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(ABSTRACT) 

The generality of the [ 4+ 1] annulation methodology in the context of natural product 

synthesis was demonstrated by extending its applicability to the heteroatom (nitrogen) case 

thus allowing access to the alkaloid field. This novel methodology involved the 

intramolecular union of a hypovalent nitrogen atom equivalent and a conjugated diene to 

afford a pyrroline ring. The flexibility of this strategy was exemplified by the formal 

synthesis of ring-A oxygenated pyrrolizidine alkaloids platynecine B., tumeforcidine 2., 

hastanecine 10, and dihydroxyheliotridane ll. 

The key features of this technology involved preparation of azidodiene ill, its 

cyclization, via the intermediate triazoline which was not isolated, to vinylaziridines 234, 

and the vinylaziridine-pyrroline rearrangement of several derivatives of 234 to 

pyrrolizidines .u.2, 241. and 242. A study of the thermal decomposition of oxygenated 

azidodienes such as 196 and 233 was carried out. Conclusive results regarding the 

stereochemical control of the C-7 substituent were attained and used for the formal 

stereospecific syntheses of pyrrolizidinediols .8., .2., 10, and ll. 

The possibility of asymmetric induction was also investigated, and was realized in the 



microbial reduction of only one of the enantiorners of alcohol ill protected as ester 248, 

providing potential access to either enantiomeric series of pyrrolizidine diols. 
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I. INTRODUCTION 

Well over two hundred pyrrolizidine alkaloids are known in nature. They are found in 

more than twelve botanical families, such as Compositae, Orchidaceae, Gramineae, 

Boraginaceae, and Leguminosae, and also in the animal kingdom, namely in the order 

Lepidoptera.1 It is estimated that the potential number of plant's species containing 

pyrrolizidine alkaloids is as high as six thousand, or 3% of the world flowering plants.2 

Pyrrolizidine alkaloids are also known as Senecio alkaloids because they were first detected 

in the Senecio genera of the family Compositae. These compounds occur largely as esters 

of amino alcohols and carboxylic acids and in some cases even the unesterified bases have 

been detected in plants. Based on the work of Manske 3 the bases are called necines and the 

acids are necic acids. All of the necines possess a fused pyrrolizidine system 

(azabicyclo[3.3.0]octane) l, with oxygenation occurring in either or both rings. Some 

representative alkaloids and necines are shown in Fig.1. 

7 1 ,ct), 
5 4 3 

l 

These alkaloids are endowed with a wide spectrum of biological activity, ranging 

from antiinflammatory, antiviral, and anti tumor properties, to strong hepatotoxicity and 

carcinogenicity.4 Biological studies suggest that the more important moiety in the alkaloid 

esters is the necine base, as the displayed activity was found dependent on the substitution 

pattem.4,5 

Because of the variety of biological properties displayed by these alkaloids, most of 

the synthetic efforts have been directed toward the synthesis of the necine nucleus rather 

than the entire alkaloid, making pyrrolizidine bases one of the most targeted groups of 

1 
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natural products. Among them the simpler monoalcohols are the most frequently 

synthesized. The more active necines, however, are the pyrrolizidine diols, specifically 

those functionalized at C-1 and C-7. 

An investigation was undertaken in our laboratory to study the feasibility of 
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constructing these diols by using a [4+1] pyrroline annulation methodology. The primary 

objective of this study was the possibility of preparation of all of the C-1, C-7 

difunctionalized diols from a common intermediate in order to impart flexibility to the 

synthetic scheme. 



II. HISTORICAL 

1. Isolation and characterization of pyrrolizidine diols. 

The more abundant pyrrolizidine diols are those substituted at C-1 and C-7. 

Representative members of three of the four diastereomeric families of the 1,7-disubstituted 

diols have been isolated from plants, and members of the two diastereomeric families of 

the corresponding unsaturated diols are also present in nature. 

a) Unsaturated pyrrolizidine diols. 

These compounds were isolated and characterized earlier than the saturated diols with 

retronecine 12 as the first necine to be isolated. Watt, who isolated retronecine for the first 

time in 1909, called it senecifolinine.6 Later, in 1931, Manske7 isolated the same 

compound by hydrolysis of retrorsine, and named it retronecine. This necine can be found 

in nature as a free base, monomethyl ether, and also as a mono or dilactone. Its structure 

was elucidated by Adams and co-workers in 1942 8 and confirmed two years later9 by 

chemical correlations. Another unsaturated diol, heliotridine ll, was obtained by 

hydrolysis of heliotrine by Men'shikov in 1933.10 In 1950, the same investigator 

demonstrated that heliotridine was a diastereoisomer of retronecine at C-7 .11 This necine 

can also be found as a free base in plants, although it occurs there mainly as an ester. The 

absolute configurations of heliotridine and retronecine were deduced from the work of 

Warren and von Klemperer, in 1958.12 

b) Saturated pyrrolizidine diols. 

The saturated pyrrolizidine diols presented an intriguing stereochemical problem for 

many years. The structures of the readily available platynecine and dihydroxyhelio-

tridane were well established some forty to fifty years ago, but turneforcidine and hasta-

necine were inaccessible for adequate characterization until the late sixties. 

4 
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Platynecine .8., the most abundant of the saturated pyrrolizidine diols, was first 

isolated by Konovalova and Orekhov in 1936.13 As in the case of retronecine, Adams and 

Leonard 9 elucidated its structure, which was confirmed by Warren 14 as having the trans-

trans relationship among H7-Hg-H 1 · In 1949 Men'shikov and Kuzovkov 15 reported the 

preparation of a diastereomer of platynecine by catalytic reduction of heliotridine. This new 

compound was named dihydroxyheliotridane because of its stereochemical relationship to 

the necine heliotridane. Dihydroxyheliotridane 1116 has not yet been found in nature. 

Another diol, hastanecine 10, was isolated in 1945 from hydrolysis of hastacine.17 

Turneforcidine 2., first isolated in 1952 by Men'shikov, 17 was again isolated from 

retusine by Culvenor in 1957.19 After several years of continuous effort, the 

stereochemistry of hastanecine and turneforcidine was established by Culvenor and co-

workers.20 They converted dihydroxyheliotridane of known absolute configuration into 

the enantiomer of hastanecine, thus establishing its relative and absolute configuration. The 

absolute configuration of turneforcidine was determined by Aasen and Culvenor 21 upon its 

preparation from the enantiomer of hastanecine. Once the initial determination of the 

absolute configuration of heliotridane by degradation to (+)-S-3-methylheptane was 

achieved by Warren and von Klemperer 12 the absolute configurations of most 

pyrrolizidine diols also became deducible from their known inter-relationships with 

heliotridane. 



2. Biosynthetic studies of necine bases 

Retronecine li is the most common necine and most of the biosynthetic studies 

reported to date have been carried out on this base. In 1962, Nowacki and Byerrum 

showed, by feeding experiments in Crotalaria plants, that retronecine is a necine derived 

from ornithine 14 .21 

14 

Bottomley and Geismann23 extended the above work by feeding [1,4-14c]-

putrescine li and [2-14q_ and [5-14c]-ornithine 14 to Senecio douglasii plants. The 

radioactive retronecine was degraded to yield radioactive formaldehyde from C-9 as shown 

in Scheme I. In all three experiments, 25% of the total necine activity was located at C-9. 

The conclusions from these results were the following: (i) at some stage in the biosynthetic 

pathway, C-2 and C-5 of ornithine become equivalent, probably via putrescine, at least to 

form ring B of retronecine 12, and (ii) a later symmetrical dimeric intermediate may be 

involved. However, controversy about these points arose when Hughes et aI.24 reported 

different results obtained upon feeding [2-14C]-ornithine to Senecio isatideus plants. As in 

the previous work, 26% of the necine activity was found at C-9, but there was no activity 

at C-5 and C-3. Instead, the rest of the activity was at C-7 and C-8. These workers 

concluded that two molecules of ornithine are incorporated into retronecine in a specific 

manner involving two different metabolic pools. 

In order to resolve this discrepancy, Robins et aI.25 recognized that further degra-

dation of retronecine was necessary. Thus, B-alanine was isolated from modified Kuhn-

6 
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Roth oxidation of retronecine.25 This fragment corresponded to C-5,C-6,C-7 of 

retronecine (Scheme I). Feeding experiments were performed with Senecio isatideus plants 

which produce retrorsine 2. [5-14C]-Omithine 14, [l,4-14C]-putrescine ll, [1,4-14q_ 

spermidine .l.Q., and [l,4-14C]-spermine 11 were incorporated well into retrorsine, and 

almost all of the activity was present in the derived retronecine. 

IBOH Os04 
H9CHO 

monocrotaline Nal04 

~ 7 Ha 1 
~ 6 ,: '2 Ba(OH)2 7 -----N ~ 6 cCOOH 

retrorsine 5 3 Cr03 

12 
s NH2 

Scheme I. 

In all of these experiments 22-25% of the necine activity was found at C-9, 

confirming previous results,23 whereas 22-24% of the total activity was detected in the~-

alanine fragment, thus supporting the involvement of a symmetrical "dimeric" intermediate. 

lS. 

Bale and Crout26 have carried out feeding experiments with arginine and omithine labelled 

with different isotopes (3H and 14q and found that omithine appeared to be a slightly 

more efficient precursor than arginine for retronecine biosynthesis. 

The high total incorporation of radioactivity obtained in earlier investigations sug-

gested that 13C-labelled precursors could be used to establish labelling patterns with the aid 

of 13c-NMR spectroscopy. Accordingly, Khan and Robins27a used the doubly labelled 
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precursor [2,3-13c2]-putrescine lli, which was incorporated into retronecine 11 

efficiently, to produce a 13c-NMR spectrum containing two pairs of doublets 

corresponding to C-1, C-2 and C-6, C-7 (Scheme II). This suggests the existence of a 

symmetrical intermediate such as homospermidine 18.. Direct evidence for the involvement 

of a symmetrical dimeric intermediate was obtained following the use of [1-amino-15N;l-

13c]-putrescine; this resulted in similar enrichment factors for C-3, N-4 and C-5, N-4. The 

same research group identified this intermediate as homospermidine l.8..27b 

IB. OH 
7 H 1 

6 • ~ 2 

N 

18. 12 

Scheme II. 

The biogenetic pathway that follows, involves the oxidation of 18.. to yield a 

dialdehyde, which undergoes intramolecular cyclization to give 1-formylpyrrolizidine 12. 

Reduction of 19 then affords trachelanthamidine Q.28,29 

In 1986 Robins and Kunec29 found that trachelanthamidine is an efficient precursor 

for retronecine in Senecio isatideus. They used mixtures of 3H-labelled trachelanthamidine 

and [l,4-14q-putrescine, and found that trachelanthamidine .6. is incorporated more 

efficiently into retrorsine than putrescine, supporting the view that .6. occupies a more 

advanced position in the biogenetic pathway. These results also indicate that 

trachelanthamidine is a much better precursor for retrorsine biosynthesis than isoretro-

necanol 5.. The incorporation of .Q into retrorsine is consistent with the results obtained by 

Birecka and Catalfamo in Heliotropium sphathulatum plants.30 In summary, ornithine, 

arginine, putrescine, spermidine, spermine, homospermidine, and trachelanthamidine have 
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been shown to be specific precursors of retronecine, and the biosynthetic pathway has 

been established as illustrated in Scheme ill. 

CHO c:j 
Hm~ OH 

. ' ---
N 

.12 

d50-H-
1 

Scheme ill. 



3. Syntheses of pyrrolizidine diols. 

a) Saturated pyrrolizidine diols 

The earliest total synthesis of a pyrrolizidine diol was that of (±)-platynecine B., reported in 

1960.31 3-Hydroxy-4-methoxybutyronitrile 20 was alkylated, via its chloride, with 

diethylmalonate to provide 21, which was hydrogenated to 22 (under pressure with 

platinum oxide at ambient temperature) or 22a (Raney nickel at 80 atm and 120-130°C). 

Both 22 and 22a gave the same diacid n_, upon hydrolysis and acylation. This substance 

was brominated in glacial acetic acid and cyclized to pyrrolidine 24 (not isolated). 

Subsequent decarboxylation and esterification gave aminoester 25, Scheme IV. Conjugate 

rOMe 
\oH i,ii 

CN 

rOMe 
\\C02Et iii 

CN C02Et 

21 

vii, viii 

l iv,v 

f;-::,H 
NHR C02H 

.n 

Reagents: i) SOCI2; ii) CH2(C0 2Et)z; iii) H2,cat.; iv) Off, v) RC!, vi) Br2, 
AcOH; vii) H+; viii) EtOH, H+ 

SchemeN. 

addition of 2.1 to ethyl acrylate followed by Dieckmann condensation, hydrolysis, 

decarboxylation to 26, and catalytic hydrogenation, completed the synthesis of (±)-

10 
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platynecine .8.. 

a) CH2=CHCOOEt 
b) EtO-

Another synthesis of .8. was reported in 1972 by Viscontini and Buzek.32 The 

substituted pyrrole 27 was hydrolyzed with sodium hydroxide and esterified with 

diazomethane to give triester 2..8.. Subsequent Dieckmann condensation, decarboxylation 

and esterification gave ketoester 29. On catalytic hydrogenation, this compound afforded 

lactone .3Q as the major product, together with a mixture of stereoisomeric hydroxyesters 

which were assigned structure 31. Reduction of .3Q with excess lithium aluminum hydride 

yielded (±)-platynecine ,a, Scheme V. 

i,ii ii,iii,ii 

V 
(±)-8 

Scheme V. 

Lactone .3Q has also been used by several groups as an intermediate for the synthesis 

of retronecine .U..21,33,34· The first enantioselective synthesis of platynecine .8. was 
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accomplished by Benn and Ruegger35a in 1983. They prepared ( + )-6-aza-2-oxa-

bicyclo[3.3.0]octan-3-one 32, a known intermediate in the synthesis of retronecine, from a 

4-hydroxy-L-proline derivative _n.35b Alkylation of .3.2, with ethyl bromoacetate gave 34, 

which was then subjected to Dieckmann condensation to give 34a, followed by catalytic 

hydrogenation using rhodium on alumina to yield mainly lactone 30. Reduction of 30 gave 

(-)-platynecine .8. as shown in Scheme VI. No yields for this sequence were reported. 

/'fC02H 

H 01 ... \.-N,_ ----
'z 

.13. 
Z= -COOCH2Ph 

iv 
(-)-8 

0 

8 
.12 

iii 

Reagents: i) BrCH2COOEt; ii) KOEt-PhMe, RT; iii) H2-Rh/Al 20 3, Ac0H-H 20; 
iv) LAH 

Scheme VI. 

The pyrrolizidine diol, tumeforcidine 2., was first synthesized by Aasen and 

Culvenor20,21 in 1969. This partial synthesis was executed to prove the stereochemistry of 

turneforcidine 2.. The starting material was another pyrrolizidine alkaloid, 7-angelyl-

heliotridine 35, which was hydrogenated catalytically from the less hindered a-face to give 

the primary alcohol 36. This alcohol was oxidized and esterified to yield the p-ester TI.. 

Treatment of 3 7 with sodium methoxide effected the desired epimerization and 

simultaneous methanolysis to the hydroxyester 38. The hydroxy group was inverted via 

Jones oxidation to .J2 and further catalytic hydrogenation to~. Reduction of the ester with 
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lithium aluminum hydride completed the synthesis of (-)-turneforcidine 2 in 5% yield from 

35, as shown in Scheme VIL 

(-)-9 vi 
Hlli02EI 

V 

lli02EI 
ii 

40 .3.2. 

Reagents: i) Hz/Ni; ii) Cr03; iii) EtOH, H\ iv) MeONa; v) H2/Pt0 2, RtOH; 
vi) LAH 

Scheme VII. 

The first total synthesis of turneforcidine 2 was accomplished in 1982 by Kametani 

and co-workers.36 The secondary amine 41 was converted into the 3-pyrrolidinone 42 in 

three simple steps. When 42 was treated with monoalkylated cis-butenediol 43 in the 

presence of a catalytic amount of acid, a [3.3] sigmatropic rearrangement of the resulting 

allyl-enol ether took place to give regioselectively the protected monoallylic alcohol 44, 

presumably via the chair-like transition state 44a. Reduction of the carbonyl group of 44 

with sodium borohydride afforded an 8:1 mixture of alcohols, with the p-alcohol 45 being 

0 ~~ r0Bz CC02Et (> H 0Bz 

~ NH -
..(_C02Et 

H+ ~ N . 0 'co2Et I C02Et H Et02C 
il 42 

Ma 44 Bz= CH2Ph 



14 

the major product. 

Upon benzylation and alkaline hydrolysis of the carbamate, the resulting 

alkenylamine 46 was cyclized using a novel sulfenocycloamination ring closure. Treatment 

of the hydrochloride of 46 with benzenesulfenyl chloride followed by ring closure with 

potassium carbonate in the presence of sodium iodide produced the sulfide 47 as a single 

stereoisomer. Desulfurization with Raney nickel followed by deprotection of the benzyl 

ether gave (±)-turneforcidine .2. in about 25% from 42, as shown in Scheme VIII . 

. OH OBz 

ii,iii 

I 

Et02C 
~ 8:1, ~:a OH 

iv,v/ 

HO .. -OH 

ill 
(±)-9 

vi, vii 
Bz~ OBz 

~~._rSPh 

47 

Reagents: i) NaBH4; ii) BzBr, NaH; iii) KOH,~; iv) PhSCl; v) K2C03, Nal; vi) Ni(Ra); 
vii) H2, PdCl2. 

Scheme VIII. 

Another diol whose stereochemical assignment was controversial was hastanecine 10. 

The correct structure of l.Q was first suggested in 1965.37 In 1968 Culvenor et aI.38 

published an incorrect structure for hastanecine, based on NMR studies. In 1969 Aasen 

and Culvenor established conclusively the stereochemical structure of l.Q by partial 

synthesis. 20 In this report, which also deals with the structure of tumeforcidine, the 

intermediate .l8... was reduced with lithium aluminum hydride to yield ( + )-hastanecine .l!1 
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the enantiomer of the natural necine. ( + )-Hastanecine was also obtained by reduction of the 

later intermediate 3..2., Scheme IX. 

y<~O-H 
H(? pooMe .32. HO OH CO~ HN, : ~ -..!::._AH - H ~-

~ LAH --.... <Jj 
la ( + )-10 

Scheme IX. 

Danishefsky et al. have synthesized (±)-hastanecine 10 and (±)-dihydroxyheliotridane 

11 by intramolecular opening of activated cyclopropanes.39 Ozonolysis of the protected 

amine 48. followed by coupling of the product to the magnesium salt of protected 

propargyl alcohol, and partially hydrogenation using Lindlar's catalyst, provided alcohol 

1,2. This alcohol was acylated with carbomethoxyacetyl chloride and then converted to cis-

diazoester ~. Treatment of 50 with copper bronze at 110°C afforded a single cyclopropane 

~NPht 

~ 
b) Mg(:;;CCH20TIIP 
c) H2f Pd-BaS04-Quy 

~H /OTHP 
,,,,~H l H 

NP ht 49 

.il in 48% yield, resulting from cyclization from the side opposite to the bulky /3-

phthalimidoethyl group. Cyclopropane ll was sequentially treated with hydrazine, dilute 

hydrochloric acid, sodium methoxide, and acetic anhydride-pyridine to give pyrrolizidinone 

52 by the intramolecular homoconjugate addition of the free amine, which proceeded with 

inversion of stereochemistry. Reduction of .52 with lithium aluminum hydride gave (±)-
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hastanecine 1Q, Scheme X. 

i,ii 

l iv, v, vi, vii 

HO ::-OH to viii 

AcO :::-OAc 

(Q 
52 O 

HO ::-OH 
-- H :: 

~CONHNH, 

0 (±)-10 

Reagents: i) ClCOCH2COOMe; ii) TsN3, EtN3; iii) Copper bronze, 110°; iv) NH2NH2; 
v) HCI; vi) MeONa; vii) Ac20-py; viii) LAH 

Scheme X. 

The first enantioselective total synthesis of ( + )- and (-)-hastanecine was reported by 

Hart and Yang in 1983.41,40 They used (R)-malic acid ,U as a chiral template to produce 

(R)-acetoxysuccinic anhydride .,H, which was condensed with amine 55 to yield imide 56. 

Amine 55 was prepared starting from 3-methyl-2-buten-1-ol 57. Oxidation to an aldehyde, 

condensation with [(benzyloxy)methyl]lithium, and orthoester Claisen rearrangement gave 

BzO 
a) PCC 
b) BzOCH2SnBu3, BuLi 

~OH 
c) CH3C(OEth, d 

a) NaOH-H20; SOCI2 i 
b) NaN3,d 

the y,c5-unsaturated ester~. which was followed by saponification and Curtius degradation 
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of the corresponding acid chloride. 

Sodium borohydride reduction of .2Q proceeded regioselectively to give a mixture of 

diastereomeric hydroxyamides 5,2. The key step in this sequence was the rearrangement-

cyclization of .5.2 in formic acid to give a mixture of formate.@ and alcohol 61. This step 

proceeded through a formal 2-aza-Cope rearrangement of the N-acyliminium ion formed by 

dehydration of ~ and in situ cyclization. Both @ and fil converged to diol .62. upon 

alkaline hydrolysis. The side chain at C-6 was degraded, after debenzylation and 

diacetylation, by treatment with mercuric oxide and iodine in carbon tetrachloride to give 

iodide fil.. Subsequent reduction with tri-n-butyltin hydride yielded the pyrrolizidinone 64. 

This compound was then converted into (-)-hastanecine .l.Q. upon treatment with lithium 

aluminum hydride, Scheme XI. Substitution of (S)- for (R)-acetoxysuccinic anhydride in 

o;:rr_c __ _ 
0 

ii 

BzO Z°f:JAc 

(-)-10 ix 

AcO-..,. OAc 

x~ 
0 

63 X= I -, viii 
64 X= I __.J 

v, vi, vii 

0 

/w 
8 "'--- OR' z....--~ H -;:" 

~ 
60 R= CHO,~·= Ac 

iv 1 R= H, R = Ac 
2 R= R'= H 

Reagents: i) AcCl, CH2Cl2; ii) NaBH4; iii) HCOOH; iv) NaOH; v) H2, Pd(C); vi) Ac20-py; 
vii) HgO, I2, CCl4; viii) Bu3SnH; ix) LAH. 

Scheme XI. 

..22 

the above reaction sequence gave the unnatural dextrorotatory isomer in 11 % yield from 
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57. 

In 1985 Hart published his second approach to the pyrrolizidine diols,42 this time 

using free radical cyclizations, to synthesize ( + )-hastanecine lQ. and ( + )-heliotridine .Ll.. 

Malic acid was again used as starting material to produce imide .Q.2...in three steps. 

Mitsunobu coupling of~ with 4-trimethylsilyl-3-butyn-l-ol, regioselective reduction with 

sodium borohydride, acetylation, and acetoxy-thiophenoxy exchange proceeded smoothly 

to afford the precursor to the radical closure, 66. Treatment of 66 with tri- n-butyltin 

hydride and AIBN in benzene using high dilution conditions gave lactam fil and 

pyrrolizidinones .6..8. in ca. 2:7 ratio. The cyclization proceeded with excellent diastereo-

selectivity at C-8, as only 3-5% of diastereomeric materials with respect to that center were 

isolated. Sequential treatment of~ with m-chloroperbenzoic acid, warm aqueous formic 

acid, and phenylselenyldiethylamine gave a mixture of aldehydoselenides fil. This mixture 

serves as a common set of intermediates for the syntheses of ( + )-hastanecine lQ. and ( + )-

heliotridine .U, Scheme XII. The synthesis of hastanecine was continued by oxidation of 

(S)-Malic acid 

PhSe 

vi- viii 

0)--{Ac 
i- iv HN'{' ----

o 

.6.8. 

[):$Ac 
~ l V 0 

[c$°Ac + 

0 67 0 

Reagents: i) HOCH2CH2C~CTMS, DEAD, Ph3P; ii) NaBH4; iii) AczO-DMAP; iv) PhSH,p-TsOH; 
v) n-Bu3SnH, AIBN; vi) MCPBA; vii) HCOOH; viii) PhSeNEtz. 

Scheme XII . 

.6..2. with hydrogen peroxide followed by esterification with diazomethane to give 
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unsaturated ester 1Q. as the major product. Catalytic hydrogenation of 1Q. gave a 3:1 

mixture of 11 and lli, from which pure 11 could be crystallized and then reduced with 

lithium aluminum hydride to give ( + )-hastanecine 10 in 4% yield from malic acid. 

a)H20z 
MeOCQc 

1Jl O ~Pd(C) 

b) CH2N2 

(+)-10 oj". LAH 

11 0 3 

Dihydroxyheliotridane 11 belongs to the unique diastereomeric family of C-7 

oxygenated necine diols that does not occur in nature. It was first prepared in 1949 by 

catalytic reduction of ( + )-heliotridine ll with Raney nickel, in order to avoid 

hydrogenolysis of the allylic carbon-oxygen bond. 

Hmg OH '; H 
i \ 

N 

ll 

H2, Ni(Ra) 
HM~ OH ~ H 

N 

11 

In 1969, Culvenor et aI.20 also obtained (-)-dihydroxyheliotridane 11 by 

hydrogenation of a heliotridine derivative 15. and subsequent basic hydrolysis. 

In 1977, Danishefsky and co-workers synthesized racemic dihydroxyheliotridane .U 
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a) H2, Ni(Ra) 

b) Ba(OH)z 

Hm~ OH ~ H 

N 

11 

and (±)-hastanecine lQ 39. The Z-alcohol 49 was transformed into the E-alcohol 72 by 

chromic oxidation to an E-enone. Further reduction with sodium borohydride gave 72. 

This alcohol was converted into cyclopropane TI, a stereoisomer of n, which was then 

subjected to the same sequence as before (hydrazinolysis, basic hydrolysis, acetylation, 

and reduction) to afford (±)-dihydroxyheliotridane 11 as shown in Scheme XIII. No 

yields were reported for the complete sequence. 

OTHP 

~H J 0
\ ~r OTHP 

,,,,~H . . ,,,,~ ... LNPht __ 1,_1i- LNPht m -v 

42 

Reagents: i) PCC; ii) NaBH4; iii) CICOCH2C0 2Me, py; iv) TsN3, Et3N; v) Copper bronze, 110° 

Scheme XIII. 

In 1985, Chamberlin and Chung published a general procedure for the synthesis of 

several pyrrolizidine diols.33 The key step of the sequence was an acetoxy-directed 

acyliminium ion-ketene dithioacetal cationic cyclization to form the pyrrolizidine skeleton. 

The acyliminium ion precursor 1±._was prepared in 30% yield from (S)-malic acid 53a. 

Thus, sequential treatment of~ with acetyl chloride, ammonia, and again acetyl chloride, 

afforded acetoxy imide (S)-.Q..i. Mitsunobu coupling of (S)-.Q..i with 2-(3-
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hydroxypropylidene)-1,3-dithiane followed by regioselective reduction with sodium 

borohydride yielded a mixture of hydroxy lac tams 7 4 ( 11: 1 ). The cyclization was carried 

out under non-acidic conditions by treatment of 74 with mesyl chloride and triethylamine in 

dichloromethane. The reaction proceeded with high stereoselectivity (c.a. 97:3) due to 

hindrance of the a face of the acyliminium ion by the acetoxy group. This group acted not 

iii, iv 

ROH= HO'-_/=() 
Reagents: i) AcCI; ii) NH3; iii) ROH, Ph3P, DEAD; iv) NaBH4, MeOH; v) MsCI, Et3N. 

only as a substituent but also as a bridge to the adjacent cationic center forming a cis-5,5-

ring system that should undergo nucleophilic attack mainly from the convex face. The 

work by Hart40.41 in the same type of systems, however, suggests that the acetoxy group 

is not necessary in order to obtain high selectivity. Hart obtained the same selectivity for 

the cyclization of~ using either an acetoxy or a hydroxy directing substituent. 

The major isomer ll, obtained in about 75% yield from Ii.. was the pivotal 

intermediate in the syntheses of several necine diols. The same authors had previously 

converted acetoxylactam 75 into (+)-heliotridine U by sequential acetate deprotection, 

double bond migration, dithiane hydrolysis, and reduction with lithium aluminum 

hydride. 33 The saturated pyrrolizidine diol ( + )-dihy- droxyheliotridane 11 was obtained by 

hydrogenation of .Ll. using Raney nickel.15,20 

Unnatural ( + )-hastanecine 10 was obtained in 42% yield from ll by treatment of the 

ketene dithioacetal 75 with mercuric chloride in acidic ethanol to give 76, followed by 
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a) K2C03 
b) LDA- HMPT; MeOH 

c) HgCl2, CaC03 
d)LAH 

HmOHNi(Ra) 

( + )-.ll 

(+)-ll 

lithium aluminum hydride reduction of the three carbonyl groups of 76. The hydrolysis-

transesterification step produced the thermodynamically more stable C-1 diastereomer as a 

result of equilibration of either the product ester ]Ji or the sulfur-stabilized cationic 

intermediate. The other epimers at C-7 were obtained via an overall inversion 

Ac~N~ ;) _H_g_c_12 __ _ 

}-~_) HCl, MeOH 
0 7.2 

LAH 

HO :::--OH to 
(+)-.ill 

accomplished through an oxidation-reduction sequence. Accordingly, reduction of 75 with 

alane gave pyrrolizidine 77. In order to avoid racemization of the C-8 proton, the ketene 

dithioacetal 77 was converted into the methyl ester .18. prior to the oxidation-reduction 

sequence. The hydroxy group at C-7 was finally inverted by Swem oxidation and catalytic 

hydrogenation from the less hindered face to give the p-alcohol 40. 

HWS H ;) 
AlH3 " HgCI2 

75 - ----N MeOH-HCI 
]]_ 

Reduction of the ester of 40 with lithium aluminum hydride afforded, in 7% yield 
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from malic acid, ( + )-turneforcidine .2., whereas treatment of .1Q with sodium ethoxide 

inverted the C-1 stereochemistry 21 to give tricyclic lactone ~' which was then reduced to 

(-)-platynecine .8. in an overall yield of 6% from malic acid. The unsaturated base ( + )-

retronecine li was also obtained from lactone 30 by a-selenylation, reduction of the 

lactone, and oxidation-elimination of the selenoxide. The overall yield for retronecine was 

1.4%, starting from malic acid. 

( + )-.2 
LAH 

HO C02Me~ 

~ cp~ruo 
N a) LDA, (PhSeh 

(-)-.8. 

-------- (+)-ll 



b) Unsaturated pyrrolizidine diols. 

Unsaturated pyrrolizidine diols are the most abundant and most active pyrrolizidine 

diols. 

As the most common necine base, retronecine 12 has received the most attention by 

the synthetic chemists. Consequently, about twenty procedures for the synthesis of 12. are 

available. Retronecine was first synthesized by Geissman and Waiss in 1962.43 The 

crucial intermediate in this synthesis was the so called Geissman-W aiss lactone 32, which 

was obtained in a six-step sequence in 22% yield from the N-protected ~-alanine ester 78. 

Thus, treatment of 78 with diethyl fumarate and sodium in benzene afforded pyrrolidone 

79, without any detectable amount of the alternative products derived from the closure of a 

six-membered ring. Upon hydrolysis, decarboxylation, and reesterification, ketone 80 was 

obtained. The carbonyl group was reduced either with sodium borohydride or by catalytic 

hydrogenation to yield a hydroxy ester which was converted to lactone fil. upon distillation. 

Deprotection of the amino group and relactonization afforded racemic ll as its 

hydrochloride, as shown in Scheme XIV. 

0 

r\ vi, ii 

OH.He-, --
.8.1 

Reagents: i) Na; ii) HCI; iii) EtOH, HCI; iv) Hz/ Pt; v) NaBH4; vi) Ba(OH)z. 

Scheme XIV. 

24 
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Lactone 32 was alkylated with ethyl bromo acetate to give .3A., which was cyclized 

with potassium ethoxide in refluxing benzene, and hydrogenated over platinum oxide to 

give pyrrolizidine 82. The unsaturation at ring B was introduced by refluxing 82 with 

aqueous barium hydroxide, and the resulting unsaturated acid n was esterified and then 

reduced to yield retronecine li in 5% yield from 32, Scheme XV. 

~i,_ii_,_iii__,_H~:~ 

.8.2 

Hc{OH H 

; "' 
N (±)-.12 

Reagents: i) BrCH2COOEt; ii) KOEt, PhH, ~; iii) H2, Pt0 2; iv) Ba(OH)z; v) EtOH, HCl; vi) LAH 

Scheme XV. 

The second synthesis of retronecine appeared in 1980. In this approach, Tufariello 

and Lee 44 used a 1,3-dipolar cycloaddition of a functionalized nitrone as the key step. The 

starting material was the protected a-keto nitrone .8.1.. obtained regiospecifically from .8..2.:. 

Protection, N-oxidation and Cope elimination afforded hydroxylarnine ~ which was 

further oxidized with mercuric oxide. Addition of 84 to methyl y-hydroxycrotonate gave 

do OMe OMe 
a) CH3C(OCH3)3, HCl ctOMe HgO OOMe 

N b) H202, ~ N N+ 

85 / 
OH I 

.8& 
o· 

M 

the isoxazolidine .81 in high yield as the major isomer. Mesylation of the primary alcohol 
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and hydrogenolysis of the nitrogen-oxygen bond leaded to the formation of pyrrolizidine 

.8..8., which was dehydrated to 89 by mesylation and basic elimination. Deprotection and 

then reduction afforded the unsaturated ester, which was treated with alane to complete the 

synthesis of retronecine ll with an unreported yield, Scheme XVI. It is noteworthy that 

the reduction of the ketone using sodium borohydride gave the ~-alcohol, even though this 

reagent is known to yield mainly the epimeric a-alcohol in similar pyrrolizidine 

systems. 21,33 

Ma~•+ 

\_,k 
O· 

.a± 

OMe 
(02Me MeruO~ C0 2Me 

< --- .. ,,, 
oH ~o I 

.81 OH 

Hill~ OH 
. ' -----iv, v, vi 

ll 

OMe 
MeOro~ C0 2Me 

i, ii 

--- OH 

Reagents: i) MsCI, Et3N; ii) H2, Pd(C); iii) Et3N; iv) HCI, DME-H20; v) NaBH4, MeOH; 
vi) AlH3, THF. 

Scheme XVI. 

In the same year, Keck and Nickell 45 used an intramolecular dienophile transfer to 

synthesize (±)-retronecine li and (±)-heliotridine U. Low temperature conjugated 

addition of lithium divinylcuprate to the readily available acetylenic ester 90 gave the labile 

dienic ester lli, which was transformed into the aldehyde .2..1.h. by reduction with 

diisobutylaluminum hydride and oxidation with manganese dioxide. The remainder of the 

pyrrolizidine skeleton was introduced by treatment of 91 b with the lithium enolate of ...22., 
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previously prepared by the same research group. The resulting alcohol 93 was protected as 

a silyl ether and the key intramolecular transfer of the acylnitroso dienophile was effected in 

refluxing benzene to yield 1,2-oxazine 94. 

THP 

Cu Li 

~~-"-' -"-' ~THP~ 
b)DIBAL ~ 
c) Mn02 

a) TBSCI, Et3N 

b) PhH, ~ 

2.1.a R = C02Me 
2.l..l2R = am 

THP 

Reductive cleavage of the nitrogen-oxygen bond in 94 was effected with 6% sodium 

amalgam to afford hydroxylactam 95, which was then mesylated and treated with lithium 

diisopropylamide at room temperature to achieve the desired cyclization. Upon ring 

closure, a separable 1.3: 1 mixture of lactams 96 was obtained. Removal of the protecting 

groups in 2..ful. was accomplished by treatment with methanol and pyridinium p-

toluenesulphonate, followed by reaction with tetrabutylammonium fluoride to give a 

dihydroxylactam. This was reduced with lithium aluminum hydride to yield (±)-retronecine 

U. The same sequence of reactions was carried out with .2fil2 to obtain (±)-heliotridine U, 

Scheme XVII. The efficiency of this route was seriously affected by the poor selectivity 

displayed in the cycloaddition step, affording the necines in less than 1.5% overall yield. 
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- • H 
_i_i._i __ ii_ ; ' + . ~ ' 

TBS~THP TBS?)~ OTHP 

OH 
O i 96a 1:1.3 O 2fill 

iv, v, vi ! . . lV, V, VI 

12 .U 

Reagents: i) Na(Hg); ii) MsCl, Et3N; iii) LDA, RT; iv) MeOH, PPTS; v) Bu4NF; vi) LAH 

Scheme XVII. 

In 1980, Vedejs and Martinez46 reported the synthesis of (±)-retronecine 11 which 

employed an imidate methylide cycloaddition as the key step. Allylic bromination of 

imidate 97 followed by nucleophilic substitution with tetraethylammonium acetate afforded 

2..8., which was treated with (trimethylsilyl)methyl triflate and then with DABCO to give the 

a-acetyl lactam 22.. The acetyl group was replaced by a benzyl group and the lactam was 

0-alkylated with methyl triflate to give salt 100. This salt was dissolved in 

dimethoxyethane and treated with methyl acrylate and cesium fluoride. The N-ylide 

generated by desilylation suffered an in situ 1,3-dipolar cycloaddition to give bicyclic 

compound 101 via intermediate .lQlg,. Unfortunately the yield of this cyclization was less 

than 55%, probably because of protodesilylation of the "onium" salt by the methanol 

produced in situ. Catalytic reduction of 101 afforded pyrrolizidine 102 with the required 

stereochemistry at C-7 and C-8, which resulted from hydrogen delivery from the less 

hindered face. Ester lQ2 epimerized spontaneously to 102a after standing for two days at 

ambient temperature. The unsaturation at C-1, C-2 was introduced by thermal elimination 

of the selenoxide formed by treatment of the lithium enolate of .lQla. with diphenyl 

diselenide and further oxidation. The resulting unsaturated ester ID was reduced with 
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diisobutylaluminium hydride and the benzyl ether cleaved with lithium in liquid ammonia to 

give (±)-retronecine 11 in less than 10% yield from 97, Scheme XVIII. 

i, ii 

21 ~-ester '\ x 
21.a a-ester...., 

iii, iv 

viii 

0 

C(N........_,.., TMS 

2.2 

j v, vi, vii 

r-o 
Ph aOMe 

------ I ·on 
~TMS 

100 

p~o H C02Me 
. .. ... ~ xiv,xv 

Xl, XU, Xlll \,__U 
HUIOH co 

Reagents: i) NBS, CCI4; ii) E4NOAc; iii) TfOSiMe3, iv) DABCO; v) NaC0 3; vi) BzBr, NaH; 
vii) TfOCH3; viii) CH2=CHC02Me, CsF, DME; ix) Hz, Pd(C); x) spontaneously, 2 d; 
xi) LDA, PhSe2Ph, xii) MCPBA; xiii) CCl4, .:1; xiv) DIBAL; xv) Li, NH3(l) 

Scheme XVIII. 

The first enantioselective formal synthesis of retronecine was reported by Ruegger 

and Benn35b in 1982. Commercially available N-carbobenzoxy-4-hydroxy-L-proline 33 

was silylated and then homologated using the Wolff rearrangement to give ester 104. The 

protected alcohol of .liM was converted to xanthate W and pyrolyzed to yield a separable 

6: 1 mixture of isomeric olefins .l.QQ. The desired isomer (the major product) was then 
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subjected to saponification and iodolactonization to give iodolactone l.Ql. Reductive 

removal of iodine with tri-n-butyltin hydride and deprotection of the amino group by 

hydrogenolysis afforded the Geissman-Waiss lactone .31 as its hydrochloride, Scheme 

XIX. No yields were reported for this synthetic sequence. Since lactone .31 is a known 

precursor of retronecine 12, its preparation constituted the formal synthesis of this alkaloid. 

In the subsequent paper,35a these workers completed the total synthesis as shown in 

Scheme XX. 

a C02H 
H O" i, ii, iii 

BOC 

BOC= benzoxycarbonyl 

0 

'~ ;x,' cc 
(+)-32 

0 

..... '~ o'BOC 
1.Q1 

vii,viii 

6 : 1 

Reagents: i) TBSCI; ii) CIC00Bui, Et3N; then CH2N2; iii) MeOH, Ag20; iv) Bu4NF; v) CS2, 
NaOH, Mel; vi)~; vii) Na2C03; viii) I2, NaHC03; ix) n-Bu3SnH; x) H2, Pd(C) 

Scheme XIX. 

In their synthesis of the bislactonic pyrrolizidine alkaloid integerrimine, Narasaka et 

al.48,47 made slight modifications of the Geissman-Waiss route to retronecine. These 

workers prepared lactone 34 according to Geissman's procedure. This compound was 

subjected to Dieckmann condensation and reduction with sodium borohydride to afford diol 

82. The diol was diacetylated, transformed to an unsaturated ester on treatment with 

potassium t-butoxide, and reduced with a large excess of diisobutylaluminum hydride to 
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give (±)-retronecine .U. in about 15% overall yield from 34. This represented a 

considerable improvement when compared to the 5% yield obtained for the same transfor-

mation and reported in the original work.43 

iii, iv, V ill~ OH 

. " 
N 

.82 12 

Reagents: i) EtONa; ii) NaBH4; iii) Ac20-py; iv) KOBut; v) DIBAL 

The first enantioselective total synthesis of retronecine 12 was reported in 1983, again 

by Ruegger and Benn. 35a Lactone 34 was prepared from the hydroxyproline derivative 33 

as shown before in Scheme XIX. Dieckmann condensation at room temperature, catalytic 

hydrogenation of the p-ketoester, and diacetylation, afforded compound 108 as a single 

isomer. The synthesis was completed by p-acetate elimination with sodium hydride, 

hydrolysis of the remaining acetate, and ester reduction with lithium aluminum hydride to 

give ( + )-retronecine .U. in 49% overall yield from 34, Scheme XX. 

i, ii, iii 

Acb-cO ~02Et 

iv, v, vi 
OAc (+)-11 

Reagents: i) KOEt, RT; ii) H2, Pt02; iii) Ac20 - py; iv) NaH, TIIF; v) EtOH, H\ vi) LAH 

Scheme XX. 

Kametani et al. have also reported the synthesis of retronecine.36 The first steps are 
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identical to those in their synthesis of turneforcidine ,2.36 Thus, the ~-alanine derivative 41 

was converted into sulfide 47 as shown in Scheme VIII. 

BzO =-0Bz 

SPh 

The hydrochloride of il was oxidized with m-chloroperbenzoic acid. Syn-

elimination of the resulting sulfoxide in refluxing toluene gave olefin .l.Q2. Debenzylation 

with lithium in liquid ammonia furnished (±)-retronecine 12 in 2% yield from 41. 

i, ii, iii 

Bct50 ~ 0Bz 
· ' __ iv __ 

N 
(±)-12 

w 

Reagents: i) HCI, Et20; ii) MCPBA, CH2Cl2; iii) xylene, ~; iv) Li, NH3(l) 

Yamada and co-workers34 approached (±)-retronecine .12. in a different way. The 

enamine ester l1Q was prepared by a modification of Leonard's procedure49 for the 

synthesis of pyrrolizidine monoalcohols. Thus, catalytic hydrogenation of the ketoester, 

prepared from ethyl y-iodobutyrate and benzylamine, gave the unstable vinylogous 

urethane 110. This compound was y-hydroxylated by treatment with lithium diiso-

propy !amide and oxodiperoxymolibdenum(pyridine) (hexamethy !phosphoric triamide) 

(MoOPH) to afford 112. Catalytic hydrogenation of 112 gave a ca. 2: 1 mixture of lactone 

30 and hydroxyester 113. The lactone 30 was converted into (±)-retronecine ll by 

pheny lseleny lation, reduction of the selenide to diol 114, and introduction of the C-1, C-2 

double bond by elimination of the corresponding selenoxide, Scheme XXI. The overall 
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yield was 2% from ill. It is noteworthy that lactone 30 has been used for the synthesis of 

platynecine .8_.21,35a MO,EI 
ii 

M,Et 
llQ /iii ill 

0 

0 M,Et 
+ 

OH /,,, 44: 26 
30 ill 

(±)-l 2 ____ vi_,_v_ii~ 

Reagents: i) H2, Pd(C); ii) LDA, MoOPH; iii) H2, Pt02; iv) LDA, (PhSe)2; v) LAH; vi) 30% H202-
AcOH; vii)~ 

Scheme XXI. 

In 1985, Vedejs and co-workers,50 reported further improvements of their earlier46 

synthesis of (±)-retronecine. The benzyl protecting group was changed to the more easily 

cleaved o-nitrobenzyl ether. The intermediate ll6. was obtained from butyrolactam ill by 

N-alkylation, a-hydroxylation and protection, and imidate formation with methyl triflate. 

~o 
I 

H 
ill. 

a) TMSCH2I, NaH 
b) LDA, MoOPH 

c) o-N02C(#5CH2Br, NaH 
d)TfOMe 

NBzlO Q:OMe 
TfO" 

+ 
~TMS 

lli 

The key cycloaddition of imidate 116 with methyl acrylate proceeded as previously 
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described to give 117. Reduction of 117 with diisobutylaluminum hydride, followed by 

addition of phenylselenide chloride to the aluminum enolate derived from 1,4-addition 

afforded the a.-selenide 118. Protonation of the amine nitrogen, oxidation with m-

chloroperbenzoic acid and thermal elimination, followed by reduction of the unsaturated 

ester 119 with diisobutylaluminum hydride and subsequent ether deprotection afforded 

(±)-retronecine li in 8% yield from butyrolactam 115. 

ffii-BuAIO OMe 

r 
N ~hSeCl 

ill 117a 

NBzlO H co,Ma NBzIB::Ph 
cb ~ ill 

b) MCPBA 
b) Sunlamp, MeOH c) ~ 

ill 

(±)-12. 
a)DIBAL 

In 1984, Buchanan et al.51,52 published the second enantioselective synthesis of the 

Geissman-Waiss lactone 32, a precursor of retronecine 12.. Four of the six carbon atoms 

of 2l were supplied by the carbohydrate precursor, 2,3-0-isopropylidene-D-erythrose 120. 

This compound was converted via the oxime into the cyanomethanesulfonate 121. 

Treatment of 121 with an excess of methyl bromoacetate and zinc dust gave ca. 30: 1 

mixture of enamino esters 122, which were separated and cyclized with 1,8-diaza-

bicyclo[5.4.0]undec-7-ene (DBU) to pyrrolidines 123, both of which gave the same 

saturated pyrrolidine 124 on reduction with sodium cyanoborohydride. The amine nitrogen 

was protected with benzyl chlorofonnate to give 124a. Hydrolysis of the isopropylidene 

group gave hydroxylactone 125, which was sequentially dehydroxylated to 125a via a 
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Barton type deoxygenation.53 Deprotection gave the lactone .31 as its hydrochloride in 

13% yield from 120, Scheme XXII. 

OH 

¢1 i, ii 

0 0 
A m 

X 

CN to 
o'<-
OMs 

.... I ill R=OH 
Vlll, IX L_ ~ R= H 

vii 

Reagents: i) NH20H.HCI; ii) MsCI, py; iii) Zn, BrCH2C0 2Et; iv) DBU; v) NaCNBH 3; vi) CIC0 2Bz, 
Et3N; vii) CF3C02H; viii) thiocarbonyl diimidazole, py; ix) n-Bu3SnH; x) H2, Pd(C) 

Scheme XXII. 

Chamberlin and Chung33 reported the synthesis of ( + )-retronecine 12 and other 

pyrrolizidine diols starting from (S)-malic acid 53a. Imide 65 was obtained from 53a in 

three steps. Mitsunobu coupling of .Q.2 with 2-(3-hydroxypropylidene)-l,3-dithiane, 

reduction, and cyclization afforded lactam 75, which was reduced to ketene dithioacetal 77 

and then converted to pyrrolizidine 38 by a hydrolysis-transesterification reaction. The 

secondary alcohol at C-7 was inverted via Swem oxidation and further catalytic reduction 

from the less hindered face. The resulting alcohol 40 was treated with sodium ethoxide to 

form lactone 30. Treatment of the lithium enolate of .3.Q with diphenyldiselenide, followed 

by reduction with lithium aluminum hydride and oxidation-elimination of the selenoxide, 

gave ( + )-retronecine 11 in 1.4% overall yield from 53a, Scheme XXIII. 
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vi, vii, viii 

Reagents: i) AIH3; ii) HgCl2; iii) DMSO, (COClh, Et3N; iv) H2/ Pt; v) EtONa; vi) LDA, (PhSe)i; 
vii) LAH; viii) H202, AcOH 

Scheme XXIII. 

Another synthesis of retronecine 12 from a carbohydrate precursor was reported by 

Nishimura et aI.54 Dimesylation of 3-azido-3-deoxy-1,2-0-isopropylidene-a-D-gluco-

pyranose 126 and cyclization via the catalytic reduction with Raney nickel gave tricyclic 

acetonide 127. This compound was converted to the corresponding deoxy derivative 128 

by protection of the amine, mesylate displacement by chloride, and tin hydride reduction. 

Methanolysis of 128 gave methyl glycoside 12.2., which upon benzylation and acidic 

hydrolysis yielded the cyclic hemiacetal 130. The additional carbon atom needed to form 

the pyrrolizidine skeleton was obtained via a Wittig reaction of 130 with 

methylenetriphenylphosphorane to form vinyl alcohol ill. The alcohol was protected and 

the double bond subjected to a hydroboration-oxidation reaction sequence to give alcohol 

ill, which was then mesylated. Upon hydrogenolysis with Raney nickel, the free amino 

group effected a mesylate displacement to give pyrrolizidine 133. This key intermediate 

was converted to either ( + )- or (-)-retronecine 11 by selective deprotection of the hydroxy 

groups. Thus, catalytic hydrogenation of ill afforded the I-hydroxy derivative 134, 
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which was mesylated  and treated  with sodium thiophenolate  to give sulfide  135. Oxidation 

of  the  hydrochloride  of  135  afforded  the  corresponding  sulfoxide,  which  was  alkylated 

with  benzylchloromethyl  ether  and  refluxed  in  xylene  to  yield olefin~ via  sulfoxide 

elimination.  ( + )-Retronecine  12 was obtained  by acid hydrolysis and benzyl ether cleavage 

with  lithium  in liquid  ammonia.  Similarly,  deprotection  at C-7  of ill by  acid hydrolysis 

afforded  137  which was subjected to the same sequence ofreactions  to give (-)-retronecine 

in 4% yield  from  126, Scheme XXIV. 
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BzCH2Cl; xvi) ~; xvii)  Li, NH3(1). 

Scheme  XXIV. 
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In 1986, Yamada and co-workers,55 published their second approach to retronecine 

12, performed in an asymmetric fashion. The starting material was (R)-malic acid 53, 

which on sequential treatment with acetyl chloride, ethanolamine, and acetyl chloride, gave 

the cyclic imide 138. Acidic ethanolysis of 138 afforded the corresponding diol which was 

monoprotected with pivaloyl chloride to give 139. The hydroxy group of 139 was acylated 

with bromoacetyl bromide, which, upon treatment with triphenylphosphine in acetonitrile, 

gave the phosphonium salt 140. The key step in this sequence was the intramolecular 

Wittig reaction involving the imide carbonyl group, which took place in high yield upon 

treatment of 140 with triethylamine. The resulting conjugated lactone 141 was converted to 

thiolactam 142 by hydrogenation and further treatment with Lawesson's reagent. Selective 

reduction of the thiolactam carbonyl group was achieved by treatment of 142 with 

triethyloxonium tetrafluoroborate and then with sodium cyanoborohydride in methanol to 

give 143. Conversion of ill into the pyrrolizidine derivative ill was achieved by 

treatment of the enolate of 143 with phenylselenyl chloride, deprotection of the pivalate to 

give the selenide alcohol 144, and base-induced cyclization of the corresponding tosylate of 

144. Lac tone 145 was then converted into ( + )-retronecine 12 by the procedure previously 

reported by this group:34 reduction with lithium aluminum hydride followed by oxidation 

and elimination of the selenoxide, Scheme XXV. The overall yield of retronecine was 

5.5%. 
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Scheme XXV. 
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Scheme XXV. (cont). 

The same group reported the synthesis of the (-)-N-(ethoxycarbonyl)methyl 

Geissman-Waiss lactone 14. which was obtained from (R)-malic acid using the same 

methodology.56 The only difference was the use of glycine ethyl ester instead of 

ethanolamine in the imidation step. The resulting imide 146 was carried out through the 

same sequence of reactions to yield lactone 34 in ca. 60% overall yield from malic acid. 

This is the highest overall yield reported for the obtention of this intermediate from 

commercially available starting materials. Since lactone 34 can be converted into ( + )-

retronecine in ca. 50% yield,35a this combined sequence provides a high yielding route to 

( + )-retronecine .U. 

.il 

a) AcCl 

b )NH2CH2COOEt 
c) AcCl 
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HQ 
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The first synthesis of heliotridine Ll, another unsaturated pyrrolizidine diol, was 

accomplished by Keck and Nickell in 1980, in a previously reviewed paper.45 Starting 

from acetylene 90, the oxazine 94 was formed using a intramolecular dienophile transfer. 

Cleavage of the N-0 bond and cyclization afforded a separable mixture of lactones 96, 

which was reduced to give (±)-retronecine 12 and (±)-heliotridine U. The overall yield for 

heliotridine was about 1 %. 

TBSO µSOTBS OTHP 
THPO a) Na(Hg) ~ ~ 

- 0 ~ + l h b)MsCl,Et 3N N 

4 ~%' c) LDA, RT 
21 O 96a 1 : 1. 3 

OTHP 

1(i 
ruOTBS OTHP 

' N 

0 
2.ti.12 

2Q 

a) PPTS, MeOH 

(±)-Ll 
b) Bu,iNF 
c)LAH 

The first enantioselective synthesis of ( + )-heliotridine Ll was reported in 1983 by 

Chamberlin and Chung.57 Starting from (S)-malic acid 53a, the imide m was prepared in 

three simple steps. Mitsunobu coupling of m with 2-(3-hydroxypropylidene)-1,3-dithiane 

followed by regioselective reduction with sodium borohydride afforded a 11: 1 mixture of 

hydroxylactams 74. The key step of this sequence was an N-acyliminium ion cyclization 

under non-acidic conditions, which was accomplished by treatment of 74 with mesyl 

chloride and triethylamine in dichloromethane. The cyclization proceeded with high 

stereoselectivity (c.a. 97:3) resulting from hindrance of the a-face of the acyliminium ion 

by the acetoxy group. The major isomer 75 was deprotected to give a ~-hydroxylactam 

which underwent double bond migration to 147 via a deprotonation-protonation reaction. 

Dithiane hydrolysis of 14 7 with mercuric chloride and calcium carbonate, followed by 

reduction of both the resulting aldehyde and the lactam carbonyl groups, afforded ( + )-
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heliotridine .Ll. in 6.8% overall yield from 5..:t)., Scheme XXVI. 
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vii) LDA-HMPT; viii) MeOH, HCI; ix) HgCI2, CaC0 3; x) LAH 

Scheme XXVI. 

A procedure for the conversion of retronecine ll into heliotridine D. was published 

by Glinski and Zalk ow. 58 The primary alcohol of retronecine was protected as the 

benzoate by treatment with benzoic acid and 1,1'-carbodiimidazole. The secondary alcohol 

was mesylated to~ and then inverted by sequential reaction with cesium propionate and 

with barium hydroxide to give heliotridine ll in ca. 60% yield from 12. The hydrolysis 

step could also be performed by using lithium aluminum hydride. 

H~N; ', OHa)PhCOOH,X 

Ct_) b) MsCl, Et3N 

MlliO OCOPh 
~ ' a)CH3CH2COOCs, DMF 

N b) Ba(OH)2 
u 

ill 
X= 1,1'-carbodiimidazole 

The unnatural levorotatory isomer ( -)-heliotridine .U was prepared by Hart and 
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Yang41 in a previously mentioned report. The N-acyliminium ion precursor 56 was 

prepared from 3-methyl-2-buten-1-ol 57 and (R)-malic acid as mentioned before. After 

cyclization with formic acid to give pyrrolizidinones 60, the hydroxyl-protecting groups 

were exchanged by acetate and the side chain was degraded with mercuric oxide and iodine 

to yield a 1: 1 mixture of iodides 63. The a-iodide underwent smooth dehydrohalogenation 

upon treatment with DBU in benzene to give an allylic diacetate, which was then reduced 

with lithium aluminum hydride to afford (-)-heliotridine U in 3% overall yield from 57. 

The ~-iodide gave only intractable materials under similar conditions. 

(-)-13. 

AcO--:s H _oAc 
a) DBU, PhH CQ~ ~ : 

1111•· 
b)LAH N 

0 

AcO-... OAc 
-; H :-· 

+fil -<:Q _D_B_u __ intractable 
materials 

During the same year, Hart and Choi42 published a second approach to the 

pyrrolizidine diols, hastanecine 10 and heliotridine 13.. As was mentioned earlier, the key 

step of this route involved a free radical cyclization of the alkyne derivative 66 to give a ca. 

7:2 mixture of pyrrolizidinone 68 and lactam 67. Sequential treatment of .6..8. with m-

chloroperbenzoic acid, warm aqueous formic acid, and phenylselenyldiethylamine gave a 

mixture of aldehydoselenides .62_. Reduction of the aldehyde 69 with sodium borohydride 

and further acetylation gave diacetate ill. Finally, oxidation of ill with hydrogen 

peroxide gave an allylic acetate which was then reduced with lithium aluminum hydride to 

afford ( + )-heliotridine 13. in about 7% yield from malic acid, as shown in Scheme XXVII. 
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Scheme XXVII. 

Kano's approach59 to ( + )-heliotridine ll uses the same cyclization as Hart and Choi. 

Cyclization of 66 afforded~ via 68. This approach involves the conversion of the exo-

methylene at C-1 to the allylic alcohol moiety of U. Treatment of 150 with phenylselenyl 

trifluoroacetate, followed by hydrolysis with sodium bicarbonate and oxidation with 

hydrogen peroxide yielded diol ill, which was then acety lated and reduced to ( + )-

heliotridine 13. 

---.Awe'? H CH, a) CFsCOO(SePh) 

b)NaHC03 
0 c)H202 

73% 

}-f-{o:Ac,O 
yt_; b)LAH 

(+)-U 

0 ill 

Another type of 7-hydroxy-necines has been obtained by Bohlmann et aL.60 
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Treatment of the dihydropyrrolizine 152 with tert-butyl perbenzoate afforded diester ill by 

direct insertion of the oxygen functionality into the allylic position of ill. Acid hydrolysis 

and reduction with diisobutylaluminum hydride yielded (±)-dihydropyrrolizinone 153a. 

An alternative route to necine 153a was published in 1980 by the same group61 using the 

Bestmann reaction of the substituted pyrrole 154 with (triphenylphosphoranylidene)-ketene 

to give lactam 155. Catalytic reduction of one double bond, followed by hydrolysis of the 

protecting groups afforded~. Scheme XXVIII. 
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4. The addition of azides to olefins. 

The reactions of organic azides with olefins have been known since the last 

century.62 Mechanistic studies, on the other hand, were initiated some twenty years ago by 

Huisgen. 63 It is accepted that the vast majority of the interactions of azides with olefins 

involves a 1,3-dipolar cycloaddition reaction.64 The products of the cycloaddition are the 

usually labile ~-2-triazolines lli. An initial 1,1-cycloaddition for the triazoline formation 

was precluded in view of the trapping experiments performed by Huisgen.65 These 

cycloadditions are stereospecific, reversible, and a complementary principle applies: 

electron-rich dipolarophiles react fastest with electron-poor azides, and vice versa. 64 In 

order for the reaction to take place, the azide and the addend groups have to be 

accommodated in two approximately parallel planes, one atop the other. 

L a N 7 R•N3 R ........ N:-::-: ~N 'Y A N 
' 'N/ ~N - I I c,,Hd c>=<d - L I I 7 ~ a b 

a b 
.lli 

Decompositions of olefinic azides have been performed under therma166 and 

photolytic67 conditions. Acid-catalyzed and transition metal-catalyzed decomposition of 

azides have also been reviewed. 68 A thorough study of the thermal decompositions of 

simple olefinic azides has been described by Logothetis. 69 The azides were decomposed 

under a variety of conditions, ranging from 25°C to 320°C. When the thermolysis was 

carried out in a hydrocarbon solvent at 80°C, the decomposition products comprised a 

45 
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mixture of cyclic imines ill and 1-azabicyclo[3.1.0]hexanes ill. On the other hand, 

when the olefinic azides were allowed to stand at 25°C for two months, the isomeric 

triazolines 159 were formed in quantitative yield. Decomposition of the triazolines under 

conditions identical to the decomposition of the corresponding azides gave 157 and 158. 

On the basis of these results, it was suggested that the triazolines are intermediates in the 

decomposition of all the olefinic azides studied. The triazoline was postulated to open up to 

a diazonium ion type intermediate 160, followed by evolution of nitrogen and colapse to 

products. A nitrene intermediate was completely excluded in these reactions because of the 

absence of any nitrene reaction product . 

+ 

Conjugated dienes react somewhat faster than monoolefins affording 1,2-addition 

products. 70 

The decomposition of the labile triazoline can follow several mechanistic pathways. 
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In addition to the ionic pathway, diradical intermediates have been postulated for the 

~t 'N J, 1.fil.a N 

;~ N:~ 1.6k 

Ar= p-bromo or p-nitrophenyl 

thermal decomposition of triazolines.71 The major pathway and the product distribution 

depend largely on the substrates used and the experimental conditions. In general, either 

aziridines or irnines are the major products, but in certain cases, diazocompounds 72 

represent the major constituents of the product mixtures. The thermal decomposition of 

4,5-unsubstituted-l-vinyltriazolines ill furnished N-vinylaziridines ill in high yield 

without formation of pyrrolines.73 Thermal and photolytic decomposition of triazoline 164 

produced pyrroline 165 through an isolable vinylaziridine intermediate 166.74 

R= phenyl, alkyl, H 

0 
50° or hv (366 nm) 

,& 
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The photolytic decomposition of alkyl azides leads to nitrene intermediates and 
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products derived from them, such as aldimines. Despite some reports about pyrrolidine 

formation by intramolecular photocyclization of alkyl azides,75 this process has been found 

to be highly irreproducible.76 The photolytic decomposition of triazolines, on the other 

hand, is a useful synthetic route to aziridines.77,78 An elegant work on the photo-

decomposition of triazolines was described by Scheiner.78 In this work, the aziridines 

obtained from direct photolysis indicated a high degree of retention of the triazoline 

geometry whereas under photosensitizing conditions rotational equilibration took place. 

The only detectable by-product was an imine resulting from 1,2-hydrogen migration. In 

comparative experiments, the yield of aziridines were in all instances better than those from 

the thermal reactions. The postulated mechanism involves a short-lived 1,3-diradical 

intermediate 168. Photolysis of vinyltriazolines .l1Q. produced vinylaziridines 170a and 

unsaturated imines 170b without formation of pyrrolines. 79 
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S. The vinylaziridine-pyrroline rearrangement 

Vinyl aziridines can be transformed into pyrrolines by using thermolysis,80-87 

transition-metal catalysis, 88 or nucleophilic ring opening. 89 The nucleophilic ring opening 

is postulated to proceed through an anionic intermediate such as 171a. The thermolytic 

route has been studied in detail since the disclosure in 196780 of the rearrangement of N-

substituted 2-vinylaziridines 172 to pyrrolines 172a. Aziridines having unsaturated N-

substituents ,such as ill, also undergo an analogous thermal rearrangement.81 
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The outcome of the thermal reaction depends on the substitution pattern on the 

vinylaziridine, 82 and several mechanistic pathways have been proposed. Thermal 

isomerization of N-unsubstituted 2-vinylaziridines give imines by a reaction involving 

heterolytic cleavage of the carbon-carbon bond of the ring and migration of hydrogen 

initially bound to nitrogen. 83 Conversely, N-substituted 2-vinylaziridines furnish 

pyrrolines as major products. 84 In the work by Borel 82 the nature of the products formed 

by thermal decomposition of 2-vinylaziridines depended on the nature of the substituents in 

49 
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position 1 and 3. If the C-3 is substituted with a phenyl group, the thermolysis yields 

mainly a 2-pyrroline. With hydrogen or alkyl groups at C-3 the reaction proceeded giving 

a mixture of 2- and 3-pyrrolines. These results were best explained by invoking an 

azomethine ylide intermediate resulting from heterolytic cleavage of the carbon-carbon bond 

of the ring. The presence of an additional vinyl group provides for new possibilities in the 

thermal rearrangement of vinylaziridines. For example, cis-divinylaziridine 174 suffered a 

Cope rearrangement 85a upon thermal decomposition, whereas the trans-isomer 176 yielded 

dihydroazepines 177 without the evidence of pyrroline formation. An ionic mechanism 

involving the heterolytic cleavage of the carbon-carbon bond of the ring was postulated for 

the last reaction.85b The alkynic analog .ill. has also been found to rearrange to lH-

azepine .lfill via 112.86 without any evidence of pyrroline formation. In the case of 1-aryl-

2-vinylaziridines 181 the thermal rearrangement gave substituted azepines 182, presumably 

through a concerted [3,3]-sigmatropic rearrangement.87 
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III. DISCUSSION 

1. Introduction 

Pyrrolizidine alkaloids have been the subject of renewed interest during this decade. 

Of special significance was the disclosure in the late seventies that some of them possessed 

potent anti-tumor activity. Soon to follow was a rapid growth in the number of their 

syntheses. More than eighty percent of the total number of syntheses was published during 

the last eight years. Perhaps because of the number of synthetic approaches that have been 

developed, the synthetic community is now focussing toward the development of general 

methodologies that would allow the preparation of entire classes of compounds, rather than 

total synthesis of single targets. Only some of the previously discussed approaches 

possess elements of generality in the synthetic design. For example, in Danishefsky's 

approach39 to the pyrrolizidine diols hastanecine l.Q and dihydroxyheliotridane 11, the 

stereochemistry at C-1 was determined by the geometry of the olefin used in the key 

cyclization step. This approach leads to either isomer at C-1 depending on the geometry of 

the starting material, but leaves fixed the hydroxy group at C-7. 

A different way of controlling the stereochemistry at C-1 was published by Ruegger 

and Benn35a. Either isomer at C-1 is obtained depending on the conditions of the catalytic 

reduction of intermediate 34a. 

"trS~ 
~ 

In 1985, Chamberlin and Chung33 published a general approach to the pyrrolizidine 
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diols. The key step of the sequence was an acyliminium ion-ketene dithioacetal cyclization 

to form the bicyclic system ]j_. A hydrolysis-transesterification step performed on 75 

afforded ester 76 possessing the more stable configuration at C-1, which led to hastanecine 

l.Q.. Heliotridine ll was also obtained by double bond migration in 75 and further 

manipulation. The epimeric alcohols at C-7 were obtained by inversion of the hydroxy 

ester 38 which was derived from ]j_. Inversion of the hydroxy group in ~ was achieved 

by an oxidation-reduction sequence to give 40, which upon reduction afforded 

turneforcidine .2.. The problem of obtaining the less stable configuration at C-1 had been 

partially addressed by Culvenor in 1969.21 Following his work, hydroxyester 40 was 

converted to lactone .N which was then used for the preparation of retronecine ll and 

platynecine .8., Scheme XXIX. This method allows for the obtention of either isomer at 

lQ 

HO C02Me m 40 

.8. 
N JQ 

Scheme XXIX. 
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C-1 by following Culvenor's protocol for the epimerization. The impossibility of 

epimerization of the C-1 substituent when the C-7 hydroxy group is on a position is one of 

the disadvantages of this strategy. 

A very useful intermediate in the synthesis of pyrrolizidine diols such as retronecine 

and platynecine is the Geissman-Waiss lactone 32. Several syntheses of this compound 

have appeared during the last years, principally using carbohydrate precursors.52,56 Since 

these efforts are specifically aimed at compound ll the protocols generally lack the 

necessary generality for their application to different necine diols. 

Carbohydrates 

___jojo 

LN' ~ 
Clearly, some attempts at the development of general methods exist What appears to 

be necessary is the design of a method that would address the synthesis of any or all of the 

stereoisomers of necine diols by means of a few transformations carried out on a common 

late intermediate. The use of a common late intermediate is very convenient, since 

enhances the flexibility of the synthetic methodology. The development of such a method, 

a [ 4+ 1] pyrroline annulation, is the subject of this investigation. 



2. Proposed methodology. 

A wide variety of approaches to pyrrolizidine diols exist, but only a few of them can 

be considered general strategies for the synthesis of necine diols, even though such 

concepts of generality in the preparation of natural products have been actively sought by 

the synthetic community. The ideal route to the preparation of an entire class of natural 

products would be stereospecific, efficient, operationally simple and flexible enough to 

allow the synthesis of all of them from a single precursor or by a single method. These 

features were applied by Hudlicky and co-workers in the development of a new 

methodology for the synthesis of quinanes. This methodology, a [4+1] cyclopentene 

annulation, has proven to be a powerful tool for the synthesis of these compounds.90 Its 

flexibility allowed the preparation of several linear and angularly fused polyquinanes such 

as hirsutene,90a isocomene,90b isocomenic acid,90c pentalenene,90d,e,f pentalenic 

acid,90cl,e,f and, very recently, retigeranic acid.90g This strategy implies the interaction of a 

carbenoid species with an appropriately functionalized conjugated diene and a subsequent 

vinylcyclopropane-cyclopentene rearrangement.90h Based on the success of the [4+1] 

cyclopentene annulation it appeared logical to extend its applicability to the heterocyclic 

domain. The use of nitrogen as the heteroatom in this strategy would allow for an entry 

into the alkaloid field, in particular to access the pyrrolizidine alkaloids. This new 

technology forms a pyrroline ring instead of a cyclopentene, and is called [ 4+ 1] pyrroline 

annulation. It involves the intramolecular union and subsequent rearrangement of an 

E 

071 
E = H, COOR 
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electron-deficient nitrogen species and a conjugated diene as shown. 

The synthesis of pyrrolizidine alkaloids was therefore approached by using an 

intramolecular cyclization of azidodienes, since the azide group is a good source of electron 

deficient nitrogen species. Whereas the mechanistic pathways for the interaction of 

carbenoids with dienes to yield vinylcyclopropanes and subsequent rearrangements to 

cyclopentenes are fairly predictable, the corresponding nitrogen analogs can undergo a 

variety of transformations involving either diradical, ionic, or concerted processes.91 

Faced with such a diversity of options, several single dienic azides were tested in 

Hudlicky's laboratory91 for their convertibility to pyrrolines. Due to the sluggish nature of 

the reactions, it became apparent that activation of the diene system was necessary in order 

to obtain a synthetically useful product distribution. The unsaturated esters 184 and 185, 

bearing an electron-withdrawing substituent at one of the two relevant dienic positions, 

were therefore prepared, and their cyclizations studied. Upon thermal decomposition 

(distillation at 80°C) the dienes ill (as a mixture of E and Z isomers) afforded 

vinylaziridines 186a. Of these vinylaziridines, only the exo-isomer .18.QQ could be purified 

while 186a rearranged to imine ill during the attempted purification as a result of a 

[1,5]hydrogen shift. Pyrolysis of either vinylaziridine or the starting™ at 550°C yielded 

a mixture of imines ID and pyrrolizidines 18..8. and 189 (5:1:4). It was suspected that the 

formation of viny laziridines 186 from their corresponding triazolines is not stereospecific, 

even though the initial triazoline formation may have been stereospecific. This was 

confirmed when sterically homogeneous E diene 184 was pyrolized and produced the same 

results as the E:Z mixture .l..M.. 

Concerning the mechanism of the pyrroline rearrangements in this series, the scission 

of bond~ leads to a more stable species via either a zwitterionic or a radical pathway. This 

fact is supported by the predominant formation of pyrrolizidine 189 upon pyrolysis. The 

study of the cycloaddition of the fully conjugated diene ill was easier due in part to the 
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steric homogeneity of ill (exclusively the E,E isomer). Refluxing diene ill in toluene 

·~C02Et 

N3 ill 

provided viny laziridine l2Q in high yield and a small amount of the imine. Pyrolysis of 

190 at 450°C produced pyrrolizidine 192 and trace amounts of fil. Hydrogenation of 192 

in acetic acid gave 194, uncontaminated with its stereoisomer fil. The pyrrolizidine 195, 

however, was obtained by quantitative alumina-catalyzed isomerization of 194. The 

syntheses of ~ and fil constituted formal total stereospecific synthesis of the simple 

pyrrolizidine alkaloids (±)-isoretronecanol ~ and (±)-trachelanthamidine .Q.91 Supinidine 1 

was also prepared using this methodology.92 

N3~C02Et 

I 
-
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The intramolecular azide-diene cycloaddition provided therefore a reliable pyrroline 

annulation technology representing a formal [4+1] union of a nitrene with a 1,3-diene.91-93 

After completion of the syntheses of the "simple" pyrrolizidinols isoretronecanol 5_, 

trachelanthamidine .Q... and supinidine 1,91,92 it was decided to use this strategy for the 

preparation of more complex substrates. 

The subject of this research consists of the extension of this methodology to the 

preparation of pyrrolizidines oxygenated in both rings. The presence of a hydroxy group 

in ring A not only enhances the biological activity of these necines but also introduces a 

new stereocenter whose presence will complicate the specificity of any synthesis. 

The key issue of synthetic planning becomes the design of azidodienes that would provide, 

regioselectively, the precursory vinylaziridines. Of the two possible substitution patterns 

for the dienes, the fully conjugated series (diene 185) was chosen,because the dienes and 

the vinylaziridines in this series were sterically homogeneous, and their rearrangements 

were not complicated by the [1,5]-hydrogen shift of the endo vinylaziridine.91 The target 

precursor was a fully conjugated diene oxygenated at the C-6 position, which corresponds 

a5 
\ ~ 

l1 11 10 2 

to C-7 in the pyrrolizidine numbering system. Since both epimers at C-7 are needed, the 
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oxygenated function of the diene should be readily epimerizable, and a keto function was 

chosen. It was reasoned that thermal decomposition of a ketodiene such as .l.2Q would give 

unsaturated pyrrolizidine 121, which could be isomerized to 198 or reduced to 39a. 

Compound .1.2.8. gives an entry into the unsaturated pyrrolizidine diols retronecine .Ll. and 

heliotridine 13. Compound 39a could afford two saturated pyrrolizidine diols by simple 

manipulations, and the other two would be available upon a well documented isomerization 

of 39a.21 

With these goals in mind, the preparation of the required diene 196 was initiated. The 

successful completion of the synthesis would prove that the intramolecular [ 4+ 1] pyrroline 

annulation is a reliable methodology for alkaloid synthesis and one that can be extended 

further to pyrrolizidine diol preparation. In the next generation of research, attention will 

be focused on the introduction of chirality by means of preparing diene 196 in a chiral 

fashion. 



3. Results 

3.1. Preparation of starting dienic azide 196. 

The first challenge of this methodology involved the preparation of the starting diene 

196. To this end, several strategies were developed by disconnection of the bonds a, b, 

and c of 196 as shown. These disconnections gave rise to the so called a) oxidation, b) 

olefination, and c) vinylation approaches respectively. 

~C02R 

N3 ill 

a) Oxidation of e-carbon in diene 185 (oxidation approach). 

This approach was considered the best because of the availability of diene 185 from 

the previous synthesis of pyrrolizidine monoalcohols.91 Preliminary studies on the 

oxidation of ill using selenium dioxide, and also MoOPH met with failure, the starting 

material being recovered unchanged. The precedent in the literature indicated low yields of 

oxidation products of dienic esters using selenium dioxide,94 and therefore this strategy 

was no longer pursued. 

b) Formation of the y-o double bond of diene 196 (olefination approach). 

1. preparation of a-ketoaldehyde 201. 

By analogy with previous work in our laboratory,91 the diene l.2Q was envisioned as 

the product of a Horner-Emmons condensation of phosphonate 200 with a-ketoaldehyde 

59 
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201. The phosphonate .2QQ is readily available from methyl 4-bromocrotonate,95 and a 

good selectivity between aldehyde/ketone condensation was expected. Despite the 

structural simplicity of 201, it was anticipated that its preparation would be difficult, mainly 

because of the presence of a very activated carbonyl group and an azido group nearby. 

Several strategies for the preparation of 201 were designed, namely i) a-oxidation of 4-

azidobutanal, ii) formylation of 3-azidopropanal, and iii) acylation or alkylation of 

substituted dithianes. 

i) a-oxidation of 4-azidobutanal. The simplest approach involved an a-oxidation of 

4-azidobutanal 201a, which was easily prepared as per the previous synthesis of simple 

pyrrolizidinols.9 1 One of the most general oxidation methods available for the a-oxidation 

of carbonyl compounds is the hydroxylation of enolates. Several reagents are available to 

bring about this transformation.96 A transition metal-peroxide oxidation using a 

molybdenum complex (MoOPH) was reported to give consistently high yields96,97 in an 

ample variety of carbonyl substrates, and was therefore chosen for the oxidation of 

aldehyde 2.fil.a. Unfortunately, this enolate oxidation method afforded either unchanged 

starting material or complex mixtures depending on the temperature of reaction. Another 

oxidation method was attempted, this time using selenium dioxide,94 but again complex 

mixtures were obtained. Since the oxidation of butanal to 2-oxobutanal using Se02 is a 

known procedure,98 it was thought that the presence of the azido group, a group capable of 

interaction with selenium, destabilized the molecule and afforded polymeric mixtures. 

1) MoOPH CCHO~ 
N3 ~ 

2Qla Se02 2Ql 

ii) formylation of 3-azidopropanal 202. Another strategy for the preparation of 

aldehyde 201 involved a formal formyl addition to aldehyde 202, which was accomplished 
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by vinyl addition and subsequent ozonolysis of the intermediate enone 204. The known 

aldehyde 202,99 obtained by reaction of acrolein with sodium azide in aqueous acetic acid, 

was treated with vinylmagnesium bromide at low temperature to afford the sensitive allylic 

alcohol 203. Several oxidizing agents, such as chromium reagents, 100 manganese 

dioxide,101 and Swern's conditions,102 were tried on 203. Best results were obtained 

using a slightly modified Swern's protocol in which the entire reaction was performed 

between -78°C and -65°C and the amount of base used was reduced to only two 

equivalents. These changes were introduced to minimize the base-catalyzed ~-elimination of 

the azido group once the alcohol was oxidized to ketone 204. Even under these conditions 

some polymerization was observed. Ozonolysis of 204 and a reductive work-up afforded 

201 in a surprisingly low yield, due to extensive polymerization, Scheme XXX. Since 

ozonolysis of the deoxo analog of 204 proceeded in good yields,91 it was thought that the 

presence of the 2-keto group rendered the molecule very susceptible for polymerization 

through interactions of the azide and the activated aldehyde group. This strategy did 

provide aldehyde ZQ.1, but in an unacceptably low yield, unsuitable to proceed with in the 

synthesis of diene 196. 

0 0 

/'CHO 
iii 0 iv CCHO 

low yield N3 low yield N3 
2Q4 201 

Reagents: i) NaN3, Ac0H-H 20 (1: 1), 80-85%; ii) CH2CHMgBr, THF, 0°, 45%; iii) (COC!h, DMSO, 
Et3N, -78° to -65°, 5-10%; iv) 03, CH2Cl2; then DMS, 1-2% 

Scheme XXX. 

iii) Acylation or alkylation of substituted dithianes 205 and 206. Another 

way of adding a formyl group to aldehyde 202 involved taking advantage of the carbonyl 
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umpolung of the protected aldehyde .2.Q.i. In this case the formyl group would be 

introduced via a nucleophilic attack of the anion of 205 on a formylating reagent.103-107 

Anionic conditions however, were found incompatible with the presence of a leaving group 

~ to the anionic site because of the tendency of such systems to form cyclopropanes, as 

reported by Corey for the same system.108 This approach would still be valid if the order 

of introduction of substituents around the dithiane group were reversed. The modified 

approach consisted of the preparation of the known formyldithiane 206109 and the 

subsequent addition of the azidoethyl moiety to form 207, Scheme XXXI. A one pot 

procedure for the preparation and alkylation of 2-formyl-1,3-dithiane 206 using allylic 

bromides has been reported.11 O When this reaction was tried using 1,2-dibromoethane as 

the alkylating agent, the only product obtained was 206. A two step procedure was also 

performed. Attempts to alkylate 206 under different conditions107,lll,112 were 

unsuccessful, the starting material being recovered unchanged. The reaction conditions 

ranged from -78°C or -30°C to 0°C or room temperature. Different bases and solvent 

c: 
X= leaving group 

Scheme XXXI. 

systems were also tried, such as butyl lithium in tetrahydrofuran, lithium carbonate in 

dimethylformamide, and butyl lithium in dimethylformamide. Addition of silver nitrate as 

an electrophilic catalyst did not lead to any improvements. 
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A literature search on the chemistry of 206 revealed only reports about its alkylation 

with allylic bromidesll0,111 as alkylating agents. The reluctance of the anion of 206 

toward alkylation can be explained in terms of a high stabilization of the negative charge 

due to the combined effect of the sulfur atoms and the carbonyl group. The pKa of 206 is 

so low that the compound dissolves in aqueous potassium hydroxide. As soon as the 

carbonyl group is substituted by another functionality such as a double bond, the alkylation 

takes place readily.109,112 

Since the actual starting material for the pyrrolizidine diols is the diene 196, it was 

considered convenient to convert 206 into diene 208, as a means of masking the aldehyde 

group, and then attempt the alkylation step. In this way the carbonyl function of 206 

would be first transformed into a double bond, and the resulting 208 could be easily 

alkylated to give the dithiane-protected form of diene 196. The available information about 

the site of alkylation for this type of unsaturated dithianes was not conclusive.109,112,113 

Seebach reported on the alkylation of 209 which gave 210, via an attack ex to the sulfur 

(~-Rx __ 
R 2.1.Q 

Cs Mel 
s~Ph __ _ 

ill 

Cs Mel 

s~CN 

ill 

1 : 1 

atoms.112 More extended unsaturated systems like 211 were alkylated exclusively in they 

position with respect to the sulfur atoms to give 212.109 The protected cinnamaldehyde 

213 gave a 1:1 mixture of ex and yalkylated products 214)13 The unsaturated aldehyde 

208 was therefore prepared in order to study its behavior toward alkylation. Reaction of 
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formyl dithiane 2Q.Q with phosphonate 200a95 gave 208 in high yield. The alkylation of the 

lithium enolate of 208 at -78°C afforded an 8: 1 mixture of E- and ex-alkylated products lli. 

As the desired alkylated product ~ was the minor product this approach was 

abandoned, Scheme XXXII. 

8 

(1 
s s 
H~C02Et 

(1 
s s + 

~C02Et 

215h 
1 

Reagents: i) n-BuLi, TIIF, -78°, 95%; ii) LDA, -78°; Mel 

Scheme XXXII. 

2. preparation of azidoketone 217. 

1 

At this stage it was felt that aldehyde 2Ql and its precursors were too reactive to be used as 

accessible starting materials, and therefore new strategies for the preparation of diene 196 

were considered. One way of eliminating the problem posed by the presence of an azido 

group and an cx-ketoaldehyde in the same precursor of diene .l2.G. would be to place the 

aldehyde in the other precursor to the convergent preparation of the diene 196. In this 

manner the condensation reaction would be performed between aldehyde 216 and a 

nucleophilic species such as 217, instead of the former route involving aldehyde 201 and 

phosphonate 200, Scheme XXXIII. Aldehyde 216 was conveniently prepared by selective 
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0 
II 

(Et0)2P~C02Me 

0 

==> ~x 
N3 

+ 

~C02Me 

l 0, (1 eq) 

21.Zs, X= COOH 
21.ZQ, X= P(O)(OEt)2 
217c, X= PPh3 +Br-

Scheme XXXIII. 

ozonolysis of methyl sorbate.114 Multigram quantities of 216 were obtained reproducibly 

through this high-yielding reaction. Regarding the micleophilic species 217, several 

possibilities for the identity of group X were taken into consideration, namely i) an acid, 

and ii) a phosphorus-containing species such as a phosphonate and a phosphonium salt. 

i) p-ketoacid 217a. In 1979, Naf115 reported the synthesis of a ketodienic ester by 

aldol condensation of a p-ketoacid and aldehyde 216 to form a hydroxyacid that was 

immediately subjected to decarboxylative dehydration by dimethylfonnamide dimethyl 

acetal to afford the desired dienic system. Since the dehydration was performed at room 

temperature,115,116 it was thought that these conditions were mild enough to be used for 

the preparation of 196. The preparation of ketoacid 217 a was therefore initiated. Low 

temperature condensation of the azido aldehyde 202 with the dianion of acetic acidl17 gave 

p-hydroxyacid 218 in acceptable yield, but the oxidation of 218 to 217a proved not to be an 

easy operation, even though a few reports described similar oxidations of p-hydroxycar-

bonyl compounds to the corresponding p-dicarbonyl systems.118 In 1981, Smith118a 

published an extensive study of oxidation of p-hydroxycarbonyl compounds by using 
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different reagents such as pyridinium chlorochromate, pyridinium dichromate, Swem 

conditions, Jones reagent, DDQ, and manganese dioxide. Following this report, it was 

decided to use the best published conditions, and also to try other reagents such as 

potassium permanganate, and silver carbonate.119 The results, as shown in Scheme 

XXXIV, agreed with Smith's observations. The best results in the production of 217a 

OH 
CHO ~COOH c AcOH, l... x 

0 0 

&coo\ r-coo"+ (cooH 
N3 LDA, THF N3 N3 N3 · 

202 ill 
X 

217a 2.12 220 , ____ ! -I Products 

Swem 2.1h + 2.1.2 

PCC .21.8. (no reaction) 

Jones 22..Q 

Scheme XXXIV. 

were obtained using oxalyl chloride-dimethylsulfoxide, or potassium permanganate. 

Compound 219 was transformed into 21.Tu. by treatment with sodium azide in aqueous 

acetic acid.99 In all cases however, the yields of the oxidations were very low, ranging 

between trace amounts and 15%,therefore precluding the synthetic utility of this approach. 

ii) phosphorus-containing species 217b and 217c. Despite the difficulties 

associated with the preparation of 217a, this strategy was still appealing, due to the 

availability of aldehyde fil. In this context the preparation of phosphonate 217b was 

attempted. 1-Bromo-4-chlorobutan-2-one 221 was prepared in high yield as shown in 

Scheme XXXV and exposed to triethylphosphite at 120°C. A mixture of products was 
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obtained resulting from Arbuzov120 and Perkow121 reactions of the a-haloketone 221. 

The ratio of keto- phosphonates 222 (Arbuzov reaction) and vinyl phosphate 223 (Perkow 

reaction) depended on the halogen present and the conditions of the reaction. The best 

reported conditions for the Arbuzov reaction involved the treatment of a-iodoketones with 

trialkylphosphites at high temperature.120 An increment in the temperature of the reaction 

of 221 up to 150°C did not alter the ratio of the Arbuzov/Perkow products, but increased 

the amount of 222a, resulting from dehydrochlorination of 222b. In order to increase the 

amount of Arbuzov product 222, the a-iodoketone 224 was prepared following a similar 

sequence. In this case however, the yields of 224 were disappointingly low, presumably 

because of the lability of 224 in acidic media. Depending on the reaction conditions, 

variable amounts of 4-chloro-2-butanone were obtained together with 224. The reaction of 

a-iodoketone 224 with triethylphosphite at 50-60°C gave a 4:1 mixture of Arbuzov/Perkow 

products as shown in Scheme XXXV. In all cases, the Arbuzov products were treated 

either with sodium azide in aqueous acetic acid or sodium azide in dimethylsulfoxide to 

afford 217b. 

0 

[
COOH i, ii, iii ,,.)l._-x 

Cl ---LCI 
iv - },J(OEl)2+ },J(OEt~, 

" ~Cl 

221. X= Br, 80% 222b 
224, X=I,40% 

221, T= 120° 

224, T = 50-60° 

4 

3.2 4.8 

v""- /vi 
211..ll 

0 
II 

o-P(OEt)2 

C 
m 
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2 

Reagents: i) S0Cl 2; ii) CH2N2, EtzO; iii) HX; iv) P(OEt)); v) NaN3, AcOH - HzO; vi) NaN3, DMSO 

Scheme XXXV. 

The overall yield of 217b was low (about 30-35%), mainly due to the undesired Perkow 
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products. To prevent this, it was thought that the use of a different phosphorus-based 

nucleophile, such as triphenylphosphine, would inhibit the Perkow reaction and therefore 

increase the overall yield. Treatment of either 221 or 224 with an ethereal solution of 

triphenylphosphine,122 afforded complex mixtures which could not be further 

characterized. An alternative route to 217b was therefore developed. The cuprate derived 

from diethyl methylphosphonate 225 was condensed with acryloyl chloride at -35°C to 

afford 222a in a one-pot sequence in 62 % yield.123 The phosphonate 217b was obtained 

by treatment of 222a with sodium azide in acidic medium, as mentioned 

before. 

1) Buli, THF, -65° 0 0 0 0 
0 

~II 
NaN3 (:" II 2) Cul, -35° P(OEt)2 P(0Et)2 CH3-P(OEt)2 

3) ,::::::::"'-CCCI AcOH-H20, 95% 
N3 225. 62% ma 217b 

The conversion to the desired diene 12.Q required only a Horner-Emmons condensation of 

phosphonate 217b and aldehyde fil. The condensation of ~-ketophosphonates and 

unsaturated aldehydes is well precedented in the literature.124 The reaction was performed 

at low temperature (-78 °C to -30°C) using n-butyl lithium to generate the anionic species. 

Chromatographic separation of the product mixture afforded a 1 :5 ratio of diene lli and 

triene 226 in a very low yield. It was first thought that the reason for the low yield was an 

intermolecular quench of the anion of 217b by abstraction of the proton a' to the ketone, 

and production, via ~-elimination of the azido group, of the phosphonate 222a or the triene 

226. To circumvent this problem the condensation was attempted on unsaturated 

phosphonate 222a. This reaction was performed using the same conditions, but again the 

triene 226 was obtained in very low yield. In addition, small amounts of diene 227, 

resulting from a formal 1,4-addition of butyl lithium to 222, were obtained. The use of 
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lithium diisopropylamide as the base avoided the formation of 227, but the yield remained 

low. No improvements were observed when the reaction was performed at -50°C, -30°C, 

0°C, and at room temperature. Additionally, even though the reaction was quenched at a 

time when a gas chromatogram of monitored aliquots revealed the consumption of starting 

aldehyde 216, analyses of the crude products of this reaction showed some 216, 

suggesting some reversibility of the reaction. To improve the yield, the condensation was 

also carried out using different bases. Only those bases that had proven to be effective for 

the condensation of ~-keto-phosphonates with unsaturated aldehydes were chosen,124 such 

as potassium tert-butoxide124c, sodium hydride124a, lithium chloride in 

dimethylformamide124b,d, and potassium carbonate.124c,e None of them proved to be 

better than lithium diisopropylamide for the preparation of 226, Scheme XXXVI. It was 

A,·? \.._~L P(OEt)2 

N3 
2.11h 

0 0 
II 
P(0Et)2 

ma 

Buli, -78° 
5-10% 

Base, 5-10% 

0 

~C0 2Me+ 
N3 

122 1 

0 

~C02Me 

5 222 

Base: n-BuLi, LDA, KOt-Bu, NaH, 
LiCl-DMF, solid K2C03 

Scheme XXXVI. 

suspected that the first intermediate in the condensation reaction had exceptional stability, 

thus precluding the elimination of a molecule of phosphate in order to form the triene 226. 

The low yield of the reaction could be· explained in terms of some conversion of this 
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intermediate to 226. some dissociation to give aldehyde 216. and extensive decomposition 

during the process of purification. It was suspected that such an intermediate may be 

stabilized by copper ions. which were carried through from the preparation of 222a. This 

hypothesis however. could not be tested, and therefore this approach was abandoned. 

c) Formation of the bond a to the keto group in diene 196 (vinylation approach). 

To eliminate the problem presented by the low yield of the Homer-Emmons reaction. a new 

strategy. using stabilized phosphorus ylides instead of phosphonates. was developed. The 

dienic system was constructed by condensation of aldehyde 216 with commercially 

available formylmethylenetriphenylphosphorane to give aldehyde 228125 in a high-yielding 

reaction. The steric homogeneity of the newly formed double bond was found to be very 

high as no traces of the Z-isomer were found upon the examination of the nuclear magnetic 

resonance spectra of the products. The two additional carbon atoms required to complete 

the skeleton of diene 196 were supplied by reaction of 228 with viny !magnesium bromide 

in tetrahydrofuran.126a Duplicate runs with and without cadmium chloride showed that the 

presence of cadmium was not necessary, since divinylation never took place. The reaction 

afforded bis-allylic alcohol 229 in ca. 90% yield. Trace amounts (less than 5%) of alcohol 

230, resulting from reduction of 228,126b were always present even though a temperature 

profile of the reaction was performed in an attempt to suppress this side reaction. Similar 

results were obtained for a reaction temperature of -65°C, -30°C, 0°C, and 45°C. The 

oxidation of bis-allylic alcohol 229 to afford 226 represented a problem. The reagent of 

choice for this type of oxidation is manganese dioxide. According to a review regarding 

the use of this reagent, 101 a more active form of manganese dioxide than the commercially 

available one was prepared following the Attenburrow's method, 127 and both forms were 

tried for the oxidation of 229. Different solvent systems were also used, namely, hexane-

ether 1: 1. hexane-dichloromethane 1: 1. dichloromethane. chloroform, ethy I acetate. and the 

reactions were performed in the dark to avoid a radical mechanism. The yield of triene 226 
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proved to be insensitive to both the solvent system and the form of manganese dioxide 

used. The reaction was very slow (several days), and the completion depended on the 

scale. The yields were in the range of 25-30%. The low yield could be due to a 

decomposition of the starting material and/or the product that were in contact with the 

manganese dioxide for extended periods. In order to avoid this problem, other reagents 

were tried. Swem oxidation 102 of 229 gave triene 226 in comparable yields. Chromium 

reagents,100 such as pyridinium dichromate, and pyridinium chlorochromate, gave 

inconsistent results that were a function of the scale-up. The oxidation was finally 

performed at room temperature using a slurry of manganese dioxide in dichloromethane (3 

ml per gram of manganese dioxide) to obtain triene 226 in about 25-30% yield. Compound 

226 was a sensitive solid that had to be stored at low temperature or used immediately. 

Treatment of triene 226 with sodium azide in aqueous acetic acid99 gave cleanly the diene 

196, Scheme XXXVII. This addition, by analogy with the same reaction on 222a, pro-

ceeded in high yield giving only the expected product. In this manner the diene 196 was 

CO M HO ::::::.... ::::::.... C02Me 
OHC~C02Me__L_. OHC~ 2 e_i_i __ ~ 

lli 22.8. " 229 

iv 

Reagents: i) Ph3PCHCHO, CH2Cl2, ~. 82%; ii) CH2CHMgBr, THF, -65°, 85%; iii) Mn02, CH2Cl2, 
RT, 26%; iv) NaN3, AcOH - H20 (1:1), RT, 88%. 

Scheme XXXVII. 
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obtained in 16% overall yield as a stable solid from methyl sorbate. The only low yielding 

step of the sequence was the manganese dioxide oxidation. To circumvent this step, the 

addition of Grignard reagents to the acid chloride of the muconic acid monomethyl ester 

was attempted. The preparation of the starting material was sluggish, and this route was 

therefore abandoned. 

In summary, the desired ketoazidodiene 1 96 was obtained by nucleophilic addition of 

a two-carbon unit to the fully conjugated system of aldehyde 228. It is interesting to note 

that the approach involving the alkylation of the anion of dithiane 208 with an electrophilic 

two-carbon unit did not afford the desired product (see Scheme XXXII). 



3.2. Azide-diene cycloadditions. 

With the diene 196 available, the investigation of its decomposition to aziridine ill, 

via the intermediate formation of a triazoline, was initiated. 

1. Ketodiene decomposition. 

By analogy with previous work performed in this laboratory,91 ketodiene 196 was 

refluxed in toluene in order to bring about its conversion to vinylaziridine 231. The 

cyclization however did not take place, and the starting 196 was recovered unchanged even 

after one day at reflux. Changing toluene for a more polar solvent such as chloroform did 

not lead to any improvements. 

In another experiment diene 196 was distilled in a Kugelrohr apparatus at 0.02 

mmHg and 110° to give only recovered starting material. The possibility of direct 

conversion to the bicyclic pyrrolizidine system was then considered. Flash vacuum 

pyrolysis of 196 at 450°C afforded a mixture of acyclic products. A temperature profile for 

the pyrolysis of 12.G. at 10-4 mm Hg is shown in Scheme XXXVIII. The starting material 

disappeared completely at 550°C to give mainly methyl ketone 232. The amount of triene 

226, resulting from hydrazoic acid elimination, was fairly constant in the range of temper-
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atures studied. Methyl ketone 232 resulted from a formal elimination of nitrogen and 

hydrogen cyanide. The structure of ketone 232128 was confirmed by an independent 

synthesis starting from 216 and acetylmethylenetriphenylphosphorane. The inspection of 

molecular models of diene 196 revealed that the presence of the keto group conjugated with 

the dienic system rendered the molecule rigid enough so as to prevent the required 

arrangement of azide and unsaturated groups for the reaction to proceed. The expected 

bending and increased conformational freedom at high temperature apparently did not take 

place and the carbonyl group of 196 was therefore reduced in order to solve this problem. 

0 
~C0 2Me 

)( • cyclic products 

2. Alkoxy azidodiene cycloaddition. Synthesis of vinylaziridines. 

Treatment of diene .l.2Q. with sodium borohydride-cerium chloride in methanol at 0°C 

afforded allylic alcohol 233. Cerium chloride was added to prevent the possibility of 

conjugate reduction of the unsaturated system.129 Alcohol 233 was then subjected to 

reflux in toluene to test the feasibility of the cyclization. The expected reaction took place, 

albeit at a slow rate. Refluxing the alcohol ill in toluene for sixteen hours yielded 

approximately 50% of a 64:36 mixture of vinylaziridines 234a and 234b. The cyclization 

was also performed in chloroform, and gave similar results at longer reaction times. When 

the reaction was performed in deuterated chloroform in a sealed tube at 120°C, the reaction 

time was comparable to that in toluene. The solvent effect in this reaction was therefore 

negligible. The latter experiment was useful for monitoring the cyclization by nuclear mag-

netic resonance spectroscopy. The presence of an intermediate was detected. This 

intermediate was assumed to be a triazoline since these compounds are known 
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intermediates in the azido-alkene cycloadditions.64 Due to the lability of the triazoline, its 

complete characterization was not attempted. It is worthy noting that no imine, expected 

from competing processes, was found in the analysis of the crude reaction mixtures.91 The 

low yield was attributed to the long time required for the conversion and to the presence of 

labile functionalities such as the allylic alcohol. Following this assumption, the alcohol 233 

was protected in order to improve the yield of the cyclization. The protection was carried 

0 

~C02Me 
N3 

196 

OH 

_N_a_B_H_4-_c_eC-tl~3 ~co 2Me 

MeOH,0° N3 
~ PhMe, ti, 16h, 50% 

233 .. ~ 
OH OH 

rnC02Ma + rnC02M• 
64 36 

out by treatment of ill with tert-butyldimethylsilyl chloride (TBSCl) and imidazole in 

dimethylformamidel30 to give silyl ether 235 in 43% yield. Identical cyclization conditions 

applied to the silyl ethers 235, namely refluxing toluene, yielded vinylaziridines 236a and 

236b in a shorter reaction time of twelve hours and with an improved yield (70% ), as well 

as improved selectivity (85: 15). The protection of the alcohol functionality led to the 

improvement in the yield, and also to the enhancement of the stereoselectivity of the 

cyclization. Exploring the possibility of an even better c~ntrol of selectivity, a bulkier silyl 

group was used for the protection. Reaction of ill with thexyldimethylsilyl chloride 

(THSCl) and imidazole in dimethylformamide131 afforded silyl ether 237 in better yields 

than for fil (89%), but in longer reaction times. Refluxing silyl ether 237 in toluene for 

only nine hours afforded vinylaziridines 238 in 70% yield with essentially complete control 

of stereochemistry (better than 95:5 by nuclear magnetic resonance spectroscopy). The 
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presence of the bulkier silyl groups favors the cycloaddition to take place preferentially 

from one face of the diene to a far greater extent than the directing effect of the hydroxyl 

group. During the folding of the acyclic chain to form the intermediate triazoline, the azido 

and the silyl ether groups tend to stay apart from each other, one above and the other below 

the plane of the diene. The bulkier the silyl ether, the more pronounced is the effect. See 

Scheme XXXIX. 
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Scheme XXXIX. 

According to this proposed interpretation, the steric course of the reaction was 

determined by the early interaction of the azide and the oxygenated groups, regardless of 

the stability of the final products. This indicates a kinetic control during the cycloaddition. 

In this type of bicyclic compounds, the more stable isomers are those in which the bulky 
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substituents are located on the convex face of the cup-shaped system (exo isomers); 

therefore the minor exo isomers 234b, 236b, and Ufill should be the more stable ones. 

The stereochemical assignments were made using NOE difference experiments, which 

indicated the relative position of the hydrogen atoms in 234a and 234b. For the major 

isomer, irradiation of He produced 4% enhancement at He and 8% enhancement at Hb. 

The magnitude of the enhancements agreed with those reported in earlier studies on five 

membered heterocycles.132 Also, irradiation of Ha produced a small enhancement of the 

signal corresponding to Hd ( <2% ). Because of the distinctively characteristic pattern of Hb 

in both isomers, the assignment of stereochemistry for the silyl series could have been 

made by analogy, but some NOE difference experiments were performed again as a 

confirmation. 

N.O.E. : HJHe 4% 
Hcfrib8% 



3.3. Vinylaziridine-pyrroline rearrangement. Synthesis of pyrrolizidine 

diols. 

The next step in the synthetic sequence involved the formation of the bicyclic pyrrolizidine 

system. Flash vacuum pyrolysis of the mixture of hydroxyvinylaziridines 234 at 480°C 

and 10-4 mmHg through a horizontally situated Vycor tube provided unsaturated 

pyrrolizidine 239 as a single isomer. Both isomers of 234 converged to one as a 

consequence of either a diradical or zwitterionic closure of the intermediate species 240. 

Scheme XL. As in the deoxygenated series,91 the C-1 substituent was present in the less 

stable endo-configuration, most probably due to a secondary orbital interaction between the 

carbonyl of the ester and the nitrogen atom. Although the preference for the endo 

configuration, the "endo effect", is a well documented process in carbocyclic and 

heterocyclic systems, 133 the reason for this result is not clear. In order for the carbo-

methoxy group to be endo, it has to fold over the ring, minimizing the steric interaction 

m 64: 36 
2..l6., 85 : 15 
2.18., >95: 5 

480° 

10·4 mmHg ~ I 

RO 

Scheme XL. 

(D02M• 
n2_,R=H 
ill, R = TBS 
2.42, R = THS 

with the oxygen at C-7. Thus both groups arrange themselves in opposite faces of the 

cyclic system. As a result, both vinylaziridines gave the same isomer lli, with complete 
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control of stereochemistry imposed by the C-7 substituent in such a way as to have a trans-

relationship between the C-1 and C-7 functionalities. The stereochemistry of C-7 

therefore, determines the stereochemistry of the two newly formed stereocenters C-1 and 

C-8, and this will become important in the context of any planned entry into the asymmetric 

synthesis of these compounds. 

Even though these results were exciting, the yield of 239 was low. There are several 

pathways for the thermal decomposition of 234 involving the free hydroxy group. Since 

the protected vinylaziridines were available, their pyrolyses were performed next. Flash 

vacuum pyrolysis of vinylaziridines 236 and 238 using the same conditions as for 234 gave 

the silylated pyrrolizidines 241 and 242 as single isomers in much cleaner reactions. These 

pyrrolizidines possessed identical stereochemistry to their desilylated counterparts. 

Because of the instability of enamines such as 239, 241, and 242 no attempt was made to 

isolate them. After spectroscopic analysis, the crude products of pyrolysis were 

immediately reduced to the corresponding saturated pyrrolizidines 199, 243, and 244 by 

hydrogenation on 5% palladium on carbon at 25-30 psi. During these experiments, some 

!ability of the tert-butyldimethylsilyl ether toward hydrogenation conditions was observed. 

The partial deprotection of 243 to 199, which fortuitously took place on extended hydro-

genation in methanol, became a proof of identical stereochemistry in both series through the 

comparison of alcohols 199 obtained in these two ways. As another proof of the 

stereochemistry at C-1, the ester 244 was treated with sodium methoxide in methanol at 

room temperature to give, after twenty hours, the more stable a-ester 245 in quantitative 

yield. For details, see the Experimental Section. As expected, the thexyldimethylsilyl ether 

was inert toward hydrogenation.131 The stereochemical assignments were made using 

NOE difference experiments, as in the case of the vinylaziridines. 

In this manner, the formal [4+1] pyrroline annulation methodology afforded a pyrrolizidine 

system from an acyclic azidodiene in two steps. The possibility of bringing 
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~ H2, 5% Pd(C), 25-30 psi 
RO C02Me Rdj~ NH C02Me 

\-NJ AcOH or MeOH 

239, R= H 
241. R= TBS 
242, R= THS 

.122., R= H --, 
243, R= TBS _J I 244, R= THS 

I MeONa, • 
MeOH, RT 

H2, 5% Pd(C), MeOH 

about this transformation in one step was then studied. Pyrolysis of diene 233 at 480°C 

and 1 o-4 IIllnHg afforded the desired pyrrolizidine 2.3..2., but in low yield. The pyrolyses of 

the silyl derivatives ill and 237 were also sluggish. The pyrrolizidines 241 and 242 were 

the only identifiable products, the rest being intractable materials. From a preparative point 

of view, the two-step sequence was therefore chosen. Alcohol 12..2. is a common 

intermediate21,33 for the saturated pyrrolizidine diols platynecine .8.... tumeforcidine 2., 

hastanecine .l.Q, and dihydroxyheliotridane ll. The preparation of 12.2. constitutes therefore 

a formal total synthesis of the four saturated pyrrolizidine diols ,8_, 2., l.Q, and ll. The 

reasons for the versatility of this intermediate are as follows. Ester reduction of 199 gives 

dihydroxyheliotridane ll.21 The carbomethoxy group is readily isomerized21 to the more 

stable ex-position, giving hastanecine 10. Oxidation of the a-alcohol to the corresponding 

ketone 3921,33 and further hydrogenation from the less hindered side gives the ~-alcohol 

which corresponds to tumeforcidine 2.. This ~-alcohol is treated with sodium ethoxide to 

give lactone 30 which is a precursor of platynecine .8..33 

Another common intermediate for a flexible synthesis of pyrrolizidinediols is the 

pyrrolizidinone 39 and its preparation from 12.2. was therefore attempted. The oxidation of 

199 to obtain ketone ~ proved to be troublesome. When 12.2. was subjected to the Swem 

conditions as reported for the epimeric compound 3.8., 33 only complex mixtures were 
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obtained. The oxidation with manganese dioxidelOl in chloroform was also attempted. 

After two days at room temperature, 39a was obtained in very low yield. Since the ketone 

:i9, was reported to be obtained in high yield by Swem oxidation of ~,33 it was thought 

that 39a was more labile and could not survive those conditions, but no reasons that 

supported this hypothesis were found. An alternative route to ketone 39a was therefore 

developed. This route involved the oxidation of the hydroxy group earlier in the sequence. 

To this end, vinylaziridines 234 were oxidized to ketone 231. Best results were obtained 

when vinylaziridines 234 were dissolved in chloroform and treated with manganese dioxide 

added in portions over three and a half days. After this time, a 3: 1 mixture of ketone 231 

and vinylaziridine 234b without traces of 234a was obtained. This result agreed with the 

observation that oxidation of epimeric alcohols in cyclic systems with manganese dioxide 

proceeded at different rates.134 

The pyrrolizidine skeleton was then obtained by pyrolysis of ill at 480°C and 1 o-4 

mmHg, which afforded unsaturated pyrrolizidinone .l.21 in a very clean reaction. The 

reduction of enamine .1.21 proved to be troublesome. The standard conditions used for all 

the enamines in this series, namely hydrogenation at 25-30 psi using 5% palladium over 

carbon in acetic acid, afforded complex mixtures that were not further characterized. 

Selective reduction using sodium cyanoborohydride at pH 3_4135 gave trace amounts of 

saturated pyrrolizidine 39a. Finally, hydrogenation of .1.21 in acid free methanol afforded 

pyrrolizidine 39a. This compound was immediately isomerized to the more stable a-ester 

39 by treatment with sodium methoxide, Scheme XLI. The spectroscopic data of 39 

agreed with those reported in the literature. 33 

The preparation of ketones :i9. and 39a completed the formal total synthesis of .8., 9., 

10, and 11 by yet another route. The carbonyl in :i9, and 39a serves to furnish either the a-

or the ~-alcohol, depending on the conditions for its reduction. In this manner, Culvenor21 

prepared the a-alcohol by reduction of .3..2. with lithium aluminum hydride, and 
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0 C02Me 
~ MeONa 

\_NJ MeOH 

.l2.a 

Scheme XLI. 

Chamberlin33 obtained the ~-alcohol 40 by catalytic hydrogenation of the same compound 

as shown in Scheme XLII. 

HO COOMe Qj Ref.33 

0 COOMe 

Qj LAH 
HO ... -OH 

Qj 
Ref. 21 

.3.8. 1Q 

HO COOMe 

Qj 
4(00~ 8 

\_~J --- .u 
.l2.a 

Scheme XLII. 

The access to the unsaturated diols retronecine ll and heliotridine .U can be gained 

via the unsaturated ketone 12..8., or rather its reduced form 246. The pyrrolizidines 241 and 
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242 were subjected to various conditions of base-catalyzed isomerization to give 246, 

namely treatment with DBU in dimethoxyethane at room temperature, refluxing with 

sodium methoxide in methanol, and stirring their chloroform solution with neutral alumina. 

In all cases, either the starting material was recovered unchanged or total decomposition of 

the material took place. The unsaturated pyrrolizidine diols however, have been prepared 

from the saturated ones as mentioned in the historical section. 

12..8. 

Raj~ HN /}C02Me 

241. R = TBS 
242, R = THS 

Base ----------
246a. R = TBS 
246b, R = THS 

For the purpose of completeness, it was decided to prepare a pyrrolizidine diol from 

the silyl intermediate 244. Reduction of 244 with lithium aluminum hydride afforded 

alcohol 247 in good yield. The apparently simple cleavage of the silyl protecting groups 

presented unexpected problems. Attempted deprotection of 24 7 with tetra-n-butyl-

ammonium fluoridel31 did not afford the free alcohol ll. Negative results were also 

obtained with cesium fluoride in acetonitrile, and 20% hydrofluoric acid-acetonitrilel36 at 

room temperature. Some deprotection took place in acetic acid-water-tetrahydrofuran 4: 1: 1 

at room temperaturel30 for five days, giving the pyrrolizidine diol dihydroxyheliotridane 

ll. Some precedent exists regarding to the difficulties associated with these deprotections 

in the pyrrolizidine series. 52 Further investigation in this area should therefore be 

performed. 

THSO COOMe THSw·-; H OH 

~ LAH N .•• :1:1'.'?'::".o~--
\_NJ THF, 0° to RT 

Hhl_ OH ~ H 

N 

11 



4. Conclusions. 

The completion of this work proved that the intramolecular [4+1] pyrroline annulation 

of azidodienes is a reliable methodology for a general synthesis of pyrrolizidine alkaloids. 

The former methodology was extended to more oxygenated substituents in such a way that 

not only the simple monoalcohols .Q, 1, and .a, were prepared, but also the pyrrolizidine 

diols a, 2., l.Q, and 11 became available. This investigation completed the study of the 

vinylaziridines derived from diene 196 indicating that, under thermal conditions, the 

scission of the carbon-carbon bond of the aziridine takes place. This result is in complete 

agreement with previous observations.91 In addition, an explanation for the high 

selectivity of the bicyclic annulation was advanced. The complete sequence for the 

synthesis is shown in Scheme XLIII. 

Research in progress and future work in this area include: a) studies on the nucleophilic 

opening of ketovinylaziridine 231, b) utilization of a different protecting group, which 

would have similar directing properties to the thexyl group but which would be easier to 

remove, and c), asymmetric induction at the stage of the acyclic diene 233. Preliminary 

studies on the nucleophilic opening of 231 using trimethylsilyl iodide, were so far 

inconclusive. As regards the introduction of chirality, studies on the enantiospecific 

reduction by baker's yeast of esters of alcohol 233 such as 248, have been performed. 137 

Preliminary results are very promising, showing a high enantiomeric excess for the 

reduction of the acetoacetyl ester of 233 to the corresponding ~-hydroxyester 249, Scheme 

XLIV. The microorganism seems to be able to discriminate between the enantiomers of 

248 and reduce only one of them to produce hydroxyester 249 with high optical purity, 

leaving the other enantiomer unchanged. In this manner, either enantiomeric series of 

pyrrolizidine diols will become available by using either acetoacetyl ester 248 or its yeast-
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/. 
OH 

en 
C02Me 

n4.a 

l \8% ~i 

H~02Me 

\__~J239 
16 -

a52M• 
l21 ~- . XII orx1v 

28%  (2 steps) 

xii I 43% (2 steps) 
m2M• 
Is%\: 

(
ill, X= OH, H -, 

Viii IX 

.. ill, X= OTBS,H ) VI/ ill. X=OIBS,H 

ms C02Me ~~  ~02Me 
236a.  R = TBS,  61 % 

naa. R = rns. 69% 

xii 

2.l6!l, R  = TBS,  9% 

\  .llB.h. R = rns, 4% 
xi\ 

RO C02Me 

co 
j 2~1. 242 

XII 

m2M• 
ill, R = TBS, 30% (2 steps) 
244,  R = rns, 70% (2 steps) 

xiii I 
f02Me 

ct> 
RO 

3% from.2.22 
ill 25% from 226 

Reagents: i) 03, CH2Cl2; OMS, 90%; i~ Ph3PCHCHO, CH2Cl2, ~. 82%; iii) CH2CHMgBr, THF, 45°, 
85%;  iv) Mn02,,hexane-CH2Cl2 1 :1, RT, 26%;  v) NaN3, AcOH-H20  1 :1, RT, 88%;  vi) NaBH4, 

CeCl3, MeOH, 0°, 64%;  vii) PhMe, ~; viii) TBSCI, imidazole, DMF, 43%;  ix) THSCI. Im., DMF,89%; 

x) Mn02, CHCl3, RT;  xi) flash vacuum pyrolysis, 480°;  xii) H2(30 psi), 5% Pd/C, MeOH;  xiii)  MeONa, 

MeOH, quantitative;  xiv) NaCNBH3, HCI (gas), THF-MeOH;  xv)  Ref. 33. 

Scheme XLIII. 
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reduction product 249. The easily removable acetoacetyl group will also become the 

protective and directing group of choice during the cyclization and rearrangement. Such 

extension will not only further strengthen the [ 4+ 1] pyrroline annulation as a general 

method of pyrrolizidine alkaloid synthesis, but also provide access to either or both 

enantiomeric series of these compounds. 

0 

OH µ--
0 0 

o,-Y-
Baker's yeast 

~C0 2Me ----~ 
LN3 (*) 

248 

~C02Me Lt,)_ 249 
N3 

optically active 
+ 

0 0 
o,-Y-

~co2Me Ma 
N3 optically active 

(*) The absolute configurations of 249 at C-6 and C-3' have not been determined yet. 

Scheme XLIV. 



IV. EXPERIMENT AL. 

All nonhydrolytic reactions were carried out in a nitrogen or argon atmosphere with 

standard techniques for the exclusion of air and moisture. Glassware used for moisture-

sensitive reactions was flame-dried under vacuum. THF, ether, DME, and benzene were 

distilled from benzophenone ketyl, dichloromethane and toluene from calcium hydride. 

Analytical TLC was performed on silica gel 60F-254 plates. Flash chromatography 

was performed on Kieselgel 60 (EM Reagents, 230-400 mesh). Mass spectra were 

recorded on a Varian MAT-112 instrument (low resolution) or on a double focusing VG 

7070 E-HF instrument (exact mass). Infrared spectra were recorded either on neat samples 

(NaCl plates) or in solution (with solvent substraction) on Perkin-Elmer 283B, Perkin-

Elmer 710B, or Nicolet 5-DX spectrometers. Proton NMR spectra were obtained on a 

Bruker WP-270 instrument. Proton chemical shifts are reported in parts per million (ppm) 

downfield from tetramethylsilane as an internal reference (0.0 ppm). Carbon NMR spectra 

were recorded on Bruker WP-270 or NR-80 instruments. Carbon chemical shifts are 

reported in ppm relative to the center line of the CDCl3 triplet (77.0 ppm) and the 

multiplicity is indicated by CH3, CH2, CH, C (INEPT experiments). 

(5a)-1-Aza-4a-carbomethoxy-6-oxobicyclo[3.3.0]octane .J.2.. 
Vinylaziridine ill (8 mg, 0.04 mmol) was evaporated through a horizontally situated 

Vycor tube (0.6 x 55 cm) at 480 °C and about 10-4 mm Hg, and the condensate was 

collected in a trap cooled with liquid N2. The total time of evaporation was kept under 10 

min by gently warming the distillation flask. Thin layer chromatography showed a clean 

conversion of 231 (Rr=0.55, silica gel, EtOAc) to the enamine 121 (RF0.33, silica gel, 

EtOAc). Because of the instability of enamines such as l2L no attempts were made to 
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isolate 121*. The pyrolysis mixture was hydrogenated over 5% Pd/C (5 mg) in acid free 

MeOH (1 rnL) at 26 psi for 6 h. The mixture was filtered through Celite, the filter washed 

with CHC13, and the filtrate evaporated to yield 6 mg of .12..a. as an oil. The oil was 

dissolved in MeOH (1.0 rnL) and isomerized by treatment with MeONa (4 mg, 0.07 

mmol) at RT. After 4 h the solvent was evaporated and the residue was partitioned 

between H20 and CHCl3. The organic layer was washed with brine, dried over K2C03, 

and concentrated to give 4 mg of a clear oil, which was chromatographed (10% deactivated 

neutral alumina, acid free EtOAc/MeOH, 100:0 to 95:5) to give pure 39 as an amorphous 

solid: 2 mg, 28%; Rp0.14 (alumina plate, EtOAc); IR (CDC13) 1740 cm-1; ltt-NMR 

(CDCl3) S 2.11 (m, 2H), 2.45 (t, 1=7.2 Hz, 2H), 2.70 (dt, 11=10.0, 12=6.7 Hz, lH), 

2.97 (m, 2H), 3.16 (m, lH), 3.40 (m, lH), 3.73 (s, 3 H), 3.75 (m, lH). 

* For 197 : ltt-NMR (CDC13) S 2.2-2.5 (m, 3H), 3.3-3.6 (m, 2H), 3.70 (s, 3H), 3.7 

(m, lH), 4.88 (m, lH), 6.07 (m, lH). 

Methyl 8-azido-6-oxo-2,4-octadienoate lli. 
A stirred solution of the ketone 226 (0.80g, 4.82 mmol) in 30 rnL of a 1: 1 AcOH-H20 

mixture was cooled in an ice bath, and NaN3 (0.72g, 1 lmmol) was added in one portion. 

The cooling bath was removed, and the yellow solution was stirred for 35 min. The 

reaction was diluted with ether (100 rnL) and washed with saturated aqueous Na2C03 (50 

rnL). The aqueous layer was extracted with ether (1 x 50 and 1 x 70 rnL); the combined 

organic layers were washed with saturated aqueous Na2C03 until pH 8 (5x), and with 

brine, dried over Na2S0 4, and filtered through a plug of silica, and solvent evaporated to 

yield pure 196 as a yellow solid: 0.89 g, 88%; MP: 55-6°; Rp0.32 (hexane/ether, 60:40); 

IR (CDC13) 2960, 2100, 1725, 1600, 910, 730 cm·l; ltt-NMR (CDCl3) S 2.85 (t, 1=6.4 
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Hz, 2H), 3.60 (t, 1=6.4 Hz, 2H), 3.76 (s, 3H), 6.24 (d, 1=14.5 Hz, 1 H), 6.42 (d, 

1=14.5 Hz, lH), 7.24 (m, 2 H); 13c.NMR (CDC13) o 40.0 (CH2), 45.9 (CH2), 51.9 

(CH3), 129.2 (CH), 134.8 (CH), 139.2 (CH), 141.1 (CH), 166.1 (C), 196.6 (C); Mass 

Spectrum (70 eV, m/z (rel. int.)) 182 (3), 154 (14), 139 (60), 111 (100), 95 (70), 80 

(97), 59 (60); (CI mode, isobutane) 210 (7, MH+), 195 (6), 182 (35), 167 (52), 155 

(100). 

Calcd for C9H1103N (M-N2)+: 181.0739. Found: 181.0761. 

(Sa)-1-Aza-4 ~-car bomethoxy-6a-hydroxybicyclo (3.3.0]octane 12.2. 
Vinylaziridine 234a * (9 mg, 0.05 mmol) was evaporated through a horizontally situated 

Vycor tube (0.6 x 55 cm) at 480°C and about 10-4 mmHg, and the condensate was 

collected in a trap cooled with liquid N2. The total time of evaporation was kept under 10 

min by gently warming the distillation flask. Thin layer chromatography showed a clean 

conversion of 234a (Rf=0.7, neutral alumina, EtOAc) to the enamine 239 (Rf=0.2, neutral 

alumina, EtOAc). Because of the instability of enamines such as 239, no attempt was made 

to isolate 239. The pyrolysis mixture was hydrogenated over 5% Pd/C (10 mg) in dry 

methanol** (3 mL) at 30 psi for 16 h. The mixture was filtered through Celite, the filter 

washed with EtOAc, and the filtrate evaporated to yield 5 mg of a clear oil, which was 

chromatographed (1.5% deactivated neutral alumina, acid free EtOAc) to give pure 199 as a 

colorless oil: 4 mg, 43%; Rr=0.12 (silica gel, CHCl3/MeOH/NH40H 85:14:1); IR 

(neat) 3350 (broad), 2930, 1720, 1600, 1180, 1020 crn-1; lH-NMR (CDCl3) o 1.82 (m, 

lH), 1.85-1.95 (m, 3H), 2.11 (m, lH), 2.56 (ddd, 11=10.5, 12=10.0, 13=6.0 Hz, lH), 

2.68 (m, lH), 2.91 (ddd, 11=11.5, 12=9.0, 13=7.5 Hz, lH), 3.11-3.25 (m, 2H), 3.41 

(dd, 11=8.0, 12=6.5 Hz, lH), 3.71 (s, 3H), 3.93 (dt, 11=8.5, 12=6.5 Hz, lH); 13c. 

NMR (CDCl3) o 27.0, 34.2, 46.7, 52.0, 53.0, 54.0, 71.9, 73.8, 175.3; Mass Spectrum 
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(70 eV, rn/z (rel. int.)) 185 (13, M+), 167 (55), 154 (25), 141 (100), 128 (16), 126 (12), 

106 (22), 88 (20). 

Calcd for C9H1503N: 185.1052. Found: 185.1051. 

* Identical results are obtained when a mixture of vinylaziridines 234a and 234b is used 

instead of the pure 234a. 

** The hydrogenation can also be carried out in glacial AcOH with identical results. 

5-Azido-1-penten-3-ol fil. 
To a stirred solution of vinylmagnesium bromide (40 mL of 1.0 M solution in TIIF), 3-

azidopropanal (2.45 g, 247 mmol) in TIIF (15 mL) was added dropwise at 0°C. The clear 

red solution was stirred for 1 h at 0°C. Then, saturated NH4CI (5 mL) was added and a 

white precipitate appeared. The solid was collected and washed with ether (3 x 20 mL). 

The organic layers were combined and washed with 3 N HCl (1 x 20 mL), neutralized with 

5% NaHC03 (c.a. 10 mL), washed with brine (3 x 20 mL), dried over MgS04 and the 

solvent was evaporated to give 2.06 g of crude 203 which was purified by flash 

chromatography (5% deactivated silica gel, hexane/ether, 60:40) to give pure 203 as an oil: 

0.64 g, 20%; Rp0.30 (hexane/ether, 60:40); IR (neat) 3400 (br), 3100, 2960, 2100, 

1650, 1260, 1000, 930 cm-1; ltt-NMR (CDC13) 8 1.95 (m, 1 H), 2.04 (m, 1 H), 2.30 

(s br, 1 H), 3.60 (m, 2 H), 4.35 (m, 1 H), 5.16 (d, 1=11 Hz, 1 H), 5.27 (dd, 11=16.5, 

12=1 Hz, 1 H), 5.85 (ddd, 11=16.5, 12=11, 13=5.8 Hz, 1 H). 

5-Azido-3-oxopent-1-ene 204. 

To a sitrred solution of freshly distilled (COClh (768 mg, 6 mmol) in CH2Cl2 (1.5 mL) 

was added a solution of dry DMSO (940 mg, 12 mmol) in CH2Cl2 (2 mL) dropwise at 
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-78°C. After 5 min, a solution of alcohol 2Ql (635 mg, 5 mmol) in CH2Cl2 (20 mL) was 

added dropwise, and 15 min later, a solution of triethylamine (2.0 mL, 15 mmol) in 

CH2Cl2 (9mL) was added at -78°C. The yellow mixture was warmed up to -65°C over 3 

h, and then was diluted with ether (25 mL) and quenched with water (15 mL) and saturated 

aqueous NH4Cl (5 mL). The aqueous layer was extracted with ether (1 x 5 mL) and the 

combined organic layers were washed with 3 N HCl, 10% aqueous Na2C03 and brine (3 x 

20 mL), and then dried over MgS0 4, and concentrated to give 0.2 g of crude 204, which 

was purified by flash chromatography (5% deactivated silica gel, hexane/ether, 70:30) to 

yield pure 204 as and oil: 25 mg, 5%; Rp0.38 (hexane/ether, 60:40); IR (neat) 2960, 

2870, 2100, 1680, 1620, 1110 cm -1; ltt-NMR (CDC13) 8 2.85 (t, 1=7.5 Hz, 2 H), 

3.72 (t, 1=7.5 Hz, 2 H), 5.87 (dd, 11=10.2, 12=1.5 Hz, 1 H), 6.26 (dd, 11=17.6, 12=1.5 

Hz, 1 H), 6.37 (dd, I1=17.6, I2=10.2 Hz, 1 H). 

2-(4-Ethoxycarbonyl-1,3-butadienyl)-1,3-dithiane l!IB,. 

To a solution of phosphonate 200a 95(250 mg, 1 mmol) in THF (5mL) was added BuLi 

(2.4 Min hexanes, 0.42 mL, 1 mmol) dropwise at -78°C. The resultant yellow solution 

was stirred for 15 min, and then was added a solution of formyldithiane 206 (163 mg, 1.1 

mmol) in THF (0.5 mL). After stirring for 100 min at -78°C the reaction was warmed up 

to -50°C over 20 min, and quenched by adding saturated aqueous NH4Cl (3 mL). The 

mixture was diluted with ether (15 mL), and the organic layer was washed with 1 N HCl (5 

mL). The aqueous layers were combined and extracted with ether (2 x 10 mL). The 

organic layers were combined and washed with brine (2 x 10 mL), dried over Na2S04, 

filtered through a small plug of silica, and concentrated to yield pure 208 as a colorless 

solid: 230 mg, 95%, Rp 0.71 (hexane/ether, 60:40); ltt-NMR (CDCl3) 8 1.26 (t, 1= 7 

Hz, 3 H), 1.92 (m, 1 H), 2.10 (m, 1 H), 2.89 (m, 4 H), 4.20 (q, 1= 7 Hz, 2H), 4.70 (d, 
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J= 7.3 Hz, 1 H), 5.93 (d, J= 15.4 Hz, 1 H), 6.16 (dd, J1= 15.4, J2= 7.3 Hz, 1 H), 6.49 

(dd, J1= 15.4, J2= 11.0 Hz, 1 H), 7.24 (dd, J1= 15.4, J2= 11.0 Hz, 1 H). 

Alkylation of 2-( 4-Ethoxycarbonyl-l,3-butadienyl)-1,3-dithiane 1!IB,. 

A solution of lithium diisopropylamide [prepared from diisopropylamine (83 mg, 0.82 

mmol) and n-BuLi (2.4 Min hexanes, 0.34 mL, 0.82 mmol) in 2 mL of THF at 0°C] was 

cooled to -78°C, and substituted dithiane 208 (200 mg, 0.82 mmol) in THF (1 mL) was 

added dropwise. The resultant deep-red solution was stirred for 10 min, and CH3I (140 

mg, 0.98 mmol, neat) was added in portions. After 90 min of stirring at -78°C the product 

distribution remained unchanged, and the reaction was quenched by adding saturated 

aqueous NH4Cl (2 mL). The mixture was diluted with ether (10 mL), and the organic 

layer was washed with brine (2 x 5 mL), dried over Na2S04, filtered through a small plug 

of silica, and concentrated to yield 0.20 g of a viscous oil,* which was chromatographed 

(5% deactivated silica gel, hexane/ether, 75:25) to give 3 fractions. The least polar fraction 

corresponded to 2-(4-ethoxycarbonyl-2-pentanylidene)-1,3-dithiane 115.a: 75 mg, Rp0.66 

(hexane/ether, 70:30); ltt-NMR (CDCl3) o 1.21 (d, J=7 Hz, 3 H), 1.22 (t, J=7 Hz, 3 

H), 2.11 (m, 2 H), 2.85 (m, 4 H), 3.13 (quintet, J=7 Hz, 1 H), 4.07 (q, J=7 Hz, 2 H), 

5.67 (dd, J1=7, J2=14 Hz, 1 H), 6.40 (m, 2 H). 

The second fraction corresponded to 2-(4-ethoxycarbonyl-2-butenylidene)-l,3-dithiane: 69 

mg, Rp0.63 (hexane/ether, 70:30); ltt-NMR (CDC13) o 1.23 (t, J=7 Hz, 3 H), 2.13 (m, 

2 H), 2.85 (m, 4 H), 3.07 (d, J=7 Hz, 2 H), 4.07 (q, J=7 Hz, 2 H), 5.68 (dt, J 1 = 14, 

J2=7 Hz, 1 H), 6.40 (m, 2 H). 

The most polar fraction (35 mg, Rp0.50 (hexane/ether, 70:30)) contained 2 inseparable 

compounds in a 1: 1 ratio: starting material 208 and 2-( 4-ethoxycarbonyl- l ,3-butadienyl)-

2-methyl-1,3-dithiane 2.1.5..b.. For 2.1..5..b.: ltt-NMR (CDC13) o 1.25 (s, 3 H), 1.92 (m, 1 
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H), 2.10 (m, 1 H), 2.89 (m, 4 H), 4.20 (q, 1=7 Hz, 2 H), 5.92 (d, 1=15 Hz, 1 H), 6.12 

(d, 1=15 Hz, 1 H), 6,45 (dd, 11=15, 12=11 Hz, 1 H), 7.21 (dd, J1=15, J2=ll Hz, 1 H). 

* Analysis of the NMR spectrum of the crude of reaction revealed that the ratio y.a of the 

products was about 8:2. 

1-Bromo-4-chlorobutan-2-one 221, and 4-Chloro-1-iodobutan-2-one 224. 

A saturated solution of diazomethane in ethyl ether was prepared according to the following 

procedure. To an ice-cooled solution of N-nitrosomethylurea (10 g, 100 mmol) in ether 

(60 mL) was added KOH (50% solution, 45 mL) and the biphasic system was left fo stand 

at 0°C for 40 min with occasional stirring. The yellow ethereal layer was then decanted, 

and dried at 0°C for 10 min using several pellets of KOH, and filtered through a small plug 

of Na2S04. To this saturated solution of diazomethane in ether (60 mL) at 0°C was added 

3-chloropropanoyl chloride (1.3 g, 10 mmol) in portions, and the resulting mixture was 

stirred at 0°C. After 1.5 h the diazoketone was the only compound seen by TLC: Rp0.19 

(hexane/ether, 60:40); IR (neat) 2100, 1650 cm -1. 

Preparation of 221, 

To the ethereal solution of the diazoketone was added HBr (47% solution, 1.3 mmol) 

dropwise over a 1 h period until the reaction was complete. The ethereal solution was then 

dried over N a2S0 4, and the solvent was evaporated to give 1.5 g of crude bromoketone 

221, which was about 95% pure by NMR (80% yield) and suitable for use in the next step 

without purification: oil, Rr=0.50 (hexane/ether, 60:40); lH-NMR (CDCl3) 8 3.15 (t, J= 

7 Hz, 2 H), 3.77 (t, 1= 7 Hz, 2 H), 3.93 (s, 2 H). 

Preparation of 224. 

Hydriodic acid (47% solution, lmL) was added in one portion to a ethereal solution of 

diazoketone (1.0 g, 7.5 mmol) cooled at 0°C. The cooling bath was then removed and the 
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mixture was stirred for 3 days at RT. The solution was then diluted with ether, and 

saturated aqueous N a2S203 was added dropwise until discoloration. The organic layer 

was washed with brine, and dried over Na2S04, and the solvent was evaporated to give 

0.5 g of an oil, which was chromatographed (5% deactivated silica gel, hexane/ether, 3:1) 

to give iodoketone 224 as an orange oil:* 0.4 g, 36%, Rp 0.5 (hexane/ether, 60:40); lH. 

NMR (CDCl3) o 3.20 (t, 1=7 Hz, 2 H), 3.77 (t, 1=7 Hz, 2 H), 3.82 (s, 2 H). 

* The major contaminant was 4-chlorobutan-2-one. 

Arbuzov reaction of bromoketone 2 21. Synthesis of (1-(2-Chloro-

ethyl)vinyl)diethyl phosphate ill, Diethyl (4-Chloro-2-oxobutyl)phos-

phonate 222b, and Diethyl (2-0xo-3-butenyl)phosphonate 222a. 

Bromoketone 221 (0.5 g, 2.7 mmol) was added in one portion to triethyl phosphite (0.6 g, 

3.6 mmol) heated at 120°C (gas evolution was observed for 5 min). After 45 min the 

mixture was distilled in a Kugelrohr apparatus at 150°C and 10-4 mmHg to give 0.5 g of a 

colorless oil,* which was chromatographed (5% deactivated silica gel, ether/EtOAc, 10:0 to 

0: 10) to give 3 fractions. The least polar fraction corresponded to (1-(2-chloroethyl)vinyl)-

diethyl phosphate 223: 0.20 g, 30%, Rp 0.60 (ether, 100%); ltt-NMR (CDCI3) o 1.40 

(t, 1= 7 Hz, 6 H), 2.65 (t, 1= 8.5 Hz, 2 H), 3.65 (t, 1= 8.5 Hz, 2 H), 4.19 (m, 4 H), 4.63 

(m, 1 H), 5.00 (t, 1= 2.0 Hz, 1 H); 13c.NMR (CDCI3) o 15.6 (CH3), 37.5 (CH2), 40.3 

(CH2), 63.1 (CH2), 99.2 (CH2), 151.1 (C). 

The second fraction corresponded to diethyl (4-chloro-2-oxobutyl)phosphonate 222b: 0.03 

g, 5%, Rp0.27 (ether, 100%); ltt.NMR (CDCl3) o 1.37 (t, 1= 7 Hz, 6H), 3.12 (t, 1= 

6.8 Hz, 2 H), 3.13 (d, J= 22.5 Hz, 2 H), 3.73 (t, J= 6.8 Hz, 2 H), 4.15 (m, 4 H). 
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The most polar fraction corresponded to diethyl (2-oxo-3-butenyl)phosphonate 222a: 0.14 

g, 25%; Rr= 0.20 (ether, 100%); lH-NMR (CDCl3) o 1.23 (t, J=7 Hz, 6 H), 3.16 (d, 

J= 22.7 Hz, 2 H), 4.05 (quintet, J= 7 Hz, 4 H), 5.85 (dd, J1= 10.3, J2= lHz, 1 H), 6.23 

(dd, J1= 17.2, J2= lHz, 1 H), 6.40 (dd, J1= 17.2, J2= 10.3 Hz, 1 H). 

* According to the NNIR spectrum of the crude of reaction, the ratio 223: 222b: 222a is 

5: 1: 4. 

Arbuzov reaction of iodoketone 224. 

To a red solution of iodoketone 224 (0.5 g, 4.3 mmol) in THF (3mL) was added triethyl 

phosphite (0.75 g, 4.5 mmol) in one portion and the mixture was stirred at 50-60°C. After 

1 h the solvent was evaporated to give an oil that contained three compounds by NNIR in a 

2: 4.8: 3.2 ratio. The oil was chromatographed as above to give three fractions: phosphate 

223 (100 mg, 10%), phosphonate 222b (240 mg, 23%) and phosphonate 222a (150 mg, 

16%). 

Diethyl (2-oxo-3-butenyl)phosphonate 222a. (Cuprate method) 

To a solution of diethyl methylphosphonate 225 (4.00 g. 26 mmol) in THF (50 mL) was 

added dropwise butyl lithium (2.5 Min hexanes, 10.5 mL, 26.3 mmol) at -78°C. After 

sitrring for 15 min, Cul (5.52 g, 29 mmol) was added with efficient stirring, followed by 

warming to -35°C over 1 h. To the resulting dark green solution, acryloyl chloride (2.7 g, 

29 mmol) was added at -35°C and the mixture was stirred at -35°C for 1.5 h. The reaction 

was then quenched by adding saturated aqueous NH4Cl (30 mL), and the mixture was 

diluted with ether (80mL). The aqueous layer was extracted with ether (2 x 20 mL). The 

combined organic layers were the washed with brine, dried over Na2S04, filtered through 
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a small plug of silica gel, and evaporated to yield 3.33 g of phosphonate 222a, which was 

more than 95% pure by NMR: oil, 62%. The spectral data of 222a was reported above. 

The neat product polymerized at room temperature overnight, therefore 222a was stored as 

a methylene chloride solution over Na2S0 4 in the freezer. 

Diethyl (4-azido-3-oxobutenyl)phosphonate 217b. 

A stirred solution of phosphonate 222a ( 42 mg, 0.19 mmol) in 0.4 mL of a 1: 1 AcOHJH20 

mixture was cooled in an ice-bath, and NaN3 (32 mg, 0.58 mmol) was added in one 

portion. The cooling bath was removed, and the yellow solution was stirred for 20 min. 

The mixture was then diluted with ether (5 mL) and H20 (lmL), and washed with 

saturated aqueous Na2C03 (5 mL). The aqueous layer was extracted with ether (2 x 5 

mL), the combined organic layers were washed with saturated aqueous Na2co3 until pH 

8, and with brine, and dried over Na2S0 4, and filtered through a plug of silica, and the 

solvent was evaporated to yield pure 2..lTh as a colorless oil: 44 mg, 95%; Rr= 0.29 

(AcOEt, 100%); lH-NMR (CDCl3) S 1.29 (t, J= 7 Hz, 6 H), 2.86 (t, J= 6.3 Hz, 2 H), 

3.07 (d, 23.0 Hz, 2 H), 3.50 (t, J= 6.3 Hz, 2 H), 4.16 (m, 4 H). 

Horner-Emmons-type condensation of 222a and 217b. 

i) Using butvl lithium as base. Preparation of methyl 6-oxo-2,4-dodecadjenoate 227. 

To a stirred solution of phosphonate 222a (780 mg, 3.85 mmol) in THF (12 mL) was 

added dropwise n-BuLi (2.5 M in hexanes, 1.60 mL, 3.99 mmol) at -40°C and the 

resultant colorless solution was stirred for 50 min. A solution of aldehyde 216 114 ( 493 

mg, 3.85 mmol) in THF (lOmL) was then added, followed by warming up to -10°C over a 

50 min period. The reaction was then cooled to -78°C and quenched by adding saturated 
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aqueous NH4Cl (3 mL). The mixture was diluted with ether (20 mL), and the aqueous 

layer was extracted with ether (20 mL), and the combined organic layers were washed with 

brine (2 x 5 mL), dried over Na2S04, filtered, and the solvent was evaporated to give 0.80 

g of an oil, which was chromatographed (5% deactivated silica gel, hexane/ether, 60:40) to 

obtain pure diene 227 as a white solid: 150 mg, 18%; MP: 75-77°C; Rr= 0.42 

(hexane/ether 60:40); IR (CDC13) 2960, 2870, 1720, 1690, 1600, 1250, 1160 cm-1; lH-

NMR (CDCl3) 8 0.80 (m, 3 H), 1.21 (m, 6 H), 1.52 (m, 2 H), 2.52 (t, 1= 7 Hz, 2 H), 

3.69 (s, 3 H), 6.18 (d, 1= 15 Hz, 1 H), 6.39 (d, 1= 15 Hz, 1 H), 7.10 (dd, 11= 15, 12= 

11 Hz, 1 H), 7.26 (dd, 11= 15, 12=11 Hz, 1 H); 13c-NMR (CDC13) 8 13.9 (CH3), 22.5 

(CH2), 23.9 (CH2), 28.9 (CH2), 31.5 (CH2), 41.3 (CH2), 51.9 (CH3), 128.3 (CH), 

135.5 (CH), 138.0 (CH), 141.6 (CH), 166.2 (C), 200.0 (C); Mass Spectrum (70 eV, 

m/z (rel. int.)) 224 (5), 193 (13), 181 (11), 165 (11), 154 (67), 139 (90), 111 (100), 95 

(92). 

Cale for C13H2003: 224.1412. Found: 224.1411. 

ii) Using LDA-HMPA as a base. 

To a solution of lithium diisopropylamide [prepared from diisopropylamine (3.69 mg, 3.65 

mmol) and n-butyl lithium (2.5 M in hexanes, 1.46 mL, 3.65 mmol) in 1 mL of TIIF at 

0°C and then cooled to -45°C] was added a solution of HMP A (654 mg, 3.65 mmol) in 

TIIF (4mL). After 30 min, phosphonate 222a (750 mg, 3.65 mmol) was added at -45°C. 

After 10 min of stirring, a solution of aldehyde ill (467 mg, 3.65 mmol) in THF (4mL) 

was added at -45°C and the resultant mixture was stirred for 90 min. The reaction was then 

worked up as for the n-BuLi case, to give triene 226 as a pale yellow solid: 61 mg, 10%. 

Spectral data for 226 are reported in a later experimental. 

iii) Using LiCI and DBU. 

To a stirred suspension of dry LiCI (21 mg, 0.48 mmol) in acetonitrile (7 mL) was added 

phosphonate 217b (121 mg, 0.48 mmol in 1 mL of acetonitrile), DBU (63 mg, 0.41 mmol, 
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neat), and finally aldehyde ill (53 mg in 1 mL of acetonitrile, 0.41 mmol) at RT. The 

resulting suspension became a homogenous solution in 10 min and, after 40 min, the 

reaction was complete by TLC. The reaction was then quenched by adding saturated 

aqueous NH4Cl, and diluted with ether (20 mL). The organic layer was washed with 3 N 

HCl (5mL), and with brine (2 x 5 mL), and dried over Na2S04, filtered, and the solvent 

was evaporated to give 110 mg of an oil, which was chromatographed as above to give 8 

mg (10%) of diene 196. Physical data for 196 are reported in a later experimental. 

iv) Using KOt-Bu, or NaH/THF, or K2_CQ~/toluene. 

Each experiment was performed according to the procedure reported in the literature.124c,a,e 

Methyl 6-hydroxy-2,4,7-octatrienoate fil. 
To a solution of 5-formyl-2,4-pentadienoate 125 228 (0.94 g, 6.71 mmol) in THF (35 mL) 

cooled to -65°C was added vinyl magnesium bromide (7.4 mL of 1.0 M solution in THF) 

dropwise. The resulting orange solution was stirred at -65 °C, and the reaction was 

monitored by TLC. The reaction was complete after 40 min; the mixture had become a red 

solution. The reaction was quenched by adding saturated aqueous NH4Cl (3 mL) and the 

cooling bath was removed. After 30 min of stirring the mixture was filtered to remove 

inorganic impurities, and the organic layer was dried over Na2S04, filtered, and evaporated 

to yield 0.95 g of crude alcohol 222, which was about 90% * pure by NMR (85% yield) 

and suitable for use in the next step without further purification. An analytical sample was 

then purified on 5% deactivated flash silica gel with CH2Cl2/Et20 (9: 1) to yield pure allylic 

alcohol 229: oil; RF0.30 (hexane/ether, 1:1); IR (neat) 3400 (br), 2960, 1720, 1640, 

1620, 1440, 1140, 1000 cm-1; lff.NMR (CDC13) o 2.0 (s br, lH), 3.70 (s, 3H), 4.72 

(m, lH), 5.15 (dd, J1=7, J2=l Hz, lH), 5.26 (dd, J1=15, J2=l Hz, lH), 5.85 (m, lH), 

5.86 (d, J=14 Hz, lH), 6.08 (dd, J1=11, J2=4 Hz, lH), 6.35 (m, lH), 7.23 (dd, J1=14, 
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J2=ll Hz, lH); l3c-NMR (CDCl3) o 51.5, 72.9, 116.0, 121.5, 132.2, 138.4, 142.6, 

143.9, 167.3; Mass Spectrum (70 eV, m/z (relative intensity)) 168 (2, M+), 166 (5), 113 

(20), 85(60), 84 (100), 55 (28). 

Calcd for C9H1203: 168.0786. Found: 168.0786. 

* The impurity was identified as methyl 6-hydroxy-2,4-hexadienoate: Rr=0.22 

(hexane/ether, 1:1); IR (CDC13) 3400, 1720, 1640, 1620, 1140 cm·l; lH-NMR (CDC13) 

o 1.60 (t br, lH), 3.63 (s, 3H), 4.22 (m, 2H), 5.82 (d, J=15.5 Hz, lH), 6.17 (dt, 

J1=15.5, J2=5.0 Hz, lH), 6.36 (dd br, J1=15.5, J2=ll.O Hz, lH), 7.24 (dd, J1=15.5, 

Ji= 11.0 Hz, lH). 

Methyl 6-oxo-2,4, 7-octatrienoate fil. 

To a stirred soution of the alcohol 229 (1.0 g, 5.9 mmol) in a 1:1 mixture of 

hexane/CH2Cl2 (120 mL) was added Mn0 2 (5.1 g, 59 mmol) in one portion at RT. The 

flask was protected from light by means of a blanket, and the stirring was continued at RT. 

After 26 h the suspension was filtered through Celite and rinsed with EtOAc (3 x 30 mL), 

and the solvent was evaporated to give 0.51 g of a yellow solid, which was 

chromatographed (5% deactivated silica gel, hexane/ether, 65:35) to obtain pure 226 as a 

pale yellow solid: 0.25 g, 26%, Rr=0.35 (hexane/ether, 60:40): MP: 81-82°C; IR 

(CDC13) 1720, 1600, 1460, 1380, 1090, 900 cm·1; lff.NMR (CDC13) o 3.74 (s, 3H), 

5.90 (dd, J1=l0, J2=l Hz, lH), 6.24 (d, J=15 Hz, lH), 6.31 (dd, J1=l8, J2=l Hz, lH), 

6.58 (dd, J1=18, J2=10 Hz, lH), 6.73 (d, J=15 Hz, lH), 7.30 (m, 2H); 13c.NMR 

(CDCl3) o 51.8 (CH3), 128.7 (CH), 129.4 (CH2), 133.3 (CH), 135.4 (CH), 139.5 

(CH), 141.5 (CH), 166.2 (C), 189.0 (C); Mass Spectrum (70 eV, m/z (rel int.)) 166 

(57, M+), 139 (22), 135 (21), 111 (72), 107 (100), 77 (25), 55 (82). 

Calcd for C9H 1003: 166.0630. Found: 166.0627. 
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( 3 a )-1-A za-2 a-( 2-ca r b o met h oxy et hen y I )-4-ox obi cy cl o [3 .1. 0] hexane ill. 
To a stirred solution of alcohols 234 (48 mg, 0.27 mmol) in CHCl3 (1.5 mL) was added 

Mn02 (100 mg) in one portion at RT. The mixture was protected from the light and stirred 

for 24 h. It was then centrifuged, and the filter was washed with CHCl3, The filtrate 

concentrated to about 4 mL, and more Mn02 ( 100 mg) was added. After 2.5 days the 

suspension was centrifuged again, the filter washed with CHC13, and the filtrate evaporated 

to give an oil, which was chromatographed (10% deactivated silica gel, EtOAc-hexane, 

9:1) to yield pure 231 as a pale yellow oil: 17 mg, 38%; Rr=0.55 (silica gel, EtOAc); IR 

(neat) 2030, 2860, 1740, 1660, 1260, 1020, 790 cm·l; ltt-NMR (CDC13) o 2.16 (ddd, 

J1=19.l,J2=9.7,J3=2.9 Hz, lH), 2.41 (q, J=9.7 Hz, lH), 2.51 (d, J=2.0 Hz, lH), 2.63 

(dd, J1=7.6 J2=2.0 Hz, lH), 3.35 (m, lH), 3.56 (m, lH), 3.70 (s, 3H), 6.06 (d, J=15.9 

Hz, lH), 6.53 (dd, J1=15.9, J2=7.6 Hz, lH); 13c.NMR (CDCl3) o 30.8 (CH2), 42.9 

(CH), 40.3 (CH2), 49.9 (CH), 51.7 (CH3), 123.5 (CH), 143.7 (CH), 165.9 (C), 209.2 

(C); Mass Spectrum (70 eV, m/z (rel int.)) 150(3), 122 (26), 98(100), 94(19), 82(55), 

80(54), 56(22). 

Calcd for C7H30N (M-59+) : 122.0606. Found: 122.0604. 

Methyl 8-azido-6-hydroxy-2,4-octadienoate fil. 
To an ice cooled solution of the ketone 196 (0.89 g, 4.25 mmol) in dry MeOH (30 mL) 

was added NaBH 4 (0.22 g, 5.78 mmol) in one portion. After 2 min a catalytic amount of 

anhydrous CeC13 (10 mg) was added (gas evolution was observed); and the reaction was 

monitored by TLC. After 35 min the reaction was quenched with H20 (0.25 mL), and the 

solvent was evaporated. The resulting solid was partitioned between ether (50 mL) and 3N 

H 2S0 4 (5 mL). The aqueous layer was extracted with ether (2 x 15 mL), and the 

combined organic layers were neutralized with saturated aqueous N aHC03, washed with 
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brine, and dried over Na2S04. Evaporation of the solvent yielded 0.87 g of a yellow oil, 

which was chromatographed (5% deactivated silica gel, hexane/ether, 1.6:2) to give pure 

233 as a colorless oil: 550 mg, 64% ; RF0.22 (hexane/ether, 60:40); IR (neat) 3350 

(broad), 2080, 1710, 1430, 990 cm-1; lH-NMR (CDC13) o 1.80 (m, 2H), 1.95 (d br, 

lH, variable), 3.45 (m, 2H), 3.73 (s, 3H), 4.40 (m, lH), 5.89 (d, J=15.3 Hz, lH), 6.08 

(dd, J 1 =15.3, J2=5.8 Hz, lH), 6.38 (ddd, J 1 =15.3, J2=10.5, J3=l Hz, lH), 7.25 (dd, 

J1=15.3, J2=10.5 Hz,lH); l3c.NMR (CDCl3) o 35.6 (CH2), 47.9 (CH2), 51.5 (CH3), 

69.0 (CH), 121.4 (CH), 127.7 (CH), 143.7 (CH), 143.9 (CH), 167.3 (C); Mass 

Spectrum (CI mode, m/z (rel. int.)) 212 (20, MH+), 184 (90), 166 (100), 141 (95). 

Found: 212.1152. 

(3a)-1-Aza-2a-(2-carbomethoxyethenyl)-4 ~-hydroxybicyclo [3.1.0] hexane 

u.!a. and its 4a epimer ~-

A solution of the alcohol 233 (550 mg, 2.6 mmol) in toluene (20 mL) was refluxed and 

monitored by TLC. After 16 h the resulting deep orange solution was evaporated to give a 

thick oil in which the ratio of~ and a alcohols 234 was determined to be 64:36 by NNlR. 

The oil was chromatographed (10% deactivated silica gel, acid free EtOAc) to give 270 mg 

(49 %) of the mixture of 234a and 234b. An analytical sample of the alcohols was 

obtained by preparative TLC (silica gel, EtOAc/hexane, 90: 10, three elutions) of the 

mixture. 234a: oil, RF0.16 (silica gel, EtOAc); IR (neat) 3500-3300, 2960, 1725, 1650, 

1440, 1270, 1150,1020 cm-1; ltt-NMR (CDC1 3) o 1.48 (m, lH), 1.65 (s br, lH 

,variable), 1.92 (m, lH), 2.44 (dd, J1=4.0, J2=2.3 Hz, lH), 2.48 (dd, J1=8.0, J2=2.3 

Hz, lH), 3.05 (m, 2H), 3.65 (s, 3H), 4.74 (ddd, J1=9.0, 12=8.5, 13=4.0 Hz, lH), 5.96 

(d, 1=15.5 Hz, lH), 6.55 (dd, 11=15.5, 12=8.0 Hz, lH); 13c.NMR (CDCl3) o 28.7 

(CH2), 35.9 (CH), 51.1 (CH2), 51.3 (CH3), 51.4 (CH), 72.4 (CH), 121.2 (CH), 146.8 
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(CH), 166.2 (C); Mass Spectrum (70 eV, m/z (rel. int.)) 165 (48), 150 (100), 132 (35), 

118 (33), 106 (62). 

Calcd for C9H11N02 (M - H20)+: 165.0790. Found: 165.0780. 

Calcd for C9H14N03 (MH)+ [CI mode]: 184.0974. Found: 184.0963 

234b: oil; Rp0.15 (silica gel, EtOAc); IR (neat) 3500-3300, 2950, 1720, 1650, 1440, 

1270, 1145, 1020 cm-1; lH-NMR (CDCl3) o 1.75 (m, 2H), 1.87 (dd, J 1 =8.0, J2=2.3 

Hz, lH), 2.45 (s br, lH, variable), 2.50 (d br, J=2.3 Hz, lH), 3.10 (m, lH), 3.22 (m, 

lH), 3.66 (s, 3H), 4.53 (m, lH), 5.93 (d, J=15.5 Hz, lH), 6.52 (dd, J1=15.5, J2=8.0 

Hz, lH); 13c-NMR (CDCl3) o 31.1 (CH2), 38.7 (CH), 51.1 (CH2), 51.6 (CH3), 54.6 

(CH), 72.4 (CH), 121.8 (CH), 146.8 (CH), 166.5 (C); Mass Spectrum (70 eV, rn/z (rel. 

int.)) 183 (15, M+), 165 (10), 149 (13), 134 (10), 124 (33), 106 (40), 98 (42), 80 (100). 

Calcd for C9H13N03: 183.0895. Found: 183.0895. 

* The reaction can also be carried out in refluxing CHC13 with the same isomeric ratio and 

yield, but in this case the time required is more than 50% longer. 

Methyl 8-azido-6-(tert-butyldimethylsilyl)oxy-2,4-octadienoate ill. 

To a stirred solution of alcohol 233 (105 mg, 0.5 mmol) in DMF (0.8 mL) were added in 

portions tert-butyldimethylsilyl chloride (TBDMSCl, 378 mg, 2.5 mmol) and then 

imidazole (340 mg, 5 mmol). Upon addition of imidazole the yellow solution turned 

orange. After 15 h of stirring at room temperature, more TBDMSCl (100 mg, 0.65 mmol) 

and imidazole (60 mg, 0.9 mmol) were added. After 25 h the mixture was diluted with 30 

mL of ether and poured into 10 mL of brine. The aqueous layer was extracted with ether (2 

x 10 mL), the combined organic layers were washed with 3N HCl and then with brine, and 

dried, and the solvent was evaporated to give 0.30 g of a clear oil, which was 
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chromatographed (silica gel, hexane/ether 90: 10) to obtain pure 235 as a colorless oil: 70 

mg, 43%; Rp0.68 (hexane/ether 60:40); IR (neat) 2930, 2090, 1710, 1260, 1120, 860, 

790 cm-1; lff-NMR (CDCl3) o 0.03 (d, J=12.0 Hz, 6H), 0.88 (s, 9H), 1.75 (q, J=6.5 

Hz; 2H), 3.35 (m, 2H), 3.73 (s, 3H), 4.35 (m, lH), 5.88 (d, 1=15.5 Hz, lH), 6.04 (dd, 

J1=15.5, J2=6.0 Hz, lH), 6.30 (m, lH), 7.25 (dd, J1=15.5, I2=ll.O Hz, lH). 

(3 a)-1-Aza-2 a-(2-car hornet hoxyeth enyl )-4 ~ -[ ( te rt-bu ty I di methylsi ly I) oxy] bi 

cyclo[3.l.O]hexane lliil. and its 4a epimer Ufill. 

A solution of the alcohol 235 (50 mg, 0.15 mmol) in toluene (5 mL) was refluxed and 

monitored by TLC. After 12 h the resulting deep yellow solution was evaporated to give a 

thick oil in which the ratio of~ and a alcohols 236 was determined to be 85: 15 by NMR. 

The oil was chromatographed (10% deactivated silica gel, EtOAc/hexane, 30:70) to give the 

pure aziridines: 2..3.ful: oil, 27 mg, 61 %; Rp0.50 (hexane/EtOAc, 1: 1 ); IR (neat) 2980, 

2850, 1725, 1660, 1100, 840 cm-1; lff-NMR (CDC13) o 0.05 (s, 6H), 0.85 (s, 9H), 1.5 

(m,lH), 1.9 (m, lH), 2.36 (dd, J1=4.5, J2=2.5 Hz, lH), 2.47 (br dd, I1=7.8, J2=2.5 

Hz, lH), 3.05 (m, 2H), 3.65 (s, 3H), 4.73 (ddd, J1=8.5, J2=7.8, J3 =4.5 Hz, lH), 

6.00 (br d, J=15.5 Hz,lH), 6.63 (dd, J1=15.5, J2=7.5 Hz, lH); 13c-NMR (CDCl3) o 

-4.9 (CH3), -4.7 (CH3), 18.1 (C), 25.7 (3 CH3), 30.0 (CH2), 36.5 (CH), 51.4 (CH3), 

51.7 (CH2), 52.4 (CH), 73.6 (CH), 121.2 (CH), 147.7 (CH), 178.9 (C); Mass Spectrum 

(70 eV, m/z (rel. int.)) 297 (8, M+), 282 (10), 265 (12), 238 (18), 166 (55), 139 (40), 

106 ( 100), 73 (70). 

Found: 297.1759. 

23.fill: oil, 4 mg, 9 %; Rp0.65 (hexane/EtOAc 1:1); lff-NMR (CDCl3) o 0.05 (s, 6H), 

0.85 (s, 9H), 1.6 (m, 2H), 1.80 (br dd, J 1 =7.5, J2=2.5 Hz, lH), 2.38 (d, J=2.5 Hz, 
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lH), 3.04 (ddd, 11=1 l.5, 12=7.5, 13=1.5 Hz, lH), 3.22 (ddd, 11=1 l.5, 12=11.0, 13=8.0 

Hz, lH), 3.68 (s, 3H), 4.52 (br d, 1=4.5 Hz, lH), 5.95 (dd, 11=16.0, 12=0.5 Hz, lH), 

6.60 (dd, 11=16.0, 12=7.5 Hz, lH). 

Methyl 8-azido-6-(thexyldimethylsilyl)oxy-2,4-octadienoate 237. 

To a stirred solution of alcohol 233 (70 mg, 0.33 mmol) in DMF (0.5 mL) at 0°C were 

added in portions thexyldimethylsilyl chloride (THDMSCl, 118 mg, 0.66 mmol) and then 

imidazole (90 mg, 1.32 mmol). After 24 h of stirring at 0°C, the mixture was warmed up 

to room temperature (a yellowish solution was obtained), and diluted with ether (20 mL), 

and poured into brine (10 mL). The aqueous layer was extracted with ether (1 x 5 mL), 

and the organic layers were combined and washed with cold 3N HCl (1 x 5 mL), and then 

with brine, and dried, and the solvent was evaporated to give pure 237 as a colorless oil: 

104 mg, 89%; RF0.71 (hexane/ether 60:40); IR (neat) 2960, 2100, 1730, 1250, 1130, 

1000, 820 cm-1; lff-NMR (CDC13) 8 0.05 (s, 3H), 0.09 (s, 3H), 0.84 (m, 12H), 1.61 

(m, lH), 1.75 (q, 1=7.0 Hz, 2H), 3.37 (m, 2H), 3.73 (s, 3H), 4.34 (m, lH), 5.86 (d, 

1=15.5 Hz, lH), 6.02 (dd, 11=15.5, 12=6.0 Hz, lH), 6.30 (m, lH), 7.24 (dd, 11=15.5, 

12=1 l.O Hz, lH); l3c-NMR (CDCl3) 8 -2.9 (CH3), -1.5 (CH3), 18.8 (2 CH3), 20.5 

(CH3), 20.9 (CH3), 25.0 (C), 34.1 (CH), 37.0 (CH2), 47.4 (CH2), 51.3 (CH3), 69.8 

(CH), 121.5 (CH), 127.6 (CH), 143.8 (CH), 144.7 (CH), 167.4 (C). 
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(3a)-1-Aza-2a-(2-carbomethoxyethenyl)-4~-[ ( thexyl dimethylsilyl)oxy]-

bicyclo[3.1. 0]hexane ill.a and its 4a epimer illh,. 

A solution of the alcohol 237 (104 mg, 0.29 mmol) in toluene (10 mL) was refluxed and 

monitored by TLC. After 9 h the resulting deep yellow solution was evaporated to give a 

thick oil in which the ratio of~ and a alcohols 238 was determined to be at least 95:5 by 

NMR. The oil was chromatographed (10% deactivated silica gel, EtOAc/hexane, 30:70) to 

give the pure aziridines: 238a: oil, 65 mg, 69%; Rp0.55 (EtOAc, 100%); IR (neat) 2980, 

2840, 1725, 1660, 1210, 1090, 840 cm-1; ltt-NMR (CDC13) 8 0.05 (s, 6H), 0.83 (m, 

12H), 1.5 (m,lH), 1.59 (m, lH), 1.9 (m, lH), 2.38 (dd, J1=4.5, J2=2.5 Hz, lH), 2.44 

(br dd, J 1 =7.9 , J2=2.5 Hz , lH), 3.05 (m, 2H), 3.65 (s, 3H), 4.72 (ddd, J 1 =8.5 , 

J2=7.8, J3 =4.5 Hz, lH), 5.98 (br d, J=15.5 Hz,lH), 6.61 (dd, J1=15.5, J2=7.5 Hz, 

lH); 13c-NMR (CDCl3) 8 -3.0 (CH3), -2.8 (CH3), 18.5 (2 CH3), 20.3 (2 CH3), 25.0 

(C), 30.0 (CH2), 34.3 (CH), 36.7 (CH), 51.4 (CH3), 51.7 (CH2), 52.4 (CH), 73.4 

(CH), 121.2 (CH), 147.7 (CH), 166.6 (C); Mass Spectrum (70 eV, m/z (rel. int.)) 266 

(8), 240 (22), 226 (72), 166 (71), 139 (38), 106 (100), 73 (90). 

Found: 325.2060. 

238b: oil, 2 mg, 4 %; Rp0.68 (hexane/EtOAc 1:1); ltt-NMR (CDC13) 8 0.05 (s, 6H) 

0.85 (m, 9H), 1.6 (m, 3H), 1.80 (br dd, J1=7.5, J2=2.5 Hz, lH), 2.38 (d, J=2.5 Hz, 

lH), 3.04 (m, lH), 3.20 (ddd, J1=11.5, I2=ll.O, J3=8.0 Hz, lH), 3.68 (s, 3H), 4.58 (br 

d, J=4.5 Hz, lH), 5.95 (d br, J=16.0 Hz, lH), 6.60 (dd, I1=l6.0, J2=7.5 Hz, lH). 



106 

( 5 a )-1-Aza-4 ~-car bometh oxy-6a-[ ( te rt-bu ty I dim et hy lsi ly I )oxy] b icy cl o-

[3.3 .0] octane ill. 

Vinylaziridine 236a (10 mg, 0.03 mmol) was pyrolyzed as described in the previous 

experiment for 234. The total time of evaporation was kept under 6 min by gently warming 

the distillation flask. Thin-layer chromatography showed a clean conversion of 236a 

(Rp0.55, silica gel, EtOAc) to the enamine 241 (Rp0.31, silica gel, EtOAc) and trace 

amounts of another product of Rr=0.08 (possibly the deprotected enamine). Because of 

the instability of enamines such as 241, no attempts were made to isolate 241. The 

pyrolysis mixture was hydrogenated over 5% Pd/C (10 mg) in dry methanol* (2 mL) at 31 

psi for 8 h. The mixture was filtered through Celite, the filter washed with EtOAc, and the 

filtrate evaporated to yield 4 mg of a clear oil, which was chromatographed (1.5% 

deactivated neutral alumina, acid free EtOAc/hexane, 1:1) to give pure 243 as a colorless 

oil: 3 mg, 30%; Rp0.50 (silica gel, CHCl3/MeOH/NH 40H, 85:14:1); IR (neat) 2980, 

2940, 2870, 1740, 1260, 1210, 840, 780 cm·l; lH-NMR (CDC1 3) 8 0.02 (s br, 6H), 

0.85 (s, 9H), 1.75 (m, lH), 1.85-2.03 (m, 3H), 2.62 (ddd, J 1=10.6, J2=7.9, J3=6.0 Hz, 

lH), 2.77 (ddd, J1=11.5, J2=6.9, J3=5.2 Hz, lH), 2.96 (ddd, J1=11.5, J2=8.5, J3=6.5 

Hz, lH), 3.08 (ddd, J1=9.0, I2=8.5, J3=7.9 Hz, lH), 3.19 (ddd, J1=l0.6, J2=6.5, 

J3=4.8 Hz, lH), 3.54 (dd, I1=7.9, J2=4.0 Hz, lH), 3.66 (s, 3H), 4.03 (dt, J1=5.2, 

J2=4.0 Hz, lH); 13c-NMR (CDCl3) 8 -4.8(CH3), -4.3 (CH3), 18.0 (C), 25.8 (3 CH3), 

29.4, 36.1, 46.0, 51.5, 53.2, 54.1, 74.2, 74.7, 166.8; Mass Spectrum (70 eV, m/z, (rel. 

int.)) 297 (7), 265 (10), 256 (9), 242 (12), 213 (6), 169 (20), 141 (50), 106 (55), 82 

(100). 

Calcd for C 11H2o03NSi (M - 57)+: 242.1212. Found: 242.1200. 

* The hydrogenation can also be carried out in glacial AcOH with identical results. 

Certain degree of deprotection takes place if the hydrogenation is left for a long 
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time (longer than 16 h). 

( 5 a)-1-Aza-4 ~-car born et h oxy-6 a-[ ( t hexy I di met hy lsilyl)oxy] bicyclo [3.3. OJ-

octane 244. 

Vinylaziridine 238a (24 mg, 0.07 mmol) was pyrolyzed as described in the previous 

experiment for 234. The total time of evaporation was kept under 15 min by gently 

warming the distillation flask. Thin-layer chromatography showed a clean conversion of 

238a (Rp0.55, silica gel, EtOAc) to the enamine 242 (Rp0.31, silica gel, EtOAc) and 

trace amounts of another product of Rp0.08 (possibly the deprotected enamine). Because 

of the instability of enamines such as 242, no attempts were made to isolate 242. The 

pyrolysis mixture was hydrogenated over 10% Pd/C ( 10 mg) in 3 mL of a 7: 1 mixture of 

MeOH/ AcOH at 24 psi for 4 h. The mixture was filtered through Celite, the filter washed 

with EtOAc, and the filtrate evaporated to yield 25 mg of a clear oil, corresponding to the 

salt of 244 with AcOH. The oil was disolved in CHCl3 (7 mL) and neutralized with 0.25 

N NaOH (5 mL). The organic layer was dried over K2C03, and concentrated to give pure 

244 as a colorless oil: 17 mg, 70%; Rr=0.60 (silica gel, CHC13/MeOH/NH40H, 

85: 14:1); IR (neat) 2980, 2940, 2850, 1740, 1210, 840 cm-1; lH-NMR (CDCl3) o 0.02 

(s br, 6H), 0.81 (m, 12H), 1.57 (m, lH), 1.75 (m, lH), 1.85-2.03 (m, 3H), 2.62 (ddd, 

J1=10.3, J2=7.9, J3=6.0 Hz, lH), 2.77 (ddd, J1=ll.O, J2=7.0, J3=5.2 Hz, lH), 2.96 

(ddd, J1=11.0, J2=8.5, J3=6.5 Hz, lH), 3.10 (ddd, J1=9.0, J2=8.5, J3=8.l Hz, lH), 

3.16 (ddd, J1=10.3, J2=6.5, J3=4.8 Hz, lH), 3.54 (dd, 11=8.l, J2=4.0 Hz, lH), 3.66 (s, 

3H), 4.03 (dt, J 1 =5.2, J2=4.0 Hz, lH); 13c-NMR (CDCl3) o -2.9 (CH3), -2.4 (CH3), 

18.5 (2 CH3), 20.2 (2 CH3), 24.1 (C), 29.7 (CH2), 34.3 (CH), 36.1 (CH2), 45.9 (CH), 

51.5 (CH3), 53.2 (CH2), 54.1 (CH2), 74.2 (CH), 74. 7 (CH), 174.2 (C); Mass Spectrum 
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(70 eV, m/z, (rel. int.)) 327 (7), 296 (6), 268 (2), 242 (42), 167 (7), 141 (100), 82 

(81). 

Found: 327.2228. 

Isomerization of 244 to 245. 

To a solution of 244 (5 mg) in CD30D (0.5 mL) was added a solution of CD30Na 

[prepared from Na (ca. 3 mg) and CD30D (0.5 mL)] and the progress of the reaction was 

followed by NMR spectroscopy at RT. After 20 h the replacement of H-1 by deuterium 

was complete, and also the methoxy group of the ester was replaced by CD30 from the 

reaction medium. As the replacement of a proton by deuterium should not affect 

dramatically the chemical shift of the neighbour hydrogen atoms, the observed change in 

the chemical shifts of at least four signals in the molecule was taken as an indication that the 

isomerization had proceeded. The inversion of configuration at C-1 afforded the more 

stable a-ester, changing the steric environment of most of the protons in the molecule, and 

affecting, therefore, their chemical shifts. Only one compound was observed as a result of 

this equilibration, indicating that the isomerization was quantitative. For deuterated-245: 

lff-NMR (CDC13) ~ 0.02 (s, 6H), 0.8 (m, 12H), 1.6 (m, 2H), 1.8-2.0 (m, 3H), 2.32 

(m, lH), 2.53 (m, lH), 3.00 (m, lH), 3.12 (m, lH), 3.31 (d, J=4.9 Hz, lH), 3.50 (q br, 

1=5 Hz, lH). 

( Sa)-1-Aza-4 p-hydroxymet hy 1-6 a- [ ( thexyl di methylsilyl )oxy] bicy Io [3.3.0 ]-

octane 247. 

A solution of methyl ester 244 (17 mg, 0.052 mmol) in THF (2 mL) was slowly added to a 

stirred suspension of LiAlH4 (9 mg, 0.021 mmol) in THF (2 mL) at 0°C. After addition, 



109 

the reaction mixture was sitrred for 45 min at RT. The reaction was quenched by 

successive addition of H20 (10 µL), 8% aqueous KOH (15 µL), and H20 (10 µL). The 

resulting suspension was stirred for 15 min, and then filtered through sand. The filter was 

rinsed with CHCl3 (2 mL), and the organic layers were combined, and dried over MgS04, 

and concentrated to give crude 24 7 as an oil, which was chromatographed (1.5% 

deactivated neutral alumina, CHC13/MeOH, 100:0 to 99: 1) to yield pure 247 as a colorless 

oil: 10 mg, 64%; RF0.61 (alumina plate, CHCl3/MeOH/NH40H, 85:14:1); IR (neat) 

3300 (br), 2960, 1470, 1240, 1100, 845, 830 cm-1; lH-NMR (CDC13) o 0.13 (s, 6H), 

0.85 (m, 12H), 1.30 (m, lH), 1.6 (m, 2H), 1.7 (m, lH), 1.8 (m, lH), 2.05 (m, lH), 

2.4-2.6 (m, 3H), 2.93 (dt, J1=10.0, 12=5.5 Hz, lH), 3.26 (ddd, J1=9.2, 12=7.0, J3=1.5 

Hz, lH), 3.35 (t, J=7.0 Hz, lH), 3.73 (m, 2H), 4.02 (m, lH); 13c.NMR (CDC13) o 

-2.8 (CH3), -1.6 (CH3), 18.5 (CH3), 18.6 (CH3), 20.1 (CH3), 20.4 (CH3), 24.9 (C), 

26.7 (CH2), 34.1 (CH), 35.4 (CH2), 43.9 (CH), 53.2 (CH2), 54.7 (CH2), 63.4 (CH2), 

72.4 (CH), 72.6 (CH); Mass Spectrum (70 eV, m/z, (rel. int.)) 2.99 (7), 214 (14), 113 

(100), 82 (84), 75 (23). 

Found: 299.2302. 
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