced by the synthetic equivalent 4. The highlighted portion of this compound is an acylated 
enamine or “enaminone” (in this case, a vinylogous urethane), a structural unit that forms the focus of our 
alkaloid synthesis programme because of its ready accessi i i ,  comparative stability, and - most importantly - 
versatile reactivity. 
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Our fishation with Vinylogous urethanes and their relatives (Cob replaced by COR, CN, N a ,  S W ,  efc) 
stems h m  their manifold reacti\ity both as ambident nnckophiles and as ambident electrophiles, as shown in 
the box below. The expected “enamhe” nucleophilidy at N and C can be extended to the carbon$ oxygen 
atom by conjugation (top row). In addition, deprotonation with strong bases can provide an additional 
nucleophilic site p to N (bottom row, left). However, the systems also bave “enone” h c t e r ,  and hence m y  
act as .electropbiles at the carbon atoms a and y to N. We exploit this multiple readivay by building the 
N-C=C-X uni into systems containing additional 
nucleophilic or electrophilic sites that can serve as 
complementary reaction partners. In this way the 
enaminone filncfions as a scaffold for Wer 
annulation. The three examples shown below are 
taken Jiom our published work, and fistrate ting 
closure by cycloacylation, cycloalkylation and 
cycloaryhtion as a prelude to the synthesis of 
ipdbidine (ref 7), lamprolobme (ref 8) and the 
mitosene ring system (ref 9) respectively 
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In the present work, a more &allengins synthetic task o m s  ujer cyclization to  the unsaturated mdolizidine 
nucleus 5 has been achieved. Once the C=C bond has id6lled its primary function as a component of the 
enamine system, it must be reduced diastereoselectively in order to set up tbe correct relative stereochemistry of 
the target alkaloids Only when the basic methodology is in place will the Wer challenge of modifying the 
approach to ensure enantiosele&?q as well as diastereoselectivity be worth conhnthg. In the following 
discusdoq our successful route to racemic indolizidines 209B and 167B will be presented before the 
enantioselective modifications developed for the synthesis of (-Findohidine 209B are described. 

Svnthesis of (%ndolizidine 209B and a new diastereoisomer of 209B 

Ethyl oct-2-eooate was prepared m 88% yield as a 9:l mixture of (a and (2) isomers by Witdg reaction 
between hexanal and ethoxycahonyltriphenylpbospborane On txatment at room temperature with a catalytic 
amount of sodium hydroxide in tetrahykolluan, the ester underwent conjugate addition with pyrrolidinSZ- 
rhioue to ghe thiolactam 6 (74%). Akyiation on sulfur with ethyl bromoacetate fonowed by Eschenmoser 
sulfide contractiou (ref 10) upon treatmeni with tliphenylphospbine and triethylamine m acetoniuile afforded the 
vinylogous ur&e 7 (85%) In order to consbuct the indolizidine nucleus by the sort of cyclodkylation 
process shown in the transformation 4 + 5, it was necessary to reduce the saturated ester group while leavhg 
the uosaturated ester of the vinylogous urethane untouched. Fortunately, the latter fimctional group resists 
rehction with lithium ahminim hydride, attesting to the pronounced stability that extended conjugation 
ioqms to the system I l e  desired alcohol 8 was isolated in 91% yield The scene was tbw set for the critical 
cyclization, which required conversion of the primary alcohol into a better l&g group. This troublesome step 
was evenmally accomplished via the corresponding bromide, prepared I)? srfu by treatment of 8 with carbon 
tetrabromide and triphenylphosphine in the presence of triethyhnine. Simply r&xing the reaction mixture in 
acetonittile was d i c i m t  to bring about ring closure to the pivotal i n d o w e  9 (85%). 
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The most demanding task m our synthetic plan still lay ahead. By reducing the C=C bond of 9 we are 
introducing two new stereogenic centres whose stereochemistry has to be controlled not only m relation to each 
other, but also m relation to the more remote stereogenic centre already present at C5. We reasoned that 
conformational effects m the bicyclic system would dictate the transition state that develops during the 
reduction. The incipient chair conformation of the &-membered ing should result m an equatorial preference 
for the pent$ side chain, which m turn should bias the approach of the reductant towards the &al face of the 
C=C bond. Furthermore, protonating the vinylogous urethane will give an iminium ion whose reduction should 
be subject to stereoelectronic control according to the principles adumbrated by Stevens (ref 1 l), which favour 
a transition state m which maximum orbital overlap between the approaching nucleophile and the developing 
lone pair on nitrogen is maintained. In the event, the observed diastereoselectivity on treatment of 9 with 
sodium cyanoborohydride at pH 4 was disappomtiug, since the desired compound 10 (33%) was accompanied 
by two diastereoisomers (14% + 13%). The structure of 10 was confirmed by reduction with lithium ahminhm 
hydride to the alcohol 11 (92%), the spectroscopic data for which matched those reported by Holmes (ref 4) 
and Jefford (re€ 12). Holmes has transformed the (-Fenantiomer of 11 into the target alkaloid 1 by reducing the 
mesylate derivative with lithium triethylborohydride. We repeated these steps with the racemic alcohol 11 to 
give a volatile product (40% over two steps) whose NMR spectra were identical with those published for 1 
(refs. 4 - 6). The overall yield m this eight-step preparation of (k)-l fiompyrrolidine2-thione was 5.9%. 

A fir more diastereoselective reduction of bicyclic vinylogous urethane 9 was achieved with hydrogen and a 
platinum catalyst m acetic acid. Hydrogen was delivered m the expected cis fashion on to the less hindered face 
of the C=C bond to afford the new ester 12 (71%). Compound 10 was a minor product of this reduction 
(<6%). Further reduction of 12 with lithium ahminhm hydride followed by mesylation yielded compound 13 
(88%, two steps). Smce we found that demesylations with lithium triethylborohydride were erratic, we 
investigated alternative reagents for this dehctionalization. Somewhat stupe&, we were able to produce 
the 8-methyl-5-pentyhdolizidine 14 m 65% yield by heating 13 with Raney nickel under refhm m ethanoL 
Compound 14 is a hitherto unknown diastereoisomer of mdolizidine 209B; its NMR spectra are distinctly 
different fiom those of 209B and the only other reported diastereoisomer, which appears m the literature as 15 
(ref 5) but has subsequently been revised to 16 (ref 13). Polniaszek and Belmont have reported vhable 'HI 
and 13C NMR data for all four diastereoisomers of mdolizidine 2054 which difFers fiom 209B only m having a 
pent-4yyl side chain (ref 14). The chemical shifts we found for the mdolizidiue nucleus of 14 are m 
remarkable agreement (M.3 ppm) with those ofthe analogous isomer of 205A. 
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Svnthesis of indolizidine 167B 

In the above synthesis of mdolizidine 209B, the ester group of vinylogous urethane 9 serves not only to temper 
the reactivity of the enaminone system, but also hctions as the source of the target alkaloid’s 8-methyl group. 
Adapting the methodology for the synthesis of mdolizihe 167B requires that this ester group be dispensed with 
once the vinylogous urethane unit has served its purpose. Ifthe mdolizidine nucleus were to be assembled by 
cycloacylation rather than cycloalkylatioq the ester would become a component of a pketo ester system, and 
thus readily removed by hydrolysis and decarboxylation. Accordingly, the previous synthesis was repeated as fhr 
as the sulfide contraction step, but with the pawl  chain replaced by propyl(46%, two steps). Hydrolysis of the 
saturated ester group of product 17 was achieved with one equivalent of sodium hydroxide m refluxing aqueous 
solution. Once again, this reaction attests to the unusual stability of the vinylogous urethane unit, which 
emerged unscathed. Cyclization was achieved via a mixed anhydride made in situ fiom the thoroughly dried 
carboxylate salt 18 by treatment with acetic anhydride and potassium carbonate m dry acetonitrile (89% over 
two steps). Refhuring the bicyclic compound 19 with aqueous potassium hydroxide solution followed by 
concentrated hydrochloric acid then afforded the vinylogous amide 20 (91%). Our prior experience shows that 
the C=C double bond m such compounds can be chemoselectively reduced with lithium ahunihm hydride as 
long as one avoids an excess ofthe reagent (ref 3). In this case, 20 was reduced to the simple mdolizidjnone 21 
(56%), which was apparently &ee of the other possitle diastereoisomer. The final dehctionalization was 
achieved via propylene dithioacetal 22 [HS(CH&SH, CF3C02H, BF3.0Et2; 94%], which underwent 
hydrogenolysis to (khmdolizidine 167B (2) with h e y  nickel m boiling ethanol (37%). The low yield can be 
ascn’bed m part to the volatility of the alkaloid. The NMR spectra of the product were m perfect agreement with 
those reported m the literature (ref%. 15, 16), and the I3C NMR spectnun m particular was quite different fiom 
that reported for the alternative diastereoisomer (ref 15). 
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Enantioselective modifications: svnthesis of (-bindolizidine 209B 

Having established the viab@ of our synthetic approach for making mdolizidines, we turned our attention to 
amtioselective modifications of our methodology. The step needing attention occurs at the beginning of the 
synthetic sequence, when the conjugate addition of pyrrolidine-2-thione to ethyl alk-Zenoate results m the 
creation of the first stereogenic centre. In principle, a diastereofacially biased addition to a geometrically pure 
alkenoate as shown overleaf should result iu an adduct enriched m one enantiomer. The simplest way to  
introduce the necessary bias would be to replace the ethyl ester by a suitable chiral auxhry, when the addition 
process should give a potentially separable mixture of diastereoisomers. We investigated this strategy with 
several well-known auxihies, using the Homer-Wadsworth-Emmons reaction between hexanal and 
appropriate diethoxyphosphorylacetates to prepare oct-Zenoates that consisted (within the limits of NMR 
detection) entirely of the (I?) isomer (>99: 1). The diastereoselectivity m these additions proved to be modest, 
reaching at most about 2: 1 with the &phenylmenthyl ester 23. The trouble arose because the conjugate addition 
turned out to be an equilibrium process that almost certamly proceeded by S-alkylation before the more stable 
N-alkyl product formed. We were never able to achieve a kinetically controlled conjugate addition with 
pyrrolidine-2-thione as nuc1eoph.de. 
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We clearly needed to fhd a more cooperative nucleophile than pyrrolidine2-thione if we were to achieve the 
critical diastereofid selectivity required for a successll enantioselective route to 209B. Looked at m a 
merent light, the synthetic feat we have to achieve is the enantioselective synthesis of a p-amino acid derivative, 
around which has built up a vast body of literature (ref 17). Amongst several protocols involving the conjugate 
addition of nitrogen nucleophiles to unsaturated esters, recent methodology devised by Davies and Ichihara (ref 
18) seems tailor-made for our purposes. This comparatively general route involves the conjugate addition of 
lithium N-benzyl-N-[(LR>l-phenylethyl]amide or its enantiomer to t-butyl (I+alk-Zenoates to give the desired 
adducts m excellent chemical yields, reproduciily high diastereoseledvities (>95% d.e.), and with a predictable 
stereochemical outcome (ref 19). Hydrogenolytic removal of the benzyl groups (7 atm Hz, 10% Pd-C, acetic 
acid) then yields enantiomerically pure p-amino esters. 

We were delighted when the conjugate addition of lithiumN-benzyl-N-[( 1R)-l-phenylethyl]amide to t-butyl (I+ 
oct-Zenoate yielded a diastereomerically pure adduct 24 m 90% yield. Analogies with closely related examples 
reported by Davies (ref 20) suggested that this adduct should have (R) absolute consgUration at the newly 
created stereogenic centre. Independent confirmation of the absolute stereostructure was obtained by means of 
X-ray crystallography on the hydrobromide salt of the corresponding carboxylic acid (ref 21). Interestingly, the 
results confirmed not only the (R) coniiguration at both stereogenic carbon atoms, but also showed that the 
protonated nitrogen atom has (S) configuration. Debenzylation under Davies conditions gave the fiee amino 
ester 25 (92%), thereby opening the way for the construction of the lactam ring in 26, which was accomplished 
with 4-chlorobutyyl chloride followed by cyclization with potassium t-butoxide (82%). The corresponding 
thione 27 was prepared fiom 26 with Lawesson's reagent m boiling toluene (89%). Sulfide contraction 
completed the synthesis of (R)-vinylogous urethane 28 (94%). An alternative onepot route to 28 involving 
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treatment of ambe 25 with ethyl 6-chloro-3-oxohexanoate was shorter but less efficient (49%; c$69% for the 
four-step process). Reduction of 28 with lithium alumhim hydride yielded the alcohol 29 (88%), at which 
stage the synthesis converges with that demied above for racemic mdolizidiue 209B. However, we mtroduced 
several minor changes to -rove the overall process. Firstly, when cycloakylation of 29 via the bromide 
proved erratic, we were consistently successll with the corresponding iodide (81%). Secondly, reduction of 
the C=C bond of the bicyclic Vinylogous urethane 30 with sodium cyanoborohydride at pH 4 was agah 
mmfliciently diastereoselective for our needs, since it afforded 31 m only 36% yield. By contrast, catalytic 
hydrogenation (1 atm H2, R02, acetic acid) resulted m the highly diastereoselective formation of 32 together 
with 31 (88: 12,85%). The axial ester group of 32 proved amenable to epimerjzation when the compound was 
heated with a catalytic quantity of sodium ethoxide m ethanol Conversion into the desired equatorial isomer 31 
was essentially complete (glc analysis), although its recovery after cohunn chromatography was not especially 
good (40%). Finally, reduction of 31 with lithium ahmbium hydride yielded alcohol 33 (94%), thereby 
completing a formal synthesis of (-)indohidine 209B (1). The spectroscopic data were m excellent agreement 
with those reported m the literature, as was the optical rotation, -93.1 (c 0.58, MeOH) [ c j  -93.3 (c 0.58, 
MeOH), ref 4; -93.6 (c 0.51, MeOH), ref 121. Holmes's conversion of (-)31 into (-)-indohidhe 209B (1) 
via the corresponding mesylate (re€ 4) has been referred to previously. 
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