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(—)- and (+)-Geissman—Waiss lactone, 4b, was efficiently prepared via the intramolecular C—H
insertion reaction of the chiral nonracemic diazoacetates (—)-5a and (+)-5b catalyzed by dirhodium-
(1) tetrakis[methyl (5R and 5S)-3-phenylpropanoyl-2-imidazolidinone-5-carboxylate]. The cyclization
was found to proceed with excellent regioselectivity and cis-diastereoselectivity. The bicyclic lactone
(—)-4b was successfully used in the synthesis of the necine base, (—)-turneforcidine 2.

Introduction

The necine group of pyrrolizidine alkaloids is found in
many plant families.® Structurally, these alkaloids are
aliphatic ester or macrocyclic lactone derivatives of a
pyrrolizidine mono-, di-, or triol core, exemplified by 1—3.
Pyrrolizidine alkaloids, especially the ones that possess
the retronecine nucleus, have generally been found to be
hepatotoxic; however, other interesting biological prop-
erties,'P¢ such as antitumor, hypotensive, antiinflamma-
tory, and antispasmolytic activities,’? have been re-
corded. In some instances, the extracts of plants contain-
ing these alkaloids have been employed as herbal remedies
in traditional, ethnic medicine.

Because of their structural diversity and interesting
bioactivity profile, much interest has been directed at
devising strategies for the synthesis of these alkaloids,
and especially the construction of the pyrrolizidine base.
Recent efforts have addressed the enantioselective con-
struction of the pyrrolizidine moiety,? wherein the Gei-
ssman—Waiss lactone 4a® and its N-protected deriva-
tives, 4b,c, have proven to be versatile building blocks
(Chart 1). Nonracemic 4 has been prepared, using routes
of varying lengths, from starting material derived from
(1) the “chiral pool”,#379 (2) kinetic resolution of race-
mates,*"~k and (3) chiral auxiliary-based diastereo-
selective reactions.*<"™ More direct routes to nonracemic
4 would be invaluable in pyrrolizidine alkaloid synthesis
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Chart 1. Examples of Pyrrolizidine Bases
Synthesized from the Geissman—Waiss Lactone (4)
and the Retrosynthetic Analysis of 4
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(R)-(-)-5a: a-H
2; Turneforcidine (S)-(+)-5b: B-H
and, to our knowledge, only one such approach*" has been
reported.

We have investigated a route for the synthesis of 4b
based on the dirhodium(ll)—carbenoid mediated C—H
insertion reaction of the chiral nonracemic 3-pyrrolidinyl
diazoacetates 5. In this approach, there is a potential for
carbenoid insertion into the C-2 and C-4 positions in 5.
Optimal conditions that favor C—H insertion reaction at
C-2 (Chart 1, 5 — 4b) were developed, and we now
provide the details of our study.® The C—H insertion
reaction was found to proceed with excellent regioselec-
tivity and high cis-diastereoselectivity. This new method

(4) (—)-3-Hydroxypyrrolidine: (a) Ohtake, H.; Imada, Y.; Murahashi,
S.-1. Bull. Chem. Soc. Jpn. 1999, 72, 2737. trans-4-Hydroxy-L-proline:
(b) Thaning, M.; Wistrand, L. G. J. Org. Chem. 1990, 55, 1406. (c)
Rueger, H.; Benn, M. Heterocycles 1983, 20, 1331 and references
therein. (S)-Malic acid: (d) Niwa, H.; Okamoto, O.; Miyachi, Y.; Uosak,
Y.; Yamada, K. J. Org. Chem. 1987, 52, 2941. (S)-Pyroglutamic acid:
(e) Ikota, N.; Hanaki, A. Heterocycles 1988, 27, 2535. Sugars: (f)
Paolucci, C.; Venturelli, F.; Fava, A. Tetrahedron Lett. 1995, 36, 8127.
(9) Buchanan, J. G.; Veerappa, B. J.; Singh, G.; Wightman, R. H. J.
Chem. Soc., Perkin Trans. 1 1987, 2377. Chemical kinetic resolution:
(h) Takahata, H.; Banba, Y.; Momose, T. Tetrahedron: Asymmetry
1991, 2, 445. Biological kinetic resolution: (i) Cinquin, C.; Bortolussi,
M.; Bloch, R. Tetrahedron: Asymmetry 1996, 7, 3327. (j) Cooper, J.;
Gallagher, P. T.; Knight, D. W. J. Chem. Soc., Perkin Trans. 1 1993,
1313. Chiral auxiliary: (k) Miranda, P. C. M. L.; Correia, C. R. D.
Tetrahedron Lett. 1999, 40, 7735. (I) Kouyama, T.; Matsunaga, H.;
Ishizuka, T.; Kuneida, T. Heterocycles 1997, 44, 479. (m) Nago, Y.; Dai,
W.-M.; Ochiai, M.; Shiro, M. J. Org. Chem. 1989, 54, 5211.
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provided ready access to both enantiomers of the Geiss-
man—Waiss lactone, (—)*2¢%"- and (+)*h-4b. The bicyclic
lactone product, (—)-4b, was successfully used for the
synthesis of the necine base (—)-turneforcidine 2.

Results and Discussions

The studies commenced with the preparation of the
(R)-3-pyrrolidinyl a-diazoacetate (5a) from commercially
available (R)-3-pyrrolidinol. Thus, treatment of the latter
alcohol with benzyl chloroformate (Cbz-Cl; Na,COs3, ether-
H,0; 98%) gave the known® (R)-(—)-N-CBz-3-hydroxy-
pyrrolidine (6).5® Subsequent acylation of 6 with o-(p-
toluenesulfonylhydrazone)acetyl chloride (p-TSHACI)?
under Corey—Myers conditions® gave 5a in 97% yield.
The preparation of the enantiomer, (S)-5b, is shown in
Scheme 1. The (R)-alcohol 6 was subjected to Mitsonobu
inversion (CICH,CO,H, DEAD,® PhzP, THF) reaction to
provide the chloroacetate derivative (78%). Base hydroly-
sis of the chloroacetate proceeded uneventfully to give
an 84% yield of the known?® (S)-alcohol 7. Treatment of
7 with p-TSHACI"#® afforded the diazoacetate 5b in 93%
yield.

The metal-catalyzed reaction of diazoacetate 5a (eq 1
in Table 1) was first investigated to ascertain the optimal
reaction conditions for C—H insertion reaction, and the
results are summarized in Table 1. It is clear from the
Table that achiral catalysts do not effectively promote
the desired C—H insertion reaction (5a — 4b). The widely
used Rh,(OAc), gave a poor yield (11%) of the desired
(—)-4b (entry 1); however, we were encouraged to find
that C—H insertion had occurred with excellent C-2
regioselectivity and cis-diastereoselectivity. The use of
Rh,(Cap), only resulted in the formation of dimers 8a,b
although this catalyst is electronically more selective
than Rhy(OAc), and has been shown to be effective for
C—H insertion reaction (entry 2).}* These initial results
indicate that olefin formation via the dimerization of the
initially formed metallocarbenoid is a significant com-
petitive pathway in the reaction of (R)-5a. To improve
on the yield of (—)-4b as well as to suppress dimer
formation, the cyclization of diazoacetate (R)-5a, cata-
lyzed by CuPF4/10'2 complex and by three enantiomeric
sets of chiral catalysts, Rh,(MEPY),,"® Rhy,(MEOX),,* and

(6) (@) Tomori, H.; Shibutani, K.; Ogura, K. Bull. Chem. Soc. Jpn.
1996, 69, 207. (b) Barton, D. H. R.; Herve, Y., Potier, P.; Thierry, J. J.
Chem. Soc., Chem. Commun. 1984, 1298. (b) HPLC analysis on
Chiralcel OD column (95:5 hexane: 2-propanol, 1 mL min~%, 1 = 254
nm): >99% optical purity; tg = 30.22 min.

(7) House, H. O.; Blankley, C. J. J. Org. Chem. 1968, 33, 53.

(8) Corey, E. J.; Myers, A. G. Tetrahedron Lett. 1984, 25, 3559.

(9) Saiah..Tetrahedron Lett. 1992, 33, 4317.

(10) (a) Harris, B. D.; Bhat, K. L.; Joullie, M. M. Synth. Commun.
1986, 16, 1815. (b) HPLC analysis on Chiralcel OD (95:5 hexane:
2-propanol, 1 mL min=1, A = 254 nm): >99% optical purity; tr = 32.15.

(11) Doyle, M. P.; McKervey, M. A.; Ye, T. Modern Catalytic Methods
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to Ylides; Wiley: New York, 1998; Chapter 3.

(12) Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. J.
Am. Chem. Soc. 1991, 113, 726.

(13) Doyle, M. P.; Winchester, W. R.; Hoorn, J. A. A,; Lynch, V.;
Simonsen, S. H.; Ghosh, R. J. Am. Chem. Soc. 1993, 115, 9968.
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Table 1. Metal-Catalyzed Reaction of Diazoacetate
(—)-5a
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H N
-Bu Bu-t Cbz 2
(S,5)-10 9
entry catalyst yield (%)2 (—)-4bbc 8a,b (Z:E)bc 9bc
1 Rh2(OAC)s 14 78 22 (1:2) 0
2 Rhy(Cap)s 36 0 100(32:1) O
3 CuPF¢/(S,S)- 10 13 0 68 (1:8.7) 32
4 Rhy(4R-MEPY), 5 72 28 (1:3) 0
5  Rhy(4S-MEPY), 33 0 77 (1.6:1) 23
6  Rhy(4R-MEOX), 15 72 28 (1:4) 0
7 Rhy(4S-MEOX), 54 86 10(1.51) 4
8  Rhy(4R-MPPIM),  78¢ 100 0 0
9  Rhy(4S-MPPIM), 25 74 26(1:13) 0

a Combined yield of (—)-4b, 8a,b, and/or 9. PRelative yields were
based on the integration of the a-CH> signals (6 2.64—2.93) in the
y-lactone moiety of 4b, the singlet at 6 6.25 of 8a, the singlet at 6
6.85 of 8b, and the singlet at 6 4.25 of 9. ‘With the exception of
entry 8, the balance of the material yield was due to polar,
intractable baseline material. Isolated yield.

Rh,(MPPIM),4,%® was investigated. With CuPF¢/10, dimer-
ization was still the preferred pathway (entry 3), but the
ether product 9, arising from reaction of water and two
molecules of the reactive Rh(l1)—carbenoid intermediate,
was also produced in significant amounts. The desired
C—H insertion product, (—)-5a, was not detected.

The chiral dirhodium(ll) catalysts exhibited varying
degrees of effectiveness in promoting the desired C—H
insertion reaction. With Rh,(4-MEPY),, the (R)-catalyst
gave a low yield (3.6%) of the C—H insertion product, as
well as the dimers 8a,b, whereas the (S)-catalyst did not
yield the C—H insertion product, but instead 8a,b and
the ether 9 were obtained. On the other hand, Rh,(4S-
MEOX), gave a good yield (48%, entry 7) of (—)-4b
accompanied by smaller amounts of 8a,b. A very small
amount of the ether 9 was also obtained. The correspond-
ing (R)-catalyst, however, gave a lower yield (11%) of (—)-
4b (entries 5 and 6) as well as dimers. Rhy(4R-MPPIM),
was found to be the best catalyst (entries 8 and 9) for
effecting the cyclization of (—)-5a, which provided a 78%
yield of (—)-4b {[0]p?>? —115.5 (c 1.12, CHCly), lit.*" [a]p?®
—122.3 (c 4.7, CHCI3)}; dimer formation was suppressed
and the ether 9 was not observed. This result can be
contrasted to the markedly lower yield (19%) of the (—)-
4b produced when the enantiomeric Rh;(4S-MPPIM),
was used as the catalyst.

The C—H insertion reaction mediated by the chiral
dirhodium(l11) catalysts was found to proceed with excel-
lent regio and diastereoselectivity and this is also in
accord with the result obtained with Rhy(OAc),. The

(14) Doyle, M. P.; Dyatkin, A. B.; Protopopova, M. N.; Yang, C. |.;
Miertschin, C. S.; Winchester, W. R.; Simonsen, S. H.; Lynch, V.;
Ghosh, R. Recl. Trav. Chim. Pays-Bas 1995, 114, 163.

(15) Doyle, M. P.; Zhou, Q.-L.; Raab, C. E.; Roos, G. H. P.; Simonsen,
S. H.; Lynch, V. Inorg. Chem. 1996, 35, 6064.
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preference for metallocarbenoid insertion into the C,—H
bond is likely due to activation of this sigma bond by the
adjacent carbamoyl nitrogen atom.¢

The observed regio- and diastereocontrol in the cy-
clization of (—)-5a catalyzed by the chiral dirhodium(ll)
catalysts deserve some comments. Doyle and co-workers'”
had shown that C—H insertion reactions in select chiral
nonracemic diazoacetates exhibited enhanced regio- and
diastereoselectivity; that is, for one enantiomer of the
diazoacetate, an (R)-configurated dirhodium(ll) catalysts
will promote the formation of one regio- and diastereomer
whereas the (S)-catalyst favors another regio- and dias-
tereomer. The fact that only the cis bicyclic lactone (—)-
4b was formed in the C—H insertion reaction of diazoac-
etate (R)-5a and that both Rhy(4R-MPPIM), and Rh(4S-
MEOX), efficiently catalyzed the formation of (—)-4b from
(R)-5a suggests that a “matched/mismatched” relation-
ship does not manifest itself in the present system.

The encouraging results described above indicated that
the enantiomeric cis bicyclic lactone, (+)-4b, should be
accessible via the Rh,(4S-MPPIM),-catalyzed C—H inser-
tion reaction of (S)-(+)-5b. This notion was readily
confirmed. Thus, treatment of (S)-(+)-5b with Rh,(4S-
MPPIM), led to a high yield (76%) of the (1S,5S)-
Geissman-Waiss lactone, (+)-4b (eq 2).

O

0.0
\< O 0
Q e Rhy(4S-MPPIM), Q/V/
|
Cbz

1

Cbz
(S)-(+)-5b (1S,55)-(+)-4b

Since our method provides ready access to both (+)-
and (—)-4b, we next investigated the synthesis of the
pyrrolizidine base, (—)-turneforcidine (2), starting from
(—)-4b. (—)-Turneforcidine is a naturally occurring necine
base found in pyrrolizidine alkaloids typified by cropod-
ine, retusine®® and the recently isolated racemozine.'®
Hitherto, two racemic'®®® and two enantioselective!®d
routes have been described for its synthesis.

To construct ring B in turneforcidine (2), we needed
to install a functionalized side-chain at C-4 of the bicyclic
lactone (—)-4b. Thus, alkylation of (—)-4b with allyl
bromide afforded a respectable yield (57%) of the desired
allylated product 11a as well as the diallylated compound
11b, and in a 4.8:1 ratio (Scheme 2). Bicyclic lactone 11a
was then efficiently reduced!®® with 4 equiv of sodium
borohydride (NaBH,) to provide the diol 12a in high yield.
The reduction was incomplete when 2 equiv of NaBH,
were used. Subsequent bis-silylation of diol 12a with tert-
butylchlorodiphenylsilane (TBDPS-CI) afforded the cor-
responding very nonpolar bis-silyl ether 12b, which was
contaminated by a small amount of the tert-butyldiphe-
nylsilanol byproduct. Attempted separation of the latter
from 12a by careful column chromatography was in vain.

(16) (a) Wee, A. G. H,; Liu, B.-S.; Zhang, L. J. Org. Chem. 1992, 57,
4404. (b) Doyle, M. P.; Pieters, R. J.; Taunton, J.; Pho, H.-Q. J. Org.
Chem. 1991, 56, 820.

(17) (a) Doyle, M. P.; Kalinin, A. V.; Ene, D. G. 3. Am. Chem. Soc.
1996, 118, 8837. (b) Doyle, M. P.; Kalinin, A. V. Russ. Chem. Bull.
1995, 44, 1729.

(18) Ahmed, W.; Ahmed, Z.; Malik, A. Heterocycles 1991, 32, 1729.

(19) (a) Knight, D. W.; Share, A. C.; Gallagher, P. T. J. Chem. Soc.,
Perkin Trans. 1 1997, 2089. (b) Oshawa, T.; lhara, M.; Fukumoto, K.;
Kametani, T. Heterocycles 1982, 19, 2075. (c) Aasen, A. J.; Culvenor,
C. C. J.; Smith, L. W. J. Org. Chem. 1969, 34, 4137. (d) Niwa, H.;
Ishiwata, H.; Kuroda, A.; Yamada, K. Chem. Lett. 1983, 789.
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It was reasoned that the relatively nonpolar tert-butyl-
diphenylsilanol byproduct would be readily removed at
the stage of primary alcohol 13a.

Thus, the double bond in 12a was subjected to Le-
mieux—Johnson oxidation?° to provide the corresponding
aldehyde, which was not isolated but immediately re-
duced with NaBHj, to obtain, after chromatography, the
primary alcohol 13a. Mesylation of 13a followed by
catalytic transfer hydrogenolysis?* of the N-Cbz protect-
ing group in 13b and base-mediated intramolecular
alkylation provided an excellent yield of the pyrrolizidine
bis-silyl ether, 14 {[o]p?"" —7.6 (c 1.05, CHCI3)} (Scheme
2). Interestingly, attempted hydrogenolysis of the N-Cbz
group in 13b over 10% Pd/C using a pressure of either 1
or 2.4 atm of hydrogen only returned unreacted 13b.
Desilylation of 14 with TBAF gave (—)-2 {[a]p?® —13.9 (¢
0.36, MeOH). Lit.**¢ [o]p?® —12 (c 0.82, MeOH), lit.1%
[0]o®® —12.5 (c 1.3, MeOH)}as a highly polar product,
whose 'H NMR and *C NMR data are in accord with
those reported in the literature. The overall yield of (—)-2
starting from (—)-4b is 20%.

Conclusions

In conclusion, a method for the facile synthesis of both
enantiomers of the N-Cbz protected Geissman—Waiss
lactone via the Rhy[5(R- and S)-MPPIM], catalyzed
reaction of nonracemic diazoacetates (R)-5a and (S)-5b,
respectively, was developed. The utility of this method
in pyrrolizidine alkaloid synthesis was demonstrated by
the successful construction of (—)-turneforcidine (2) in an
overall yield of 20% starting from (—)-4b. Further work
using this Rh(ll)—carbenoid approach in the synthesis
of naturally occurring saturated N-heterocycles is in
progress and will be reported in the future.

Experimental Section

General. Infrared spectra were recorded as thin films on
sodium chloride plates on a Nicolet IMPACT 400D spectro-
photometer, and only diagnostic absorptions are reported. *H

(20) Pappo, R.; Allen Jr., D. S.; Lemieux, R. U.; Johnson, W. S. J.
Org. Chem. 1956, 21, 478.

(21) Johnstone, R. A. W.; Wilby, A. H.; Entwistle, I. D. Chem. Rev.
1985, 85, 129.
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(Bruker 250 or Varian Unity 300 MHz) and 13C (62.5 or 75
MHz) NMR spectra were recorded from deuteriochloroform
solutions unless otherwise stated. Tetramethylsilane (6 = 0)
was used as internal reference in *H NMR spectra and the
CDClI; triplet (6 = 77.0) was used as internal reference in 3C
NMR spectra. FAB high-resolution mass spectra were obtained
using a JEOL HX110A Sector instrument. All reactions were
conducted under a static pressure of argon. Optical rotations
were measured from CHCI; solutions, unless stated otherwise,
using a JASCO 1000 polarimeter. Dichloromethane and 1,2-
dichloroethane were dried by distillation from CaH,; tetr-
hydrofuran was dried by distillation from sodium/benzophe-
none ketyl. All reagents were purchased from Aldrich and used
without further purification. Catalysts used: Rhy(OAc)4, Rha-
(Cap)s, Rh;[(BR)-MEPY]s: MEPY = methyl (5R/5S)-2-pyrro-
lidinone-5-carboxylate, Rhy[(4R)-MEOX]s: MEOX = methyl
(4R/4S)-2-oxazolidinone-4-carboxylate, Rh;[(4R)-MPPIM],:
methyl (4R/4S)-1-(3-phenylpropanoyl)-2-imidazolidinone-4-car-
boxylate, Rh;[(4S)-MPPIM], and Cu(MeCN)4PFg.22

General Procedure for the Rh(ll)- and Cu(l)-Cata-
lyzed Reaction of Pyrrolidinyl Diazoacetate (R)-5a.
Reactions were conducted in dry CI(CH,).CI (0.03 M) at 60 °C,
under Ar, and using 2 mol % of Rh(ll) catalyst or Cu-
(MeCN)4PFg/ligand 10 complex. Diazoacetate was added via
syringe pump over 2 h. The progress of the reaction was
monitored by TLC. After the reaction was complete, the ClI-
(CH2).Cl was evaporated and the crude residue was filtered
through a short pad of silica gel (60 um) using hexanes—ethyl
acetate (1:1) as eluent. The combined filtrate was concentrated,
and the mixture was analyzed using *H NMR to determine
the ratio of product (—)-4b, dimer 8a,b, and ether 9. Please
refer to Table 1 for details. Note that the reaction mixture from
the Rhy(OAc)s and CuPFe/10 experiments was separated via
careful chromatography to obtain pure compounds for full
characterization purposes (vide infra).

(1R,5R)-6-(Benzyloxycarbonyl)-6-aza-2-oxa-bicyclo-
[3.3.0]-3-octanone [(—)-4b]. The (R)-5a (874 mg, 3.02 mmol)
was dissolved in dry CI(CH,),CI (16 mL), and the solution was
added dropwise (syringe pump), under Ar, over a period of 2
h to a solution of Rh,[(R)-MPPIM]4 (81 mg, 0.06 mmol) in dry
CICH,CH,CI (8 mL) heated at 60 °C (oil bath). The cooled
reaction mixture was concentrated and filtered through a short
plug of silica gel (1:1 hexanes—EtOAc). The filtrate was
concentrated and the *H NMR of the crude product revealed
little dimerization product (<1%) was formed. Chromato-
graphic purification (2:1 and then 1:1 hexanes—EtOAc) of the
crude product gave the (R)-bicyclic lactone (619 mg, 78%).
[0]o®2 —115.5 (¢ 1.12, CHCly); lit*" [a]p?® —122.3 (c 4.7,
CHCI3). vmax: 3061, 3037, 1789, 1709, 1610, 1586, 1536 cm™1.
IH NMR ¢6: 1.93-2.11 (m, 1H), 2.28 (dd, 1H, J = 14.2, 6.1
Hz), 2.64—2.93 (m, 2H), 3.41 (ddd, 1H, J =11.2, 11.2, 6.2 Hz),
3.17-3.91 (m, 1H), 4.43—4.52 (m, 1H), 5.01-5.09 (m, 1H),
5.10—5.20 (m, 2H). 3C NMR 6: 29.9 (30.4), 35.3 (36.3), 43.9
(44.3), (57.5) 58.2, 66.9 (67.1), 82.7 (83.7), 127.7, 127.9, 128.0,
128.3, 136.0, (153.6) 153.9, (174.9) 175.3. FAB-HRMS calcd
for C14H16NO4 (M + 1): 262.1071, Found: 262.1081.

Bis[(R)-3-pyrrolidinyllmaleate (7a). vmax: 3061, 3055,
1715, 1641, 1586 cm™1. 'H NMR ¢: 2.00—2.20 (m, 2H), 3.35—
3.82 (m, 8H), 5.20 (s, 4H), 5.30—5.45 (m, 2H), 6.25 (s, 2H),
7.27—7.42 (m, 10H). FAB-HRMS calcd for CasH31N,Og (M +
1): 523.2082, Found: 523.2092.

Bis-[(R)-3-pyrrolidinyl]fumarate (7b). vmax: 3068, 3031,
1709, 1653 cm™%. 'H NMR ¢: 2.05-2.20 (m, 4H), 3.45—-3.72
(m, 8H), 5.15 (s, 4H), 6.85 (s, 2H), 7.30—7.45 (m, 10H). FAB-
HRMS calcd for CysH31N2Og (M + 1) 523.2082, Found:
523.2079.

(R)-3-Pyrrolidinyl [(R)-3-pyrrolidinyloxycarbonyl-
methyloxy]acetate (9). vmax: 3061, 1752, 1702, 1586 cm™2.
IH NMR 6: 2.05—2.20 (m, 4H), 3.40—3.70 (m, 8H), 4.25 (s,
4H), 5.15 (s, 4H), 5.35—5.45 (m, 2H), 7.30—7.45 (m, 10H). FAB-
HRMS calcd for CygHzsN:Og (M + 1): 541.2186, Found:
541.2178.

(22) Kubas, G. J. Inorg. Synth. 1979, 19, 90.

Wee

(1S,55)-6-(Benzyloxycarbonyl)-6-aza-2-oxa-bicyclo-
[3.3.0]-3-octanone [(+)-4b]. Similarly a solution of (S)-
diazoacetate (160 mg, 0.553 mmol) was treated with Rh[(S)-
MPPIM]4 (20 mg, 0.0138 mmol) in dry CICH,CH.CI (60 °C).
IH NMR analysis of the crude mixture again showed very little
dimer products (<1%). Chromatographic purification (2:1 and
then 1:1 hexanes—EtOAc) yielded the bicyclic lactone (110 mg,
76%). [0]p%%8 +122.9 (¢ 1.14, CHCly); lit.4" [a]p2* +122.3 (¢ 1.42,
CHCI3). vmax: 3061, 3031, 1783, 1703, 1610, 1586, 1536 cm™*.
IH NMR §: 1.94-2.13 (m, 2H), 2.29 (dd, 1H, J = 14.2 Hz, 6.1
Hz), 2.65—-2.92 (m, 2H), 3.41 (ddd, 1H, J = 11.2, 11.2, 6.2 Hz),
3.72-3.92 (m, 1H), 4.45—4.53 (m, 1H), 5.03-5.10 (m, 1H),
5.10—-5.22 (m, 2H), 7.35 (s, 5H). *C NMR 4: (29.9) 30.3, 35.4
(36.3), 44.0 (44.3), (57.5) 58.2, 67.0 (67.2), 82.8 (83.8), 127.8,
127.9, 128.1, 128.4, 136.0, (153.6) 154.1, (175.0) 175.4. FAB-
HRMS calcd for Ci4sHisNOs (M + 1): 262.1081, Found:
262.1080.

(1R,4R,5R)-6-(Benzyloxycarbonyloxy)-4-(3-propenyl)-
6-aza-2-oxa-bicyclo[3.3.0]-3-octanone (11a). Compound (R)-
4b (259.5 mg, 0.994 mmol) was dissolved in dry THF (6 mL)
containing HMPA (0.17 mL, 0.994 mmol), and the solution was
cooled to —78 °C, under Ar. LiIHMDS (0.994 mL, 0.994 mmol,
1 M in THF) was added dropwise to the solution and the
mixture was stirred at —78 °C for 1 h. Then a mixture of allyl
bromide (0.082 mL, 0.994 mmol) and HMPA (0.17 mL, 0.994
mmol) in dry THF (4 mL) was added, and the resulting
mixture was stirred at —78 °C for 1 h and then at —45 °C for
30 min. The mixture was quenched by addition of saturated
NH4CI (2 mL) at —45 °C, and then the mixture was allowed
to warm slowly to room temperature. EtOAc (20 mL) and brine
(10 mL) were added, and then the aqueous phase was removed.
The aqueous phase was re-extracted with EtOAc (2 x 10 mL).
The combined organic extracts were washed with brine (2 x
10 mL), dried, filtered, and evaporated to leave a pale yellow
oil. Chromatographic purification (2:1 hexanes—EtOAc and
then 1:1 hexanes—EtOAc) of the oil yielded the allylated
lactone 11a (170.5 mg, 57%) and the diallylated compound 11b
(41 mg, 12%). For 1la: vmax: 3068, 3031, 1771, 1704, 1637,
1589 cm~t. *H NMR 6 (mixture of rotamers): 1.90—2.10 (m,
1H), 2.29 (dd, 1H, J = 13.8, 5.8 Hz), 2.34—2.66 (m, 2H), 2.76
(dd, 0.4H, J = 8.0, 5.8 Hz), 2.97 (dd, 0.6H, J = 8.0, 5.7 Hz),
3.40 (ddd, 1H,J =115, 11.5, 6.9 Hz), 3.78 (dd, 0.5H, J = 11.5,
9.2 Hz), 3.87 (dd, 0.5H, J = 11.5, 9.2 Hz), 4.20 (d, 0.5H, J =
5.0 Hz), 4.27 (d, 0.5 H, J = 5.0 Hz), 4.94-5.30 (m, 5H), 5.46—
5.64 (m, 0.4H), 5.78—5.97 (m, 0.6H), 7.37 (s, 5H). 3C NMR 0:
30.1(30.5), 34.1, 43.9 (44.3), 46.7 (47.7), 62.2 (63.0), 67.0 (67.5),
81.7 (82.6), 118.6 (118.8), 127.8, 128.1, 128.5, 133.1, 135.8
(136.1), 153.6 (154.1), 1773 (177.7). FAB-HRMS calcd for
Ci17H1gNO4 (M + 1): 302.1392, Found: 302.1391. (1R,4R,5R)-
6-(Benzyloxycarbonyloxy)-4-di(3-propenyl)-6-aza-2-oxa-
bicyclo[3.3.0]-3-octanone (11b). vmax: 3074, 3030, 1771,
1703, 1641, 1586 cm™t. *H NMR o: 1.82—2.02 (m, 1H), 2.16
(dd, 1H, 3 = 13.2, 4.4 Hz), 2.22—2.60 (m, 4H), 3.07—3.23 (m,
1H), 3.90 (dd, 0.6H, J = 13.2, 8.8 Hz), 3.96 (dd, 0.4H, J = 13.2,
8.8 Hz), 4.52 (d, 0.4H, J = 7.9 Hz), 4.61 (d, 0.6H, J = 7.9 Hz),
4.82—-5.29 (m, 7H), 5.50—5.69 (m, 0.5H), 5.70—5.95 (m, 1.5H),
7.30—7.45 (m, 5H). *C NMR ¢: 31.2 (31.8), 36.7, 41.7 (41.9),
445 (44.7), 49.8 (50.4), 64.4 (65.4), 67.3 (67.7), 80.3 (81.0), 117.5
(117.8), 120.3, 127.9, 128.1, 128.4, 128.7, 131.5 (131.7), 132.8
(133.3), 135.6 (136.1), 154.1 (155.0), 179.0. FAB-HRMS calcd
for Co0H24NO4 (M + 1): 342.1705, Found: 342.1716.

(3R)-1-(Benzyloxycarbonyl)-3-hydroxy-2-[2-(4-pentenyl-
1-ol)]pyrrolidine (12a). A solution of 11a (167 mg, 0.555
mmol) in 95% ethanol (5 mL) was treated with NaBH, (84 mg,
2.22 mmol), under Ar. The mixture was stirred at room
temperature for 22 h and then cooled to 0 °C. Glacial acetic
acid was carefully added to the reaction mixture, and when
effervescence stopped, the mixture was concentrated. CH,Cl,
(10 mL) was added to the residue and followed by solid
anhydrous K,CO3; and Na,SO,. The mixture was allowed to
stand at room temperature for 1 h and then filtered and
concentrated. The residual oil was chromatographed (1:1
hexanes—EtOAc and then EtOAc) to yield the diol 12a as a
viscous oil (148 mg, 86%). vmax: 3622—3117, 3062, 3026, 1674,
1583, 1502 cm™t. *H NMR ¢: 1.80—2.50 (m, 5H, 2H-4, CH,
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CH.C=), 3.30—3.60 (m, 3H, CH,0, OH), 3.65—3.76 (m, 1H,
H-5), 3.95—4.10 (m, 1H, H-5'), 4.37 (dd, 1H, J = 13.2, 6.5 Hz,
H-2), 4.50—4.90 (br hump, 1H, OH), 4.95—5.20 (m, 5H, =CHy),
OCH,Ph, H-3), 5.60—5.90 (m, 1H, =CH), 7.35 (s, 5H, PhH).
FAB-HRMS calcd for C17H24NO4 (M + 1): 306.1705, Found:
306.1713.
(3R)-1-(Benzyloxycarbonyl)-3-(tert-butyldiphenylsilyl-
oxy)-2-[2-(4-pentenyl-1-(tert-butyldiphenylsilyloxy-4-hy-
droxybutyl)]pyrrolidine (13a). The diol 12a (124.6 mg,
0.4085 mmol) was dissolved, under Ar, in dry DMF (1.5 mL)
containing imidazole (139 mg, 2.04 mmol). t-BuPh,SiCl (0.254
mL, 0.980 mmol) was added, and the mixture was stirred at
room temperature for 20 h. Then DMF was removed in vacuo,
and brine (5 mL) was added to the residue. The mixture was
extracted with EtOAc (3 x 10 mL), and the combined organic
extracts were washed with brine (2 x 10 mL). The organic
layer was dried, filtered, and concentrated to leave a thick oil.
Column chromatography of the oil gave the product 12b that
was contaminated by t-BuPh,SiOH (coeluted with desired
product). The mixture 12a,b (381 mg) was dissolved in ether
(5 mL), and to this solution was added distilled water (3 mL).
0s04 (82 mg, 0.322 mmol) was added followed by powdered
NalO4 (312 mg, 1.46 mmol) The mixture was vigorously
stirred, under Ar, at room temperature for 36 h. Then EtOAc
(10 mL) was added, and the aqueous phase was separated and
back-extracted with EtOAc (5 mL). The combined organic
layers were washed with brine (10 mL), dried, filtered, and
concentrated to give a dark brown oil. The oil was taken into
95% ethanol (10 mL), and the solution was cooled to 0 °C.
NaBH, (40 mg) was added, and the mixture was stirred at 0
°C for 2 h. Then glacial AcOH was carefully added dropwise
until effervescence stopped. The mixture was concentrated,
and the residue was dissolved in CH,Cl; (15 mL). The solution
was dried over a mixture of anhydrous K,CO3; and Na,SO,,
and after 1 h, the mixture was filtered and concentrated. The
crude oil was purified by chromatography (6:1 and then 2:1
hexanes—EtOAc) to afford the primary alcohol 13b (238.4 mg,
73%). [a]p®>” +12 (c 1.56, CHCl3). vmax: 3555—3284, 3068,
3049, 1703, 1585 cm™. *H NMR ¢: 0.98 (s, 9H), 1.01 (s, 9H),
1.40—1.95 (m, 5H), 2.45—-2.65 (m, 1H), 3.05—3.20 (m, 2H),
3.65—4.05 (m, 5H), 4.25—4.40 (m, 1H), 4.90—5.10 (m, 2H),
7.15—7.75 (m, 25H). FAB-HRMS calcd for CisHgoNOs (M +
1): 786.4002, Found: 786.4019.
(3R)-1-(Benzyloxycarbonyl)-3-(tert-butyldiphenylsilyl-
oxy)-2-[2-(1-(tert-butyldiphenylsilyloxy-4-methanesulfo-
nyloxybutyl)]pyrrolidine (13b). The alcohol 13a (132.4 mg,
0.169 mmol) was dissolved in dry CH,Cl, (4 mL) containing
dry EtzN (58.7 uL, 0.422 mmol), and the solution was cooled
to 0 °C under Ar. Methanesulfonyl chloride (26.1 uL, 0.337
mmol) was added, and the mixture was stirred at 0 °C for 30
min. Saturated NaHCO; (5 mL) and CH,Cl; (10 mL) were
added. The organic layer was separated, and the aqueous
phase was re-extracted with CH,Cl, (5 mL). The combined
CH,Cl, extracts were dried (Na,SO,), filtered, and concen-
trated. Chromatographic purification (3:1 hexanes—EtOAc) of
the crude oil gave the primary mesylate 13b (129 mg, 88%).
vmax: 3074, 3049, 1703, 1586 cm~*. *H NMR ¢: 0.98 (s, 9H),
1.02 (s, 9H), 1.43—-1.78 (m, 2H), 1.83—2.12 (m, 2H), 2.35-2.57
(m, 1H), 2.84 and 2.86 (s, 3H), 3.07—3.30(m, 2H), 3.70—4.10
(m, 3H), 4.95—5.10 (m, 2H), 7.15—7.75 (m, 25H). FAB-HRMS
calcd for C49Hg2NO7SSi, (M + 1): 864.3785, Found: 864.3760.
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(1R,7R,8R)-7-(tert-butyldiphenylsilyloxy)-1-(tert-bu-
tyldimethylsilyloxymethyl)pyrrolizidine (14). 10% Pal-
ladized charcoal (25 mg) was added, under Ar, to a solution of
the mesylate 13b (129 mg) in dry MeOH (5 mL). Then
cyclohexene (0.3 mL) was added to the mixture, and the
mixture was refluxed for 75 min. The reaction mixture was
briefly cooled, anhydrous K,COj3 (61.2 mg, 0.443 mmol) was
added, and the mixture was refluxed for 1 h. The cooled
reaction mixture was filtered through Celite, and the residue
washed thoroughly with 5% MeOH—Et;N. The filtrate was
concentrated, and the residue was purified by chromatography
(20:1:1 and then 10:1:1 CHCIl3—MeOH—concentrated NH,OH)
to afford 86 mg (92%) of the pyrrolizidine 14. [o]p?"7 —7.6 (c
1.05, CHCl3). vmax: 3074, 3049 cm™. 'H NMR ¢6: 1.02 (s, 9H),
1.10 (s, 9H), 1.60.1.94 (m, 3H), 2.10—2.25 (m, 1H), 2.65—2.90
(m, 3H), 3.01 (ddd, 1H, 3 = 9.8, 6.8, 3.2 Hz), 3.12 (ddd, 1H, J
=93, 6.7, 3.1 Hz), 3.21 (dd, 1H, J = 6.0, 4.1 Hz), 3.51 (dd,
1H,J = 9.8, 6.9 Hz), 3.63 (dd, 1H, J = 9.8, 6.2 Hz), 4.21 (dd,
1H, J = 6.1, 3.4 Hz), 7.25—7.46 (m, 12H), 7.57—7.70 (m, 8H).
BC NMR ¢: 19.27,19.30, 26.7, 27.1, 31.7, 36.9, 39.7, 51.9, 55.9,
66.1, 71.9, 73.8,127.5, 127.6, 129.5, 129.6, 129.7, 133.5, 133.8,
134.4, 135.6, 135.8. FAB-HRMS calcd for C4oHs2NOSi, (M +
1): 634.3537, Found: 634.3513.

(1R,7R,8R)-7-(Hydroxy)-1-(hydroxymethyl)pyrrolizi-
dine [(—)-turneforcidine (2)]. The bis-silyl ether 14 (85.6
mg, 0.135 mmol) was dissolved in dry THF, under Ar, and Bus-
NF (0.297 mL, 0.297 mmol) was added. The mixture was
allowed to stand at room temperature for 20 h. The reaction
mixture was concentrated, and the residual oil was chromato-
graphed (8:2:0.5 and then 5:5:1 CHCIl;—MeOH—concentrated
NH,OH) to provide 4.2 mg of pure (—)-turneforcidine and 18.2
mg of a 1.3:1 (on the basis of *H NMR integration) mixture of
turneforcidine and BusNF. The yield of synthetic (—)-turne-
forcidine (2) was 68%. [0]p?® —13.9 (c 0.36, MeOH). Lit.**¢ [o]p*
—12.5 (c 1.3, MeOH), lit.** [o]p® —12 (c 0.82, MeOH) vmax:
3568—3129, 2919, 2851 cm™1. *H NMR ¢ (300 MHz, CD30OD):
1.69 (dddd, 1H,J =12.2,12.2,9.7, 6.8 Hz), 1.85—2.20 (m, 2H),
2.09 (dddd, 1H, J = 12.6, 6.6, 6.6, 3.3 Hz), 2.48—2.66 (m, 2H),
2.73(q, 1H, 3 = 9.1 Hz), 3.03—3.16 (m, 2H), 3.21 (dd, 1H, J =
6.6, 4.5 Hz), 3.51 (dd, 1H, J = 10.5, 7.2 Hz), 3.56 (dd, 1H, J =
10.5, 6.6 Hz), 4.17 (q, 1H, J = 3.3 Hz). 3C NMR 6 (75 MHz,
CD;0OD): 32.4, 37.4, 40.7, 52.8, 56.3, 65.5, 71.8, 73.9. FAB-
HRMS calcd for CsHisNO, (M + 1): 158.1181, Found: 158.1185.
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