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ABSTRACT

The phenylglycinol-derived 2-pyridone 1 undergoes m-CPBA oxidation steroselectively leading to the chiral nonracemic unsaturated bicyclic
hydroxylactam 2, from which the enantioselective synthesis of (3R,5R)-3,4,5-trihydroxypiperidine (16) and the formal synthesis of the azasugar
epiisofagomine are described. The enantioselective synthesis of (S)-N-Boc-3-hydroxypiperidine and (3R,4S)-3,4-dihydroxypiperidine is also
reported.

Both naturally occurring (e.g., deoxynojirimycin, fagomine)
and synthetic (e.g., miglitol, epiisofagomine) polyhydroxy-
lated piperidines, pyrrolidines, and indolizidines1 have been
shown to be specific and potent inhibitors of glycosidases2

and have been demonstrated to have a great potential as drugs
to treat a variety of carbohydrate-mediated diseases such as
diabetes,3 viral infections including HIV,4 and cancer me-
tastasis5 (Figure 1). As a consequence, in recent years there

has been a great deal of interest not only in the synthesis of
the natural products themselves but also in that of chemically
modified analogues. However, most of the methodologies
described for the synthesis of these compounds, which can
be regarded as azasugars (also called iminosugars), start from
carbohydrates and, in general, require a large number of steps
to reach a specific target. Thus, the development of new
methods for the enantioselective synthesis of polyhydroxy-
lated piperidines constitutes an area of current interest.6
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Figure 1. Natural and synthetic azasugars as glycosidase inhibitors.
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The potential of chiral nonracemic bicyclic lactams derived
from (R)- or (S)-phenylglycinol as versatile building blocks
for the enantioselective synthesis of piperidine derivatives
has previously been demonstrated with the synthesis of
diversely substituted piperidines. In these syntheses the
oxazolopiperidine ring system is usually generated by
cyclocondensation of a 5-oxoacid derivative with phenylg-
lycinol. A subsequent introduction of substituents on the
carbon atoms of the piperidine ring is achieved byR-ami-
doalkylation, enolate or homoenolate alkylations, manipula-
tion of the amide carbonyl group, or addition to the
correspondingR,â-unsaturated lactams.7 We describe here
the one-pot generation of the highly functionalized chiral
bicyclic hydroxylactam2 by an alternative procedure involv-
ing an unprecedented diastereoselective oxidation of an (R)-
phenylglycinol-derived 2-pyridone and its subsequent con-
version into an enantiopure trihydroxypiperidine through a
route that establishes a formal synthesis of epiisofagomine.

The starting pyridone1 was prepared from the pyridine
Zincke salt and (R)-phenylglycinol as previously described.8

Oxidation of1 with m-CPBA (4 equiv) in methylene chloride
at room temperature for 4 days afforded the unsaturated
hydroxylactam2 in 35-40% yield as a single stereoisomer
(Scheme 1).9 Modification of the reaction conditions, such

as the amount of reagent, time, or temperature, did not
improve the yield.10 In some runs, in which the yield of2
was lower, small amounts of epoxides4 (∼10%) and5
(∼5%) were isolated after column chromatography on silica
gel. Although the yield of2 is only moderate, it should be
noted that in a single step, from an easily accessible starting
material, a lactam functionalized in all carbon positions of
the piperidine ring, with a defined configuration in the two
new stereogenic centers, has been formed.

The stereochemical assignment of compounds2, 4, and5
was inferred by NMR spectroscopy. Moreover, the config-
uration of2 was confirmed by X-ray analysis of a crystal of
the acetylated derivative3.11

Formation of the bicyclic lactam2 can be rationalized by
considering the initial regioselective epoxidation of the C5-
C6 double bond of the pyridone ring, followed by ring
cleavage of the resulting epoxideA promoted by the lone
electron pair of the nitrogen, to give the acyliminium cation
B, which would undergo the intramolecular attack of the
hydroxy group present in the chiral inductor. The stereo-
chemical outcome of this reaction can be attributed to the
directing influence of the hydroxy group of the phenylgly-
cinol moiety, which is capable of hydrogen bonding with
the oxygen atom of the epoxidant. Thus, for pyridone1 there
are two conformations,1a and 1b, in which the hydroxy
group can stabilize the two possible diastereotopic transition
states of the epoxidation step by hydrogen bonding (Scheme
2). The interactions between the phenyl ring and the carbonyl

group in conformation1a favor the reaction taking place
stereoselectively through conformation1b, on thesi-si face,
affording epoxideA. A subsequent epoxide cleavage and
oxazolidine ring formation also takes place stereoselectively
to give lactam2, with the thermodynamically more stable
trans-3,8a configuration.12 Although the directing effect of
allylic and homoallylic hydrogen bond donating groups in
the peracid epoxidation of alkenes is well documented, there
are relatively few examples in which the directing group is
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Scheme 1. m-CPBA Oxidation of the
(R)-Phenylglycinol-Derived Pyridone1

Scheme 2. Diastereoselective Epoxidation of the Pyridone
Ring
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located further away from the double bond.13 It is also worth
mentioning that, to our knowledge, this is the first example
of oxidation of a 2-pyridone withm-CPBA.14

The minor compound4 would be generated by epoxidation
of the double bond of2 with the excess ofm-CPBA, whereas
it is reasonable to asume that epoxide5 is formed from4 by
intramolecular ring opening of the oxirane ring, probably
during column chromatography, promoted by the hydroxy
group inanti. In fact, treatment of the unsaturated lactam2
with m-CPBA led to the epoxide4 in 28% yield.

In accordance with the above mechanism involving
hydrogen bonding by the phenylglycinol hydroxy group,
m-CPBA oxidation of dihydropyridone615 took place with
the sameπ-facial diastereoselectivity to give (51% yield)
the saturated hydroxylactam7 as a 4:1 mixture of epimers,
7a and7b, in which the major one (7a) possessed the same
stereochemistry as2 (Scheme 3). The mixture of isomers

7a and7b could not be separated by conventional methods,
but it was acetylated to give a mixture of8a and8b, from
which the major isomer8a could be isolated. The stereo-
chemistry of7a was unambiguously established by com-

parison of its spectroscopic data with those of a sample
obtained by catalytic hydrogenation of the unsaturated lactam
2. In contrast, treatment of dihydropyridone6 with bromine
afforded (50% yield) a mixture of bromo lactams9a and
9b, the latter being the major product (15:85). The reversal
of the diastereoselectivity can be accounted for in terms of
an intramolecular hydrogen bonding between the hydroxy
and carbonyl groups. To avoid steric interactions with the
phenyl substituent, the bromonium intermediate is now
formed by the opposite diastereotopicre-re face.16 Hydroxy-
lactam 7a was converted into theN-Boc protected (S)-3-
hydroxypiperidine11 by simultaneous reduction of the
lactam carbonyl and C-O bond with borane-THF complex
followed by catalytic hydrogenation of the resulting piperi-
dine 10 in the presence of di-tert-butyl dicarbonate.17

The synthetic potential of the unsaturated hydroxylactam
2 is illustrated by its conversion into the enantiopure
trihydroxypiperidine16. Thus, the reaction of2 with catalytic
OsO4 and NMO stereoselectively afforded the trihydroxylated
lactam12 as a sigle isomer in 78% yield (Scheme 4). The

sameexo-facial diastereoselectivity was also observed in the
dihydroxylation of the unsaturated lactam18, lacking the
hydroxy substituent, which was easily accessible from the
known lactam177f by treatment of the corresponding enolate
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g/cm3. Approximate dimensions: 0.11× 0.15× 0.55 mm3. Data collection
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Scheme 3a

a Reagents and conditions: (a)m-CPBA (4 equiv), CH2Cl2, 25
°C, 2 h (7, 51%). (b) Br2, NaOMe, MeOH, 25°C, 3 h (9, 50%).
(c) Ac2O, pyr, DMAP, CH2Cl2, 25 °C, 3 h, 70%. (d) BH3‚THF,
-78 °C (30 min) to 25°C (3 h), 66%. (e) H2, Pd(OH)2, Boc2O,
AcOEt, 65%.

Scheme 4. Synthesis of Enantiopure Trihydroxypiperidine16.
Formal Synthesis of Epiisofagominea

a Reagents and conditions: (a) OsO4, NMO, aq MeCN, 25°C,
24 h, 78%. (b) Me2C(OMe)2, p-TsOH, CH2Cl2, 25 °C, 24 h, 85%.
(c) BH3‚THF, -78 °C (30 min) to 25°C (3 h), 87%. (d) H2, Pd/C,
MeOH, 65%. (e) MeOH, HCl, 95%.
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with methyl phenylsulfinate, followed by thermal elimination
of the sulfoxide (Scheme 5). This stereoselectivity was not

unexpected because it had already been observed both in
the conjugate addition of lower order cyanocuprates to related
unsaturated bicyclic lactams7f,g and in the dihydroxylation
(OsO4-NMO) of 8a-substituted derivatives.18

After formation of acetonide13, BH3‚THF reduction gave
piperidine 14, which was debenzylated to15 and then
converted by methanolysis to 3,4,5-trihydroxypiperidine16
(1,5-dideoxy-1,5-imino-D-arabitol).19 The fact that16 was
optically active confirmed theexo-facial configuration of the
two new stereocenters generated in the dihydroxylation step.

Given that the protected intermediate15 had previously
been converted into epiisofagomine, an extremely potent
inhibitor for â-galactosidase (Ki, 4.1 nM),20 the above route
represents a formal synthesis of this azasugar. 1,5-Dideoxy-
1,5-imino-D-pentitols are known to have a moderate binding
affinity for a broad range of glycosidases. In particular, 1,5-
iminopentitol16selectively inhibits theR-L-fucosidase from
human placenta.19b

On the other hand, the stereochemical identity of diol19
was confirmed by X-ray crystallography11 of a crystal of the
corresponding carbonate20. Following a reaction sequence
similar to that described above, diol19 was converted via
the acetonide derivative21 to (3R,4S)-3,4-dihydroxypiperi-
dine (24; 2-deoxy-1,5-iminopentitol),21 which has been
shown to be an inhibitor ofâ-glucosidase (Ki, 6 µM).2

The diastereoselective oxidation of chiral amino alcohol-
derived 2-pyridones opens new possibilities for the straight-
forward preparation of highly functionalized bicyclic lactams,
which are valuable chiral synthons for the synthesis of
enantiopure piperidine derivatives and, in particular, aza-
sugars.
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Scheme 5. Synthesis of Enantiopure
cis-3,4-Dihydroxypiperidinea

a Reagents and conditions: (a) KH, PhSO2Me, THF, reflux, 90
min, then Na2CO3, toluene, reflux, 7 h, 90%. (b) OsO4, NMO, aq
MeCN, 25°C, 24 h, 87%. (c) (Cl3CO)2CO, pyr, CH2Cl2, 25 °C,
90 min, (20: 72%). (d) Me2C(OMe)2, p-TsOH, CH2Cl2, 25 °C, 3
h, (21, 93%). (e) BH3‚THF, -78 °C (30 min) to 25°C (2 h), 70%.
(f) H2, Pd/C, MeOH, 56%. (g) MeOH, HCl, 93%.
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