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Calystegines are a class of polyhydroxylatednortropane alka-
loids that have been isolated from plants in the Convolvu-

laceae, Solanaceae, and Moraceae families, and they have been
shown to strongly inhibit glycosidases (Figure 1).1

It has been well-demonstrated for mono- and bicyclic poly-
hydroxylated alkaloids (e.g., pyrrolidines, indolizidines, and
pyrrolizidines) that stereochemical modifications to any of the
chiral centers of the molecule (including addition and/or elim-
ination of hydroxyl groups) can dramatically change the biolo-
gical activities toward the target glycosidases.2 As a consequence,
a considerable synthetic effort has been focused on the synthesis
of naturally occurring calystegines.3 However, much less effort
has been devoted to addressing calystegine-type nortropanes.4 A
few syntheses have been reported so far using nitrones as key
synthetic intermediates. Shing5 and Tamayo6 have used nitrones
as early intermediates in the synthesis of calystegines forming the
bicyclic system by intramolecular nucleophilic attack of nitrogen
to a keto group in the last step, and Kaliappan has reported
recently the synthesis of calystegine analogues based on addition
of organometallics to a cyclic nitrone.7 Syntheses of nortropane
alkaloids using nitrones as intermediates have been reported by
Black,8 Tufariello,9 and Davis,10

Here we report our own results in the field based on a com-
bination of organometallic addition and intramolecular cyclo-
addition to nitrones applied for the first time to the synthesis of
polyhydroxylated alkaloids. Additional experimental evidence for
the 2-aza-Cope rearrangement of alkenyl nitrones11 has been
collected during this study. In order to access heavily hydro-
xylated nortropanes, we selected nitrone 1 (Scheme 1), readily
prepared from D-arabinose in four steps,12 for this study. The
planned strategy involves allylation13 of nitrone 1 followed by
oxidation14 and further intramolecular 1,3-dipolar cycloaddition
of the resulting alkenyl nitrone.8,15

Allylation of 1 was carried out at 0 �C with an excess (3.0
equiv) of allylmagnesium bromide and furnished hydroxylamine
2 with complete diastereoselectivity and excellent chemical
yield.16 The relative stereochemistry of the newly generated
stereogenic center was confirmed by 2D NMR (NOESY and
COSY) experiments. Consistent with our previous reports
concerning nucleophilic additions to 1 and related nitrones,17

the observed high diastereofacial selectivity may be rationalized
by steric effects which concur to favor attack of the Grignard
reagent on the less hindered Re face of the nitrone, anti to the
vicinal benzyloxy substituent.18 Oxidation of 2 with manganese-
(IV) oxide19 gave nitrone 3 in 73% yield. In addition, the
regioisomeric nitrone 4 (24%) and isomerized nitrone 5 (3%)
were obtained (Scheme 1). When nitrone 3 was heated in a
sealed tube in toluene at 120 �C for 14 h, the cycloadduct 6 was
obtained in 97% yield, with complete regio- and stereocontrol, as
the only product of the reaction. The configurational assignment
of 6was achieved by careful analyses of 1D and 2DNMR spectra.
Catalytic hydrogenolysis (10% Pd(OH)2�C) in acidic methanol
furnished the hydrochloride 7 in quantitative yield (Scheme 1).

Figure 1. Calystegines isolated from natural sources (numbering is
indicated).
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ABSTRACT: Two new polyhydroxylated nortropane analogues closely related
with Calystegines have been prepared in excellent chemical yields and complete
selectivity. A synthetic strategy based on consecutive nucleophilic allylation,
oxidation, and intramolecular dipolar cycloaddition was developed. The forma-
tion of key intermediate cycloadducts were observed to take place through the
recently confirmed thermally induceded 2-aza-Cope rearrangement of nitrones.
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In order to study the generality of the process and exploit
molecular diversity by introducing an additional substituent at
the bridgehead C-5 (calystegine’s numbering), the above proto-
col was applied to the nitrone 8 which was prepared by addition
of phenylmagnesium bromide to 1 and subsequent oxidation as
described.20 Allylation of 8 in THF at 0 �C afforded the
hydroxylamine 9 in quantitative yield as the only diastereomer.
Again, the configurational assignment of 9, ascertained by NMR
techniques, was in agreement with attack to the less hindered Re
face. In this case, the oxidation of 9 with MnO2 afforded in
quantitative yield only the expected nitrone 10, as a consequence
of C-2 being a quaternary carbon atom (Scheme 2).

Upon heating in toluene at 120 �C in a sealed tube for 14 h,
complete conversion of 10 was observed. In contrast to the
behavior of 3, formation of nitrone 11 was also observed in
addition to the expected adduct 12, the ratio 11:12 being 38:62.

The formation of nitrone 11 is consistent with a thermally
promoted 2-aza-Cope rearrangement of nitrone 10 through the
cyclic transition state A (Scheme 3). The same rearrangement
has been detected rarely for both cyclic and acyclic nitrones.11

We have demonstrated both theoretically and experimentally
that the energy barrier of the rearrangement is comparable to that
required for the intramolecular cycloaddition.11 Isolation of
nitrone 11 constitutes another clear experimental evidence for
such rearrangement. In the case of nitrone 10 the driving force
responsible for the rapid formation of 11 is the enhanced stability
of the latter due to the conjugation between the nitrone
functionality and the phenyl group. The allyl group may migrate
only on one face of the nitrone due to its cyclic structure, thus
producing a unique stereoisomer. Therefore, this rearrangement
may be used in principle for synthesizing nitrones hardly
accessible by other means. Indeed, milder heating of 10 at
80 �C furnished the isomeric nitrone 11 as the only product.

From a synthetic point of view, the formation of nitrone 11 is
not problematic since intramolecular 1,3-dipolar cycloaddition of
11 would afford the same adduct 12 (Scheme 3). Isomeric
nitrones 10 and 11 are connected by chairlike six-membered
transition state A, corresponding to allylic fragment rearrange-
ment, as demonstrated through theoretical calculations.11 In-
deed, prolonged heating (36 h) of the reaction mixture led to
cycloadduct 12 in quantitative yield. Finally, catalytic hydrogena-
tion of 12 under acidic conditions afforded, in quantitative yield,
1-phenyl-nor-tropane derivative 13 which was isolated and
characterized as the corresponding hydrochloride salt. It is
worthy to note that a 5-phenylnortropane related to 13 under-
went reductive ring-opening to the corresponding aminocyclo-
heptane by catalytic hydrogenation with Pd/C under similar
pressure (40 psi).8c

In summary, we have reported a versatile method for the
synthesis of polyhydroxylated nortropane analogues related to
calystegines, substituted at both bridgehead carbon atoms with
defined configuration. These patterns of substitution are other-
wise difficult to obtain, and the methodology described here is
expected to find further application in the synthesis of nortro-
pane alkaloids.

’EXPERIMENTAL SECTION

General Methods. The reaction flasks and other glass equipment
were heated in an oven at 130 �C overnight and assembled in a stream of
Ar. All reactions were monitored by TLC on silica gel 60 F254; the

Scheme 2. Synthesis of Phenyl-Substituted Nortropane

Scheme 3. Synthesis of Phenyl-Substituted NortropaneScheme 1. Synthesis of Polyhydroxylated Nortropane
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position of the spots was detected with 254 nm UV light or by spraying
with one of the following staining systems: 50%methanolic sulfuric acid,
5% ethanolic phosphomolybdic acid, or iodine. Preparative centrifugally
accelerated radial thin-layer chromatography (radial chromatography)
was performed with solvents that were distilled prior to use; the rotors
(1 or 2 mm layer thickness) were coated with silica gel TLC grade with
binder and fluorescence indicator, and the eluting solvents were
delivered by the pump at a flow rate of 0.5�1.5 mL min�1. Column
chromatography was carried out in a MPLC system using silica gel 60
μm. Melting points were uncorrected. 1H and 13C NMR spectra were
recorded on 400 or 500 instruments in the stated solvent. Chemical
shifts are reported in ppm (δ) relative to CHCl3 (δ = 7.26) in CDCl3.
Peak assignments were made on the basis of standard COSY and
NOESY experiments and according to numbering represented in
Figure 1 for compounds 7 and 13.
(2R,3R,4R,5R)-2-Allyl-3,4-bis(benzyloxy)-5-(benzyloxy-

methyl)pyrrolidin-1-ol (2). To a cooled (0 �C) solution of nitrone 1
(1.0 g, 2.4 mmol) in anhydrous THF (30 mL) was added allylmagne-
sium bromide (7.2 mL of a 1 M solution in THF, 7.2 mmol) dropwise.
After the solution was stirred for 13 h at 0 �C, the reaction was quenched
with satd aq NH4Cl (20 mL). The reaction mixture was diluted with
diethyl ether (20 mL), the organic layer was separated, and the aqueous
layer was extracted with diethyl ether (2 � 20 mL). The combined
organic extracts were washed with brine (20 mL), dried over MgSO4,
and filtered, and the solvent was eliminated under reduced pressure to
afford the crude product which was purified by radial chromatography
(hexane�EtOAc, 7:3) to give pure 2 (1.15 g, 98%) as an oil: Rf
(hexane�EtOAc, 7:3) = 0.55; [R]22D = �3 (c 0.815, CHCl3);

1H
NMR (400MHz, CDCl3) δ 2.27�2.37 (m, 1H, CH2CHdCH2), 2.66�
2.75 (m, 1H, CH2CHdCH2), 3.37 (dt, J = 8.5, 5.1 Hz, 1H, H2),
3.52�3.57 (m, 1H, H5), 3.65 (dd, J = 9.6, 6.5 Hz, 1H, CH2OH), 3.80
(dd, J= 9.6, 5.2Hz, 1H, CH2OH), 3.86 (dd, J= 4.8, 2.5Hz, 1H,H3), 3.97
(dd, J = 4.2, 2.5 Hz, 1H,H4), 4.45 (d, J = 11.8 Hz, 1H, CH2Ph), 4.47 (d,
J = 11.9 Hz, 1H, CH2Ph), 4.51 (d, J = 11.8 Hz, 1H, CH2Ph), 4.54 (d, J =
12.0 Hz, 1H, CH2Ph), 4.54 (d, 1H, J = 12.0 Hz, 1H, CH2Ph), 4.59 (d, J =
12.0 Hz, 1H, CH2Ph), 5.07�5.15 (m, 2H, CH2CHdCH2), 5.86 (dddd,
J= 16.9, 10.2, 7.5, 6.7Hz, 1H, CH2CHdCH2), 7.27�7.38 (m, 15H, Ar);
13C NMR (100 MHz, CDCl3) δ 32.6 (CH2CHdCH2), 68.4
(CH2OBn), 69.5 (C2), 69.9 (C5), 71.7 (CH2Ph), 71.7 (CH2Ph), 73.4
(CH2Ph), 84.2 (C4), 85.3 (C3), 117.1 (CH2CH=CH2), 127.6 (Ar),
127.7 (Ar), 127.7 (Ar), 127.9 (Ar), 127.9 (Ar), 128.3 (Ar), 128.3 (Ar),
128.4 (Ar), 135.5 (CH2CHdCH2), 138.1 (Ar), 138.2 (Ar), 138.5 (Ar).
Anal. Calcd for C26H27NO4: C, 74.80; H, 6.52; N, 3.35. Found: C, 74.73;
H, 6.41; N, 3.24.
(2R,3R,4R)-2-Allyl-3,4-bis(benzyloxy)-5-(benzyloxymethyl)-

3,4-dihydro-2H-pyrrole 1-Oxide (3), (2R,3R,4R)-5-Allyl-3,4-
bis(benzyloxy)-2-(benzyloxymethyl)-3,4-dihydro-2H-pyrrole
1-oxide (4), and (2R,3R,4R)-3,4-Bis(benzyloxy)-2-(benzylo-
xymethyl)-5-((E)-prop-1-enyl)-3,4-dihydro-2H-pyrrole 1-Oxide
(5). To a cooled (0 �C) solution of 2 (0.919 g, 2 mmol) in CH2Cl2
(30 mL) was added activated manganese(IV) oxide (2.09 g, 2.4 mmol).
portionwise After 15 min of stirring at 0 �C, the reaction mixture was
warmed to room temperature, and stirring was continued until complete
disappearance of the starting material (TLC, ca. 2 h). The reaction
mixture was filtered through a pad of Celite and anhydrous MgSO4, and
the resulting filtrate was evaporated under reduced pressure to give the
crude product which was purified by radial chromatography (hexane�
EtOAc, 1:1) to give nitrones 3, 4 and 5.

3 (0.668 g, 73%): oil; Rf (hexane�EtOAc, 1:1) = 0.42; [R]25D =�62
(c 1.57, CHCl3);

1H NMR (400 MHz, CDCl3) δ 2.38 (dddt, J = 14.2,
9.9, 7.9, 1.0 Hz, 1H, CH2CHdCH2), 2.85 (dddt, J = 14.2, 6.2, 3.7, 1.5
Hz, 1H, CH2CHdCH2), 3.79 (dd, J = 2.0, 1.1 Hz, 1H, H3), 3.89 (ddd,
J = 9.6, 3.3, 1.5 Hz, 1H, H2), 4.29 (ddd, J = 14.6, 1.5, 1.2 Hz, 1H,
CH2OBn), 4.30 (d, J = 11.8 Hz, 1H, CH2Ph), 4.35 (d, J = 11.8 Hz, 1H,

CH2Ph), 4.49 (s, 2H, CH2Ph), 4.50 (d, J = 11.7 Hz, 1H, CH2Ph), 4.57
(d, J = 11.7 Hz, 1H, CH2Ph), 4.60 (dt, J = 14.6, 0.9 Hz, 1H, CH2OBn),
4.62�4.64 (m, 1H, H4), 5.02�5.05 (m, 1H, CH2CHdCH2),
5.06�5.08 (m, 1H, CH2CHdCH2), 5.65 (dddd, J = 16.6, 10.8, 7.9,
6.2 Hz, 1H, CH2CHdCH2), 7.17�7.31 (m, 15H, Ar); 13C NMR (100
MHz, CDCl3) δ 35.4 (CH2CHdCH2), 62.7 (CH2OBn), 71.4
(CH2Ph), 72.5 (CH2Ph), 73.6 (CH2Ph), 78.5 (C2), 79.8 (C3), 82.8
(C4), 119.2 (CH2CHdCH2), 127.8 (Ar), 128.0 (Ar), 128.0 (Ar), 128.0
(Ar), 128.1 (Ar), 128.5 (Ar), 128.6 (Ar), 132.5 (CH2CHdCH2), 137.0
(Ar), 137.4 (Ar), 137.5 (Ar), 142.6 (C5). Anal. Calcd for C29H31NO4: C,
76.12; H, 6.83; N, 3.06. Found: C, 76.33; H, 6.66; N, 2.92.

4 (0.22 g, 24%): Rf (hexane�EtOAc, 1:1) = 0.30; [R]25D = �35 (c
1.00, CHCl3);

1H NMR (400 MHz, CDCl3) δ 3.03 (ddq, J = 15.8, 7.3,
1.3 Hz, 1H, CH2CHdCH2), 3.34�3.41 (m, 1H, CH2CHdCH2), 3.76
(dd, J = 10.1, 3.3 Hz, 1H, CH2OBn), 3.92 (dd, J = 10.1, 5.7 Hz, 1H,
CH2OBn), 3.59�4.03 (m, 1H, H2), 4.16 (dd, J = 3.0, 1.8 Hz, 1H, H3),
4.41 (d, J = 11.9Hz, 1H, CH2Ph), 4.42 (d, J = 12.0Hz, 1H, CH2Ph), 4.44
(d, J = 11.9 Hz, 1H, CH2Ph), 4.45 (d, J = 11.7 Hz, 1H, CH2Ph), 4.47 (d,
J = 11.8 Hz, 1H, CH2Ph), 4.52 (d, J = 12.0 Hz, 1H, CH2Ph), 4.53�4.55
(m, 1H, H4), 5.05 (ddd, J = 10.0, 2.8, 1.4 Hz, 1H, CH2CHdCH2), 5.09
(ddd, J = 17.3, 3.2, 1.6 Hz, 1H, CH2CHdCH2), 5.73 (dddd, J = 17.2,
10.0, 7.3, 6.3 Hz, 1H, CH2CHdCH2), 7.16 � 7.30 (m, 15H, Ar); 13C
NMR (100 MHz, CDCl3) δ 29.6 (CH2CHdCH2), 67.0 (CH2OBn),
71.6 (CH2Ph), 71.8 (CH2Ph), 73.5 (CH2Ph), 77.7 (C3), 78.2 (C2), 84.5
(C4), 118.8 (CH2CHdCH2), 127.8 (Ar), 127.8 (Ar), 127.9 (Ar), 128.0
(Ar), 128.1 (Ar), 128.2 (Ar), 128.4 (Ar), 128.5 (Ar), 128.6 (Ar), 130.0
(CH2CHdCH2), 137.2 (Ar), 137.3 (Ar), 137.7 (Ar), 144.2 (C5). Anal.
Calcd for C29H31NO4: C, 76.12; H, 6.83; N, 3.06. Found: C, 76.35; H,
6.98; N, 2.96.

5 (27.5 mg, 3%): Rf (hexane�EtOAc, 1:1) = 0.15; 1H NMR (400
MHz, CDCl3) δ 1.81 (dd, J = 7.5, 1.7 Hz, 3H, CHdCHCH3), 3.83 (dd,
J = 9.9, 3.7 Hz, 1H, CH2OBn), 3.89 (dd, J = 9.9, 6.3 Hz, 1H, CH2OBn),
4.03�4.08 (m, 1H, H2), 4.23 (dd, J = 2.5, 1.4 Hz, 1H, H3), 4.35 (d, J =
11.3Hz, 1H, CH2Ph), 4.41 (d, J = 11.3Hz, 1H, CH2Ph), 4.44 (d, J = 11.8
Hz, 1H, CH2Ph), 4.49 (d, J = 11.8 Hz, 1H, CH2Ph), 4.49 (d, J = 11.8 Hz,
1H, CH2Ph), 4.55 (d, J = 11.8 Hz, 1H, CH2Ph), 4.94 (s, 1H, H4), 5.97
(dc, J = 12.0, 7.5 Hz, 1H, CHdCHCH3), 6.41�6.47 (m, 1H,
CHdCHCH3), 7.06�7.31 (m, 15H, Ar).
6,7-Bis(benzyloxy)-1-benzyloxymethyl-3,8-epoxy-9-nortro-

pane (6). A solution of nitrone 3 (0.457 g, 1 mmol) was dissolved in
anhydrous toluene (25 mL), placed in a sealed tube, and heated at
120 �C under an argon atmosphere for 14 h, at which time the solvent
was partially evaporated and the resulting solution was filtered through a
pad of silica gel. After the silica was washed with diethyl ether, the
resulting solution was evaporated under reduced pressure to afford 6
(0.443 g, 97%) as an oil that did not need any additional purification:
[R]25D = �24 (c 0.39, CHCl3);

1H NMR (400 MHz, CDCl3) δ 1.33
(dd, J = 11.7, 2.9 Hz, 1H,H4a), 1.34 (ddd, J = 12.3, 5.0, 3.2 Hz, 1H,H2a),
1.89 (d, J = 12.3 Hz, 1H,H2b), 2.12 (dddd, J = 11.7, 10.4, 4.6, 3.0 Hz, 1H,
H4b), 3.26 (d, J = 10.3 Hz, 1H, CH2OBn), 3.42 (d, J = 10.3 Hz, 1H,
CH2OBn), 3.54 (ddd, J = 10.5, 2.0, 0.8 Hz, 1H,H5), 3.83 (d, J = 2.6 Hz,
1H, H7), 4.27 (dd, J = 2.6, 1.1 Hz, 1H, H6), 4.39 (d, J = 11.9 Hz, 1H,
CH2Ph), 4.43 (d, J = 11.8 Hz, 1H, CH2Ph), 4.44 (d, J = 12.2 Hz, 1H,
CH2Ph), 4.47 (d, J = 11.8 Hz, 1H, CH2Ph), 4.51 (d, J = 11.9 Hz, 1H,
CH2Ph), 4.64�4.68 (m, 2H,H3, CH2Ph), 7.15�7.28 (m, 15H, Ar); 13C
NMR (100 MHz, CDCl3) δ 37.1 (C2), 39.7 (C4), 67.3 (C5), 71.4
(CH2Ph), 72.2 (CH2Ph), 72.7 (CH2OBn), 73.5 (CH2Ph), 76.8 (C1),
79.0 (C3), 83.0 (C6), 86.9 (C7), 127.5 (Ar), 127.7 (Ar), 127.7 (Ar), 127.8
(Ar), 127.9 (Ar), 127.9 (Ar), 128.2 (Ar), 128.3 (Ar), 128.4 (Ar), 137.8
(Ar), 138.2 (Ar), 138.4 (Ar). Anal. Calcd for C29H31NO4: C, 76.12; H,
6.83; N, 3.06. Found: C, 76.38; H, 6.87; N, 2.96.
(3S,5R,6R)-1-(Hydroxymethyl)-8-azabicyclo[3.2.1]octane-

3,6,7-triol Hydrochloride (7). A solution of cycloadduct 6 (0.2 g,
0.44 mmol) in methanol (10mL) was treated with Pd(OH)2�C (350mg)
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and hydrochloric acid (0.5 mL). The resulting mixture was stirred under
3 bar of hydrogen for 6 h. The catalyst was eliminated by filtration
through a pad of Celite, the filtrate was treated with 3 M HCl in
methanol, and the resulting solution was stirred at room temperature for
additional 10min. The solvent was eliminated under reduced pressure to
afford pure 7 (0.1 g, quant) as a white solid: mp >150 �C dec; [R]26D =
þ10 (c 0.15, H2O);

1H NMR (400 MHz, D2O, 60 �C) δ 1.58 (dd, J =
14.0, 10.7 Hz, 1H,H2a), 1.68 (ddd, J = 14.3, 11.3, 3.2 Hz, 1H,H4a), 2.08
(ddd, J = 13.8, 6.0, 1.0 Hz, 1H,H2b), 2.27 (dddd, J = 5.7, 4.9, 3.0, 1.4 Hz,
1H, H4b), 3.60 (d, J = 12.9 Hz, 1H, CH2OH), 3.63 (d, J = 13.0 Hz, 1H,
CH2OH), 3.74 (t, J = 3.0 Hz, 1H, H5), 4.03�4.05 (m, 1H, H6),
4.05�4.11 (m, 2H, H3, H7);

13C NMR (100 MHz, D2O) δ 33.2 (C2),
34.0 (C4), 61.0 (C3), 61.4 (CH2OH), 61.7 (C5), 69.2 (C1), 78.1 (C7),
78.4 (C6). Anal. Calcd for C8H16ClNO4: C, 42.58; H, 7.15; N, 6.21.
Found: C, 42.76; H, 7.35; N, 6.10.
(2S,3R,4R,5R)-2-Allyl-3,4-bis(benzyloxy)-5-(benzyloxymethyl)-

2-phenylpyrrolidin-1-ol (9). The reaction of 8 (0.987 g, 2 mmol)
with allylmagnesium bromide (6 mL of a solution 1.0 M in hexanes, 6
mmol), as described above for nitrone 1 to give 2, afforded pure 9 (1.07
g, quant): oil; [R]23D = �68 (c 0.60, CHCl3);

1H NMR (300 MHz,
CDCl3) δ 2.84 (ddt, J = 15.0, 7.5, 1.3 Hz, 1H, CH2CHCH2), 3.17 (ddt,
J = 15.0, 1.3 Hz, 1H, CH2CHdCH2), 3.64 (c, J = 5.4 Hz, 1H, H5), 3.74
(dd, J = 9.7, 5.2 Hz, 1H, CH2OBn), 3.81 (d, J = 5.6 Hz, 1H, H4), 3.82
(dd, J = 11.2, 5.6 Hz, 1H, CH2OBn), 3.98 (d, J = 2.0 Hz, 1H, H3), 4.02
(d, J = 11.5 Hz, 1H, CH2Ph), 4.11 (d, J = 11.5 Hz, 1H, CH2Ph), 4.55 (s,
1H, NOH), 4.61 (s, 2H, CH2Ph), 4.81 (s, 2H, CH2Ph), 5.00�5.14 (m,
2H, CH2CHdCH2), 5.95 (dddd, J = 16,9, 10.2, 7.4, 6.6 Hz, 1H,
CH2CHdCH2), 6.86 � 9.91 (m, 2H, Ar), 7.18�7.39 (m, 16H, Ar),
7.54�7.59 (m, 2H, Ar); 13CNMR (75MHz, CDCl3)δ 36.7 (CH2CHd
CH2), 61.5 (C2), 69.1 (C5), 71.1 (CH2OBn), 71.8 (CH2Ph), 72.0
(CH2Ph), 73.4 (CH2Ph), 82.7 (C4), 86.4 (C3), 117.5 (CH2CHd
CH2), 126.5 (Ar), 127.6 (Ar), 127.6 (Ar), 127.6 (Ar), 127.7 (Ar),
127.8 (Ar), 128.1 (Ar), 128.1 (Ar), 128.4 (Ar), 128.6 (Ar), 136.2
(CH2CHdCH2), 137.5 (Ar), 138.1 (Ar), 138.3 (Ar), 140.9 (Ar). Anal.
Calcd for C35H37NO4: C, 78.48; H, 6.96; N, 2.61. Found: C, 78.52; H,
6.81; N, 2.87.
(2S,3R,4R)-2-Allyl-3,4-bis(benzyloxy)-5-(benzyloxymethyl)-

2-phenyl-3,4-dihydro-2H-pyrrole 1-Oxide (10). The oxidation
of 9 (1.07 g, 2 mmol), as described above for hydroxylamine 2 to give 3,
afforded pure 10 (1.07 g, quant) as an oil: [R]21D = �91 (c 0.16,
CHCl3);

1H NMR (500 MHz, CDCl3) δ 2.85 (dd, J = 14.3, 8.8 Hz, 1H,
CH2CHdCH2), 3.34 (ddt, J = 14.3, 5.1, 1.4 Hz, 1H, CH2CHdCH2),
4.31 (d, J = 4.5 Hz, 1H, H3), 4.37 (d, J = 0.9 Hz, 2H, CH2Ph), 4.41 (dd,
J = 13.4, 1.4 Hz, 1H, CH2OBn), 4.63 (d, J = 11.2 Hz, 1H, CH2Ph), 4.65
(d, J = 11.2 Hz, 1H, CH2Ph), 4.72 (d, J = 11.7 Hz, 1H, CH2Ph), 4.74 (d,
J = 11.5 Hz, 1H, CH2Ph), 4.81 (dd, J = 15.3, 4.5 Hz, 1H,H4), 4.87 (d, J =
13.8 Hz, 1H, CH2OBn), 5.14 (d, J = 17.0 Hz, 1H, CH2CHdCH2), 5.23
(d, J = 10.1 Hz, 1H, CH2CHdCH2), 5.78 (dddd, J = 17.1, 10.2, 8.8, 5.2
Hz, 1H, CH2CHdCH2), 7.01�7.06 (m, 2H, Ar), 7.26�7.46 (m, 18H,
Ar); 13C NMR (125 MHz, CDCl3) δ 39.7 (CH2CHdCH2), 61.5
(CH2OBn), 72.4 (CH2Ph), 73.2 (CH2Ph), 73.8 (CH2Ph), 82.7 (C3),
83.1 (C4), 83.7 (C2), 120.8 (CH2CHdCH2), 127.9 (Ar), 127.9 (Ar),
128.0 (Ar), 128.0 (Ar), 128.0 (Ar), 128.2 (Ar), 128.3 (Ar), 128.4 (Ar),
128.5 (Ar), 128.5 (Ar), 131.9 (CH2CHdCH2), 135.8 (Ar), 137.2, (Ar)
137.5 (Ar), 137.6 (Ar), 144.0 (C5). Anal. Calcd for C35H35NO4: C,
78.77; H, 6.61; N, 2.62. Found: C, 78.90; H, 6.70; N, 2.85.
(1R,3S,5S,6S,7R)-6,7-Bis(benzyloxy)-1-benzyloxymethyl-3,8-

epoxy-5-phenyl-9-nortropane (12). Heating of 10 (0.2 g, 0.36
mmol), as described above for nitrone 3 to give 6, but for 36 h, afforded
pure 12 (0.2 g, quant) as an oil: Rf (EtOAc) = 0.54; [R]26D = þ2
(c 0.416, CHCl3);

1H NMR (500 MHz, CDCl3) δ 1.61�1.66 (m, 1H,
H2a), 2.13 (d, J = 11.8 Hz, 1H,H4a), 2.30 (d, J = 11.9 Hz, 1H,H2b), 2.53
(ddd, J = 11.7, 4.7, 3.0 Hz, 1H,H1),3.59 (d, J = 10.2 Hz, 1H, CH2OBn),
3.77 (d, J = 10.2 Hz, 1H, CH2OBn), 4.07 (d, J = 11.8 Hz, 1H, CH2Ph),

4.12 (s, 1H,H6), 4.19 (d, J = 11.8Hz, 1H, CH2Ph), 4.35 (s, 1H,H7), 4.56
(d, J = 11.8 Hz, 1H, CH2Ph), 4.66 (d, J = 11.8 Hz, 1H, CH2Ph), 4.67 (d,
J = 12.0 Hz, 1H, CH2Ph), 4.84�4.89 (m, 2H, H5, CH2Ph),6.81 � 6.87
(m, 2H, Ar), 7.20�7.45 (m, 16H, Ar), 7.55 (d, J = 7.5 Hz, 2H, Ar); 13C
NMR (125 MHz, CDCl3) δ 37.8 (C2), 47.3 (C4), 71.7 (CH2Ph), 72.1
(CH2Ph), 73.8 (CH2Ph), 74.7 (CH2OBn), 75.7 (C1), 79.0 (C5), 80.5
(C3), 84.4 (C7), 88.2 (C6), 126.5 (Ar), 127.4 (Ar), 127.5 (Ar), 127.6
(Ar), 127.7 (Ar), 127.8 (Ar), 127.9 (Ar), 128.0 (Ar), 128.1 (Ar), 128.4
(Ar), 128.4 (Ar), 137.7 (Ar), 138.2 (Ar), 138.5 (Ar), 143.2 (Ar). Anal.
Calcd for C35H35NO4: C, 78.77; H, 6.61; N, 2.62. Found: C, 78.83; H,
6.460; N, 2.78.
(2R,3R,4R)-2-Allyl-3,4-bis(benzyloxy)-2-(benzyloxymethyl)-

5-phenyl-3,4-dihydro-2H-pyrrole 1-Oxide (11) and (1R,3S,
5S,6S,7R)-6,7-Bis(benzyloxy)-1-benzyloxymethyl-3,8-epoxy-
5-phenyl-9-nortropane (12). A solution of nitrone 10 (0.533 g, 1
mmol) was dissolved in anhydrous toluene (25 mL), placed in a sealed
tube, and heated at 120 �C under an argon atmosphere for 14 h, at which
time the solvent was partially evaporated and the resulting solution was
filtered through a pad of silica gel. After the silica was washed with diethyl
ether, the resulting solution was evaporated under reduced pressure, and
the residue was purified by radial chromatography using hexane�EtOAc
4:1 as an eluant to afford a 38:62 mixture of compounds 11 and 12,
respectively, in quantitative yield.

11 (0.202 g, 38%): oil; Rf (hexane�EtOAc, 4:1) = 0.36; [R]23D =þ8
(c 0.35, CHCl3);

1HNMR (500MHz, CDCl3) δ 2.54 (d, J = 7.1 Hz, 2H,
CH2CHdCH2), 3.53 (d, J = 10.2 Hz, 1H, CH2OBn), 4.22 (d, J = 10.2
Hz, 1H, CH2OBn), 4.33 (d, J = 11.5 Hz, 1H, CH2Ph), 4.50 (d, J = 11.7
Hz, 1H, CH2Ph), 4.51 (d, J = 11.5 Hz, 1H, CH2Ph), 4.67 (d, J = 11.2 Hz,
1H, CH2Ph), 4.69 (d, J = 11.5 Hz, 1H, CH2Ph), 4.74 (d, J = 11.8 Hz, 1H,
CH2Ph), 4.80 (d, J = 4.3 Hz, 1H, H3), 5.01 (dd, J = 10.2, 2.0 Hz, 1H,
CH2CHdCH2), 5.15 (ddt, J = 17.1, 2.1, 1.2 Hz, 1H, CH2CHdCH2),
5.33 (d, J = 4.3 Hz, 1H, H4), 5.82 (ddt, J = 17.4, 10.1, 7.3 Hz, 1H,
CH2CHdCH2), 7.10�7.13 (m, 2H, Ar), 7.26 �7.32 (m, 8H, Ar),
7.34�7.41 (m, 5H, Ar), 7.43�7.47 (m, 3H, Ar), 8.41�8.45 (m, 2H, Ar);
13C NMR (125 MHz, CDCl3) δ 34.9 (CH2CHdCH2), 68.5 (CH2Ph),
71.2 (CH2OBn), 72.8 (CH2Ph), 73.6 (CH2Ph), 78.5 (C3), 82.1 (C2),
83.7 (C4), 120.1 (CH2CH=CH2), 127.7 (Ar), 127.7 (Ar), 127.8 (Ar),
127.8 (Ar), 128.0 (Ar), 128.0 (Ar), 128.2 (Ar), 128.3 (Ar), 128.4 (Ar),
128.5 (Ar), 130.2 (Ar), 131.7 (CH2CHdCH2), 137.6 (Ar), 137.7 (Ar),
137.8 (Ar), 139.1 (C5). Anal. Calcd for C35H35NO4: C, 78.77; H, 6.61;
N, 2.62. Found: C, 78.54; H, 6.40; N, 2.45.

12 (0.331 g, 62%). The physical and spectroscopic properties were
identical to those of the same compound obtained by heating at 120 �C
for 36 h as described above.
(3S,5S,6R)-1-(Hydroxymethyl)-5-phenyl-8-azabicyclo[3.2.1]-

octane-3,6,7-triol (13). The hydrogenation of 12 (0.533 g, 1 mmol),
as described above for cycloadduct 6 to give 8, afforded pure 13 (0.3 g,
quant) as a white solid: mp >150 �C dec; [R]27D =þ21 (c 0.34, H2O);
1HNMR (500MHz, D2O) δ 1.77�1.86 (m, 2H,H2a,H4a), 2.24 (dd, J =
13.9, 5.9 Hz, 1H, H4b), 2.63 (dd, J = 14.1, 5.9 Hz, 1H, H2b), 3.81 (d, J =
12.9 Hz, 1H, CH2OH), 3.84 (d, J = 12.9 Hz, 1H, CH2OH), 4.15 (s, 1H,
H7), 4.41 (tt, J = 11.4, 6.0 Hz, 1H,H3), 4.50 (s, 1H,H6), 7.26 (d, 1H, J =
7.5 Hz, Ar), 7.39 (t, 1H, J = 7.4 Hz, Ar), 7.47 (t, 1H, J = 7.6 Hz, Ar); 13C
NMR (100 MHz, D2O) δ 32.6 (C4), 44.6 (C2), 61.2 (C3), 62.8
(CH2OH), 68.3, 71.8 (C5), 79.7 (C7), 80.4 (C6), 125.1 (Ar), 128.3
(Ar), 128.9 (Ar), 136.3 (Ar). Anal. Calcd for C14H20ClNO4: C, 55.72;
H, 6.68; N, 4.64. Found: C, 55.83; H, 6.45; N, 4.86.
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