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In this paper, a rapid route toward functionalized bicyclic alkaloids is presented. In only three
steps, an easily accessible carbohydrate derivative was converted into iodomethyl indolizidine 13,
which can equilibrate to the corresponding iodoquinolizidine 15. We provide strong evidence that
this equilibration proceeds via an aziridinium ion intermediate. Furthermore, nucleophilic
substitution of the iodomethyl indolizidine as well as the aziridinium intermediate gives access to
highly functionalized indolizidine and quinolizidine alkaloids.

Introduction

Azasugars, polyhydroxylated alkaloids such as deoxy-
nojirimicin (1a), alexine (2), and lentiginosine (3), have
found wide attraction both as synthetic targets'? and as
potential therapeutic agents for the treatment of a variety
of diseases (Figure 1).2 The latter is illustrated by the
recent approval of the synthetic azasugar N-butyldeoxy-

(1) Selected publications on the construction of bicyclic azasugars:
(a) Hembre, E. J.; Pearson, W. H. Tetrahedron 1997, 53, 11021—-11032.
(b) Carretero, J. C.; Arrayas, R. G. J. Org. Chem. 1998, 63, 2993—
3005. (c) Mukai, C.; Sugimoto, Y.; Miyazawa, K.; Yamaguchi, S.;
Hanaoka, M. J. Org. Chem. 1998, 63, 6281—6287. (d) Trost, B. M.;
Patterson, D. E. Chem. Eur. J. 1999, 5, 3279—3284. (e) Rassu, G.;
Carta, P.; Pinna, L.; Battistini, L.; Zanardi, F.; Acquotti, D.; Casiraghi,
G. Eur. J. Org. Chem. 1999, 1395—1400. (f) Pearson, W. H.; Hines, J.
V. J. Org. Chem. 2000, 65, 5785—5793. (g) Pourashraf, M.; Delair, P.;
Rasmussen, M. O.; Greene, A. E. J. Org. Chem. 2000, 65, 6966—6972.
(h) Zhao, H.; Hans, S.; Cheng, X.; Mootoo, D. R. J. Org. Chem. 2001,
66, 1761—1767. (i) Pearson, W. H.; Hembre, E. J. Tetrahedron Lett.
2001, 42, 8273—8276. (j) Behr, J.-B.; Erard, A.; Guillerm, G. Eur. J.
Org. Chem. 2002, 1256—1262. (k) Vanecko, J. A.; West, F. G. Org. Lett.
2002, 4, 2813-2816. (I) Pearson, W. H.; Guo, L.; Jewell, T. M.
Tetrahedron Lett. 2002, 43, 2175—2178. (m) Cardona, F.; Faggi, E.;
Liguori, F.; Cacciarini, M.; Goti, A. Tetrahedron Lett. 2003, 44, 2315—
2318.

(2) Selected publications on the construction of bicyclic azasugars
by RCM: (a) White, J. D.; Hrnciar, P.; Yokochi, A. F. T. J. Am. Chem.
Soc. 1998, 120, 7359—-7360. (b) Overkleeft, H. S.; Bruggeman, P.;
Pandit, U. K. Tetrahedron Lett. 1998, 39, 3869—3872. (c) Pandit, U.
K.; Overkleeft, H. S.; Borer, B. C.; Bieraugel, H. Eur. J. Org. Chem.
1999, 959-968. (d) Ahn, J.-B.; Yun, C.-S.; Kim, K. H.; Ha, D.-C. J.
Org. Chem. 2000, 65, 9249—-9251.(e) Voightmann, U.; Blechert, S. Org.
Lett. 2000, 2, 3971-3974. (f) Voightmann, U.; Blechert, S. Synthesis
2000, 893—898. (g) Rambaud, L.; Compain, P.; Martin, O. R. Tetra-
hedron: Asymmetry 2001, 12, 1807—1809. (h) Subramanian, T.; Lin,
C.-C.; Lin, C.-C. Tetrahedron Lett. 2001, 42, 4079—4082. (i) Klitzke,
C. F.; Pilli, R. D. Tetrahedron Lett. 2001, 42, 5605—5608. (j) Paolucci,
C.; Mattioli, L. J. Org. Chem. 2001, 66, 4787—4794. (k) Lennartz, M.;
Steckhan, E. Tetrahedron 2001, 57, 675—680. (I) Chandra, K. L.;
Chandrasekhar, M.; Singh, V. K. J. Org. Chem. 2002, 67, 4630—4633.
(m) Lindsay, K. B.; Pyne, S. G. J. Org. Chem. 2002, 67, 7774—7780.
(n) Buschmann, N.; Ruckert, A.; Blechert, S. J. Org. Chem. 2002, 67,
4325-4329. (0) Lee, H. K.; Chun, J. S.; Pak, C. S. J. Org. Chem. 2003,
68, 2471—-2474.

(3) See, for a recent review: Asano, N. Curr. Top. Med. Chem. 2003,
3, 471-484.
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FIGURE 1. Examples of polyhydroxylated alkaloids.

nojirimicin (1b) as a drug for the treatment of the
lysosomal storage disorder Gaucher disease.*

In the past few years, our laboratory demonstrated the
merit and potency of ring-closing metathesis (RCM) in
the construction of carbocycles,® azasugars,® spiroketals,’
and pyranopyran systems? starting from readily available
sugar derivatives. In a recent publication on analogues
of 2-deoxystreptamine,® we showed (see Scheme 1) that
1,7-diene 5a (R! = benzyl), obtained from the methyl
furanoside 4 via a three-step one pot Vasella—Barbier
tandem reaction,'® could be converted (see pathway a)

(4) Cox, T.; Lachmann, R.; Hollak, C.; Aerts, J.;. Van Weely, S.;
Hrebicek, M.; Platt, F.; Butters, T.; Dwek, R.; Moyses, C.; Gow, I.;
Elstein, D.; Zimran, A. Lancet 2000, 355, 1481—1485.

(5) (a) Ovaa, H.; Codee, J. D. C.; Lastdrager, B.; Overkleeft, H. S;
Van der Marel, G. A.; Van Boom, J. H. Tetrahedron Lett. 1999, 40,
5063—5066. (b) Ovaa, H.; Lastdrager, B.; Codee, J. D. C.; Van der
Marel, G. A.; Overkleeft, H. S.; Van Boom, J. H. J. Chem. Soc., Perkin
Trans. 1 2002, 2370—2377.

(6) Ovaa, H.; Stragies, R.; Van der Marel, G. A.; Van Boom, J. H.;
Blechert, S. Chem. Commun. 2000, 1501—1502.

(7) (a) Leeuwenburgh, M. A.; Kulker, C.; Overkleeft, H. S.; Van der
Marel, G. A.; Van Boom, J. H. Synlett 1999, 1945—1947. (b) Leeuwen-
burgh, M. A.; Kulker, C.; Duynstee, H. I.; Overkleeft, H. S.; Van der
Marel, G. A.; Van Boom, J. H. Tetrahedron 1999, 55, 8253—8262.

(8) (a) Leeuwenburgh, M. A.; Appeldoorn, C. C. M.; Van Hooft, P.
A. V.; Overkleeft, H. S.; Van der Marel G. A.; Van Boom, J. H. Eur. J.
Org. Chem. 2000, 873—877. (b) Van Hooft, P. A. V.; Leeuwenburgh,
M. A.; Overkleeft, H. S.; Van der Marel, G. A.; Van Boeckel, C. A. A.;
Van Boom, J. H. Tetrahedron Lett. 1998, 39, 6061—6064.

(9) Verhelst, S. H. L.; Wiedenhof, W.; Ovaa, H.; Overkleeft, H. S;
Van der Marel, G. A.; Van Boeckel, C. A. A.; Van Boom, J. H.
Tetrahedron Lett. 2002, 43, 6451—6455.
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apP = protective group. Key: (a) RCM and Pd(0)-catalyzed
amination; (b) iodoamination; (c) RCM and nucleophilic substitu-
tion.

into 4,6-diamino cyclohexene derivatives 6 using RCM
followed by a highly stereoselective Pd(0)-catalyzed ami-
nation.

We here report that 1,7-diene 5b (R! = allyl) undergoes
a regioselective iodoamination resulting in the pyrroli-
dine derivative 7 that, after RCM and nucleophilic
substitution, is readily transformed into the functional-
ized indolizidines 8 and quinolizidines 9. Moreover, we
provide evidence that the quinolizidines are formed via
an aziridinium ion intermediate.

Results and Discussion

The easily accessible!* methyl 5-iodo-5-deoxy-2,3-iso-
propylidene-$-p-ribofuranoside 4 was subjected (Scheme
2) under optimal conditions'? to the Vasella—Barbier
tandem reaction to furnish the homogeneous triene 5b
in 63% yield. The configuration of the newly introduced
stereogenic center in 5b was the same as observed for
the earlier reported N-benzyl-protected diene derivative
5a%19 (see below for assignment by NMR after derivati-
zation). The next step involving intramolecular iodoami-
nation'31 of 5b led to the exclusive isolation of pyrroli-
dine 7 in a yield of 87%. Selective haloamination of the
particular double bond in triene 5b, proceeding via an
exo-trig process'® on z-complex® 10, can be explained by
the favorable cyclization of five-membered rings, which
excludes the possible formation of three- and four-
membered azacycles (aziridines and azetidines) through
putative species 11a and 11b (Scheme 2). The observed

(10) (a) Hyldtoft, L.; Storm Poulsen, C.; Madsen, R. Chem. Commun.
1999, 2101—2102. (b) Hyldtoft, L.; Madsen, R. 3. Am. Chem. Soc. 2000,
122, 8444—8452.

(11) Lerner, L. M. Carbohydr. Res. 1977, 53, 177—185.

(12) Skaanderup, P. R.; Madsen, R. J. Org. Chem. 2003, 68, 2115—
2122.

(13) See for a review of formation of heterocycles by olefin cycliza-
tion: Bartlett, P. A. In Asymmetric Synthesis; Morrison, J. D., Ed.;
Academic Press: New York, 1984; Vol. 3, Chapter 6.

(14) Some examples of formation of hydroxylated azacycles by
iodoamination: (a) Martin, O. R.; Liu, L.; Yang, F. Tetrahedron Lett.
1996, 37, 1991—-1994. (b) Shi, Z.-C.; Zeng, C.-M.; Lin, G.-Q. Heterocycles
1995, 41, 277-287.
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SCHEME 22

2 Reagents and conditions: (a) Zn (excess), THF, TMSCI (1
equiv), sonication, 30—40 °C, then allylamine, then allyl bromide
(63%); (b) 12, NaHCO3, dioxane/H,0, 0 °C (87%).

Jog= OHz J1'ga =82Hz
J34=6.4 Hz J2  =46Hz
Jas=4.7Hz J34eq =3.5Hz

J34ax =12.1 Hz

FIGURE 2. 3J and NOE couplings observed in 7 and 15.

cis stereoselectivity, assigned by NMR spectroscopy (vide
infra), is in accordance with literature studies that
describe the directing effect of an allylic hydroxyl or ether
functionality during halocyclizations.'”

The configurations of the newly introduced stereocen-
tra in 7 originating from the Barbier allylation and
iodoamination were assigned on the basis of NMR
spectroscopy. The values of the proton coupling constants
of pyrrolidine 7 (see Figure 2) were in good accord with
those of isopropylidene-protected L-lyxose-o-C-glyco-
sides,'® indicating a 2,3-trans and 4,5-cis relationship.
The 2S,5R configuration was irrefutably corroborated by
NOESY experiments, which showed the presence of
distinct NOE couplings in compound 7 between the allylic
proton and H3, H4, and H5 (Figure 2).

(15) (a) Baldwin, J. E. J. Chem. Soc., Chem. Commun. 1976, 734.
(b) Baldwin, J. E.; Thomas, R. C.; Kruse, L. I.; Silberman, L. J. Org.
Chem. 1977, 42, 3846—3852.

(16) Evidence for a the existence of an ethylene/iodine sw-complex
instead of an iodonium ion as the reactive intermediate in the
halocyclization reactions has been reported: Bernett, R. G.; Doi, J. T;
Musker, W. K. J. Org. Chem. 1995, 50, 2048—2050.

(17) (a) Chamberlin, A. R.; Dezube, M.; Dussault, P.; McMills, M.
C. J. Am. Chem. Soc. 1983, 105, 5819—5825. (b) Chamberlin, A. R.;
Mulholland, R. L., Jr.; Kahn, S. D.; Hehre, W. J. 3. Am. Chem. Soc.
1987, 109, 672—677. (c) Tamaru, Y.; Kagamura, S.-l.; Bando, T.;
Tanaka, K.; Hojo, M.; Yoshida, Z.-1. J. Org. Chem. 1988, 53, 5491—
5501.

(18) Baer, H. H.; Hernandez Mateo, F. Siemsen, L. Carbohydr. Res.
1989, 187, 67—92.
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a Reagents and conditions: (a) Grubbs’ catalyst 12 (1 mol %),
camphorsulfonic acid (1.1 equiv), DCM (79%); (b) A, DCM (ratio
13/15 = 1:2).

At this stage, RCM of 7 using Grubbs’ catalyst 121°
was undertaken. Free amines are not fully compatible
with the ring-closing metathesis reaction due to deactiva-
tion of the catalyst by the basic nitrogen. It has been
demonstrated, however, that the Grubbs’ catalyst 12
tolerates the presence of ammonium salts.?° Indeed, RCM
of 7 using catalyst 12 (1 mol %) in the presence of 1.1
equiv of camphorsulfonic acid proceeded uneventfully at
10—15 °C to give, after purification, the expected indolizi-
dine 13 in 79% yield (Scheme 3).

Interestingly, TLC analysis of a solution of 13 in DCM,
accidentally left at room temperature for several days,
showed the presence of an additional compound, which
could be easily purified by column chromatography. NMR
data (see Figure 2)?! of the homogeneous product were
in full accord with the structure of the quinolizidine 15.
Analysis by NMR spectroscopy of the above-mentioned
mixture revealed the presence of 13 and 15 in a 1:2
ratio.??> Moreover, rearrangement of pure 15 under the
same conditions gave a similar ratio between 13 and 15.
The thus-established equilibrium may be explained to
occur via the intermediate aziridinium? ion 14 (Scheme
3) resulting from an intramolecular substitution of the
primary iodide by the ring nitrogen in 13. Ring-opening

(19) (a) Scholl, M.; Trnka, T. M.; Morgan, J. P.; Grubbs, R. H.
Tetrahedron Lett. 1999, 40, 2247—2250. (b) Huang, J.; Stevens, E. D.;
Nolan, S. P.; Petersen, J. L. J. Am. Chem. Soc. 1999, 121, 2674—2678.

(20) Wright, D. L.; Schulte, J. P., Il; Page, M. A. Org. Lett. 2000, 2,
1847-1850.

(21) The atom numbering of the bicyclic structures is depicted below.
For convenience, the aziridinium ion was numbered in the same
manner as compound 13.

6 6
577 577
9
N4 N4
3 8 B 8
|/ 8a 3 * 8a
! 2: B
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13 16 15

(22) The same ratio was found after refluxing 13 in DCM for 2 days.
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SCHEME 4. Substitution on Aziridinium
Perchlorate 162

a2 Reagents and conditions: (a) AgClO4, THF; (b) BusNI (3
equiv), 76%, 13/15 = 1:2; (c) NaSMe (3 equiv), 59%, 8a/9a = 1:2;
(d) BusNOAc (3 equiv), 53%, 9b/9b = 1:2.

of the aziridinium ion 14 by attack of the iodide counter-
ion on the most substituted carbon atom will eventually
lead to the thermodynamically more stable quinolizidine
15.

It was envisaged that ring-opening of aziridinium salt
16 (see Scheme 4) with iodide as well as other nucleo-
philes would provide evidence in support of the proposed
aziridinium ion 14. To this end, we first examined by
NMR spectroscopy the feasibility of preparing 16 by
exchange of the iodide in the proposed aziridinium 14
with the non-nucleophilic perchlorate ion.>* Thus, a
solution of the indolizidine 13 in CDCI; was reacted with
an excess of AgCIO,. After vigorous mixing and sedimen-
tation of precipitated silver iodide, TLC analysis revealed
the absence of starting material 13 and the presence of
a product with zero mobility, as would be expected for
the positively charged compound 16. The latter was also
substantiated by the *H NMR spectrum of the sample,
which showed a considerable downfield shift of all protons
(Figure 3). The presence in 16 of an intact five—six fused
ring system is in accord with the splitting pattern and
coupling constants which are similar to those observed
in the indolizidine 13. In addition, the 3C spectrum
showed a downfield shift of C-9 from 1.7 ppm in indolizi-
dine 13 to 45.9 ppm in 16, which strongly supports the
presence of a bond between N-4 and C-9.2%

The identity of the aziridinium perchlorate 16 was
independently corroborated by analysis of the products
resulting from its substitution with different nucleophiles
(Scheme 4). It was found that silver perchlorate easily

(23) The involvement of aziridinium intermediates in pyrrolidine
to piperidine conversions has been described. See, for example: (a)
Logothetis, A. L. 3. Am. Chem. Soc. 1965, 87, 749—754. (b) Horning,
D. E.; Muchowski, J. M. Can. J. Chem. 1974, 52, 1321—1330. (c)
Hammer, C. F.; Weber, J. D. Tetrahedron 1981, 37, 2173—2180. (d)
Faure, B.; Arcavlis, A.; Buono, G. J. Chem. Soc., Chem. Commun. 1989,
805—807. (e) Blough, B. E.; Mascarella, S. W.; Rothman, R. B.; Carroll,
F. 1. 3. Chem. Soc., Chem. Commun. 1993, 758—760. See for more
complex aziridinium ions: (f) Blackman, A. J.; Li, C.; Hockless, D. C.
R.;. Skelton, B. W.; White, A. H. Tetrahedron 1993, 49, 8645—8656.
(9) Furneaux, R. H.; Mason, J. M.; Tyler, P. C. Tetrahedron Lett. 1995,
36, 3055—3058.

(24) See for a review on the preparation and reactions of aziridinium
salts: Crist, D. R.; Leonard, N. J. Angew. Chem. 1969, 81, 953—1008.
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FIGURE 3. 'H NMR spectra (400 MHz) of 13 and 16 in CDCls.

dissolves in THF and not in chloroform. Therefore, the
use of THF allowed the amount of silver perchlorate to
be reduced to 1.1 equiv. The addition of tetrabutylam-
monium iodide to a solution of 16, obtained after removal
of precipitated silver iodide, gave indolizidine 13 and
quinolizidine 15 in a 1:2 ratio, the same ratio as earlier
observed in the equilibration of 13 and 15. The outcome
of the substitution reaction presents solid evidence for
the occurrence of the aziridinium ion 14 as an intermedi-
ate species.

Interestingly, the ring-opening of 16 (Scheme 4) with
the methylthiolate anion gave indolizidine 8a and quino-
lizidine 9a in a 1:2 ratio, while ring-opening using the
acetate ion produced compounds 8b and 9b in a similar
1:2 ratio. In these particular cases, the purified substitu-
tion products 8a,b and 9a,b were stable during prolonged
heating. Therefore, the product distributions reflect the
kinetics of substitution of 16 and not the thermodynamic
stability of the products. The formation of quinolizidines
as major products indicates a preferential attack of the
nucleophile at the most substituted carbon atom C-3
(pathway 2, Scheme 4). This can be explained by the
development of a partial positive charge in the transition
state, which is more stabilized at the most substituted
carbon atom in the aziridinium moiety. Moreover, the lar-
ger relief of ring strain may well favor pathway 2. On the
other hand, the formation of indolizidines 8a,b via path-
way 1 (Scheme 4) strongly suggests that transition states
of both pathways do not considerably differ in energy.

It occurred to us that nucleophilic displacement of the
primary iodide in the indolizidine 13 with different
nucleophiles would give access to functionalized indoliz-
idines and quinolizidines. It was anticipated that reaction
of 13 with soft nucleophiles would predominantly proceed
via direct substitution on the soft electrophilic primary
carbon atom. On the other hand, relatively hard nucleo-
philes may lead to the formation of quinolizidines via

TABLE 1. Substitution of Indolizidine 132

7
13 8a-d 9a-d
entry nucleophile yield (%) products ratio 8/9
1 NaSMe 78 8a 1:0
2 CsOAc 79 8b + 9b 1:25
3 NaNs3 74 8c + 9c 1:35
4 phthalimide, 84 8d + 9d 1:1

potassium salt

a All reactions were performed with 3 equiv of nucleophile in
DMEF. The mixtures were stirred for 2 h (entry 1) or overnight
(entries 2—4).

aziridinium ion 14 due to competition with the ring
nitrogen in 13.

Substitution of 13 with the soft nucleophile sodium
methylthiolate in DMF produced indolizidine 8a exclu-
sively and in a satisfactory yield of 78% (Table 1, entry
1). In contrast, the use of cesium acetate (entry 2) led to
the formation of indolizidine 8b and quinolizidine 9b in
aratio of 1:2.5 in 79% yield. A similar result was obtained
using the azide ion as a nucleophile, yielding indolizidine
8c and quinolizidine 9c in a 1:3.5 ratio (entry 3).
Interestingly, the relatively softer phthalimide anion
(entry 4) led to a 1:1 ratio of compounds 8d and 9d. The
latter ratio is probably a result from direct substitution
of the iodide as well as substitution of the aziridinium
ion.

Conclusion

In this paper, the application of a Vasella—Barbier
tandem reaction in combination with an intramolecular
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iodoamination and RCM results in a rapid route toward
chiral, polyhydroxylated indolizidines and quinolizidines.
First, furanoside 4 was converted into iodomethyl in-
dolizidine 13 in 43% overall yield. Thermal equilibration
of indolizidine 13 gives a mixture of 13 and 15 in a 1:2
ratio. The latter process proceeds via an aziridinium ion
as demonstrated by the synthesis, NMR characterization
and ring-opening of aziridinium perchlorate 16 with
different nucleophiles. In addition, functionalization of
compound 13 by nucleophilic substitution gave access to
several indolizidine and quinolizidine alkaloids.

It is well-known that the Vasella—Barbier tandem
reaction is generally applicable on numerous w-iodo-
glycosides.’® Therefore, the route presented in this paper
opens the way to the design and synthesis of a wide
variety of polyhydroxylated alkaloids comprising different
functionalities and stereochemistry.

Experimental Section

(3R,4S,5S)-3,4-O-Isopropylidene-5-(N-allylamino)octa-
1,7-diene-3,4-diol (5b). A solution of methyl 5-iodo-5-deoxy-
2,3-isopropylidene-g-p-ribofuranoside 4 (1.57 g; 5 mmol) in
THF (25 mL) was placed in a sonication bath, and finely
powdered Zn (1.5 g; excess) was added. After 15 min, 1.0 equiv
of TMSCI was added dropwise. After additional sonication for
5 h, TLC indicated complete conversion of 4 into a lower
running product. Allylamine (1.88 mL; 25 mmol; 5 equiv) was
added, and sonication was continued for 2 h. Allyl bromide
(2.29 mL; 15 mmol; 3 equiv) was added during a 2 h period by
the use of a syringe pump. After TLC indicated conversion of
the intermediate aldehyde into a higher running product, the
reaction mixture was filtered over Hyflo and concentrated.
Diluted NH4Cl was added, and the mixture was extracted with
EtOAc (3x). Combined organic layers were washed with brine,
dried (MgSO,), and evaporated to dryness under reduced
pressure. Column chromatography (5 — 25% EtOAc in light
petroleum ether) afforded the title compound as a slightly
yellow oil (751 mg; 3.17 mmol; 63%). [a]®°p: 34.4 (c = 1.0,
CHCIly). IR (neat): v 2985, 1639, 1369, 1215, 995, 914. *H NMR
(CDCls, 200 MHz): 6n 5.93—5.74 (m, 3H, H2, H7 and CH All),
5.39—-5.01 (m, 6H, H1, H8 and =CH, All), 4.62 (t, 1H, H3, J
= 6.6 Hz), 4.01 (dd, 1H, H4, J = 6.6, 8.0 Hz), 3.30 (dd, 1H
CHH All, J = 5.8, 13.2 Hz), 3.13 (dd, 1H, CHH All, J = 5.8,
13.2 Hz), 2.78—2.69 (m, 1H, H5), 2.42—2.23 (m, 2H, H6), 1.48
(s, 3H, Me isoprop), 1.35 (s, 3H, Me isoprop). *C NMR (CDCl;,
50.1 MHz): oc 136.8, 134.7, 134.2 (C2, C7, CH All), 117.8,
117.2,115.4 (C1, C8, =CH; All), 107.9 (C4 isoprop), 78.9, 78.6
(C3, C4), 55.3 (C5), 49.4 (CH, All), 34.0 (C6), 27.6, 25.1 (Me
isoprop). ES-MS: m/z 238.2 [M + H]". HRMS: found MH™"
238.1848, C14H24NO," requires 238.1801.

(2S,3S,4R,5R)-1, 2-Diallyl-5-iodomethyl-3,4-O-isopro-
pylidenepyrrolidine-3,4-diol (7). To a solution of compound
5b (1.304 g, 5.50 mmol) in H,O/dioxane (1/3 v/v; 40 mL) at O
°C were added I, (1.65 g; 1.2 equiv) and NaHCO; (0.92 g, 2
equiv), and the resulting solution was stirred for 1 h. TLC
analysis indicated complete conversion of 5b to a higher
running product. Excess iodine was quenched by addition of
1 M NayS;0s, and the reaction mixture was extracted three
times with EtOAc. Combined organic layers were washed with
brine, dried (MgSQ,), and concentrated under reduced pres-
sure. Purification by column chromatography (2 — 12% EtOAc
in light petroleum ether) yielded compound 7 (1.73 g; 4.77
mmol; 87%). [a]®’p: 95.2 (¢ = 1.0, CHCI3). IR (neat): v 2977,
2931, 1639, 1369, 1207, 1060, 914. 'H NMR (CDCl;, 400
MHZz): 0n 5.89—5.80 (M, 1H, CHoier), 5.75—5.65 (M, 1H, CHoter),
5.56 (ddd, 1H, CHgp, oer, J = 1.8, 3.2 Hz, J = 17.2 Hz), 5.13—
5.05 (M, 3H, CHy, oer), 4.71 (dd, 1H, H4, J = 4.7, 6.4 Hz), 4.44
(d, 1H, H3, J = 6.4 Hz), 3.37—-3.31 (m, 2H, H2, CHH N-All),
3.27 (dd, 1H, CHH-1,J = 3.2, 8.6 Hz), 3.22—3.15 (m, 2H, CHH-
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I, CHH N-All), 3.10 (ddd, 1H, H5, J = 3.2, 4.5, 10.4 Hz), 2.36—
2.29 (m, 1H, CHH C-All), 1.85—1.77 (m, 1H, CHH C-All), 1.50
(s, 3H, Me isoprop), 1.34 (s, 3H, Me isoprop). **C NMR (CDCl;,
100 MHz): oc 136.2, 134.8 (2 x CHoef), 117.7, 116.5 (2 x
CHo>,0ier), 111.5 (Cq isoprop), 80.9, 80.5 (C3, C4), 66.6, 65.9 (C2,
C5), 50.4 (CHz N-All), 28.9 (CH, C-All), 26.3, 25.3 (Me isoprop),
2.3 (CHzl). ES-MS: m/z 364.1 [M + H]*. HRMS: found MH™*
364.0810, C14H23INO, " requires 364.0768.
(1S,2R,3R,8aS)-3-lodomethyl-1,2-O-isopropylidene-7,8-
didehydro-indolizidine-1,2-diol (13). Argon was bubbled
through a solution of diene 7 (1.68 g; 4.62 mmol) in DCM (30
mL) cooled in a water bath of approximately 10—15 °C. After
10 min, camphorsulfonic acid (1.16 g; 1.1 equiv) and Grubbs’
Il catalyst 12 (40 mg; 1 mol %) were added, and the reaction
mixture was stirred overnight. TLC indicated the formation
of a lower running product. The reaction mixture was neutral-
ized with triethylamine and evaporated to dryness at ambient
temperature. Column chromatography (5 — 30% EtOAc in
light petroleum ether) furnished indolizidine 13 (1.224 g; 3.65
mmol; 79%). [a]?°p: 83.4 (c = 1.0, CHCIs). IR (neat): v 2916,
2831, 1377, 1056. *H NMR (CDCls, 400 MHz): 6y 5.79-5.74
(M, 1H, Hoer), 5.67—5.62 (m, 1H, Hoer), 4.77 (dd, 1H, H2, J =
4.2,6.2 Hz), 4.35 (d, 1H, H1, J = 6.2 Hz), 3.62 (dt, 1H, CHH
H5, J = 5.7, 18.8 Hz), 3.45 (dd, 1H, H8a, J = 5.6, 11.0 Hz),
3.26—3.15 (m, 4H, H3, CHH H5, H9), 1.95-1.87 (m, 1H, CHH
H8), 1.77-1.68 (m, 1H, CHH H8), 1.51 (s, 3H, Me isoprop),
1.36 (s, 3H, Me isoprop). ¥3C NMR (CDCls, 50.1 MHz): oc
125.1, 123.7 (C6, C7), 111.5 (Cq isoprop), 82.4, 80.0 (C1, C2),
64.4, 59.4 (C8a, C3), 44.5 (C5), 26.0, 24.8 (Me isoprop), 22.9
(C8), 1.7 (C9). ES-MS: m/z 336.3 [M + H]*. HRMS: found
MH* 336.0506, C1,H1sINO," requires 336.0455.
(1S,2R,3R,9a8S)-3-1odo-1,2-O-isopropylidene-7,8-dide-
hydro-2H-quinolizidine-1,2-diol (15) After refluxing a solu-
tion of 13 in DCM for 2 days, a 1:2 equilibrium mixture of
indolizidine 13 and quinolizidine 15 was obtained, as judged
by NMR. Separation by silica column chromatography (56 —
30% EtOAc in light petroleum ether) provided the title
compound in pure form. [a]®*®>: —30 (c = 0.5, CHCI3). IR
(neat): 2986, 2922, 2883, 1379, 1219, 1055. *H NMR (CDCls,
400 MHz): 8y 5.78—5.73 (M, 1H, Hoier), 5.64—5.59 (M, 1H, Hoier),
4.44 (ddd, 1H, H3, J = 3.5, 4.7, 12.1 Hz), 4.39 (t, 1H, H2, J =
4.0 Hz), 3.80 (dd, 1H, H1, J = 4.6, 8.2 Hz), 3.34—3.28 (m, 1H,
CHH H6), 2.98 (dd, 1H, CHH H4, J = 4.7, 11.6 Hz), 2.85—
2.76 (m, 2H, CHH H4, CHH H6), 2.49—2.42 (m, 1H, CHH H9),
2.37—-2.31(m, 1H, H9a), 2.01—-1.91 (m, 1H, CHH H9), 1.56 (s,
3H, Me isoprop), 1.41 (s, 3H, Me isoprop). *3C NMR (CDCls,
100 MHz): 6c¢ 123.9, 123.5 (C7, C8), 109.2 (C, isoprop), 79.3,
76.4 (C1, C2), 58.4 (C9a), 58.6, 52.5 (C4, C6), 30.7 (C9), 28.2,
26.4 (Me isoprop), 19.0 (C3). ES-MS: m/z 336.3 [M + H]*.
HRMS: found MH™ 336.0511, C12H19INO," requires 336.0455.

NMR Experiment on Aziridinium Perchlorate 16.
AgCIO, (5—6 equiv) was added to a solution of 16 mg of
indolizidine 13 in CDCI; (0.4 mL). When, after vigorous
stirring, TLC analysis indicated the absence of starting
material 13, the sample was subjected to NMR experiments.
H NMR (CDCl3, 400 MHz): 61 6.11—6.06 (m, 1H, Hojer), 5.90—
5.85 (m, 1H, Hger), 5.50 (t, 1H, H2, 3 = 5.5 Hz), 4.73 (d, 1H,
H1, J = 6.5 Hz), 4.46—4.41 (m, 1H, H3), 4.18 (bd, 1H, CHH
H5,J = 17.3 Hz), 4.13—4.01 (m, 2H, CHH H5, H8a), 3.62 (dd,
1H, CHH H9, J = 3.6, 6.2 Hz), 3.49 (dd, 1H, CHH H9, J =
3.1, 7.9 Hz), 2.64 (dt, 1H, CHH H8, J = 6.1, 17.3 Hz), 2.54—
2.45 (m, 1H, CHH H8), 1.54 (s, 3H, Me isoprop), 1.33 (s, 3H,
Me isoprop). 13C NMR (CDCls, 100 MHz): 6c 124.4,121.6 (C6,
C7), 113.8 (C, isoprop), 85.5 (C1), 76.0 (C2), 65.8 (C8a), 58.8
(C3), 55.9 (C5), 45.9 (C9), 27.0 (C8), 26.1, 24.3 (Me isoprop).

General Procedure for the Substitution Reaction of
Indolizidine 13. The appropriate salt (NaSMe, CsOAc, NaN3;
or phthalimide, potassium salt; 3 equiv) was added to a stirred
solution of indolizidine 13 in DMF (0.2 M). After TLC indicated
complete disappearance of the starting material, the reaction
mixture was evaporated to dryness. Silica column chromatog-
raphy yielded indolizidines 8 and quinolizidines 9.
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General Procedure for the Ring-Opening Reaction of
Aziridinium Perchlorate 16. A solution of 1.1 equiv of silver
perchlorate in THF was added to a solution of indolizidine 13
in THF. After the yellowish precipitate that was formed
immediately was filtered off, an excess of the appropriate
nucleophile (3 equiv) was added and the mixture was stirred
overnight. After evaporation of the solvent, silica column
chromatography yielded indolizidines 8 and quinolizidines 9.

(1S,2R,3R,8aS)-1,2-O-Isopropylidene-3-methylsulfanyl-
methyl-7,8-didehydroindolizidine-1,2-diol (8a). [a]®p: 96.4
(c = 1.0, CHCly). IR (neat): v 2982, 2920, 2835, 1369, 1207,
1076, 1057. *H NMR (CDCls, 400 MHz): 6y 5.78—5.73 (m, 1H,
Holer), 5.68—5.64 (M, 1H, Hor), 4.76 (t, 1H, H2, J = 5.8 Hz),
4.35 (d, 1H, H1, J = 6.3 Hz), 3.60—3.54 (m, 1H, CHH H5),
3.36 (dd, 1H, H3, J = 5.6, 11.0 Hz), 3.22 (bd, 1H, CHH H5, J
= 18.6 Hz), 3.05—3.00 (m, 1H, H3), 2.84 (dd, 1H, CHH H9, J
=9.7,12.7 Hz), 2.58 (dd, 1H, CHH H9, J = 3.6, 12.7 Hz), 2.16
(s, 3H, SMe), 1.96—1.89 (m, 1H, CHH H8), 1.79—1.70 (m, 1H,
CHH H8), 1.52 (s, 3H, Me isoprop), 1.35 (s, 3H, Me isoprop).
13C NMR (CDCls, 50.1 MHz): oc 125.2, 123.7 (C6, C7), 111.4
(Cqisoprop), 83.0, 79.8 (C1, C2), 62.2, 58.8 (C3, C8a), 44.0 (C5),
31.9(C8), 26.0, 24.7 (Me isoprop), 23.0 (CH,S), 16.7 (SMe). ES-
MS: m/z 256.2 [M + H]", 278.2 [M + Na]*. HRMS: found MH*
256.1246, C13H22NO,S requires 256.1365.

(1S,2R,3R,9aS)-1,2-O-Isopropylidene-3-methylsulfanyl-
7,8-didehydro-2H-quinolizidine-1, 2-diol (9a). [0]*’>: —109
(c = 0.5, CHCI). IR (neat): v 2983, 2916, 2882, 2814, 1379,
1244, 1219, 1057. *H NMR (CDCls, 400 MHz): oy 5.76 (ddd,
1H, Hoer, J = 2.4, 4.7, 9.6 Hz), 5.66—5.62 (m, 1H, Hoer), 4.39
(t, 1H, H2, J = 4.1 Hz), 3.77 (dd, 1H, H1, J = 4.8, 8.1 Hz),
3.36—3.32 (m, 1H, CHH HS6), 3.10 (ddd, 1H, H3, J = 3.5, 4.5,
12 Hz), 2.87 (dd, 1H, CHH H4, J = 4.5, 11.5 Hz), 2.84-2.70
(m, 1H, CHH H6), 2.51-2.42 (m, 2H, CHH H4, CHH H9),
2.28—-2.21 (m, 4H, H9a, SMe), 2.02—1.93 (m, 1H, CHH H9),
1.53 (s, 3H, Me isoprop), 1.39 (s, 3H, Me isoprop). **C NMR
(CDCls, 100 MHz): ¢ 124.2,123.7 (C7, C8), 109.8 (Cq isoprop),
80.1, 74.9 (C1, C2), 58.9 (C9a), 54.6, 53.3 (C4, C6), 42.1 (C3),
30.9 (C9), 28.1, 26.4 (Me isoprop), 14.8 (SMe). ES-MS: m/z
256.2 [M + H]*, 278.0 [M + Na]*, 294 [M + K]*. HRMS: found
MH* 256.1439, C13H22NO,S™ requires 256.1365.

(1S,2R,3R,8aS)-3-Acetoxymethyl-1,2-O-isopropylidene-
7,8-didehydroindolizidine-1,2-diol (8b). [a]®p: 39 (c=0.2,
CHCI,). IR (neat): v 2982, 2932, 2839, 1740, 1369, 1244, 1229,
1209, 1037. *H NMR (CDCls3, 400 MHz): 04 5.77—5.73 (m, 1H,
Hoter), 5.69—5.66 (M, 1H, Hoer), 4.74 (t, 1H, H2, J = 5.9 Hz),
4.37-4.33 (m, 2H, H1, CHH H9), 4.24 (dd, 1H, CHH H9, J =
5.1, 11.3 Hz), 3.48 (bd, 1H, CHH H5, J = 18.5 Hz), 3.34—3.27
(m, 2H, CHH H5, H8a), 3.15—-3.11 (m, 1H, H3), 2.07 (s, 3H,
SMe), 2.00—1.94 (m, 1H, CHH H8), 1.81—1.71 (m, 1H, CHH
H8), 1.50 (s, 3H, Me isoprop), 1.34 (s, 3H, Me isoprop). *C
NMR (CDCls, 50.1 MHz): ¢ 170.9 (CO), 125.4, 123.5 (C6, C7),
111.9 (Cq isoprop), 83.5, 79.5 (C1, C2), 62.8 (—CH-0Ac), 60.6,
58.8 (C3, C8a), 44.7 (C5), 26.0, 24.7 (Me isoprop), 21.1 (Me
Ac). ES-MS: m/z 268.1 [M + H]*, 290.2 [M + Na]*. HRMS:
found MH* 268.1585, C14H22NO4* requires 268.1543.

(1S,2R,3R,9aS)-3-Acetyl-1,2-O-isopropylidene-7,8-dide-
hydro-2H-quinolizidine-1,2,3-triol (9b). [a]?%5: —76 (c =
1.0, CHCIs). IR (neat): v 2983, 2939, 2897, 2815, 1732, 1377,
1238, 1053, 1034. *H NMR (CDCls, 400 MHz): dy 5.75 (ddd,
1H, Hger, J = 2.5, 4.8, 9.8 Hz), 5.65—5.61 (m, 1H, Hoier), 5.22
(ddd, 1H, H3, J = 3.8, 4.9, 11.2 Hz), 4.45 (t, 1H, H3, J = 4.2
Hz), 3.84 (dd, 1H, H1, 3 = 4.7, 8.0 Hz), 3.34—3.29 (m, 1H, CHH
H6), 2.87—2.80 (m, 2H, CHH H4, CHH H6), 2.50—2.41 (m, 2H,
CHH H4, CHH H9), 2.29—-2.24 (m, 1H, H9a), 2.14 (s, 3H, Me
Ac), 2.01-1.93 (m, 1H, CHH H9), 1.57 (s, 3H, Me isoprop),
1.38 (s, 3H, Me isoprop). 3*C NMR (CDCls, 50.1 MHz): 6c 170.2
(CO), 124.0, 123.8 (C7, C8), 110.4 (C, isoprop), 80.4, 73.4, 67.4
(C1, C2, C3), 58.7 (C9a), 53.5, 52.0 (C4, C6), 30.7 (C9), 28.1,
26.5 (Me isoprop), 21.1 (Me Ac). ES-MS: m/z 268.0 [M + H],
290.0 [M + Na]*. HRMS: found MH™ 268.1436, C14H2,NO4"
requires 268.1543.
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(1S,2R,3R,8aS)-3-Azidomethyl-1,2-O-isopropylidene-
7,8-didehydroindolizidine-1,2-diol (8c). [a]®*p: +60 (c =
0.25, CHClg). IR (neat): v 2934, 2097, 1371, 1277, 1209, 1107,
1091. *H NMR (CDCls, 300 MHz): 0y 5.79—5.74 (m, 1H, Hoier),
5.68—5.64 (m, 1H, Hoer), 4.74 (t, 1H, H2, 3 = 5.9 Hz), 4.37 (d,
1H, H1, J = 6.3 Hz), 3.67—3.56 (M, 2H, CHH H5, CHH H9),
3.39—-3.32 (m, 2H, H8a, CHH H9), 3.18 (bd, 1H, CHH H5, J
=19.0 Hz), 3.05 (dt, 1H, H3, 3 = 5.1, 8.0 Hz), 1.99—-1.92 (m,
1H, CHH H8), 1.80—1.68 (m, 1H, CHH H8), 1.52 (s, 3H, Me
isoprop), 1.35 (s, 3H, Me isoprop). ¥*C NMR (CDCl;, 75.1
MHz): 6c 125.2, 123.7 (C6, C7), 111.9 (C, isoprop), 83.3, 79.6
(C1, C2), 61.2, 58.9 (C3, C8a), 49.9, 44.5 (C5, C9), 26.0, 24.7
(Me isoprop), 23.4 (C8). HRMS: found MH™", 251.1540,
C;|_2H;|_9N402Jr requires 251.1502.

(1S,2R,3R,9aS)-3-Azido-1,2-O-isopropylidene-7,8-dide-
hydro-2H-quinolizidine-1,2-diol (9c). [0]?*°>: —104 (c = 1.0,
CHCI,). IR (neat): v 2986, 2936, 2098, 1381, 1242, 1219, 1049.
1H NMR (CDCls, 400 MHz): 0y 5.78—5.73 (m, 1H, Hoier), 5.67—
5.61 (m, 1H, Hqef), 4.42 (t, 1H, H2, 3 = 4.1 Hz), 3.81-3.75 (m,
2H, H1, H3), 3.36—3.30 (m, 1H, CHH H6), 2.89—2.83 (m, 2H,
CHH H4, CHH H6), 2.54—-2.42 (m, 2H, CHH H4, CHH H9),
2.27—2.22 (m, 1H, H9a), 2.00—1.91 (m, 1H, CHH H9), 1.54 (s,
3H, Me isoprop), 1.41 (s, 3H, Me isoprop). 1*C NMR (CDCls,
50.1 MHz): 6¢ 123.9, 123.6 (C6, C7), 110.3 (Cq isoprop), 80.0,
73.9 (C1, C2), 58.6, 55.3 (C3, C9a), 53.4, 52.3 (C4, C6), 30.8
(C9), 27.9, 26.4 (Me isoprop). ES-MS: m/z 251.2 [M + H],
273.2 [M + Na]™. HRMS: found MH" 251.1544, C;,H19N4O,™
requires 251.1502.

(1S,2R,3R,8aS)-1,2-O-Isopropylidene-3-phthaloylami-
nomethyl-7,8-didehydroindolizidine-1,2-diol (8d). [0]%°p:
63 (c = 0.25, CHCI,). IR (neat): v 2986, 2924, 1709, 1396, 1377,
1207, 1053. 'H NMR (CDCls, 200 MHz): 6y 7.86—7.67 (m, 4H,
Harom), 5.78—5.57 (M, 2H, Hoier), 4.73 (t, 1H, H2, J = 5.85 Hz),
4.36 (d, 1H, H1, J = 6.6 Hz), 4.18 (dd, 1H, CHH H9, J = 6.8,
14,6 Hz), 3.79—3.60 (m, 2H, CHH H5, CHH H9), 3.44-3.21
(m, 3H, H3, CHH H5, H8a), 1.96—1.71 (m, 2H, H8), 1.57 (s,
3H, Me isoprop), 1.35 (s, 3H, Me isoprop). **C NMR (CDCls,
50.1 MHz): 6¢ 168.3 (CO), 134.2 (CHarom), 132.1 (Cq, arom), 125.5,
123.5, 123.2 (CHarom, C6, C7), 111.8 (Cq isoprop), 83.4, 79.7
(C1, C2), 61.4, 58.3 (C3, C8a), 44.2, 36.6 (C5, C9), 26.1, 24.9
(Me isoprop). 23.1 (C8). ES-MS: m/z 355.1 [M + H]*, 377.0
[M + Na]*. HRMS: found MH" 355.1630, CxH23NO4" re-
quires 355.1652.

(1S,2R,3R,9aS)-1,2-O-Isopropylidene-3-phthaloylamino-
7,8-didehydro-2H-quinolizidine-1,2-diol (9d). [a]?*°>: 10 (c
= 0.25, CHCIy). IR (neat): v 2974, 2924, 1709, 1377, 1218,
1057. *H NMR (CDCl3, 200 MHz): 8y 7.87—7.70 (M, 4H, Harom),
5.77—5.58 (m, 2H, Hoer), 4.84—4.74 (m, 1H, H3), 4.44—4.40 (m,
1H, H2), 3.89 (m, 1H, H1), 3.74 (t, 1H, CHH H4, J = 11.7 Hz),
3.36 (bd, 1H, CHH H6), 3.00—2.91 (m, 1H, CHH H6), 2.82—
2.75 (m, 1H, CHH H4), 2.44—2.34 (m, 2H, CHH H9, H9a),
2.11-1.96 (m, 1H, CHH H9), 1.55 (s, 3H, Me isoprop), 1.28 (s,
3H, Me isoprop). $*C NMR (CDCls, 50.1 MHz): 6¢ 168.1 (CO),
134.0 (CHarom), 131.8 (Cq, arom), 124.1, 123.9, 123.3 (CHarom, C7,
C8), 110.5 (Cq isoprop), 80.2, 74.5 (C1, C2), 59.4 (C3), 53.5,
50.6 (C4, C6), 48.8 (C9a), 31.1 (C9), 28.2, 26.4 (Me isoprop).
ES-MS: m/z 355.1 [M + H]*, 377.2 [M + Na]*. HRMS: found
MH™" 355.1595, Cy0H23N,04" requires 355.1652.
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