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Abstract-—-—--Asymmetric syntheses of optically active pyrreclizidines

are reviewed according to the chiral pools used,
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1. INTRODUCTION

The pyrrolizidinesl' are called as necine bases, which have in common the aza-
bicyelo{3d. 3. 0)octane ring system, as :1llustrated in Figure 1, These bases are
variously functionalized on the parent gkeleton and are present as mono-ols,

diols, and triols. The bases themselves have been isolated from natural sources,

but more often they are found as esters (e. g, 1), diesters, or macrccyclic bis-
lactones (e.g., 2}. Various members of this family exhibit remarkably diverse
types of biclogical activi‘cy.(2 The pyrrolizidine alkaloids have been known to
have antitumor, hypotensive, local anesthetic, antispasmodic, antiinflammatory,

carcinogenic, or hepatotoxic activity. The double bond on the pyrrolizidine ske-
leton seems to be essential for the biological activities., For example, indicine
N-oxide 1, a monoester of (+)-retronecine, has been used as antitumor agent in
le

clinical trials. Since the first synthesis of retronecine in racemic form by

Geissman and Waiss in 1962, " teotal synthesis of pyrrolizidine alkaloids has been

t Dedicated to the memory of Professor Tetsuji Kametani.
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Figure 1

an attractive subject for synthetic organic chemists, because of their unique
structures and intriguing biological activity. A number of new synthetic routes
to racemic pyrrolizidines have been reported,lj but the synthesis of optically
active compounds appeared recently since the first asymmetric synthesis of pyr—
rolizidines by Robins and Sakdarat in 1979.4 During the passed dacade, a lot of
enantioselective syntheses of pyrrolizidine alkaloids have been reported, in
which chiral building blocks derived from L-proline derivatives, malic acids, or
carbohydrates were commonly used. This article reviews the literature from 1978
to the end of 1888 on asymmetric syntheses of pyrreclizidines. The authors' re-
cent work on the asymmetric synthesis of pyrrolizidine alkaloids employing chi-—
ral tin(II1}) enolates was also included in the last part of this article.

2, UTILIZATION OF L-PROLINE DERIVATIVES

The naturally occurring L-proline and 4-hydroxy-L-proline possess the half part
of the pyrrolizidine ring system with the correct absolute stereochemistry at
the C(8) center. For pyrrolizidine synthesis, the remaining problem is how to
construct ancther half part of the molecule with retention of the chirality at
the initial C(8) center and induction of a new chiral center at C(l) position of
the bicyclic skeleton,

The first chiral synthesis of optically active pyrrolizidines was reported by

Robins and Sakdarat as mentioned abave.‘l'5

A regioselective 1, 3—-dipolar cyeclo-—
addition of ethyl propiolate to the postulated azomethine ylide 56 derived from
the NO-diformyl derivative 4 of natural (-)-4-hydroxy-L-proline 3 with formic
acid in the presence of acetic anhydride was employed as a key reaction to con—

struct the pyrrolizidine nucleus. The bicyclic compcund 6 was prepared via this
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reaction in 80% yield from 4 (Scheme

[}. The 4-hydroxy group on the initial pro-

line moiety was used toc control the stereochemistry cof the two newly formed chi-

ral centers at C

(1) and C

(8)

during catalytic hydrogenation of

6. The hydroxy

compound 7 was cbtained from 6 stereoselectively and then the hydroxy group in 7

was removed from the nucleus by displacement with chlorine
tic hydrogenation to afford the ester 8.

hydride gave

mically less stable endo-ester 8 was epimerized at C(1)

ponding exo-ester which was reduced

9 in 31% overall

11 through the known procedures for

three 8e-pyrrolizidines 15,

enantiomer of 6,

yield FEr

as shown

om 3.

16,

in Scheme

followed by
Reduction of 8 with lithium

cataly—
aluminum

(+)-isoretronecanol 10 in 45% overall yield from 3. The thermodyna-

7 to produce the corres-

to (+)-laburnine (or (+)-trachelanthamidine)
The ester 8 was also converted to (+)-supinidine
the one8 (Scheme 1[). The

17 were similarly synthesized from 13,

111, synthetic

racemic other

and ihe

This work provides a general

route to all six naturally occurring l-hydroxymethylpyrrolizidines starting from

(-)-4~hydroxy—L-proline 3 with optical purity better than 80% in every case.
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A Dieckmann cyclization of the chiral diester

Benn in their

synthesis

of

199
1-hydroxymethylpyrrolizidines

was adopted by Rieger and

{Scheme 1V). Two
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homelogation methods were used to prepare the chiral diester 19 from L-proline.
Dieckmann cyclization of the diester 1% was achieved under the equilibrium con-—
trol conclitions.10 to afford the desired pyrrolizidine keto ester 20 in the encl

form. The sodium cyanoborohydride reduction of the keto ester 20 proceeded

Scheme IV ?
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{f) NaBHaCN, H,0; (g) MsCIEGRN; (h) Dibal.
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stereoselectively to give the hydroxy ester 21, which was converted into (-)-su-
pinidine 17 according to the methed of Tufariello and Leell for the racemic com-

pound, On the other hand, the catailytic hydrogenation of the keto ester 20 gave
a mixture of 14 and 23, separable by column chromatography. The ester 14 was

cenverted to (—-)-isoretronecanol 16 and (-)-trachelanthamidine 15 (Scheme V).

Scheme V7
CO,Et
a
20 rrr——— + 14 b 16
(60-80%)
219 80% ee
(30-15%) c ¢ 79%
H CO,Et
O A b
a N 61% 13
4]
(a) Hy, RN/ALO3, 30-50 psi, AcOH-H,0(1:1); 88% e
(b} LiAlH,; (c) NaOEt-EtOH. 24

The keto ester 20 was also used to synthesize 2-hydroxylated necines by Rileger

and Benn!? as shown in Scheme VI. Hydrogenation of 20 over platinum black gave

25 and 26 in 36% and 50% yields, respectively, together with a diastereomeric
mixture 27 (8%). Reduction of esters 25 and 26 with lithium aluminum hydride
gave (-)-petasinecine 28 and its epimer 29, respectively.

Scheme VI a
CO,Et

CO,Et

sl T

20 —_—

+ OH +

N
26 (50%) 27  (8%)

ul e
o

CH, OH

OH

29
(@) Hy/Pt, AcOH-H,0(1:1), 40-50 psi, 0 °C; ag.K,CO;: (b) LiAIH,.

{(-)-4-Hydroxy-L-proline derivative 30 was also used by Benn and co-workers in
their synthesis of mcre complex necine bases.13 The optically active Geissman
-Waiss lactone 393 was prepared from 30 via homologation of the carboxylic group
and transposition of the hydroxy group from C(4) to €C(3) with inversion of con-
figuration (Scheme VII).IS& The homelogation was successful via Wolff rearran-—
gement of the diazoketone 32. Elimination of the C(4} hydroxy group was manipu-
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Scheme VIiZ
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(8) MeQH-H,0, NapCOs; 1-KI-NaHCO; or PhSeCl; (f) n-BuySnH ;5% Pd/C, EtOH, MCI.

lated via the xanthate 35, as described by Dormoy’s group,14 to afford the de-
sired olefin 37 predominantly (36:37 = ca. l1:86). Electrophilic lactonization of
the carboxylic acid derived from 37 followed by reductive removal of I or PhSe
group from 38 gave the Geissman-Waiss lactone 39. The enantiomeric purity of 39
was determined to be at least 98% by Mosher's procedure.15
Conversion of 39 to (+)-retronecine 46 was done by the modification of the Geis-
sman—Waiss3 and Narasaka15 methods as shown in Scheme VIII.le Dieckmann conden-—
sation of 40 in the presence of potassium ethoxide in toluene at room tempera-
ture was proved to be the best for the conversion of 40 to the keto ester 41,
which was reduced, without purification, to the dihydroxy ester 43 in 72X yield,
accompanied by minor ampunt of the hydroxy lactone 42, Reduction of 42 and 43
with lithium aluminum hydride gave the tricls 44 and 45, respectively. The dihy-
droxy ester 43 was converted to (+)-retrcnecine 46 in 49% coverall yield from 389.
On the other hand, hydregenation of 41 using rhodium on alumina catalyst afford-
ed mainly the lactone 47. Reduction of 47 with lithium aluminum hydride gave
(-)-platynecine 48. Thus, this work presents the first enantioselective synthe-—
sis of (+)-croalbinecine 45, (+)-retronecine 48, and {(-)-platynecine 48

Benn and Co—workerslSC have developed an alternative route from 30 to the +tri-
ol, (+)-¢rotanecine 54 (Scheme IX). Thus, 30 was converted to the olefinic ni-
trile 49 with high regioselectivity in the double bond formation step.l7 Treat-
ment of 49 with N-iodosuccinimide in acetic acid gave an iodo compound, which on
treatment with acetic acid and silver acetate afforded a mixture. It was hydro-
lized to give the hydroxy lactones 50 and 51 in a 95:5 ratio. Further treat-
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Scheme VI a
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HO ,, CH,OH
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48 (49% from 39)

2 () BrCH,COLEY; (b) KOELPhMe , 1t, 4 h; () Hp/PtOy, ACOH-H,0 (1:1); {d) NaOEt (cat),EtOH, rt,
30 days; (e) LiAlH4; (f) Ac,O/Py, DMAP: (@) NaH, THF; (h) EtOH-HCI; LiAlH4i{i) Ha, RIVALO;,
AcOH-H,0 (1:1).

ment of 50 and 51 with ethyl bromoacetate yielded the desired compound 52 in 63%
overall yield from 49. The compound 52 was transformed to (+)-crotanecine 54,
through the procedure described for the (+)-retronecine synthesis, in 4% overall
yield from 30. This work presents the first enantioselective synthesis of this
pyrrolizidine triol.

A cationic olefin cyclization of a Pummerer reaction intermediate18 was deve-
loped in the synthesis of optically active (-)-trachelanthamidine 15 from L-—pro-
linol 55 by lkeda's group.19 When the sulfoxide 57 prepared from L-prolincl 55
was treated with a stocichiometric amount of trifluorcacetic anhydride, cycliza-
tion of the corresponding Pummerer reaction intermediate 58 was accomplished to
give the bicyclic product 60 via 58 (Scheme X). The stereochemical outcome of

20 and steric

this cyclization was interpreted according to the sterecelectronic
preferences of the reaction. The cyclization product 60, a mixture of ca. 4:1 of
C(2) sterecisocmers, was converted to (-)-trachelanthamidine 15 via 61.

An orthoester Claisen rearrangement of an intermediate 64 derived from L-pro-

line derivative B2 has been used in the synthesis of (-)-isoretronecancl 168 and
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Scheme IX 2
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KOE, PhMa , 0 °C to rt: (h) NaBH3CN, HpO, pH 4.1t; Aco0, DMF, 65 °C; n-BuyN'F , THF, rt; Ac,0,
rt; (i) Dibal, THF, -78 °C to rt.

(-)—trachelanthamidine 15 by msaito and co—workers.m

The t-amino-e, j —unsaturated
ester 63 prepared from N-Boeo-L-proline methyl ester 62 was reduced with Dibal in
the presence of BF3-OEt222 to-give 64 in B83% yield Ortheoester Claisen rearran-
gement of 64 afforded a mixture of the diasterecmeric esters 65 (Hy, 2:§ = 2.6:
1). The formation of the major product was explained according to the chair-iike
six-membered cyclic transition state B9. The mixture of 65 was subjected 1o
ruthenium-catalyzed oxidation2d followed by esterification to yield B66. Depro-
tecticon of the aminc group and intramolecular amidaticn promoted by AlMe324 gave
the pyrrolizidinone compounds 67 and 68 in a diastereomeric ratio of 2.7:1, This
ratio was changed to 1:4.4 (67:88) by treatment with sodium methoxide in metha-
nol. Reducticon of the esters 67 and 68 with LiA1H4 yvielded (-)Y—igoretronecancl
16 and (-)-trachelanthamidine 15, respectively.

An enantioselective synthesis of (-)-trachelanthamidine 15 from L-prcline de-

rivative 70 was reported by Jolly and Livinghouse.25 in which an atom-transfer
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y—lactamization was developed. The required allylic z-iodoacetamide 71 was pre-

pared from (8)-2-vinyl-N-(tert-butoxycarbonyl)pyrrolidine 70 in 57% overall
yvield. Cyclization of the iodoacetamide 71 was executed with (BUSSn)Z (0. ob
equiv. ) in the presence of Etl (3.5 equiv., FhH, sunlamp) to furnish the pyrro-—
lizidinones 72 and 73 (30:1} in 58% vield, This result provided the first exam—
ple of diastereoface selection in an atom-transfer annulation. Treatment of the
mixture with Cs0pCEt followed by reduction afforded (-)-trachelanthamidine 15 in
80% yield

Scheme XII¢

H
a b : c
NBOC 57% 58% N son 19
i
70 71 © 72

a {a) CF3C0O,H; (CICH2CO0, RgN; Nai, MeCN; (b) (BusSn), (0.55 eq.),Etl (3.5 eq.), hv;
(c) CsO,-CEt, DMF; LiAH,.

3. UTILIZATION OF (S)- AND (R)-MALIC ACIDS

Unsaturated pyrrolizidine dicols commonly have a chiral hydroxy group at the C(7)
center, Malic acids have attracted a lot of attention in the asymmetric synthe-—
ses of these pyrrolizidine dicls because malic acids could be gotten in any
enantiomeric pure form and alsco the chiral hydroxy group in the malic acids
could be used to control the sterecchemistry of C(8) center during C-C bond
formation reaction at that position. Intramolecular cationic and radical cycli-
zations have been shown to be excellent for the construction of C{8)-C(1) bond
with almost complete induction of chirality from C(7) to C(8).

Chamberlin and Chung26 have reported & general synthetic route to seven pyrro-
lizidine diols from a single precursor 76, which was prepared from (8)-malic
acid 74 via the key step of an intramolecular acyliminium ion-ketene dithioace-
tal cationic ecyelization of 75 (Scheme XIII). The acetoxy group in 75 is proved
to be very efficient to block the 2-face of the acyliminium ion, resulting in
very highly asymmetric induction during the cyclization step. Only ca. 3% of the
bridgehead diastereomer of 76 was detected. Ancother advantage of this route is
in the fact that the ketene dithicactal substituent in 75 serves as an efficient
cationic cyclization terminator and for introducing a double bond to the C(1)-C
(2) position via a regioselective double bond migration in later steps (Scheme
XIV). Starting from 76, Tfour 7(5) dicls 77, 78, 79, and 81 were synthesized in
8-11% overall yields from (S)-malic acid 74. For the synthesis of 7(R} diols,
Chamberlin and Chung adopted an coxidation-reduction procedure for the conversion
of 7T{S)- to T(R)-configuration. Since the attempted Swern oxidation of 80 to the

corresponding ketone resulted in the racemization at the bridgehead carbon due
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Scheme XIN2
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4 (a) AcCl; NHg; AcCl; (b) 2-(3-hydroxypropylidene)-1,3-dithiane, PhsP, EtO,CNNCO,EY; (c) NaBH,,
MeOH, -4 °C; {d) MeSQO,ClI, Et3N, CH,Cl,, -20 to 20 °C.

O

to the presence cof the ketene dithicacetal substituent, 80 was converted to the

methyl ester 82, which was then submitted to Swern oxidation and hydrogenation
0o give the 7(R) epimer 83 (Scheme XV). Thus, three 7(R) dicls 85, 48, and 48
were prepared in ca. 2-9% overall yields from (8)-malic acid. The difficulty in

the deprotonation of the tricyclic lactone 47 to form the corresponding enclate

resulted in the low yield of the phenylselenylation product 84. Seventy one per-

Scheme XIV&
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a(a) MeONa; (b) LDA, MeOH; (¢) HgClz, MeCN-HL0O, CaCO;y; (d) LiAiH,; () Hp, Raney Ni; (f) HCI-
MeOH, HgCly; {g) LiAlH,; (h) AlHg; (i} LDA, MeOH; (j) HgCl, MeCN-Hp0, CaCQOj; (K) NaBH,.
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Scheme XV &
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2 (3) HgCly, HCI-MeOH, CFaCOH: (b) Swern oxidation; Hy/PtOp, 20 °C, 4 h; () LiAIH,; (d) NaOEt-
EtOH, reflux; (e) LiAIH,; (f) LDA, PhSe,Ph; (g) LiAIH,; HzOp, HOAC.

cent of the starting material 47 was recovered in this reaction, which was used
for recycling.

The first enantiocselective approach to dihydroxypyrrolizidine was reported by
Hart and YangZT in 1983. The key step is an N-acyliminium ion rearrangement-cy-
clization process, which was enantioselectively controlled by a chiral acetoxy
group in the N-acyliminium ion precursor 92 (Scheme XVI}., The carboxylic acid 88
wag prepared from 87 via Jeohnson orthcoester Claisen rearrangement followed by
saponification. Curtius degradaticn of the acid chloride of 88 gave 89 which af-
forded the amine 90 upon treatment with trifluoroacetic acid., Coupling of 890
with (R)-2-acetoxysuccinic anhydride gave the imide 91 which was reduced with
scdium borohydride to yield the hydroxy lactam 92. The stereoselective conver-
sion of 92 to 94a,b in the presence of formic acid was rationalized by consider-

ing that the initial rearrangement proceeded via a transition state 93 having s

Scheme XxVIZ

PhCH, O
e )\;\/ i d o
2. CHO T OCH, Ph . COOH T
86 88
PhCHz O PhCH, O PhCH, O PhCH, O
(:)AC OH QAC
\ B f I
= —_— —
T86% 81% | 83%
N
Boc \ T
g1 O 92 0O

a
(a) PhCH,OCH,LI; (b) triethyl orthoacetate/propanoic acid, A; 10% NaOH; (c)SOCI,; NaN;; PhH,
refiux; "BuOK/"BUOH; (d) CFaCOsH; (e) (R)-2-acetoxysuccinic anhydride; AcCl; (f) NaBH,, MeOH.
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minimal steric interaction between the benzyloxymethyl and acetoxy groups (Sche—
me XVII). The degradation of the C(2) side chain in 895 was successful via alkoxy
radical fragmentation,ZTa which gave a mixture of 96a and 86b in 85% yield to-
gether with 98 (6%). Finally, (-)+-hastanecine 97 was derived from 96; 16% over-
all yield of the alkaloid was reported from 86. The synthesis of (-})-heliotri-
dine 99 from $8b was shown in Scheme XV1II.

Scheme XVII &

OCH,Ph
HCO,H NP2 OAc N jererr
7 >\/&'H . w\gAc
O 93 0
a b
—— — e —
89% 90%
84 aR = CHO
94bR=H (351)
AcO—, | OAc ACO— y QAc HO— | OH
M i c : ~—~ de A
85% N 829, CD
RC 0O 0
95 96 a ol (1) 87
g6 b p-I
@ (a) NaOH, MeOH; (b) H, PdiC. EtOH; Ac,O/Py; (c) HgO, I, CCly; (d) n-BusSnH,AIBN; (e} LIAIH...
Scheme XVIHI
AcO OAC
DBU, PhH . LiAIH,
96 b ——— —
25°C 60%
81%
98 © 99
28

Choi and Hart have rcported another similar synthetic route to three 7(8)
pyrrolizidines from (S)-malic acid 74. The construction of the C(1)-C(8) bond is
based on the key reaction of an intramolecular addition of e¢-acylamino radicals
to alkynes.29 The chiral s-acylamino radical precursor 101 was obtained from
{(%)-malic acid T4 as shown in Scheme X1X. Treatment of 101 with n-BugzSnH and
AIBN {n benzene gave a mixture of the geometrical isomers 102 in 71% yield
together with the reduction product 103 (18%). The use of a terminal trimethyl-
2ilyl substituent in acetylene 101 gave the merit that the cyclization provided

the exo-products exclusively due to the steric eF{-‘ects.28 Similarly to other
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Scheme XIX a
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cases'ZGb,Z?b

chemistry of the intramolecular process.
lent diastereoselectivity at C(8);

was isclated
heliotridine 77,

An alternative synthesis of (+)-heliotridine 77 from an
reported by Kanc and cofworkers.30
vield by the following procedures:

the chiral acetoxy group in 101 efficiently controls the

The mixture 102 was converted to (-)-dehydrohastanecine 105,

hydrolysis of the acetate (KZCOB, MeQH) ,

stereo-
The cyclizaticn proceeded with excel-
only 3-5% of the diastereomer at that center

(+) -

and (+)-hastanecine 79 as shown in Schemes XX and XXI.

intermediate 104 was

Compound 104 was converted to 107 in 68%

con-—

version of exo-methylene group to allylic alecohol (CFBCOZAg, PhSeCl, THF;
NaZCOS, MeQH; 30% HZOZ)' and acetylation (AcgO, Eth, DMAP) .
Scheme XX @
H OAc H OH
a b
—_—
102 81% N 90% N
104 © 105
c | 80%
Kano et ar®
H OAc H DAC
PhSe
b
77
54%
1 06 1 07

a(a) PhSO,H, MeCN-H,O; (b} LiAlH,; (c) MCPBA; HCOH, HaO; PhSeNEty;(d) NaBH,4; AcO,

EtsN, DMAP: H,0,.
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Scheme XXi 2

MeOOC ., OAc MeOOC |  OAc MeOOC H Ohc

106
59%

(3:)
C137%

? () HoOp; CHoNy; (0) Hy, PAIC;
{¢) recrystallization; LiAlH,. 79

An allene moiety has been used for free radical cyclization Iin the asymmetiric
synthesis of (+)-heliotridine 77 and (-)-dihydroxyheliotridane 78 from (S)-malic
acid.:31 The free radical precursor 109 was prepared from the chiral imide 100 by
Mitsunobu coupling, reduction, Steglich acetylation, and displacement of the
acetoxy group by phenylseleno function (Scheme XXII). The selenide 109 was
treated with n-BugSnH and AIBN in benzene under reflux to furnish the major pro-
duct 110 in 40% yield together with other three minor products (bridgehead and
double bond isomers). The major product 110 was formed by attack of the allene
on the radical face opposite to the acetoxy group and excocyclic reduction of the
resulting allylic radical. The diastereoselectivity at the bridgehead carbon is
ca. 40:17, which is less selective than in the gyclization invelved with attack

of r1-acylaming radiecal at an sp-hybrid carbon (sec Scheme XIX).28

The product
was converted to {+}-heliotridine 77 in a 4. 3% overall yield from the chiral

imide 100.

Scheme XXII &

) I o) bod " SePhy OAC
100 e | N 76% Ta0%
108 © 109 O 110 O
f,c g
ey - 107 W 77 (4.3% overall yield)

(30% S. M. recovered)

2 (@) CHy=C=CHCH,0H, E10,CNNGO,EL, PhyP, THF; (b) NaBH,, MeOH: () Ac,0,DMAP, CHoCl:
(d) PhSeH, TsOH; (g) n-BusSnH, AIBN, PhH, A; (1Se0,, AcOH; (g) LiAlH,.

Vinylsilanes as addends for free radical cyclization have been examined
{3cheme XXIII).31 The precursor 113 (cis:trans = 18:1) was treated under such
reaction conditions as menticned above for the selenide 108 +to afford the pyr-
rolizidincnes 114 and 115 in 63% and 10% yields, respectively. A mixture of iso-

meric indolizidinones (18%) and a reduction product (3%) were also isolated. A

— 1245 —




Scheme XXill a

H OAc

I _ab —  OH ¢ 4 Y

——+
oTHP 72% R/_\——/ 96% N
111 R = SiMeaPh 1192 0O
R2
1 SPh OAc R R M DOAc

d.e.f ARSEN g
— -_—

55% N + N

1 © 2 o O
113a R =SiMe,Ph, R*=H 114 (83%) 115 (10%)

113 b R' = H, R? = SiMe,Ph
(113 a:113 b = 18:1)

78

7 (a) n-BuLi; PhMe,SICI; (b) Cy,BH-THF; MOACc, A; TSOH, MeOH: (c) PhyP, 100, EtO,CNNCO,EL,

THF; (d) NaBHy, MeQH; (e) AcoO, DMAP, CHyCly; {f) TsOH, PhSH; (g) n-Bu,;SnH, AIBN, PhH, A,
1.3:1 mixture of the cis and trans ¢lefinic compounds 113 also gave nearly the
same results of the free radical cyclization. This finding suggested that an
isomerization of cis clefin to the trans isomer took place prior to eyclization.
The major product 114 was converted to (-)-dihydrexyheliotridane 78.

An enantioselective synthesis of (+)-retronecine 46 from (R)-malic acid 118
32 A Rey step for the C(1)-C(8) bond
33 of

the imide 117 prepared from (R)-malic acid 116 (Scheme XXIV). Catalytic hydro-

has been published by Yamwada' s group.

formation was achieved by utilizing a novel intramolecular Wittig reaction

genation of the conjugated lactone 118 gave the c¢is-fused lactone lactam 119

The selective reducticn of the lactam carbenyl! group in 119 was successful by

34

using a modified Raucher’'s procedure. Finally, the conversion of 120 to the

tricyclic lactone 84 via the phenylselenyl Iintermediate 121 avoided the problem

encountered in Chamberlin's retronecine synthesis28

{see Scheme XV). According
to the present route, (+)-retronecine 46 was prepared In 5.5% overall yield from

(R)-malic acid in about 20 steps. The Geissman-Waiss lactone derivative 40 was

also synthesized by Yamada's group35 in 62% yield from (E)-malic acid (Scheme
XXV).

An enantioselective route to (+)-Geissman-Waiss lactone 39 starting from (S)-
malic acid 74 has been reported.gﬁ The key step was an intramolecular Michael

additicn reaction with 1, 2-asymmetric induction.37 A chiral Michael acceptor 126
was prepared from (8)-malic acid 74 as a 2:1 mixture of 7 and E isomers (Scheme
XXVI), The intramolecular Michael addition reaction proceeded under the optimum
conditions examined to give, after cleavage of the MOMO ether, a separable mix-—
ture of the cis bicyclic lactone 127 and the trans hydroxy ester 128 (1:7.8).

The preference for the formation of the 2{F-iscmer 128 in the cyclization was
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Scheme XXIV a

AcO
OH Q R 5
Koo 2 . | :
COH —— N - | _ .
o o 4%,
COH o ~one 5 ~ocoey
o) 0
116
o
O’JL\V/Br
O d f
i
! 86% oo
~"ocd'Bu N~ocoteu N~ocoteu
o
117 118 119
0
f f iy
0 o o
g h SePh i
82% 63% e o 46
N N °
~"ocoBu ~"ocoBu Ne~on
s 120 121

a (a)AcCl; HOCHCHaNH;z; AcCl; (b) dry HCI-EtOH; pivaloyl chloride/Py; (¢) BrCH,COBr(1.2 eq.),
Py (1.5 eq.); (d) PhaP, MeCN; EtzN; (&) Hp, 5% Rh/ALO3, EtOAC; (f) Lawesson's reagent; (g)
Et;0" BF4, CHoClp; NaBHZCN , MeOH; (h) LDA, PhSeCl; 6 N -HCI; (i) n -BuLi; TsCl; LDA-HMPA;
(i) LiAlH,; 30% Ho0, ACOH.

Scheme XXVa

0
4
O
bcde f
118 82°/ 76% 40
1 00% \,._COZEI ° N VCOE Et ° (98% ee)
© 122

2 (a) AcCl; NHoCHoCOLEL; AcCl; (b) ACCHEOH; (¢} BrCH,COWBr (1.1 €q.), Py (1.2 eq.); (d) PhgP,
MeCN: EtgN; (e) H, 5% Rh/ALOs; (f) Lawesson's reagent, PhMe; EtO3'BF,;, CHoClo; NaBHLCN,
MeOH-ACOH (92:8).

rationalized by consideration of the transition state 123 in Figure 2. Because
of the high degree of steric and electronic repulsicn between the ester group
and the MOMO function in the transition state 124, Michael addition reaction of
the Z-olefinic isomer should preferentially afford the 2(R)-isomer 128. This was
proved to be the case when the pure Z-olefinic isomer 126, prepared by a modifi-
ed Still’'s method.38 was treated under the Michael reacticon conditions followed
by claevage of the MOMO ether 1o result in very highly selective formation of
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Scheme XXv14

a OH b 7 o c

74 —_— HO\A/\ —_— O\/'\/\ —_—
OH NHCO, Et

OMOM d e VOM CO, Me
HO \/'\/\ (86% from 74) MOMO\,.on ~71% OMOA—
NHCO, Et y NH ¥

] |
CO, Et COzEt
125 126 (Z/E=21)
f CO,Me g o CO,Me
—_— MOMO —_— i
y 92%
N (two steps) NG
CO,Et CO,Et COzEt
127 (1:7.8) 128

4 (a) B(OMe)s, BH3"SMe,, MeCH:; {b) Et,C(OMe),, TsOH; phthalimide, PhaP, EtO,CNNCO,ET;
NHoNHzHoO, EtOH; CICOLEL, EtsN; (c) 8 N HCI, THF; TBDMSCI, imidazole, DMAP; CICH,OMe,
ProNEt; n-BugNF; (d) (COCI),, DMSO, EtsN; (e) (MeQ),POCH,COMe, KN(TMS),, 18-crown-6,
THF, 3.5 h; (f} KH, 18-crown-6, DME, 0 °C, 21 min; {g) EtSH, BF5 OEt.

[ MOMO 17 [

e\ ¥

| \/N COEt |

123
Figure 2

Scheme XXxviI#

a b momoy oM
125 S

= 126 — u 0 127 - 128

(£ -form only) |}| (two steps) (1:39)
CO,Et

@ (a) (CF3CHo0),POCH,CO,Me, KH, DME, 3 h; (b) KH, 18-crown-6, DME, 0 °C, 9 min; (c) E1SH,
BFS‘OEIE.
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the 2(R)-iscmer 128 (127:128 = 1:39) (Scheme XXVII). The hydroxy group in 128
was inversed to form the cis—fused bicyeclic lactone 129 which was converted to
(+)-Geissman-Waiss lactone 38 according to the method of Geissman and Wai353
(Scheme XXVIII). Another similar synthesis of (+)-Geissman-Waiss lactone from L-
(+)-diethyl tartrate was also discussed.36

Scheme XXviné

128 —— = [MsOY —_ E——
N H Ms 82%
CO,Et

N H
L doer

2(a) MeSO,CI, EtsN, DMAP; LiOH, dioxane, HoO; () KoCOj, 18-crown-6 (cat), MeCN:
(c) Ba(OH)>8H>0, then HCI.
An intermolecular carbenoid displacement reaction has appeared in the stereo-
selective synthesis of (+)-heliotridine and (+)-retronecine.39 The sulfide com-
pound 130 was obtained in five steps from the chiral imide 100 previcusly pre-
pared by Chamberline and Chungzﬁa from (S)Y-malie acid. The intermolecular carbe-

noid displacement reacticon of 130 was done with methyl p-nitrobenzyl z-diazo-

Scheme Xxix?

steps a

—— 107

2 (3) MeO,CC{N,)COLPNB, Rho{OAc), (cat), PhH, reflux; (b} Ha, PA/C, MeOH; (c) I”; LIN(TMS),,
THF, -78 to 0 °C; (d) LiAlM4, Etp0, 0 °C; MCPBA; (8) PhMe, reflux; HCI, MeOH; AcsO/EtsN, CHoCly
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malonate in refluxing benzene in the presence of a catalytic amount of rhodium
acetate to give the product 131 in 83% yield (Scheme XXIX}. This reaction is
accounted as illustrated in Scheme XXX, The chiral acetoxy group in the acyl-
iminium ion 1384 generated from the ylide 133 blocked well the g¢-face of C=N

double bond: the resultant predominant attack of the anion from the j-face gave

Scheme XXX
OR? OR2 2 SPh
E Ph __E OR
- SPh <+ - E
N2=<E S—<E % _I<E
'\R‘] \.R-I N\H1
9] 0
E = COsEt 133 © O 135

134

the 2, 3-trans-pyrrolidinone 1356, Compound 131 was then converted to the known
intermediate 107 via 132; compound 107 has been shown to be useful for (+)-heli-

octridine synthe31528
39

as deseribed in Scheme XX.
The same strategy has been applied to the synthesis of +the known Dbicyelic
compound 118 reported by Yamada's group32 in the synthesis of (+)}-retronecine
46 (see Scheme XXIV). Thus, the sulfide 137 prepared from 136 was subjected to
the intermolecular carbenoid displacement reaction to afford, after desulfuriza-
tion, the product 138 in 67% overall yield. This compound was then transformed
to the known 119 via the carboxylic acid 139 under inversion of the stereochemi-
stry at the carbon atom substituted with the oxygen function (Scheme XXXI).

Scheme XXx1°

TBSO B3O

= _SPh . _SPh ) H
a o H
g - N : :/ * C0,CH,Ph
~~"0CoPh ¢ % N
0 0 ocdBu ~""ocdBu
136 137

119

139
8(a) K,CO3, MeQH: £BUCOCIPY, Et,0; (b} Na=C(CO,CH,Ph),, Rha(OAc),, PhH, reflux; Raney Ni;
(c) Hp, Pd/C, MeOH; PhMe , reflux; (d) n-BusN'F’, THF; EtO,CNNCO,EL, PhsP, THF.

4. UTILIZATION OF CARBOHYDRATES
The first asymmetric synthesis of (-)-rosmarinecine 145, a pyrrolizidine tri-

ol, from a carbchydrale precursor has been reported by Tatsuta’s group40 An in-
termediate 140 prepared from methyl a*nglucosaminide4l was used in the synthe-
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sis (Scheme XXXII). Aldol condensation of the di-TBDMS ether of 140 with excess
allylmagnesium bromide afforded the single threo amide alcohol 141. The R confi-
guration of the newly formed asymmetric carbon atom with a hydroxy group was

raticnalized by a chelaticn-controlled approach.42

Compound 141 was converted to
the dipl lactam 142 via mainly the oxidation and lactamization procedures.
Selective methoxymethylation of the two hydroxy groups in 142 with a tittle suc-
cess gave the desired mono-ol 144 in 51% yield accompanied by 143 (34%), which
could be used for recycling. Mesylation, reduction, and deprotection of 144 af-

forded (-)-rosmarinecine 145 {Scheme XXXII).

Scheme XXxX14

HO 0
OH OH a
80%
140 NHZ

! [ 143 (34%) 144 (51%)

h,j,leO%

2 (a) TBDMSCYPy; CHo=CHCH,MgBr, Etz0, 5 °C, 3¢ min; 20 °C, 30 min:
reflux, 3 h; {b) NalO, KMnOy, aq. +BUCH, then 5% K,COj3; {c) CHoN,,
Et0; (d) MOMCI, i-Pr;NEt, CHCly, 80 °C; () H, , 5% Pd/C, THF, AcOM:
(f) BUsN'F’, THF, 5 °C; {g) MOMCI, i-ProNEt, THF; (h) MsCUPy:; (i) cam-
phorsulfenic acid (cat), MeOH; (j) BHy'SMe,, THF, 60 °C; (k) 0.5 N HCI, 145
dioxane, 80 °C, 6 h,

HO

The same intermediate 140 was also used for the synthesis of pyrrolizidine di-
and mono-ols, namely f(-)-7-deoxyrosmarinecine 148 and (-)-iscretronecanol 16
(Scheme XXXI1T1I). Wittig reaction of 146 gave the unsaturated ester 147 which,
upon hydrogenation, lactamization, and mesylation, gave a lactam. Its reductive
cyclization followed by displacement of the mesylate with acetate anion gave the
acetate 148, which was deacetylated to form (-)-7-decxyrosmarinecine 149. The
conversion of the acetate 148 to (-)-isoretronecanol 18 was accomplished by the

43 Shown in Scheme XXXIIL

known procedure
A synthesis of optically active Geissman-Waiss lactone 39 from a carbohydrate

derivative has been published by Buchanan’s group.44 2, 3-0-lscpropyl idene-D-ery-

throse 15045 was converted, via the corresponding oxime, into the cyanomethane-
sul fonate 151, which was allowed to react with methyl bromcacetate in the pre-
sence of activated zinec dust to yield the enamino esters 152 (Z:E = 30:1). Each
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Scheme XXXII%

TrO 0 TrO OH CO,Me
a oty OH b oTr cde
149 —_ —_——
85% 80%
NHZ NHZ
146 147
OAc

f.9 h
90% ~OH 84%

148 _ 149

|
16

4 (a) trityl chloride/Py, 70 °C; (b) PhsP=CHCO,Me, PhMe , 60 °C; (cj Hp, 5% Pd/C, THF, AcOH;
(d) Amberlyst 15, MeOH, 60 °C; (e) MsCI/Py, 0 °C; (f) BHs SMe,, THF, 60 °C; (g) KOAc, DMSO,
B0 °C; {h) NH3, MeOH:; (i) SOCly, reflux; Hp, Raney Ni, EtOH: NHz, MeOH.

Scheme Xxxxiv?

HoN
OH CN 2 CO,Me
0 O Me O Me
ab X c X d
95% 80% M -
0.0 O Me O Me
Pay CH,OMs CH,OMs
Me Me
150 151 152 (Z . =30:1)
Me Me
Me HQ
b} ﬁﬁ»\ 2- LT
—l-—
from 153 )\
H 0 OCHz Ph 0% “NOCH,Ph
153 154 155
90% 5°/ 39
o OCH,Ph
156

2(a) NH,OH-HCI (10 eq.}, Py, rt; (b} MeSO.CI (12 eq.), Py, -23 °C; {c) activated Zn, BrCH,CO,Me
{5 eq.), THF, reflux; (d) DBU (3 eq.), CHaCly, rt; (e) NaBHCN, MeOH, HCI; (f) PhCH,OCOCI, EtgN,
CHoCly; (g) 80% CF3CO0H, rt; (h) 1',1-thiocarbonyldiimidazole, Py, THF, reflux; (i) n-BusSnH
(2.2 eg.), PhH, reflux; (j) Ha, 10% Pd/C, EtOH, HC!.
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isomer of the enamino esters 152, upon cyclization in the presence of DBU, re-
duction with sodium c¢yancborohydride, and treatment with benzyl chloroformate,
gave the same product 154. Hydrolysis of the isopropylidene group in 154 formed
the hydroxy lactone 155 which, after Barton-type deoxygenation,46 yielded the
lactone 156. Hydrogenolysis of the lactone 158 gave the Geissman-Waiss lactone
39 as its crystalline hydrochloride (Scheme XXXIV). The compound 157 obtained
from hydrogenation of 153 was converted to the known intermediate 53 previocusly

prepared from (-)-4-hydroxy-L-proline by Benn and co—wﬂrkerslSc

(see Scheme 1X).
Compound 53 was converted into the possible intermediate 158 for the synthesis

of (+)-crotanecine 5444 (Scheme XXXV).

Scheme XXXv @2

MexMe
O 0
ab c
53 —
65%
N O, Me TBDMSO
H
157
d AcO H COzEt AcQO
H e
— : —-
39% TBDMSO oac 0% TBDMSO

158

a(a} BrCH,CO,Et, EtsN, THF; (b) 80% aq. CFaCOxH, t; TBDMSCY, imidazole, DMF; (c) KOEt-PhH, nt,
then HOAc; (d) NaBH,, EtOH, then AcoOrPy; (8) DB, CH,Clip, 1.

More recently, a D-glucose derivative wag utilized by Nishimura's group in the
enantioselective synthesjs'of retronecine and its enantiomer.47 3-Azido-1, 2-(-
isopropyl idene-5, 6-di-O-mesyl-:—-D-glucofuranose 159 obtained from 3-azido-3-de-

48 .5 cyclization under the catalytic

oxy—1, 2-0O-isopropyl idene—-1-D-glucopyranose
reduction conditions over Raney nickel gave the product 160. Decxygenation and
homoleogation of the side chain gave 161, a pyrreolizidine diol protected by dif-
ferent groups. The differentiation of the two hydroxy groups on C(1) and C{7T)
was accomplished by selective removal of each protecting group to give 162 and
163, respectively. Bomologation of 162 ang 163 on the carbons in which the free
hydroxy groups were located yielded (+)-retronecine 46 and its enantiomer 164
respectively {(Scheme XXXVI). No significant difference in the cytotoxicity bet-

ween these two compounds was found.
5. UTILIZATION OF CHIRAL AUXILIARIES

The first example using a chiral auxiliary in an asymmetric cyclization pro-

49

cess to form (+)-trachelanthamidine 9 was reported by Takano’s group. Deami-

native coupling cof 4-aminobutyral dimethyl acetal 165 with freshly prepared
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Scheme XXXVI a

MsO MsQ 4
MsO 0] H
N, a
ts)
& 100% N~
Q H
159 1
'; OH 7 JOMEM
i,j (IA/ ———
S OMs
(%JI/\ g% N7y
H &cH,Ph H AcH,ph 161
mlmO%
OCH,Ph MEMO p OH
SOPh H
o] n 1
39% 6%

162

4 (3) H,, Raney Ni; (b) benzyl S5-4,6-dimethylpyrimid-2-yl thiocarbonate,
EtsN, MeOH:; (c) LiCl, DMF; (d) n-BuaSnH, PhMe; (g} 10% HCI, MeOH;
(fy NaH, PhCH,Cl, DMF; (g) 3 N ag. HCI-AcOH (1:1); (h) PhaP=CHa; (i)
MEMCI, imidazole, CHsCls; (j) 9-BBN, THF;30% Hy0p, aq. NaOH; MsCl;
(k) Ha, Raney Ni; (i) 1 & ag. HCI; (m) Raney Ni, E1OH, reflux;(n) MsCUPy;
NaSPh, DMF; HCI; MCPBA, CH,Cly; LDA, THF, -78 °C; PhCHyOCH,Cl,
-78°C to 1t: (0) xylene, reflux; 3N ag. HCI; Li/NHg; (p) xylene, reflux; Li, NH;.

Raney nickel catalyst (W-2) gave the symmetric aminodiacetal 166, which, upon
treatment with pyridinium D-camphor-10-sulfonate in agueous media at 100°C fol-
lowed by reduction with sodium borohydride, afforded (+)-trachelanthamidine 9 in
6.7% yvield and in 33% optical purity (Scheme XXXVII).

Scheme Xxxvil?
RO a RO H OR b
)\/\/N\/\)\
RO)\/\/ NH, 1% RO OR

165 166
R=Me

OR
+
OR
H
e D°
oH C| —— 9 (33%o0p)
H

a (a) Raney Ni, PhH, refiux; (b) pyridinium £ -camphor-10-sulfonate, H,0, 100 °C; NaBH,.
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‘The authors’ group has demonstrated that a chiral heterccyclic compound, 4({5) -
isopropyl-1,3-thiazolidine-2-thione (4(S)-IPTT) 167 served as an excellent chi-
ral auxiliary in various cases of chiral recognition.50 Among them, alkylations
of the chiral tin{ll) enolates derived from 3-acyl-4(S)-I1PTI with 4-acetoxy-2-

azetidinonesSoaﬁlf and g, f—unsaturated aldehydessoc

have given interesting re-
sults, particularly for !-lactam synthesis. This procedure has been expanded to
the field of alkaloid synthesis. An extremely short chiral synthesis of (-)-tra-

chelanthamidine 15 was reported51

which consisted of a highly diastereoselective
alkylation of chiral tin(ll}) enolates onto cyclic acylimines followed by reduc-
tive annulation of the resultant alkylation products (Scheme XXXVIII1). 3~
(s—-Chlorcacyl)~-4-(S)-isepropyl-1, 3—thiazolidine-2-thicnes 168 ((m = 1, 2) were
treated with tin(lJ) trifluoromethanesulfonate and N-ethylpiperidine in THF 1o
form the tin(II) enclates 169 (m = 1,2), which reacted with H-acetoxy-2-pyrroli-
dinone 170 (n = 1) or B-acetoxy—-2-piperidincne 170 (n = 2) to yield the alkyla-
tion products 171 in b7-73% yields and with 293-297% diastereomeric excess. The
high diastereoselectivity of this alkylation reaction was rationalized by a che-
lation-controlled process via the transition state 172. Conversion of 171 (m = n
= 1) to (—)-trachelanthamidine 15 was achieved by one reagent (LiAlH,) and one
pot process in 44% chemical yield and in 299% optical purity. Similarly, two

52

indolizidine-type compounds 173 and 174 and {(—)-epilupinine 175 were synthe-

sized. Use of 4{R)-enantiomer instead of 4(5)-IPTT provides a synthetic route to

Scheme XXXxviné

a(a) Sn{0S0,CF3),, N-ethylpiperiding, THF, -5 to 0 °C, 3-4 h; (b) 170, THF, -5t0 ¢ °C, 2 h;
(c) LiAtH,4, THF, 0 °C, 5 min, then reflux, 2 h.
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Scheme XXXIX?
S

g
H J\ H
Me NJJ\S a H N™ g b ¥ OEt .
\(rjr)r/ 67% 0 ‘r‘ 67% NH O 8% 19
g H /\H
/\ O S
176 177 178

a(a) Sn{OSO,CF3),, Methylpiperidine, THF, -50 ta -40 °C, 3 h; 170 (n=1), THF, -5t0 0 °C, 2 h; (b)
KoCOs, EtOH, 11, 12 h; Lawesson's reagent, PhMe, 105 °C, 1 h; {¢) EtsO'BF,, CHoCh, 1t, 3 h;
NaBHzCN, MeOH-AcOH (92:8), 11, 3 h; BrCH,CO,EL, EtOH, NapCOy, i, 20.5 h.

both (+)-trachelanthamidine 9 and (+)-epilupinine.
The chiral diester 19 prepared by Rileger and Benn9 from

L-prcline has also
been efficiently synthesized53

from the alkylation product 177 which was obtain-
ed from 3-acetyl-4(8)-IPTT 176 in 67% chemical yieid and
excess (Scheme XXXIX).

in 94% diastereomer
Ethanolysis of 177 followed by treatment of the resultant

ester with Lawesson’s reagent afforded compound 178. Reductive removal of the

Scheme XL?

9

/ILS - Phs\]/l\N )I\s -

—

72%

a(a) Sn{OS0,CFy),, N-ethylpiperidine, THF, -78 °C, 30 min; {b) 181, THF, -5t0 0 °C, 2 h; (¢} 10%
KOH-MeOH, rt, 30 min; CHaNg; (d) MsCVEtN, THF, it, 3 h; Nal, THF, rt, 12 h; LDA (1.1 eq.), -78 °C,
2 h, then -30 °C, 3 h; () LiAlH,, THF, ¢ °C, 30 min; MCPBA, CH,Cls, -78 °C, 30 min; PhMe, reflux,

22 h; AczO/Et3N, DMAP (cat), CHoCly, rt, 30 min; () LiAIH,, THF, reflux, 80 min.
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thipcarbonyl group in 178 and N-alkylation of the resultant amine with bromoace-
tate furnished the chiral diester 189, an intermediate useful for 8g-pyrrclizi-
dine alkaleid synthesis (see Schemes IV, V, and VI). Use of the enantiomer of
177 may provide a useful synthetic route to 8)-pyrrolizidine alkaloids,

An intermolecular asymmetric amidoalkylation reaction employing +the chiral
tin(II) enolates and achiral acyliminium ions has been achieved and applied tc
the synthesis of {—)-supinidine 17 {(Scheme XLL54 Contrary to the reaction of
the chiral tin(Il) enolates with the cyclic acylimines, alkylation of chiral
tin(Il) enolate 180 onto the acyliminium ion derived in situ from the diacetate
181 afforded four diasterecomers in a ratio of 82.6 : 7.5 : 6.8 : 3.0. This find-
ing suggested that the reaction of tin(il) enolate 180 with 181 should be fall
into a non-chelation control process. Such a transition state is given as 183 in
which the 7-7 attracticn between the electron-deficient carbonyl group of the
acyliminium ion moiety and the electron-rich pheny! group of the chiral enclate
is accocunted as cne of the factors for the diastereoselectivity. The major pro-
duct 182 was isolated in 58% yield &5 a 91 : 9 inseparable mixture of 182 and

Scheme XLI

R! R2
T ———
0= ~No”" ™0H
186
a b
187
81-93%
(97.2%-99.1% de)
c =\ H §
R'=R%=H 0=\,
191a R=CO,Et (100%) 122 R=CO,Et (92%) 40 R=COEL
191b R=CH,0H (97) 192 R=CH,0H (77%) 120 R=CH,0C0OBu

a {a} Sn(OSO;CF3)z, N-ethylpiperidine, THF, -50 to -40 °C, 3 h; (b) 186, -5 to 0 °C, 2 h; 5% HC; (c)
NHsCHR, THF, rt, 10 min; (d) NaH, DMF, 10 °C, 5 h; AcOH, -50 °C.
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one of the other three mincor diastereomers. The alkylaticon product 182 was then

converted to the unsaturated pyrrolizidinone 184 wvia intramolecular annulation
and manipulation of the sulfur group to introduce a double bond at the C{1)-C{2)
position. Reduction of 184 gave {(-)-supinidine 17 in 87% yield and in 78% opti-
cal purity (Scheme XL).

Efficient utilization of the chiral tin(II) enclate appears in a very recent
work of y-zlkylated butenclide synthesis®® (Scheme XLI). This new general syn-
thetic metheod is basically developed from the asymmetric aldol reaction reported
by us,50C but in the present case, the masked 1,4-cis-unsaturated aldehydic
acids (as 5-hydroxy-2(iH)-~furanones 188) are employed tec allow further lactoni-
zation of the resultant chiral 7y-hydroxy-a, j-unsaturated carboxylie acids 190,
The aldel reaction and lactonization can take place in a one-pot manner with
very high diastereoselectivities, and the chiral butenclides are formed in ex-
cellent chemical yields. Compounds 187 could be considered as versatile chiral
precursors for natural product synthesis. This is exemplified by the expediticus
synthesis of chiral Geissman-Waiss lactones useful for (+)-retronecine synthesis
(Scheme XLI). Aminolysis of 1B7 (R! = RZ = H) followed by intramolecular Michael
addition of the amide anions formed from 191 furnished the bicyclic compounds
122 and 192 in excellent yields. These compounds were then convertred to the
known Geissman—-Waiss lactone derivatives 40 and 120, which were previously pre-

13b

pared from (-)-4-hydrozxy-{-proline and (R)-malic ar_-id,32'35 respectively (see

Schemes VIII, XXIV and XXV).
6. CONCLUSION

A number of asymmetric syntheses of pyrrolizidine alkaloids have been success-—
fully performed by utilizing chiral synthons derived from naturally occurring
substances. ‘The elaborate synthetic methods based on the efficient asymmetric
induction without the direct use of natural products have also been disclosed.
The versatile asymmetric pyrrolizidine syntheses which involve the novel design
will be extensively developed and will be expected to promise discovery of new

drugs.
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