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Abstract: The synthesis of 2-functionalized 3,5-bis(hydroxymeth-
yl)pyrrolidines from readily available polycyclic Diels–Alder ad-
ducts by a reaction sequence involving three steps is described. The
same methodology has been applied to obtain the aziridine counter-
parts from the corresponding methyl 2-azatricyclo[3.2.1.02,4]oct-6-
ene-4-carboxylates. The key steps in the synthetic strategy are dihy-
droxylation with osmium tetroxide/N-methylmorpholine N-oxide,
oxidative cleavage with sodium periodate, and reduction using so-
dium borohydride or lithium aluminum hydride; overall yields
ranged from 40–60%.

Keywords: asymmetric synthesis, cycloadditions, dihydroxyla-
tions, aziridinopyrrolidines, polyhydroxylated pyrrolidines

The synthesis of iminosugars is, at present, one of the
most active fields in synthetic organic chemistry.1 Due to
the structural resemblance to sugars, these unique mole-
cules have a tremendous potential in biological functions
mediated by carbohydrates and have been postulated in
the control of diabetes,2,3 Gaucher’s disease,4,5 cancer,3,6

HIV,7 and viral infections like influenza.3,5 In particular,
DAB1 1 and (2S,3R,4R)-3,4-dihydroxyproline (2), known
pyrrolidinic ‘glycomimetics’, have been screened as po-
tential inhibitors of HIV replication (Figure 1).8 A survey
of the recent literature reveals that the synthesis of 3,5-
substituted prolines (or pyrrolidines) 3 is not a trivial task
since there are only a few general routes to enantiomeri-
cally pure compounds and all of them are multistep proce-
dures.9

1-Azabicyclo[3.1.0]hexanes are also important subunits
found in a great variety of biologically active compounds.

For example, azinomycins A and B, known for their po-
tent in vitro cytotoxic activity, both possess the 1-azabicy-
clo[3.1.0]hexane unit (Figure 2), and it is thought that
their action is related to the ability of the azirinopyrroli-
dine unit to promote covalent alkylation and cross-link
formation of DNA.10 Furthermore, aziridinopyrrolidines
can be transformed into pyrrolidine or piperidine deriva-
tives under different acidic conditions and so the useful-
ness of such compounds can be significantly improved.11

In this work we describe the synthesis of 2,3,5-tris(hy-
droxymethyl)pyrrolidines 9a,b12 and 5-functionalized
2,4-bis(hydroxymethyl)-1-azabicyclo[3.1.0]hexanes 14
and 15 from readily available polycyclic Diels–Alder ad-
ducts 4a,13 4b, 11a, and 11b14 through dihydroxylation of
the double bond followed by oxidative cleavage of the
corresponding diols and reduction of the resulting inter-
mediates. Although 3,6-bis(hydroxy)piperidinic com-
pounds have been obtained previously from 2-
azabicyclo[2.2.1]hept-5-enes by the same methodology,15

as far as we know the synthesis of the corresponding pyr-
rolidinic analogues has not been described. The process
can be applied to chiral materials with retention of config-
uration.

Racemic and chiral Diels–Alder cycloadducts 4a,b ob-
tained from imines and cyclopentadiene are known com-
pounds,13,16 used as starting materials for the synthesis of
polyhydroxylated pyrrolidines. The absolute configura-
tion of 4b has now been established for the first time: the
amino alcohol 5b, obtained by reduction of 4b with lithi-
um aluminum hydride showed identical melting point and
spectroscopic data (1H and 13C NMR), but opposite spe-
cific rotation to an authentic sample of (+)-5b. Compound
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(+)-5b was formed by reduction of one of the adducts ob-
tained from the aza-Diels–Alder of (S)-phenylethyl imine
of (–)-8-phenylmenthyl glyoxylate to cyclopentadiene,16

and its configuration has been unambiguously assigned by
X-ray crystallography (Figure 3).17

Scheme 1 encapsulates the reaction conditions used
throughout the whole process. In the first step cycload-
ducts 4a,b were reduced to the corresponding amino alco-
hols 5, which were then, either directly or after protection
of the hydroxy group with tert-butyldiphenylsilyl chlo-
ride, submitted to dihydroxylation using osmium tetrox-
ide and N-methylmorpholine N-oxide. Oxidative cleavage
of the resulting diols 7a,b or 8a,b and reduction of the in-
termediates was performed in one pot giving the final pyr-
rolidine compounds 9a,b and 10a,b in excellent yields.

The main goal of the ‘parallel’ synthesis of the silylated
derivatives was to obtain the pyrrolidinic derivatives 10,

which allow selective functionalization at positions 3 and
5 prior to deprotection.

Aziridinopyrrolidines were obtained from cycloadducts
11a,b using the methodology employed above for the syn-
thesis of pyrrolidines: dihydroxylation giving products
12a,b followed by oxidative cleavage to produce 13a,b as
solids in 72% and 73% yield, respectively. Simultaneous
reduction of the dialdehydes and the ester functions could
be achieved with lithium aluminum hydride. The method
was applied to 13a giving 14 in 95% yield. On the other
hand, 13b was selectively reduced with sodium borohy-
dride in tetrahydrofuran to give the ‘proline-type’ deriva-
tive 15 in 34% yield (Scheme 2).

In conclusion, an efficient and a straightforward method
for the synthesis of 2-functionalized 3,5-bis(hydroxy-
methyl)pyrrolidines, ‘prolinol mimetics’ as well as their
aziridine counterparts, has been achieved.

1H NMR spectra and 13C NMR spectra (75.47 MHz) were recorded
on a Varian Unity Plus 300 (300 MHz) spectrometer or on a Bruker
WM AMX spectrometer using TMS as internal standard. IR spectra
were recorded on a Bomem MB 104 or on a Perkin-Elmer 1640-FT
spectrophotometer. Samples were run as Nujol mulls; oils were run
as thin films. Melting points were determined on a Gallenkamp
block and are uncorrected. Elemental analyses were obtained on a
LECO-CHNS-932 analyzer (University of Minho) or on a Perkin-
Elmer 240B microanalyzer (Microanalysis Service of the Universi-
ty of Santiago de Compostela). Optical rotations at the Na D-line
were determined using a Perkin-Elmer 241 thermostated polarime-
ter. Flash column chromatography was performed on silica gel
(Merck 60, 230–240 mesh) and analytical TLC on pre-coated silica
gel plates (Merck 60 GF254) using I2 vapor and/or UV light for visu-
alization. Dry column flash chromatography was carried out using
Kieselgel 60 and a water-pump vacuum. Silica gel was purchased
from Merck. All other chemicals used were of reagent grade and
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Figure 3 ORTEP projection of the molecular structure of com-
pound (+)-5b
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were obtained from Aldrich Chemical Co. Toluene was dried over
Na followed by distillation. CH2Cl2 was dried over CaH2 and dis-
tilled. Petroleum ether (bp 40–60 °C) (PE) was distilled before use.
Compound 4a was obtained by a literature procedure.12 The synthe-
ses of 4b, 5a, and 5b were adapted from the literature.18 Compounds
11a14b and 11b19 are also known.

(–)-(1R,2S,5R)-8-Phenylmenthyl (1S,3S,4R)-2-[(1R)-1-Phenyl-
ethyl)]-2-azabicyclo[2.2.1]hept-5-ene-3-carboxylate (4b)
A soln of (R)-1-phenylethylamine (1.86 mL, 1.70 g, 14.0 mmol) in
anhyd CH2Cl2 (10 mL) was added under argon to a stirred suspen-
sion of (–)-8-phenylmenthyl glyoxylate (4.04 g, 14.0 mmol) and 3
Å molecular sieves (10 g) in anhyd CH2Cl2 (50 mL) at 0 °C. When
the addition was complete the mixture was cooled to –78 °C and
treated successively with TFA (1.08 mL, 1.60 g, 14.0 mmol),
BF3·OEt2 (1.77 mL, 1.99 g, 14.0 mmol) and freshly distilled cyclo-
pentadiene (2.3 mL, 28 mmol; ca. 2 equiv). After 6 h, sat. aq
NaHCO3 soln (28 mL) and then solid NaHCO3 (3.3 g) were added.
The mixture was allowed to reach r.t. and filtered through a pad of
Celite and the organic layer of the resulting mixture was separated.
The aqueous layer was extracted with CH2Cl2 (3 × 100 mL). The
pooled organic layers were washed with sat. aq NaHCO3 (3 × 100
mL) and brine (3 × 100 mL) and dried (Na2SO4). Removal of the
solvent on a rotary evaporator yielded a yellow oil that was purified
by chromatography (silica gel, hexane–EtOAc, 3:1) to afford pure
4b (5.09 g, 79%) as a yellow oil; Rf = 0.6.

[a]D
25 –66.5 (c 1, CHCl3).

IR (NaCl): 3086, 3059, 2954, 2870, 1741 (C=O), 1600 (C=C), 1564
(Ar), 1494 (Ar), 1454, 1371, 1347, 1325, 1289, 1244, 1219, 1191,
1169, 1108, 1078, 1059, 1032, 1009, 982 cm–1.
1H NMR (CDCl3): d = 0.67 [s, 3 H, 8¢-C(CH3)(CH3)Ph], 0.70–0.88
(m, 3 H, menthyl), 0.81 (d, J = 6.3 Hz, 3 H, 5¢-Me), 0.89 [s, 3 H, 8¢-
C(CH3)(CH3)Ph], 1.23 (dd, J = 10.1, 2.9 Hz, 1 H, H7anti), 1.37 [d,
J = 6.5 Hz, 3 H, NCH(CH3)Ph], 1.48 (dd, J = 10.1, 2.5 Hz, 1 H,
H7syn), 1.30–1.40 (m, 1 H, menthyl), 1.70–1.79 (m, 2 H, menthyl),
1.80–1.93 (m, 2 H, menthyl), 1.99 (s, 1 H, H3endo), 2.80 (br s, 1 H,
H4), 3.03 [q, J = 6.5 Hz, 1 H, NCH(CH3)Ph], 4.29 (br s, 1 H, H1),
4.50 (dt, J = 6.5, 2.3 Hz, 1 H, H1¢), 6.28 (dd, J = 5.6, 1.4 Hz, 1 H,
H5), 6.35 (dd, J = 5.6, 2.9 Hz, 1 H, H6), 6.98–7.38 (m, 10 H, ArH).
13C NMR (CDCl3): d = 22.2 (5¢-CH3), 23.7 [CH(CH3)Ph], 24.8 (8¢-
CH3), 27.3 (C3¢), 28.3 (8¢-CH3), 31.5 (C5¢), 35.0 (C7), 40.1 (C4¢),
41.5 (C8¢), 45.6 (C6¢), 49.9 (C2¢), 50.9 (C4), 63.6 [CH(CH3)Ph],

64.4 (C1), 65.6 (C3), 75.1 (C1¢), 125.2, 125.8, 127.5, 128.1, 128.3,
128.7 (arom CH), 133.9 (C5), 136.4 (C6), 145.4 (8¢-C-C1Ph), 151.9
[CH(CH3)-C1Ph], 172.9 [C(O)O].

Anal. Calcd for C31H39NO2: C, 81.36; H, 8.59; N, 3.06. Found: C,
81.15; H, 8.62; N, 2.99.

{(1S,3S,4R)-2-[(1R)-1-Phenylethyl]-2-azabicyclo[2.2.1]hept-5-
en-3-yl}methanol (5b); Typical Procedure
A soln of 4b (1.70 g, 3.71 mmol) in anhyd Et2O (10 mL) was added
dropwise under argon to a suspension of LiAlH4 (0.85 g, 22.3
mmol, ca. 6 equiv) in anhyd Et2O (10 mL) at 0 °C. The mixture was
stirred at r.t. for 12 h and MeOH (20 mL) and H2O (100 mL) were
added dropwise at 0 °C. The resulting mixture was extracted with
EtOAc (4 × 100 mL) and the combined organic layers were washed
with brine (100 mL) and dried (Na2SO4). Removal of solvent in a
rotary evaporator left a yellow oil that was chromatographed (silica
gel, hexane–EtOAc, 3:1) to afford the chiral auxiliary, (–)-8-phe-
nylmenthol (0.84 g, 97%)20 in the early fractions (Rf = 0.4) and 5b
(0.82 g, 96%) as a white solid, in the later fractions; mp 110–113 °C
(hexane–Et2O); Rf = 0.1.

[a]D
25 –41.8 (c 1, CHCl3).

IR (KBr): 3272, 3214 (OH), 2988, 2863, 1454, 1375, 1323, 1181,
1034, 1011, 806 cm–1.
1H NMR (CDCl3): d = 1.35 (dd, J = 8.5, 1.0 Hz, 1 H, H7anti), 1.39
(d, J = 6.5 Hz, 3 H, CH3), 1.80 (d, J = 8.5 Hz, 1 H, H7syn), 1.74–1.82
(m, 1 H, H3endo), 2.02 (br s, 1 H, D2O exch., OH), 2.70–2.77 (m, 2
H, CHHOH, H4), 3.05 (q, J = 6.5 Hz, 1 H, CHCH3), 2.99–3.08 (m,
1 H, CHHOH), 4.15 (d, J = 1.4 Hz, 1 H, H1), 6.20 (dd, J = 5.6, 1.7
Hz, 1 H, H5), 6.46 (dd, J = 5.6, 3.3 Hz, 1 H, H6), 7.19–7.31 (m, 5
H, ArH).
13C NMR (CDCl3): d = 22.5 [CH(CH3)], 45.3 (C7), 47.5 (C4), 63.3
[CH(CH3)], 63.9 (C1), 64.3 (C3), 65.3 (CH2OH), 127.8, 128.2,
128.8 (CH), 132.1 (C5), 138.1 (C6), 146.2 (C9).

Anal. Calcd for C15H19NO: C, 78.56; H, 8.35; N, 6.11. Found: C,
78.49; H, 8.41; N, 6.02.

(±)-{(3-exo)-2-Benzyl-2-azabicyclo[2.2.1]hept-5-en-3-yl}meth-
anol (5a)
Following the typical procedure for 5b using 7a. Flash chromatog-
raphy of the crude product (EtOAc–MeOH, 20:1) afforded pure
5a16 (97% yield); Rf = 0.1.
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(–)-(1S,3S)-3-[(tert-Butyldiphenylsiloxy)methyl]-2-[(1R)-1-phe-
nylethyl]-2-azabicyclo[2.2.1]hept-5-ene (6b); Typical Proce-
dure
To a soln of 5b  (0.75 g, 3.27 mmol), DMAP (20 mg, 0.16 mmol,
ca. 0.05 equiv), and Et3N (0.91 mL, 0.66 g, 6.53 mmol) in anhyd
CH2Cl2 (30 mL) was added dropwise TBDPSCl (1.69 mL, 1.79 g,
6.51 mmol) under argon at 0 °C. The mixture was stirred at r.t. for
21 h and EtOAc (50 mL) and H2O (50 mL) were added. The aque-
ous layer was extracted with EtOAc (3 × 40 mL) and the combined
organic layers were washed with brine (60 mL) and dried (Na2SO4).
Removal of the solvent under reduced pressure left a yellow oil,
which was purified by chromatography (silica gel, hexane–EtOAc
6:1) to afford 6b (1.39 g, 91%) as a yellow oil; Rf = 0.3.

[a]D
25 –4.1 (c 1, CHCl3).

IR (NaCl): 2954, 2931, 2750, 1580, 1477, 1431, 1113, 818, 738
cm–1.
1H NMR (CDCl3): d = 0.89 [s, 9 H, C(CH3)3], 1.19–1.26 (m, 1 H,
H7anti), 1.32 [d, J = 6.6 Hz, 3 H, NCH(CH3)Ph], 1.60 (d, J = 8.3 Hz,
1 H, H7syn), 1.87–1.92 (m, 1 H, H3), 2.98–3.09 [m, 4 H,
NCH(CH3)Ph, CH2OSi, H4], 4.09 (br s, 1 H, H1), 6.16 (d, J = 5.4
Hz, 1 H, H5), 6.44–6.48 (m, 1 H, H6), 7.10–7.50 (m, 15 H, ArH).
13C NMR (CDCl3): d = 19.2 [C(CH3)3], 22.0 [NCH(CH3)Ph], 26.8
[C(CH3)3], 44.1 (C7), 44.6 (C4), 63.1 [NCH(CH3)Ph], 63.2 (C1),
64.3 (C3), 67.1 (CH2OSi), 127.0, 127.4, 127.9, 128.1, 129.2, 129.3,
131.6, 135.3, 135.4, 135.5, 137.0 (C5, C6, arom CH), 129.5 and
133.9 (2 Si-C1Ph), 135.2 (CHMe-C1Ph).

Anal. Calcd for C31H37NOSi: C, 79.61; H, 7.97; N, 2.99. Found: C,
79.83; H, 8.09; N, 2.77.

(±)-(3-exo)-2-Benzyl-3-[(tert-butyldiphenylsiloxy)methyl]-2-
azabicyclo[2.2.1]hept-5-ene (6a)
Following the typical procedure for 6b using 5a. Flash chromatog-
raphy of the crude product (hexane–EtOAc, 1:1) afforded pure 6a
(89%) as an oil; Rf = 0.6.

IR (NaCl): 2956, 2936, 2748, 1583, 1479, 1436, 1118, 816, 737
cm–1.
1H NMR (CDCl3): d = 1.04 [s, 9 H, C(CH3)3], 1.27 (d, J = 8.4 Hz, 1
H, H7anti), 1.57 (d, J = 8.4 Hz, 1 H, H7syn), 1.87–1.92 (m, 1 H, H3),
2.97 (br s, 1 H, H4), 3.37 (s, 2 H, NCH2Ph), 3.39–3.47 (m, 1 H, H1),
3.60–3.65 (m, 2 H, OCH2), 6.14 (dd, J = 5.4, 1.8 Hz, 1 H, H5),
6.48–6.44 (m, 1 H, H6), 7.10–7.80 (m, 15 H, ArH).
13C NMR (CDCl3): d = 19.0 [C(CH3)3], 26.5 [C(CH3)3], 45.0 (C7),
45.2 (C4), 58.6 (NCH2Ph), 63.7 (C1), 65.0 (C3), 67.2 (CH2OSi),
127.3, 128.0, 128.6, 129.5, 129.8, 129.9 (Si-C1Ph), 132.4, 135.2,
136.0 (C5, C6, arom CH), 134.3 (NCH2-C1Ph).

Anal. Calcd for C30H35NOSi: C, 79.42; H, 7.78; N, 3.09. Found C
79.33; H, 7.65; N, 3.21.

(+)-(1S,3S,4S,5S,6R)-3-(Hydroxymethyl)-2-[(1R)-1-phenyleth-
yl]-2-azabicyclo[2.2.1]heptane-5,6-diol (7b); Typical Procedure
To a soln of 5b (0.39 g, 1.71 mmol) in t-BuOH (5 mL), THF (5 mL),
and H2O (1 mL), kept under magnetic stirring for 30 min, was slow-
ly added NMO (0.27 g, 2.30 mmol) and OsO4 (5 mM in dioxane–
H2O (3:1); 5.4 mL, 0.015 equiv). After stirring the mixture at r.t. for
18 h, EtOAc (20 mL) and H2O (20 mL) were added and the resulting
mixture was filtered through a pad of Celite and silica gel. The
aqueous layer was extracted with EtOAc (2 × 20 mL); the combined
organic phases were washed with H2O (50 mL) and brine (60 mL)
and dried (Na2SO4). Removal of the solvent under reduced pressure
yielded a brown oil, that was subjected to column chromatography
(silica gel, CH2Cl2–MeOH, 9:2) affording 7b (0.35 g, 78%) as a yel-
low oil; Rf = 0.5.

[a]D
25 +6.5 (c 1, CHCl3).

IR (NaCl): 3386, 3181, 2977, 1454, 1386, 1034, 761 cm–1.
1H NMR (CDCl3): d = 1.46 (d, J = 6.5 Hz, 3 H, CHCH3), 1.72 (br s,
2 H, H7syn, H7anti), 2.03 (d, J = 5.1 Hz, 1 H, H4), 2.18 (br s, 1 H, H3),
2.43 (dd, J = 10.4, 6.5 Hz, 1 H, CHaHOH), 2.75 (d, J = 10.4 Hz, 1
H, CHbHOH), 2.80 (br s, 3 H, D2O exch., 3 OH), 3.50 (br s, 1 H,
H1), 3.57 (q, J = 6.5 Hz, 1 H, CHCH3), 3.82 (d, J = 4.5 Hz, 1 H,
H5), 4.29 (d, J = 4.5 Hz, 1 H, H6), 7.20–7.35 (m, 5 H, ArH).
13C NMR (CDCl3): d = 22.1 (CHCH3), 29.5 (C7), 48.0 (C4), 60.2
(C3), 62.6 (CHCH3), 63.5 (CH2OH), 65.2 (C1), 67.7 (C5), 73.3
(C6), 127.9 (C4Ph), 127.5 (C3Ph, C5Ph), 128.6 (C2Ph, C6Ph), 127.3
(C1Ph).

Anal. Calcd for C15H21NO3: C, 68.42; H, 8.04; N, 5.32. Found: C,
68.33; H, 8.24; N, 5.45.

(±)-(3-exo,5-exo,6-exo)-2-Benzyl-3-(hydroxymethyl)-2-azabicy-
clo[2.2.1]heptane-5,6-diol (7a)
Following the typical procedure for 7b using 5a. Flash chromatog-
raphy of the crude product (CH2Cl2–MeOH, 9:1) afforded pure 7a
(80%) as an oil; Rf = 0.2.

IR (NaCl): 3385 (OH), 3179, 2970, 1450, 1381, 1030 cm–1.
1H NMR (CDCl3): d = 1.65 (d, J = 11.3 Hz, 1 H, H7syn), 1.70 (d,
J = 11.3 Hz, 1 H, H7anti), 2.16 (d, J = 4.5 Hz, 1 H, H4), 2.23 (br s, 1
H, H3), 2.63 (br s, 3 H, D2O exch., 3 OH), 3.11 (br s, 1 H, H1), 3.31
(br s, 2 H, CH2OH), 3.73 (d, J = 13.3 Hz, 1 H, NCHaHPh), 3.80 (d,
J = 13.3 Hz, 1 H, NCHHbPh), 3.87 (d, J = 5.7 Hz, 1 H, H5), 4.31 (d,
J = 5.7 Hz, 1 H, H6), 7.20–7.35 (m, 5 H, ArH).
13C NMR (CDCl3): d = 30.4 (C7), 47.6 (C4), 55.1 (CH2Ph), 64.0
(C3), 64.6 (CH2OH), 66.2 (C1), 68.0 (C5), 73.6 (C6), 127.8 (C4Ph),
129.1 (C3Ph, C5Ph), 129.4 (C2Ph, C6Ph), 140.6 (C1Ph).

Anal. Calcd for C14H19NO3: C, 67.45; H, 7.68; N, 5.62. Found: C,
67.62; H,, 7.55; N, 5.54.

(±)-(3-exo,5-exo,6-exo)-2-Benzyl-3-[(tert-butyldiphenyl-
siloxy)methyl]-2-azabicyclo[2.2.1]heptane-5,6-diol (8a)
Following the typical procedure for 7b using 6a. Flash chromatog-
raphy of the crude product (hexane–EtOAc, 1:1) afforded pure 8a
(83%); Rf = 0.3.

IR (NaCl): 3240 (OH), 2920, 2850, 1470, 1380, 1080, 690 cm–1.
1H NMR (CDCl3): d = 1.02 [s, 9 H, C(CH3)3], 1.48 (d, J = 10.5 Hz,
1 H, H7anti), 1.61 (d, J = 10.5 Hz, 1 H, H7syn), 2.14 (t, J = 6.3 Hz, 1
H, H4), 2.38 (br s, 1 H, H3), 2.51, 2.75 (2 br s, 2 H, D2O exch.,
2 OH), 2.93 (br s, 1 H, H1), 3.28, 3.31 (2 br s, 2 H, NCH2Ph), 3.58–
3.63 (m, 2 H, CH2OSi), 3.84 (d, J = 6.0 Hz, 1 H, H5), 4.23 (d,
J = 6.0 Hz, 1 H, H6), 7.18–7.69 (m, 15 H, ArH).
13C NMR (CDCl3): d = 19.6 [C(CH3)3], 27.3 [C(CH3)3], 29.6 (C7),
46.5 (C4), 54.7 (CH2Ph), 63.3 (C3), 66.0 (C1), 66.1 (CH2OSi), 68.3
(C5), 73.6 (C6), 127.7, 128.7, 128.6, 128.7, 129.3, 130.6, 130.7,
136.4, 136.5 (arom CH), 133.9, 133.7 (2 Si-C1Ph), 140.0 (C1Bn).

Anal. Calcd for C30H37NO3Si: C, 73.88; H, 7.65; N, 2.87. Found: C,
74.03; H, 7.44; N, 2.99.

(–)-(1S,3S,4S,5S,6R)-3-[(tert-Butyldiphenylsiloxy)methyl]-2-
[(1R)-1-phenylethyl]-2-azabicyclo[2.2.1]heptane-5,6-diol (8b)
Following the typical procedure for 7b using 6b. Flash chromatog-
raphy of the crude product (hexane–EtOAc, 1:1) afforded pure 8b
(81%); Rf = 0.5.

[a]D
25 –1.1 (c 1, CHCl3).

IR (NaCl): 3363 (OH), 2932, 2750, 1460, 1420, 1369, 1102, 750
cm–1.
1H NMR (CDCl3): d = 0.88 [s, 9 H, C(CH3)3], 1.34 (d, J = 6.6 Hz, 3
H, CHCH3), 1.49 (d, J = 10.1 Hz, 1 H, H7syn), 1.69 (d, J = 10.1 Hz,
1 H, H7anti), 2.14 (dd, J = 9.9, 4.2 Hz, 1 H, CHaHOSi), 2.47 (s, 1 H,
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H4), 2.53 (dd, J = 9.9, 3.1 Hz, 1 H, CHbHOSi), 2.90–3.30 (br s, 2 H,
D2O exch., 2 OH), 2.84 (t, J = 9.9 Hz, 1 H, H3), 3.38 (s, 1 H, H1),
3.46 (q, J = 6.6 Hz, 1 H, CHCH3), 3.87 (d, J = 6.0 Hz, 1 H, H5),
4.27 (d, J = 6.0 Hz, 1 H, H6), 7.09–7.45 (m, 15 H, Ar).
13C NMR (CDCl3): d = 19.5 (CCH3), 22.8 (CHCH3), 27.0
[C(CH3)3], 29.0 (C7), 46.1 (C4), 60.4 (CHCH3), 62.9 (C1), 65.5
(CH2OSi), 66.1 (C3), 68.3 (C5), 73.9 (C6), 127.7, 127.8, 128.0,
128.4, 128.5, 129.6, 129.7, 135.7, 135.8, 134.1, 134.2 (arom CH,
Si-C1Ph), 146.0 (CHC1Ph).

Anal. Calcd for C31H39NO3Si: C, 74.21; H, 7.83; N, 2.79. Found: C,
74.42; H, 7.97; N, 2.92.

(–)-(2S,3S,5S)-2,3,5-Tris(hydroxymethyl)-1-[(1R)-1-phenyleth-
yl]pyrrolidine (9b); Typical Procedures
Method A: To a suspension of silica gel (10 g) in CH2Cl2 (50 mL)
was added a soln of NaIO4 (2.54 g, 11.87 mmol) in H2O (5 mL) un-
der vigorous magnetic stirring. Then 7b (3.12 g, 11.87 mmol) was
added as a soln in CH2Cl2 (50 mL), keeping the reaction protected
from light. After 1 h, solid Na2SO4 was added and the suspension
was filtered and washed with CH2Cl2 (ca. 200 mL). The solvent was
removed under vacuum, MeOH was added to the residue followed
by NaBH4 (1.38 g, 36.5 mmol) in small portions. After 4 h, the sol-
vent was removed, EtOAc (50 mL) was added and the organic soln
was washed with brine (100 mL). The phases were separated and
the aqueous phase was extracted with EtOAc (2 × 50 mL). The
combined organic layers were dried (Na2SO4), and the solvent re-
moved under reduced pressure to give an oil that was purified by
flash chromatography (CH2Cl2–MeOH, 9:2) to afford pure 9b (2.35
g, 73%) as a transparent oil; Rf = 0.3.

Method B. To a soln of 10b (0.14 g, 0.28 mmol) in THF (5 mL), was
added a 75 wt% soln of TBAF in H2O (5 mL, 0.14 g, 0.40 mmol).
The mixture was kept stirring at r.t. for 90 min. Hexane (50 mL) was
added and the soln was dried (Na2SO4) and filtered. The solvent was
removed under vacuum to give an oil that was purified by column
chromatography (CH2Cl2–MeOH, 9:2) to afford pure 9b (0.07 g,
94%) as a transparent oil.

[a]D
25 –11.3 (c 1, CHCl3).

IR (NaCl): 3340 (OH), 2931, 1465, 1420, 1034, 698 cm–1.
1H NMR (CDCl3): d = 1.47 (d, J = 6.7 Hz, 3 H, CHCH3), 1.49–1.57
(m, 1 H, H4syn), 2.05–2.23 (m, 2 H, H4anti, H3), 2.93 (br s, 3 H, D2O
exch., 3 OH), 3.10–3.69 (m, 8 H, 3 CH2OH, H2, H5), 4.03 (q,
J = 6.7 Hz, 1 H, CHCH3), 7.21–7.38 (m, 5 H, ArH).
13C NMR (CDCl3): d = 20.2 (CHCH3), 30.4 (C4), 41.9 (C3), 56.6
(CHCH3), 61.1 (C5), 61.6 (C2), 63.3 (3-CH2OH), 65.3 (2-CH2OH),
66.3 (5-CH2OH), 127.7 (C4Ph), 127.9 (C3Ph, C5Ph), 129.0 (C2Ph,
C4Ph), 144.3 (C1Ph).

Anal. Calcd for C15H23NO3: C, 67.90; H, 8.74; N, 5.28. Found: C,
68.16; H, 8.61; N, 5.13.

(±)-1-Benzyl-2,3,5-tris(hydroxymethyl)pyrrolidine (9a)
Following the typical procedures for 9b (method A or method B)
using either 7a or 10a. Flash chromatography of the crude product
(hexane–EtOAc, 1:1) afforded pure 9a (method A: 70% yield,
method B: 90% yield) as a thick oil; Rf = 0.3.

IR (NaCl): 3386 (OH), 3180, 2975, 1458, 1390, 1037 cm–1.
1H NMR (CDCl3): d = 1.55–1.64 (m, 1 H, H4syn), 2.10–2.17 (m, 1
H, H4anti), 2.21–2.33 (m, 1 H, H3), 3.05–3.11 (m, 1 H, H5), 3.17–
3.20 (m, 1 H, H2), 3.28–3.72 (m, 9 H, 3 CH2OH, 3 CH2OH), 3.81
(d, J = 14.2 Hz, 1 H, CHaHPh), 3.88 (d, J = 14.2 Hz, 1 H, CHbHPh),
7.19–7.34 (m, 5 H, ArH).
13C NMR (CDCl3): d = 29.86 (C14), 42.3 (C3), 51.6 (CH2Ph), 61.5
(2-CH2OH), 62.5 (C2), 62.9 (3-CH2OH), 65.6 (5-CH2OH), 66.0

(C5), 127.5 (C4Ph), 128.4 (C3Ph, C5Ph), 128.9 (C2Ph, C6Ph), 139.6
(C1Ph).

Anal. Calcd for C14H21NO3: C, 66.91; H, 8.42; N, 5.57. Found: C,
67.08; H, 8.21; N, 5.72.

(±)-1-Benzyl-2-[(tert-butyldiphenylsiloxy)methyl]-3,5-bis(hy-
droxymethyl)pyrrolidine (10a)
Following the typical procedure for 9b (method A) using 8a. Flash
chromatography of the crude product (CH2Cl2–MeOH, 9:1) afford-
ed pure 10a (90% yield) as a transparent oil; Rf = 0.5.

IR (NaCl): 3454 (OH), 2931, 1291, 1109, 1077 cm–1 (OSi).
1H NMR (CDCl3): d = 1.06 [s, 9 H, C(CH3)3], 1.68–1.74 (m, 1 H,
H4syn), 2.28–2.35 (m, 2 H, H3, H4anti), 2.81 (br s, 2 H, D2O exch.,
2 OH), 3.08 (m, 1 H, H5), 3.33 (m, 1 H, H2), 3.43–3.80 (m, 7 H, 3-
CH2OH, 5-CH2OH, 2-CH2OSi, N-CHaHPh), 3.88 (d, J = 14.1 Hz, 1
H, N-CHHbPh), 7.11–7.70 (m, 15 H, Ar).
13C NMR (CDCl3): d = 19.5 [C(CH3)3], 27.4 [C(CH3)3], 30.6 (C4),
42.0 (C3), 51.9 (CH2Ph), 62.0 (3-CH2OH), 63.6 (5-CH2OH), 64.0
(C5), 65.1 (C2), 67.1 (CH2OSi), 127.3 and 130.2 (Si-C4Ph), 130.3
(Bn-C1Ph), 128.1, 128.2 (Si-C3Ph, Si-C5Ph), 136.1 (Bn-C3Ph, Bn-
C5Ph), 128.9, 128.3 (Si-C2Ph, Si-C6Ph), 136.2 (Bn-C2Ph, Bn-C6Ph),
133.5, 133.3 (Si-C1Ph), 139.2 Cq (Bn-C1Ph).

Anal. Calcd for C30H39NO3Si: C, 73.58; H, 8.03; N, 2.86. Found: C,
73.73; H, 7.86; N, 2.73.

(+)-(2S,3S,5S)-2-[(tert-Butyldiphenylsiloxy)methyl]-3,5-bis(hy-
droxymethyl)-1-[(1R)-1-phenylethyl]pyrrolidine (10b)
Following the typical procedure for 9b (method A) using 8b. Flash
chromatography of the  crude product (hexane–EtOAc, 1:6) afford-
ed pure 10b (92%) as a transparent oil; Rf = 0.4.

[a]D
25 +18.4 (c 1, CHCl3).

IR (NaCl): 3386 (OH), 2931, 2863, 1465, 1426, 1386, 1284, 1107,
1084 cm–1 (OSi).
1H NMR (CDCl3): d = 1.06 [s, 9 H, C(CH3)3], 1.25 (d, J = 6.6 Hz, 3
H, CHCH3), 1.61–1.67 (m, 1 H, H4syn), 2.20–2.40 (m, 2 H, H3,
H4anti), 2.45 (br s, 2 H, D2O exch., 2 OH), 2.83 (dd, J = 11.1, 4.2 Hz,
1 H, 3-CHaHOH), 3.01 (dd, J = 11.4, 2.1 Hz, 1 H, 3-CHHbOH),
3.12 (br s, 1 H, H5), 3.30 (dd, J = 7.0, 3.2 Hz, 1 H, H2), 3.57–3.71
(m, 4 H, 5-CH2OH, 2-CH2OSi), 3.84 (q, J = 6.6 Hz, 1 H, CHCH3),
7.10–7.69 (m, 15 H, ArH).
13C NMR (CDCl3): d = 19.1 [C(CH3)3], 20.6 (CHCH3), 26.9
[C(CH3)3], 30.7 (C4), 40.3 (C3), 57.1 (CHCH3), 61.4 (C5), 62.5,
62.4 [5-CH2OH, 3-CH2OH], 65.5 (C2), 67.2 (CH2OSi), 127.1,
127.4, 127.8, 128.5, 129.8 (Si-CHPh, CH-C3Ph, CH-C5Ph, CH-C4Ph),
135.6 (CH-C2Ph, CH-C6Ph), 133.1 and 133.2 (Si-C1Ph), 144.3 (CH-
C1Ph).

Anal. Calcd for C31H41NO3Si: C, 73.91; H, 8.20; N, 2.78. Found: C,
74.15; H, 8.01; N, 2.66.

(±)-Methyl 7-(2,6-Dichlorophenyl)-5,6-dihydroxy-3-azatricy-
clo[3.2.1.0]octane-6-carboxylate (12a); Typical Procedure
Cycloadduct 11a (1.0 g, 3.22 mmol) was dissolved in a mixture of
acetone–H2O (8:1, 50 mL), treated with NMO (0.76 g, 3.23 mmol)
and a soln of OsO4 in toluene (39 mM; 3.12 mL, 0.122 mmol). After
3 h at r.t., the reaction was quenched with 5% aq Na2SO3 (20 mL)
and stirred for a further 20 min. The mixture was concentrated and
extracted with EtOAc (4 × 100 mL); the combined organic extracts
were dried (MgSO4) and evaporated to give pure 12a (0.95 g, 86%)
as a transparent oil.

IR (Nujol): 3068, 1737, 1328, 1257, 1239, 1126, 1066, 758 cm–1.
1H NMR (CD3OD): d = 1.96 (dm, J = 10.8 Hz, 1 H, H8), 2.28 (d,
J = 10.8 Hz, 1 H, H8), 3.21 (s, 1 H, H3), 3.56 (s, 3 H, OMe), 3.62
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(s, 1 H, H1), 3.82 (s, 1 H, H5), 3.94–3.98 (m, 1H), 3.98–4.03 (m, 1
H), 7.27 (t, J = 8.1 Hz, 1 H), 7.36 (d, J = 8.1 Hz, 2 H).
13C NMR (CD3OD): d = 44.7 (C8), 46.5 (C3), 52.8  (OMe), 53.9
(C5), 57.1 (Cq), 66.0 (C1), 71.3 (C6), 71.4 (C7), 129.4 (CH), 130.3
(CH), 133.8 (Cq), 136.4 (Cq), 171.7 (CO).

Anal. Calcd for C15H15Cl2NO4: C, 52.33; H, 4.36; N, 4.07. Found:
C, 52.13; H, 4.47; N, 4.08.

(±)-Benzyl 5,6-Dihydroxy-3-azatricyclo[3.2.1.0]octane-6-car-
boxylate (12b)
Following the typical procedure for 12a using 11b gave 12b (57%
yield) as a white solid; mp 156.3–157.3 °C.

IR (Nujol): 3410, 3090, 2990, 2980, 2850, 2748, 1733, 1502, 1460,
1340, 1245, 1168, 1145, 1118, 1061, 1015, 987, 964, 740, 690, 599
cm–1.
1H NMR (CD3Cl): d = 2.13 (br d, J = 10.5 Hz, 1 H, H8), 2.18 (br d,
J = 10.5, 1 H, H8), 2.44 (d, J = 2.1 Hz, 1 H, H3), 2.62 (t, J = 2.1 Hz,
1 H, H3), 2.96 (s, 1 H, H5), 3.35 (s, 1 H, H1), 3.62 (d, J = 6.0 Hz, 1
H), 3.68 (d, J = 6.0 Hz, 1 H), 5.06 (d, J = 12.0 Hz, 1 H), 5.19 (d,
J = 12.0 Hz, 1 H), 7.31 (s, 5 H, Ph).
13C NMR (CD3Cl) 42.9 (C5), 43.3 (C3), 45.6 (C8), 49.1 (Cq), 63.6
(C1), 67.1 (OCH2), 69.5 (C6 or C7), 70.0 (C6 or C7), 128.1 (CH,
Ph), 128.3 (CH, Ph), 128.5 (CH, Ph), 135.3 (Cq, Ph), 171.4 (CO).

Anal. Calcd for C15H17NO4: C, 65.45; H, 6.18; N, 5.09. Found: C,
65.29; H, 6.22; N, 5.21.

(±)-Methyl 6-(2,6-Dichlorophenyl)-2,4-diformyl-1-azabicy-
clo[3.1.0]hexane-5-carboxylate (13a); Typical Procedure
A soln of NaIO4 (0.59 g, 2.76 mmol) in H2O (5.5 mL) was cooled
in an ice-water bath and the diol 12a (0.95 g, 2.76 mmol) was added
in small portions over 10 min. The suspension was stirred at 0 °C
for 20 min, then H2O (10 mL) was added and the mixture was ex-
tracted with EtOAc (2 × 20 mL). The combined organic layers were
dried (MgSO4) and evaporated to give pure 13a (0.68 g, 72%) as a
white solid; mp 128.3–132.3 °C (dec).

IR (Nujol): 3322, 1722, 1560, 1347, 1278, 1245, 1195, 1169, 1136,
1093, 1076, 1064, 1038, 988, 784, 769 cm–1.
1H NMR (CD3Cl): d = 2.04 (m, 1 H, H3), 2.50 (dt, J = 10.8, 14.4 Hz,
1 H, H3), 3.32 (s, 1 H, H6), 3.56 (s, 3 H), 3.95 (t, J = 9.6 Hz, 1 H,
H4), 4.37 (dd, J = 7.5, 10.8, 1 H, H2), 7.16 (t, J = 7.2 Hz, 1 H, Ph),
7.29 (d, J = 7.2 Hz, 2 H, Ph), 10.21 (d, J = 1.2 Hz, 1 H, CHO), 10.23
(d, J = 1.8 Hz, 1 H, CHO).
13C NMR (CD3Cl): d = 22.6 (C3), 40.8 (C6), 52.4 (C4), 53.0 (OMe),
55.2 (Cq), 71.4 (C2), 128.6 (CH, Ph), 129.4 (CH, Ph), 129.8 (Cq,
Ph), 135.6 (Cq, Ph), 168.9 (CO), 197.5 (CHO), 197.9 (CHO).

Anal. Calcd for C15H13Cl2NO4·H2O: C, 50.00; H, 4.17; N, 3.89.
Found: C, 50.04; H, 4.18; N, 3.90.

(±)-Benzyl 2,4-Diformyl-1-azabicyclo[3.1.0]hexane-5-carboxy-
late (13b)
Following the typical procedure for 13a using 12b gave 13b (73%
yield) as a brownish solid; does not melt till 350 °C (dec).

IR (Nujol): 3409, 1733, 1339, 1243, 1144, 1060, 677 cm–1.
1H NMR (CD3Cl): d = 1.99 (s, 1 H, H6), 2.02–2.11 (m, 2 H, H3),
2.43 (s, 1 H, H6), 2.82 (dd, J = 9.0, 10.5 Hz, 1 H, H4), 4.17 (dd,
J = 8.1, 10.8 Hz, 1 H, H2), 5.17 (d, J = 12.3, 1 H, OCH2Ph), 5.29 (d,
J = 12.3, 1 H, OCH2Ph), 7.22–7.42 (m, 5 H, Ar), 9.85 (s, 1 H,
CHO), 9.91 (s, 1 H, CHO).

13C NMR (CD3Cl): d = 22.9 (C3), 30.7 (C6), 48.2 (C5), 50.8 (C4),
67.8 (OCH2), 70.4 (C2), 128.4 (CH, Ph), 129.6 (CH, Ph), 128.7
(CH, Ph), 134.8 (Cq, Ph), 169.6 (CO), 197.9 (CHO), 198.0 (CHO).

HRMS (FAB): m/z [M + H]+ calcd for C15H16NO4: 274.107933;
found: 274.107819.

(±)-6-(2,6-Dichlorophenyl)-2,4,5-tris(hydroxymethyl)-1-azabi-
cyclo[3.1.0]hexane (14)
Compound 13a (0.42 g, 1.17 mmol) was solubilized in THF (20
mL) and cooled in an ice-water bath for 10 min. 1 M LiAlH4 in Et2O
(10 mL, 10 mmol, 12.6 equiv) was slowly added. The mixture was
allowed to reach r.t. and stirred for 2 h. Then the reaction was
quenched by successive addition of H2O (0.1 mL), 15% NaOH (0.1
mL), and H2O (0.3 mL) and extracted with EtOAc (3 × 40 mL). The
combined organic extracts were dried (MgSO4) and evaporated to
give an oil that eventually crystallized (CHCl3) to give 14 (0.35 g,
95%) as a white solid; mp 167–168 °C (dec).

IR (Nujol): 3308, 2900, 2854, 1461, 1429, 1377, 1039, 1025, 783
cm–1.
1H NMR (CD3OD): d = 1.25–1.45 (m, 1 H), 2.05–2.20 (m, 1 H),
3.02 (d, J = 12.0 Hz, 1 H), 3.26 (s, 1 H, H6), 3.60–3.70 (m, 2 H),
3.72–3.85 (m, 2 H), 3.89 (d, J = 12.0 Hz, 1 H), 4.02–4.15 (m, 2 H),
7.24 (t, J = 7.8 Hz, 1 H), 7.36 (d, J = 7.8 Hz, 2 H).
13C NMR (CD3OD): d = 30.5 (C3), 39.3 (C6), 43.7 (C4), 57.8 (Cq),
62.1 (CH2), 63.9 (CH2), 64.4  (CH2), 66.7 (C2), 130.2 (CH, Ph),
133.3 (CH, Ph), 137.5 (Cq, Ph).

Anal. Calcd for C14H17Cl2NO3: C, 53.12; H, 5.08; N, 4.26. Found:
C, 52.80; H, 5.34; N, 4.40.

Benzyl 2,4-Bis(hydroxymethyl)-1-azabicyclo[3.1.0]hexane-5-
carboxylate (15)
A soln of 13b in THF (20 mL) was cooled in an ice-water bath for
10 min. Solid NaBH4 (0.48 g, 12.6 mmol, 8 equiv) was slowly add-
ed and the mixture was stirred at r.t. for 1.5 h. The mixture was con-
centrated and EtOAc (30 mL) was added. The mixture was then
extracted with 10% aq citric acid (2 × 30 mL) and brine (30 mL),
dried (MgSO4) and evaporated to give an oil that was subjected to
dry flash chromatography (silica gel, EtOAc–EtOH, 1:1) to give 15
(0.034 g, 34%) as a transparent oil.

IR (film): 3363, 3045, 2929, 1729, 1455, 1393, 1268, 1215, 1174,
1134, 1089, 1043, 992, 911, 733, 699, 647 cm–1.
1H NMR (CD3Cl): d = 1.05 (dt, J = 13.5, 10.8 Hz, 1 H, H3), 1.76–
1.85 (m, 1 H, H3), 2.04 (s, 1 H, H6), 2.12 (s, 1 H, H6), 2.80–3.10
(br s, 2 H, OH), 2.90–3.05 (m, 1 H, H4), 3.50–3.80 (m, 5 H, H2, 2
× CH2OH), 5.08 (d, J = 12.0 Hz, 1 H, OCH2), 5.24 (d, J = 12.0 Hz,
1 H, OCH2), 7.34 (s, 5 H, Ph).
13C NMR (CD3Cl): d = 27.0 (C4), 28.6 (C6), 41.6 (C3), 49.5 (C5),
63.1 (CH2), 63.7 (CH2), 63.9 (CH2), 67.4 (CH2), 128.3 (CH, Ph),
128.4 (CH, Ph), 128.6 (CH, Ph), 135.2 (Cq), 172.3 (CO).

Anal. Calcd for C15H19NO4: C, 64.57; H, 6.88; N, 5.14. Found: C,
64.91; H, 6.91; N, 5.05.
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