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1. Introduction

Azasugars (also known as iminosugars) are structural
analogues of ‘true’ sugars in which the ring oxygen atom
is replaced by a nitrogen atom. Recent years have seen an
increasing interest in synthetic and naturally occurring
azasugars as biological tools and potential therapeutics
culminating in the launch of the first azasugar medicine,
Zavesca®.! The biological properties of azasugars arises
because they interfere with the function of carbohydrate
handling enzymes and carbohydrate recognizing recep-
tors, which are widely found in all organisms.

Like true sugars, both five membered ring (azafuranose)
analogues and six membered ring (azapyranose) ana-
logues are known. In this review we cover the recent ad-
vances in the preparation of azapyranose sugars. The
subject of azasugars has been comprehensively reviewed
previously and older synthetic approaches to them can
be ascertained from the references cited here and in
the main body of the review.>®

Over the last 40 years, a very large number of azapyra-
nose sugars have been isolated from various plant and
animal sources. Nearly all these naturally occurring
azasugars as well as the majority of synthetic azapyra-
nose sugars elicit some sort of biological response. In
order to frame the synthetic efforts in context, an over-
view of the naturally occurring azapyranose sugars
and their potential biological application is also presented.

2. Natural occurrence

Azasugars, strictly speaking, belong to the polyhydroxyl-
ated alkaloid super-family of natural products. In fact,
the azapyranose motif can be recognised in three of the
main structural groups of alkaloids: piperidines, indo-
lizidines and nortropanes.

2.1. Piperidine azasugars

In 1966, Inouye et al.” discovered the first natural poly-
hydroxylated alkaloid, nojirimycin (NJ) 1. Isolated from
a Streptomyces filtrate, it was shown to actively inhibit
o- and B-glucosidase and was therefore the first natural
glucose mimic. Nojirimycin B (commonly called mann-
onojirimycin)'® 2 and galactostatin (galactonojirimy-
cin)!! 3 were isolated soon after.

Azasugars bearing a hydroxyl group at C-1 were
found to be relatively difficult to isolate and handle
due to the unstable aminal functionality. The first
deoxy-derivative, 1-deoxynojirimycin (DNJ) [(25)-
hydroxymethyl]-(3R,4R,5S)-trihydroxy-piperidine ~ or
1,5-dideoxy-1,5-imino-D-glucitol 4 was synthesised by
Inouye et al. by the reduction of the anomeric hydroxyl
group.!> However DNJ was soon afterwards isolated
from Mulberry trees'®> as well as Streptomyces
cultures.'#

1-Deoxymannonojirimycin (DMJ) 5 was first found in
Lonchocarpus sericeus'> and is thought to come from

the biosynthetic reduction of mannojirimycin.'® Epimer-
isation of DNJ to DM is also thought to be a possible
biosynthetic origin of the latter.!”

N-Substituted piperidines also occur naturally.
N-Methyl DNJ 6 was extracted from the roots of the
Mulberry tree (Morus alba).'® Higher order azaglyco-
sides, 1-deoxynojirimycin-2-0-, 3-0O-, 4-O-o-D-glucopyr-
anosides, 2-O-, 6-O-o-D-galactosides and 2-O-, 3-O-,
4-0-, 6-0O-B-p-glucopyranosides have also been isolated
from the Morus genus.'81°

Kite et al. reported on the isolation of the NJ homo-
logue, a-homonojirimycin (a-HNJ) 7.2° Isolated from
the leaves of Omphalea diandra (Euphorbiaceae) it was
the first example of a piperidine azasugar with a carbon
group at C-1. Subsequent discoveries of HNJ isomers
followed. These included the isomers a-4-epi homonojir-
imycin (o-homoallonojirimycin) 8, B-HNJ 9, a-homo-
mannonojirimycin 10, B-homomannonojirimycin 11!
and B-4,5-diepthomonojirimycin (B-homoaltronojirimy-
cin) 1222 from the leaves and roots of Aglaonema treubii
(Araceae). Naturally occurring azaglycosides of o-HNJ
include 5-O-a-p-galactopyranoside and 7-O-B-p-gluco-
pyranoside, which is a potent inhibitor of porcine kidney
trehalase.?!-?

More recently, other naturally occurring HNJ analogues
have been discovered by Asano et al.>*> The deoxyHNJ
homologue, adenophorine 13, 1-deoxyadenophorine
14, 5-deoxyadenophorine 15, as well as the glycosides
adenophorine-1-O-B-p-glucopyranoside and 5-deoxy-
adenophorine-1-O-B-p-glucopyranoside, were all ex-
tracted from the roots of Adenophora spp.
(Campanulaceae). The absolute configuration of adeno-
phorine has not yet been established, however it is be-
lieved that its pseudoanomeric substituent (depending
on the absolute configuration at either C-1 or C-5 can
be viewed as the pseudoanomeric position) makes it a
highly potent inhibitor of a-glucosidase, intestinal
sucrase and o-galactosidase. 5-Deoxyadenophorine has
inhibitory properties against the coffee bean a-galactosi-
dase and bovine liver B-galactosidase enzymes. Another
interesting o-galactosidase inhibitor isolated from
Adenophora spp. is the derivative B-1-C-butyl-deoxy-
galactonojirimycin, also known as 1-C-(5-amino-5-
deoxy-B-p-galactopyranosyl)butane 16.%3

A further DNJ analogue is the 1,2-dideoxynojirimycin,
fagomine 17. Initially found in the seeds of Fagopyrum
esculentum (Polygonaceae) seeds,>* it was later discov-
ered in the leaves and roots of Xanthocercis zambesiaca
(Leguminosae) together with 3-epifagomine 18, 3,4-
diepifagomine 19, fagomine-4-O-B-D-glucopyranoside,
and fagomine-3-O-B-p-glucopyranoside.?> Fagomine
analogues, 6-deoxy-fagomine 20 and o-1-C-ethyl-fago-
mine 21 were isolated from Lycium chinense (Solana-
ceae) roots>® and Campanulaceae, respectively.?37

In 1984, Cenci di Bello et al. extracted from the seeds
of Baphia racemosa the first naturally occurring
azaglucoronic acid, (2S)-carboxy-(3R,4R,5S)-trihyd-
roxypiperidine 22, which was found to inhibit the
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human liver B-p-glucuronidase and o-L-iduronidase
(Fig. 1).28

2.2. Indolizidine azasugars

Indolizidines are bicyclic alkaloids where the azapyra-
nose ring is fused to a pyrrolidine ring via an N-bridge.
The first example was swainsonine 23, isolated in 1979
from the leaves of Swainsona canescens (Legumino-
sae).?? Later the same molecule was found in Astragalus
spp. (Leguminosae), together with swainsonine N-
oxide.?® The discovery of lentiginosine 24 and 2-epilen-
tiginosine 25 soon followed.?! Interestingly swainsonine
and 2-epilentiginosine are two of the few azapyranoside
based alkaloids that are known to be produced by
fungi.> Another indolizidine, castanospermine 26 is a
bicyclic equivalent of DNJ having an ethylene bridge

1241

between the hydroxymethyl group and nitrogen atom.?
Isolated from the seeds of Castanospermum australe,
its structure was confirmed by X-ray crystallography.3?
Also from C. australe are the isomers 6-epicastonosper-
mine 27 (DMJ derivative),?? 6,7-diepicastoanospermine
283* and 7-deoxy-6-epicastanospermine 29.35 6-¢piCas-
tonospermine 27 has inhibitory properties against
human neutral ¢-mannosidase.?33¢ 6,7-Diepicastoano-
spermine 28 and 7-deoxy-6-epicastanospermine 29 both
inhibit fungal amyloglucosidase weakly (Fig. 2).3*

There have been extensive studies into the toxicity of
swainsonine?® and castanospermine’? containing legumes
S. canescens and C. australe, respectively. In fact swains-
onine was also found in locoweeds (Astragalus spp. and
Oxytropis spp.), which causes the disorder ‘locoism’ in
Western United States.?®

H
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Figure 1. Some naturally occurring polyhydroxylated piperidine alkaloids.
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Figure 2. Some naturally occurring polyhydroxylated indolizidine alkaloids

2.3. Nortropane azasugars

Nortropanes are a relatively new division of polyhydr-
oxylated alkaloids that contain an azapyranose ring,
which are isolated primarily from the Atropa belladonna
(Solanaceae) and Convolvulus arvensis (Convolvulaceae)
but also from the Moraceae families.'® These azasugar
analogues, called calystegines are interesting because
they contain a tertiary hydroxyl group at the bicyclic
bridgehead? with the exception of one (see calystegine
N; 30).> Based on electrophoresis separation they were
divided into two groups, calystegines A and calystegines
B.37 The major component of the A group was calyste-
gine A 31, which was spectroscopically determined to

Asymmetry 16 (2005) 1239-1287

y OH OH, oH
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2-epilentiginosine Castanospermine
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rmine 7-Deoxy-6-epicastanospermine
29

be 1a,2fB,3a-trihydroxynortropane. Similarly the two
major components of B are calystegine By,
1o,2B,3a,60-tetrahydroxynortropane 32 and calystegine
B>, 10,2B,30,4B-tetrahydroxynortropane 33.3% The M.
alba (Moraceae) roots yielded calystegine C; 34 identi-
fied to be 1o,2B,30,4p,60-pentahydroxynortropane.'®
Calystegine C, 35 was extracted from the leaves of
Duboisia leichhardtii.>® Soon afterwards, calystegine As
36 and B; 37 were also isolated.*® The roots of Scopolia
Jjaponica gave calystegine By 38.*' Hyoscyamus niger
yielded calystegines Ag 39 and N;. Calystegine N; (la-
amino-20,3a,4p-trihydroxynortropane) 30 is particu-
larly interesting as it has an amino group in place of
the quaternary hydroxyl group.*? Recent discoveries

HoN HO HO HO
Hﬂoz g 4NH5 Hﬁo NH Hﬁo NH Hﬁ NH
3 7OH O OH
) © “'OH
Calystegine N4 Calystegine Az Calystegine B4 Calystegine By
30 31 32 33
OH
HO HO HO U
HO NH NH NH NH
HO
QH HOToH HO=Ton HOTR
“'OH “1OH
Calystegine C4 Calystegine C, Calystegine As Calystegine B3
34 35 36 37
OH
HO OHH HO NH HO OHH HO OII:l'H
HO HO
Hﬁ% % %
(o OH
Calystegine By Calystegine Ag Calystegine A7 Calystegine Bs
38 39 40 41
HO CHs o CH3

“'OH
N-Methyl-calystegine C+

N-Methyl-calystegine B,
42 43

Figure 3. Some naturally occurring polyhydroxylated nortropane alkaloids.
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from L. chinense have led to calystegines A; 40, Bs 41 as
well as the N-substituted N-methyl-calystegine B, 42 and
N-methyl-calystegine C; 43.2° An example of a nortro-
pane glycoside has also been reported, calystegine
B,-3-0-B-p-glucopyranoside 44.43 Asano et al. have re-
ported that many calystegines can be found in edible
fruits and vegetables (Fig. 3).**

3. Therapeutic applications

Carbohydrate sugars have a range of in vivo functions.
Of course, their best known function is as an energy
source. Complex carbohydrates, which form part of
the diet, are broken up during digestion into individual
carbohydrate units, which are then recombined to form
glycans and stored in the body until needed for rapid
energy release. However, the biological roles of carbo-
hydrates are much more diverse. In particular, cell
surface glycoconjugates (e.g., glycolipids and glycopro-
teins) are responsible for a host of functions involving
interaction and communication between the cell and
its environment. These functions are essential for the
workings of cells, which therefore heavily rely on the
biosynthesis and maintenance of these glycoconjugates.
It has been estimated that genes, which regulate the gly-
cosylation of the glycoproteins make up to 2% of the
human genome thus making this the most important
post-translational modification to proteins in the human
body. Not surprisingly, defects in their biosynthesis
and function is implicated in the pathology of a host
of diseases ranging from cancer to neurodegenerative
diseases.*>>°

The collective names of the enzymes, which are respon-
sible for the biosynthesis and maintenance of the glyco-
lipid and glycoprotein units, are glycosyltransferases
and glycosidases.>!3 Their inhibition can significantly
modulate the function or response of the cell, and there-
fore they make excellent targets for medicinal interven-
tion.”® This approach has been particularly important
in the treatment of diabetes mellitus, cancer, viral and
bacterial infections and neurological diseases resulting
from the mishandling of sphingolipid storage in the
body.

3.1. Anti-diabetic

Diabetes mellitus (DM) is a disease that occurs when the
body cannot remove circulating blood glucose properly.

HOH,C
H
M hc
HN
HO
OH CH20OH
o
HO CH,OH
HO OH
OH

Acarbose 45
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The epithelial cell of the brush border region of the small
intestine is lined with oligosaccharides and disaccha-
rides. It is these enzymes that breakdown dietary carbo-
hydrates to monosaccharides, which are absorbed
through the intestinal wall. Therefore the enzymes are
directly responsible for the level of glucose found in
the blood and inhibition of some or all of these enzyme
activities and can lead to the regulation of the carbohy-
drate adsorption.

The Bayer group in the late 1960s isolated the pseudotet-
rasaccharide acarbose 45 from the fermentation broth of
the Actinoplanes strain SE 50 and was found to be a po-
tent inhibitor of pig intestinal sucrase. In the 1990s, acar-
bose was released in the German drug market under the
name Glucobay™. The structure consists of an imino-
linked trihydroxy(hydroxymethyl)cyclohexene moiety
and a 4-amino-4,6-dideoxy-D-glucopyranose moiety.>>*

Many azasugars have been found to inhibit various a-
glucosidase specific disaccharidases involved in mamma-
lian digestion, for example, sucrase, maltase, isomaltase,
etc. Mulberry leaves, which are used in traditional Chi-
nese medicine for the treatment of diabetes (‘Xiao-ke’)
were found to contain DNJ. The use of DNJ for the
treatment of type II diabetes has been considered, based
on its strong in vitro inhibition of a-glucosidases, how-
ever its in vivo efficacy was only moderate. As a result,
the anti-diabetic potential activity of many synthetic
DNJ derivatives have been investigated.>?

Some of the azasugars, that have been tried for the anti-
hyperglycemic effects in diabetic mice, include fagomine,
3-¢pifagomine, castanospermine and HNJ. Of these,
fagomine significantly reduced blood glucose levels.>?
Castanospermine also showed strong activity, however
its toxicity was too great. DNJ and HNJ however
showed no antihyperglycemic effects. DNJ/HNJ being
strong inhitors of mammalian a-glucosidases, suggests
that a-glucosidase inhibition does not contribute to the
antihyperglycemic role of sugar mimics.>>

N-Substituted azasugars were found to be more active.
N-Hydroxyethyl-DNJ (Miglitol®) 46 reduced the post-
prandial rise in blood glucose in the sucrose loading tests
of rats. N-Hydroxyethyl-DNJ and the analogous Migli-
tate 47 both had good lasting times in vivo, however N-
hydroxyethyl-DNJ absorbed appreciably from the gut
into the bloodstream, where additional affects were
noticed.

Q/COZCHchg

OH o)
HOH,C_N HOH,C__N
HO‘TE‘J'"OH HO@"’OH
OH OH
Miglitol 46 Miglitate 47
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The aza-disaccharide 4-0-o-D-glucopyranosyl-1-DNJ
48 inhibited rabbit sucrase with a greater affinity than
its DNJ monomer.>> The naturally occurring glycoside,
2-0-a-D-galactopyranosyl-DNJ has been shown to have
strong antihyperglycemic effects in isolated pancreases
of diabetic mice.>®

OH
4-0O-0-D-glucopyranosyl-DNJ
48

3.2. Anti-cancer

It is believed that glycosylation plays a key role in the
formation and migration of tumour cells (metastasis).>’
It has been shown that high levels of many glycosidase
enzymes are present in some tumour cells and interstitial
fluids. Furthermore, many tumour cells show abnormal
glycosylation due to an altered expression of glyco-
syltransferases.>® This can manifest either as a shorten-
ing of the carbohydrate chain of glycoproteins or as
an alteration to their structures.’

Since glycosidases are involved in the formation of can-
cer cells and migration of tumour cells, a line of treat-
ment could involve the specific inhibition of catabolic
glycosidases associated with cancer. Castanospermine
and N-methyl-1-DNJ have been shown to have antimet-
astatic activity by inhibiting platelet aggregation as well
as regiucing vascular endothelium adhesion of tumour
cells.

The extensively studied swainsonine was found to be an
excellent inhibitor of Golgi a-mannosidase II with low
toxicity and good oral accessibility. However due to
co-inhibition of lysosomal mannosidase, swainsonine
caused the accumulation of high-mannose oligosaccha-
rides in tissues (swainsonine induced mannosidosis).
Therefore synthetic analogues of swainsonine were
investigated. Pearson et al. have shown analogue 49
to be a potent inhibitor (ICsy 150 uM) of jack bean a-
mannosidase, a commercially available model for
mammalian o-mannosidases.>%-¢°

Other target enzymes for anticancer chemotherapy in-
clude the mammalian [B-N-acetylglucosaminidase for
which the N-acetyl-D-glucosamine mimic 50, showed
good activity.®!

HO , OH
1z A HOH,C H
HO
HO—C,O o
: NHAc
HO—
49 50

3.3. Anti-viral

Many mammalian viruses have a heavily glycosylated
lipoprotein envelope. They use carbohydrates to recog-
nise and interact with preferred hosts. For instance,
the influenza virus gains access to a cell by binding with
a sugar (sialic acid) that protrudes from a cell surface
glycoprotein. This allows a cellular pathway to be
opened, allowing the virus to penetrate the cell and to
replicate within them. These viruses use the host cells
glycosylation machinery to modify their envelope pro-
teins, which is essential in the viruses’ life cycle, assem-
bly, secretion and infectivity of the virus.*?

The Helicobacter pylori virus attaches itself to the sugars
on the cell surface of the stomach lining, causing condi-
tions such as stomach ulcers and inflammation. A possi-
ble opportunity for the prevention of viral infectivity is
to target the glycosidase enzymes involved. The endo-
plasmic reticulum o-glucosidase is an important enzyme
used in protein folding. The H. pylori virus is sensitive to
the inhibitors of ER a-glucosidase. In fact, N-butyl-DNJ
51 is shown to have in vitro activity towards endoplas-
mic reticulum a-glucosidase.*

Alternatively azasugars can be used to target viruses
directly.®> The HIV virus primarily infects cells of the
immune system. Key to infection, is the interaction of
the glycosylated viral envelope, to the CD-4 receptor
of the T-lymphocyte glycoprotein membrane. However
in the presence of DNJ, the glycosylation patterns of
the viral coat change. This results in the virus not being
able to bind to the CD-4 receptors, making them non-
infectious. N-Butyl-DNJ reached phase II clinical trials
as an anti-HIV agent. However the high concentrations
required make it unsuitable as a drug. N-Benzyl-DNJ 52
also showed similar activities.?

3.4. Sphingolipid storage diseases

Sphingolipid storage diseases are hereditary disorders
in which the control of sphingolipid biosynthesis or
degradation is lost. Glycosylated sphingolipid can be
divided into two groups: glucosphingolipids (GSL)
and galactosphingolipids.* GSLs are especially impor-
tant during embryonic development and therefore this
disease is fatal in early infancy. Tay-Sachs disease is
a typical example, in which lipids build up in the lyso-
somes of cells due to a degradation disorder.®>% Sim-
ilarly, accumulation in neurons leads to neurological
disorders, such as Gaucher’s disease.®® Most research
in the treatment of sphingolipid storage diseases has
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focused on direct enzyme replacement, bone marrow
transplantation or gene therapy. Therefore a more con-
ventional method of treatment was needed. Only re-
cently, was it found that drugs could be used to
regulate the biosynthesis of glycosphingolipid, so that
the amount of substrate matches the activity of the
residual enzyme. This ‘balancing’ of synthesis with deg-
radation in order to prevent storage, is referred to as
substrate deprivation.

N-Alkylated azasugars of glucose or galactose stereo-
chemistry are found to inhibit GSL biosynthesis. N-But-
yl-DNJ 51, originally developed as an anti-viral agent,
was found to inhibit N-acylsphingosine D-glucosyltrans-
ferase (CerGlcT), which catalyses the transfer of glucose
to ceramide, the first step in the biosynthesis of gluco-
spingolipid (Scheme 1).*%° It was established that the
N-alkyl chain must be at least three carbons long for it
to actively mimic the ceramide chain.

Gauchers disease is the most common glycosphingolipid
lysosomal storage disorder. It was the first to be treated
by enzyme replacement therapy. Deficiency of the lyso-
somal enzyme glucocerebrosidase leads to the build up
of glucocerebroside, especially in the mononuclear
phagocyte cell system. N-Butyl-DNJ is a potent inhibi-
tor of the ceramide-specific glucosyltransferase, which
is involved in the glycosphingolipid biosynthetic path-
way and catalyses the formation of glucocerebroside.
After successful clinical trials, N-butyl-DNJ 51 (OGT
918, Zavesca®) was released for the treatment of Gau-
chers disease by Oxford Glycosciences.!

3.5. Anti-bacterial

A new line of research is the use of polyhydroxylated
alkaloids in the treatment of complications involved
with human-pathogenic micro-organism infections. This
is achieved by targeting the enzymes involved in the
biosynthesis of the cell walls of such organisms, such
as Mycobacterium tuberculosis, the causative agent in
tuberculosis (TB).? Recent studies have shown the struc-
ture of the cell wall to have a disaccharide linker
between the arabinogalactin polysaccharides and
peptidoglycan contains L-rhamnopyranose.®’” Since
rhamnose has no role in mammalian metabolism, com-
pounds, which are specific inhibitors for rhamnose
metabolism, it should have no effect on the animal
host. It is hoped that diseases induced by mycobacteria
such as TB and leprosy (Mycobacterium leprae) can be
treated this way.

In 1996, Fleet et al. reported piperidine analogues of L-
rhamnopyranose; 5-epi-L-deoxyrhamnojirimycin 53 and
54 are powerful inhibitors of naringinase (L-rhamno-
sidase).%®

H H
Mey__N Me,, N._,CH;OH [|Cs indicates concentration
Ij U of compound to cause 50%
HO” >""OH HO” > “OH inhibition of naringinase
OH OH

53 54
|C50 5}1M |C50 15LI.M

L-Serine, Palmitoyl-Coenzyme A

)

HNJL\/A\//\v/\\/ﬁ\v/\»/N\/A\//\CH

3

Ho\/;\T/Q\/A\//\v/\\/A\//\v/\\/CH3

OH

ceramide

OH

HO
OH UDP

51

OH

Hoﬂ/\/\CHa UDP-G|UCOSj

UDP-glucose: N-acylsphingosine
D-glucosyltransferase (CerGIcT)

Glucosylceramide

N

Higher glycosphingolipids

Scheme 1. Component of the biosynthesis of sphingolipid. The site of inhibition of 51.%
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Unlike their ‘true’ sugar counterparts, very few poly-
hydroxylated alkaloids are commercially available;
DNJ, DMJ, castanospermine and swainsonine. There-
fore many groups have sought after a good synthetic
strategy for the preparation of this important class of
molecules. Herein we report some recent and interesting
chemical strategies towards naturally occurring as well
as synthetic azapyranose sugars.

4. The synthesis of nojirimycin (NJ) and deoxynojirimycin
(DNJ)

The synthesis of DNJ and DMJ can be divided into two
sections. Syntheses that utilise extensively available car-
bohydrates as their starting reagents and those that use
alternative starting reagents.

4.1. Noncarbohydrate routes to 1-deoxynojirimycin
(DNJ)

The first reported synthesis of NJ and DNJ was by Paul-
sen et al. in 1967.%%-7° Since then many novel routes have
been devised. An asymmetric synthesis using a chiral
resolution was reported by Vogel et al. (Scheme 2).”!
Isoxazoline (£)-55 was derived from 2-nitroethanal
diethyl acetal and furan via a [2+3] di-polar cycloaddi-
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tion (75%).7> Using osmium tetraoxide and N-meth-
ylmorpholine N-oxide, bis-hydroxylation was achieved
to give the 6-exo isomers (£)-56 (88%) as a 3:1 mixture
of anomers. Diol protection of (£)-56 was achieved via
transacetalation with concd H,SO4 and acetone to fur-
nish the racemic aldehyde (+)-57 (92%). Its reaction with
(—)-(18,25)-1,2-diphenylethane-1,2-diamine 58 gave the
separable mixture of imidazolidines (—)-59 (40%) and
(+)-60 (45%). The diastereomeric purity of both were
greater than 98% (determined by HPLC). A selective
hydrolysis using 1 M H,SO,, gave the aldehydes (—)-
57 and (+)-57 (95%) with recovery of 58. Enantiomeric
purity of both compounds were determined by HPLC
and found to be greater than 99:1. Reduction of the
isoxazoline-3-carbaldehyde (+)-57 with sodium borohy-
dride gave alcohol (+)-61 (90%). Deprotection was
achieved with aqueous trifluoroacetic acid to give a
3.4:1 mixture of anomers of (+)-62 (100%). Pd/C hydro-
genation yielded 4 in a 65% yield. The same operation
starting with (—)-57 gave 1-deoxy-L-nojirimycin 63.

A chiral auxiliary mediated asymmetric synthesis
of DNJ has been reported by Comins and Fulp
(Scheme 3).73 The reaction of 4-methoxy-3-(triisopropyl-
silyl)pyridine 6474 with the acyl-chloroester of (1R,2S)-
2-(1-methyl-1-phenylethyl)cyclohexanol  [(—)-TCC]”®
generated a 1-acylpyridinium salt in situ. To this, a (ben-

OEt
o . ':' 3 OEt 5 H (e} Ph "
N i s N\ ii N “
\ N 5 HO J N e N+ )\‘
o 88% N o 92% N HN- G
Ho H o H
(+)-55 (£)-56 58
Ph B
>\‘_\\Ph
HN NH
Y N
90% o
. — (+)-60 - — ()59
v, 95%L> (+)_57 v, 95%L> (_)_57
viL100%
H
HOH,C,, N
L SO
. HOH,C_ _N HO _ OH
N OH
HO v . ,
o) 65% HO' ‘OH - .
HO OH L-deoxynojirimycin
(L-DNJ) 63
(+)-62 4

Scheme 2. Reagents and conditions: (i) OsO,;, NMO, acetone/H,O, 60 °C, 3 h; (ii) concd H,SO,, acetone, 25°C, 3 h; (iii) (1S,25)-(—)-
1,2-diphenylethane-1,2-diamine 58, Et,0, 25 °C, 10 h; (iv) Et,O, 1 M H,SOy, 25 °C, 30 min; (v) NaBH,, MeOH, 5 °C; (vi) TFA/H,0, 4 °C, 15h;

(vii) PA/C (10%), Ha, MeOH, 25 °C, 15 h.
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Scheme 3. Reagents and conditions: (i) (a) R*OCOCI, (b) BnOCH,[2-(Th)Cu(CN)ILis, (¢) aq HCI; (ii) NaOMe, aq HCI; (iii) #-BuLi, cbzCl;
(iv) Pb(OAc),, toluene, reflux; (v) aq HCI/EtOH; (vi) MesJNBH(OAC)s, acetone/AcOH; (vii) OsO4, NMO; (viii) PA(OH),, H,, 10% aq HCI.

zyloxy)methylcuprate was added to give the dihydropyri- tion of lithium 2-trienylcyano cuprate, gave the cuprate.
done 65. The cuprate was prepared from the benzyl chlo- One pot removal of the chiral auxiliary and the C-5 TIPS
romethyl ether via the corresponding tributyl stannane. group fashioned enantiopure 66 (74% yield). Treatment
Lithium-tin exchange with n#-BuLi, followed by the addi- with n-BuLi and benzyl chloroformate gave carbamate
OH
PMBOW\H/OEt i : PMBOW\(OH ;IOI;
62% %
o 97% ee OH 0 (2 steps)
72 73
o’\/\/ (’)\d\/
= OH iv OH v, Vi
PMBO - - PMBO - -
/\O( 80% /\g 0 73%
>95% de (2 steps)
74 75
(0} O
_— vii, viii _ ix
PMBO™ ™Y ’\<<l)\/ 7% RO ’\<cl>\/ 76%
0 (2 steps) o
76 71 R=H
77 R=Ms
Bn Bn H

N N N
7 X, xi HO/\Q xii, xiii Hop
RS y 84% - vy 77% - vy
HO 0 (2 stops) HO (o) (2 stops) HO OH
07L o+ OH

78 79 4

Scheme 4. Reagents and conditions: (i) K,0s0,42H,0, (DHQ),PHAL, -BuOH, H,O0; (ii) (MeO),CMe,, DMF; (iii) DIBAL, CH,Cl,, —78 °C; (iv)
(+)-DIPT, Ti(Oi-Pr)4, TBHP, CH,Cl,, —20 °C; (v) (COCl),, DMSO, Et;N, CH,Cl,, —78 °C; (vi) PhsPCH;Br, KHMDS, THF, toluene; (vii) DDQ,
CH,Cl,, H,0; (viii) MsCl, i-Pr,NEt, CH,Cl,, 0 °C; (ix) BaNH,, TsOH, DMSO, 120 °C; (x) (a) OsO4, NMO, -BuOH, THF, H,0, (b) NalO,, THF,
H,O0; (xi) LiAlH4, THF, 0 °C; (xii) TFA, MeOH; (xiii) H, Pd/C, EtOH.
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67. Selective acetoxylation was achieved using Pb(OAc),
(acetate delivery from the axial direction of a chair like
transition state)’* to give dihydropyridone 68 in 74%
yield. The acetate group was subsequently removed using
10% HCI in ethanol and reduction achieved with tetra-
methylammonium triacetoxyborohydride to give diol
69 stereoselectively. Treatment of 69 with osmium tetra-
oxide and N-methylmorpholine N-oxide yielded the
unstable tetrahydroxy piperidines 70ab. Hydrogenation
with Pd(OH), catalyst and 10% aq HCI afforded DNJ
4 in a 55% yield. Its epimer DMJ 5 was also isolated as
a side product in a 21% yield.

In 1998, Somfai and Lindstréom reported an asymmetric
synthesis of DNJ (Scheme 4).7%77 Utilising the fact that
their key intermediate, vinyl epoxide 71, is known to be
attacked by amine nucleophiles with regio- and stereose-
lectivity at the allylic position, opening of the epoxide
moiety in 71 via a primary amine and subsequent ring
closure was expected to give an azasugar type structure.
The synthesis of vinyl epoxide 71 starts from the p-meth-
oxybenzyl ether (PMB) protected diene 72. Treating
with the AD-mix-o reagent [K,0sO42H,0 + (DHQ),.
PHAL], diol 73 was achieved with a 62% yield and
97% enantioselectivity. Diol protection and ester reduc-
tion gave allylic alcohol 74, which was converted to
epoxide 75. Swern oxidation, and Wittig olefination of
the resulting aldehyde gave vinyl epoxide 76. Deprotec-
tion furnished the key intermediate 71 to give the corre-
sponding mesylate 77. Using benzyl amine and a
catalytic amount of p-toluene sulfonic acid in DMSO
at 120 °C resulted in the ring opening of the epoxide
moiety. Intramolecular displacement of the mesylate
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OMe e
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OBn OBn OBn @ ste;on)
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+

BocNH OBn OMe

Gt

OMe
OBn OBn OBn

85

gave 78 in 76% yield. Vinyl piperidine 78 was treated
with OsO4 and the resulting diol cleaved with NalOy
to give the corresponding aldehyde. LiAlH, reduction
yielded the protected azasugar 79. Sequential removal
of the protecting groups gave 4.

4.2. Carbohydrate based routes to nojirimycin (NJ) and
1-deoxynojirimycin (DNJ)

Due to their close structural similarity to true monosac-
charides, many groups have used carbohydrate precur-
sors as their chiral pool starting material. Shipman
and Moutel demonstrated a synthesis of nojirimycin
starting from the protected monosaccharide, 2,3,4,6-tet-
ra-0-benzyl-pD-glucopyranose 80 (Scheme 5).”® Opening
of the ring and subsequent aldehyde protection was
achieved by a previously published procedure.”” The
resulting alcohol 81 was oxidised to ketone 82 using
tetra-n-propylammonium  perruthenate  (TPAP).8°
Transacetalation of the thioacetal group to the more
acid-labile dimethylacetal was achieved with mercury(II)
salts and methanol. The ketone was further converted to
oxime 83 (a 1:1 mixture of geometric isomers) using
hydroxyl amine hydrochloride and pyridine. Lithium
aluminium hydride reduction followed by reaction of
the amine mixture with di-zert-butyl dicarbonate gave
the separable urethanes 84 and 85 in 65% and 15% over-
all yields from oxime 83. Deprotection of the major
compound 84 was achieved by debenzylation using
Pearlman’s catalyst and urethane and dimethylacetal
cleavage using sulfurous acid generated in situ from gas-
eous sulfur dioxide under acidic conditions. Under these
conditions the cyclised 1-deoxynojirimycin-1-sulfonic

OH OBn SEt
N sEt —
0Bn OBn OBn 81%
81
HO\N OBn OMe
I . v, Vi
LT OMe 84 65%
~ ~ (]
OBn OBn OBn 185 15%)]
83 (2 steps)
OH

HO SOsH - H00%

OH
86

Scheme 5. Reagents and conditions: (i) EtSH, HCI, dioxane; (ii)) TPAP, NMO, CH,Cl,; (iii) HgO, HgCl,, MeOH; (iv) NH,OH-HCI, py, EtOH;
(v) LiAlH,, Et,0; (vi) (Boc),0, Et;N, MeCN; (vii) Pd(OH),, H,, EtOH; (viii) SO, H,0; (ix) DOWEX® 1X2 (HO™), H,O.
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acid 86 was achieved. Treatment with DOWEX® 1X2
(HO™) furnished (+)-nojirimycin 1.

Naito et al. have developed a route to 1-deoxynojirimy-
cin via a radical cyclisation of oxime ethers derived from
sugars (Scheme 6).8' From the commercially available
2,3,4,6-tetra-O-benzyl-D-glucopyranose 80, the oxime
ether 87 was readily prepared via the corresponding
alcohol 88. Compound 87 was obtained as a mixture
of E- and Z-isomers at the oxime ether moieties with a
5:1 ratio, respectively. Since the geometry of the oxime
ether group does not influence the transicis selectivity
of the product in the radical cyclisation,®? the mixture
of oxime ethers was used without isolation. The key rad-
ical cyclisation furnished products 89 and 90 in a 28%
and 40% yield, respectively. The isomers were separated
by medium-pressure column chromatography (MCC).
Treatment of the 1,5-trans methoxyamine 89 with lith-
ium aluminium hydride gave a ca. 1:2 mixture of the
ring expanded product 91 and the demethoxylated ami-
no alcohol 92. The ring expanded piperidine product 91
was converted to 1-deoxynojirimycin 4 under typical
debenzylation methods. (Compound 92 was used in
the preparation of 5-membered aminocyclopentitols.)

En route to the synthesis of an aza-disaccharide hepa-
ranase inhibitor, Takahashi et al. devised a synthesis
of 1-deoxynojirimycin 4 (Scheme 7).8% The 1,2:5,6-di-
O-isopropylidene-a-D-glucofuranose 93 was converted
into the 6-0-benzoyl-5-O-mesyl derivative 94 over three
steps. The first step was an O-allylation achieved with
sodium hydride and allylbromide. The benzoyl and
mesyl groups were introduced by selective hydrolysis
of the 5,6-O-isopropylidene group with 90% acetic acid.
One-pot addition of benzoyl chloride followed by meth-
anesulfonyl chloride, furnished 94 in 70% overall yield.
This was treated with methanolic sodium methoxide
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and potassium fert-butoxide to afford epoxide 95
(78%). The action of sodium azide in the presence of
NH,CI, followed by benzylation gave benzyl ether 96.
This was treated with 3% HCI in methanol to yield the
anomeric mixture of methyl glycosides 97 and 98. Silica
gel chromatography allowed separation of the isomers
in 50% and 47% yields, respectively. The B-isomer 98
can again be equilibrated under the same conditions to
the anomeric mixture to yield a further 52% yield of
the a-isomer 97. By repetition of this procedure, a total
of 80% conversion of 96 to 97 was obtained. Treatment
of 97 with triflic anhydride gave the unstable 2-O-triflate
derivative. Reduction of the azide group with triphenyl-
phoshine followed by intramolecular cyclisation (via dis-
placement of the trifluoromethanesulfonyl group) and
benzyloxycarbonyl (cbz) protection, yielded 99. Acidic
hydrolysis followed by sodium borohydride reduction
gave diol 100 in 71% yield. The conversion of B-isomer
98 to diol 100 under the same conditions proved very
poor yielding. The intermediary triflate would decom-
pose under the reaction conditions. The primary alcohol
was protected as the tert-butyldiphenylsilyl ether. The
secondary hydroxyl group was benzylated to yield a
fully protected nojirimycin derivative 101 (key interme-
diate). Cleavage of the allyl group with palladium(II)
chloride gave 102 in 72% yield. The azasugar 4 was
obtained after typical deprotection steps.

5. The synthesis of deoxymannojirimycin (DMJ)

5.1. Noncarbohydrate based routes to 1-deoxy-
mannojirimycin (DMJ)

Katsumura et al. have designed an asymmetric synthe-
sis of 1-deoxymannojirimycin 5 starting from the chiral
building block (R)-(+)-4-carbomethoxyoxazolidinone

o8n BnOH,C{_OH__NOMe BnOH,C._O _NOMe
BnOé&M i i
BNO=— e 0H BnO" > “OBn 75% BnO" > “OBn
OBn (2 steps) OBn
80 88 87
HQ  NHOMe HO  NHOMe
" BnOH,Cal BnOH,C:.! Y
'8928% BnO“""OBn BnO™ .~ "OBn 9121%
0,
(90 40%] 3Bn OB [92 53%]
89 90
H H
HQ  NH
BnOH,Cy_N BNOH, G 2 , HOH,C__N
BnO" ™y~ “0Bn BnO™ ™\~ “OBn 99% HO" ™" “OH
OBn OBn OH
91 92 4

Scheme 6. Reagents and conditions: (i) NH,OMeHCI, py, 80 °C, 3 h; (ii)) CrOs, py, CH,Cl,, rt, 2 h; (iii) BusSnH, AIBN, C¢Hg, reflux, 5h;
(iv) LiAlHy4, THF, reflux, 4 h; (v) (a) Pd/C (10%), H,, EtOH, rt, 1-3 d, (b) DOWEX® 1X8.
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Scheme 7. Reagents and conditions: (i) NaH, H,C=CHCH,Br, 0 °C; (ii) aqg AcOH, 60 °C; (iii) BzCl, then MsCl, py/CH,Cl,, —15 to 0 °C; (iv)
NaOMe, MeOH, rt; (v) --BuOK, THF/DMF, 0 °C to rt; (vi) NaN3, NH4Cl, ag DMF, 80 °C; (vii) BnBr, NaH, n-BuyNI, DMF, 0 °C; (viii) 3% HCl in
MeOH, rt; (ix) Tf,0, py, CH,Cl,, —60 °C; (x) Ph3P, CH,Cl,, rt to 45 °C; (xi) K,COs3, H,0, dioxane, MeOH, THF, rt; then cbzCl, 0 °C; (xii) TFA,
H,O/dioxane, rt; (xiii) NaBHy4, EtOH, 0 °C; (xiv) TBDPSCI, imidazole, DMF, rt; (xv) PdCl,, NaOAc, aq AcOH, 50 °C; (xvi) TBAF, AcOH, THF, rt;
(xvii) Pd/C (10%), H,, AcOH/EtOH/H,O0, rt.
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Scheme 8. Reagents and conditions: (i) TBDMSOCH,C=CLi, THF, —100°C; (ii) diisobutylaluminium 2,6-di-terz-butyl-4-methylphenoxide,
toluene, 0 °C; (iii) Lindlar’s cat., H,, MeOH; (iv) Na, liquid NH;, —78 °C; (v) TBDMSCI, imidazole, DMF; (vi) 55% aq HF, MeCN, —20 °C; (vii)
MsCl, Et;N, DMAP, DMF, (viii) NaH, DMF, 0 °C; (ix) OsO4, NMO, -BuOH, H,0; (x) (MeO),C(Me),, PPTS, acetone; (xi) 6 M NaOH, dioxane,
reflux, 24 h; (xii) concd HCl, MeOH, reflux, 4 h; (xiii) basic ion-exchange resin.
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103 (Scheme 8).8435 The reaction of 103 with the lith-
ium anion of propargyl alcohol silyl ether gave ketone
104. A stereoselective reduction with diisobutylalumin-
ium 2,6-di-fert-butyl-4-methylphenoxide produced the
desired anti alcohol 105 in 92% yield. (The anti:syn
selectivity was 11:1 ratio determined by 'H NMR.)
Curiously the same reduction with NaBH, proceeded
with no significant selectivity (5:3 ratio). The stereose-
lectivity can be understood by considering the postu-
lated reaction intermediates (Fig. 4). It is believed
that the steric interaction between the bulky diisobutyl
groups and the methylene group of the oxazolidinone
ring disfavours the syn product. This steric interaction
would not exist with NaBH,. Reduction of 105 with
Lindlar’s catalyst produced the cis-allyl alcohol 106.
Treatment with liquid ammonia yielded the corre-
sponding diol (67% for two steps). The secondary hy-
droxyl group of 106 was protected with TBDMS.
The terminal silyl group was selectively removed by
treatment with aq HF to give allyl alcohol 107. Treat-
ment of 107 with MsCl followed by NaH produced the

0 S
i T
/A|\ﬁ7®§ H/T-i ('O Hj—

4 AT

\
leads to syn
(disfavoured)

leads to anti
(favoured)

Figure 4. The anti-selectivity of diisobutylaluminium 2,6-di-tert-butyl-
4-methylphenoxide.
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cyclised product 108. Oxazolidinonylpiperidine 108
proved a key intermediate in the synthesis of other
azasugars (see Scheme 27). Oxidation with osmium
tetraoxide gave the diol 109 as the sole product.
Acetonide formation followed by cleavage of the oxa-
zolidinone ring with aqueous NaOH gave a mixture
of monosilyl ether 110 and diol 111. Upon acid treat-
ment followed by basic ion-exchange purification, 1-
deoxymannojirimycin 5 was obtained quantitatively.

An asymmetric route to l-deoxy-L-mannonojirimycin
112 was developed by Meyers et al. using the chiral bicy-
clic lactam 113 as a key (Scheme 9).8¢ The initial task
was the construction of the bicyclic lactam. Starting
from 2,3-dihydropyran 114, hydroxymethyl-2,3-dihyd-
ropyran was formed using z-BuLi and paraformalde-
hyde. Ether 115 was formed by the treatment of
benzyl chloride and sodium hydride. Keto acid 116
was prepared by Jones oxidation in 70% yield. Cyclode-
hydration in the presence of (S)-phenylglycinol then
afforded the key intermediate 113. Treatment of 113
with methyl phenylsulfinate and KH followed by ther-
mal elimination gave 117. A selective allylic oxidation
introduced the first hydroxyl group to yield 118 as a sin-
gle diastereomer in 64% yield. The diol functionality was
introduced by oxidation with osmium tetraoxide under
standard conditions. Only a single diastereoisomer was
detected, although the absolute stereochemistry could
not be determined at this stage. Diol protection gave
acetonide 119, which when subjected to the reduction
conditions (BH3), gave piperidine 120 as a 20:1 mixture
of diastereoisomers at the angular position (C-2). Cata-
lytic hydrogenolysis and treatment with TFA gave the
L-azasugar 112.

OBn

65%
Ph

OH
119 120 112

Scheme 9. Reagents and conditions: (i) (a) -BuLi, trioxane, THF, —78 °C to rt, 2 h, (b) NaH, BnCl, DMF, rt, 16 h; (ii) CrOs, H,SO,, THF; (iii) (S)-
phenylglycinol, toluene, reflux, 18 h; (iv) KH, PhSO, Me, THF/toluene, reflux, 4 h; (v) SeO,, dioxane, reflux, 10 h; (vi) OsO4, NMO, aq acetone, rt,
2 d; (vii) (MeO),CMe,, CH,Cl,, TsOH, rt, 30 min; (viii) (a) BH3/THF, reflux, 30 min, (b) NaOH, H,0,, 0 °C, 30 min; (ix) (a) Pd(OH),, H,, EtOH, rt,
12 h, (b) TFA, MeOH, rt, 15 min, (c) DOWEX® 50WX2.
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Scheme 10. Reagents and conditions: (i) TMSCI, Mg, Et,O, 0°C, 12 h; (ii) 1 M HCI, Et,0, rt, 1 h; (iii) cbzZNH,, NaOH, ferz-butyl hypochlorite,

0304, (DHQ),PHAL, 1-BuOH, rt, 1 h; (iv) DMAP, TBDMSCI, Et;N, CH,Cl,, rt, 3 h; (v) m-CPBA, CH,Cl,,

0 °C, 3 h; (vi) HC(OEt);, TsOH-H,O,

CH,Cl,, rt, 1 d; (vii) CeCl3, NaBH,4, CH,Cl,/MeOH, —78 °C, 2 h; (viii) PPh3, DEAD, p-nitrobenzoic acid, THF, 0 °C, 30 min; (ix) Et;N, MeOH, rt,
8 h; (x) OsO4, NMO, CH,Cl,, 0 °C, 12 h; (xi) Pd/C (10%), H,, MeOH, TsOH-H,O, rt; 12 h; (xii) Ac;0, DMAP, py, CH,Cl,, rt, 12 h.

Both Ciufolini et al.®” (1998) and Haukaas and O’Doh-
erty®® (2001) have reported on an azasugar synthesis via
an asymmetric aminohydroxylation/aza-Achmatowicz
approach. In O’Doherty’s synthesis, vinyl-furan 121
was fashioned from furfural 122 (Scheme 10). First fur-
fural was treated with a Grignard generated from mag-
nesium and chloromethyltrimethylsilane to give 1-(2'-
furyl)-2-(trimethylsilyl)-ethanol 123. 2-Vinyl-furan was
generated on addition of 1 M HCI. Enantiomerically en-
riched N-cbz-protected amino alcohols 124 and 125 were
obtained by the Sharpless asymmetric aminohydroxyl-
ation (AA) chemistry. This was achieved by treating
furan 121 with the sodium salt of N-chlorobenzylcarba-
mate and a 4% 0s04/5% (DHQ),PHAL mixture (AD-
mix-a). Regioisomers 124a and 124b were formed in a
1:2 ratio and were inseparable at this stage. Purification
was achieved after selective TBDMS protection of the
primary alcohol followed by silica gel chromatography.
The highest enantiomeric excess of 124 was achieved
with the (DHQ),PHAL ligand system, which gave 125
(which was separable from 126) in a 21% yield from
furfural 122 (>86% ee). The enantiomer of 125 could
also be prepared from this sequence, using the
(DHQD),PHAL ligand (AD-mix-f). Treatment of 125
with NBS gave 127 via the aza-Achmatowicz rearrange-
ment. Compound 127 was a mixture of hemiaminal dia-
stereomers in an 87% yield. Treatment with triethyl
chloroformate and TsOH gave ethylaminal 128. This

set up the Luche®® reduction to furnish 129. The allylic
alcohol was introduced with complete stereochemical
control. However manno-stereochemistry was brought
into effect by a Mitsunobu inversion via the 4-nitro-
benzoate ester (84% yield), hydrolysis of which gave
the C-4 epimer 130 (94% yield). Exposure of 130 to
OsOy4 catalysed dihydroxylation gave 131. After de-
protection (TBAF) and hydrogenolysis, a single dia-
stereomer of DMJ was isolated as the TsOH salt 132,
which was converted to the penta-acetate 133 for
characterisation.

On route to a DMJ-disaccharide, Banwell et al. pre-
sented a synthesis of DMJ.*° Following up a synthesis
proposed by Hudlicky et al.”! the synthesis starts from
cis-1,2-dihydrocatechol 134 (Scheme 11). cis-1,2-Dihyd-
rocatechol is derived from microbial oxidation of chlo-
robenzene in large quantities in its enantiomerically
pure form.°! Subjecting 134 to m-CPBA gave epoxide
135 (81%), which was regioselectively converted to chlo-
rohydrin 136. Treatment with lithium azide resulted in
cis-azido-alcohol 137 by an Sy2-type displacement. O-
Benzylation gave ether 138, quantitatively. Ozonolytic
cleavage followed by sodium borohydride reduction
and TBDMS protection furnished azido-ether 139.
Hydrogenolysis resulted in the formation of lactam
140. This was reduced and converted into borane—amine
complex using borane-dimethyl sulfide, cleavage of
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Scheme 11. Reagents and conditions: (i) (MeO),CMe,, TsOH-H,O (cat.), 18 °C, 1 h; (ii) m-CPBA, CH,Cl,, 0-18 °C, 11 h; (iii) LiCl, AcOH, THF,
18 °C, 17 h; (iv) LiN;, DMF, 18 °C, 72 h; (v) BnBr, KI, NaH, THF, 0-18 °C, 24 h; (vi) Os, py, MeOH, —78 °C, 1 h then NaBH,4, —10°C, 3 h;
(vii) TBDMSCI, imidazole, CH,Cl,, 18 °C, 2 h; (viii) Pd/C (5%), Ha, EtOAc, 18 °C, 36 h; (ix) BH;DMS, THF, 18 °C, 4.5h then Pd/C (5%),

MeOH, 18 °C, 38 h; (x) TFA/H,0, 18 °C, 20 h.
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MOMO  OBn i MOMO  OBn
: OPiv xi A~ OH
: 100% ;
BocHN  OBn BocHN  OBn
150 143

Scheme 12. Reagents and conditions: (i) NalO,4, H,O/Et,0, 0 °C; (ii) (EtO),P(O)CH,CO-Et, NaH, THF, 0 °C; (iii) DIBAL, THF, —78 °C; (iv)
PivCl, py, THF, 0 °C; (v) 10% aq HCI, THF, 40 °C; (vi) TsCl, py, CH,Cl,, 0 °C; (vii) K,CO;, MeOH, 0 °C; (viii) NaN3, NH4Cl, 15-crown-5, DMF,
rt; (ix) MOMCI, i-Pr,NEt, 0 °C; (x) PPhs, THF, rt; (xi) (Boc),0, EtsN, CH,Cl,, rt; (xii) K,CO3, MeOH, rt.
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which, under Pd/C (5%) conditions gave 141. Treatment
of 141 with TFA gave DMJ salt 142.

Hirai et al. reported on a palladium catalysed cyclisation
of urethane 143 as a route to DMJ (Scheme 12).°? The
synthesis starts from the readily available p-mannitol
144. This was converted to 3,4-di-benzyl-5,6-
O-isopropylidene-p-mannitol 145 according to a known
procedure.”® Oxidative cleavage followed by Horner—
Wadsworth-Emmons olefination gave o,B-unsaturated
ester 146. Reduction followed by pivaloyl (Piv) protec-
tion gave the pivaloyl ester in 88% yield. Treatment with
HCI gave the diol 147. Tosylation of 147, then treatment
with potassium carbonate gave the epoxide 148. Ring
opening with sodium azide was regioselective and the
alcohol formed was protected with a methoxy methyl
group (MOM). The resulting azide 149 was reduced by
PPh;, and the amine protected to give pivaloyl ester
150. Deprotection afforded the key allyl alcohol 143.

Ring cyclisation was achieved using 15 mol % PdCl,
(MeCN), to give primarily one compound (151:152,
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>26:1 ratio) in an 86% yield (Scheme 13). The stereose-
lectivity was explained by assuming the cyclisation pro-
ceeding via the sterically favoured transition state A.
Compound 151 was converted to DMJ 5 via deprotec-
tion of 153.

Knight and Tchabanenko reported a DMJ synthesis
using a palladium-catalysed ‘decarboxylative carbonyl-
ation’ as a key step (Scheme 14).°* Starting from the
amino acid D-serine 154, aldehyde 155 (79%, >98 ee)
was synthesised according to a previously reported
procedure.”® Addition of vinyl magnesium bromide
followed by N-Boc deprotection with potassium
tert-butoxide gave a mixture of vinyloxazolidinone 156
(anti:syn 2:1). Synthesis of the J-lactam 157 was
achieved under carbonylation conditions. Stereoselec-
tive epoxidation with Oxone® gave the anti 158a and
syn 158b epoxides in a 4.1:1 ratio; the relative stereo-
chemistries were unambiguously assigned at this stage.
The o,B-unsaturated lactams 159a and 159b were
formed on treatment with DBU. Benzyl protection of
the free hydroxyl group of 159a gave 160. It was

143

i \86% (151:152 >26:1)

OBn «~ “OH
17

MOMO [ N-Boc
BnO

i |92%

OBn

Momo\f'j;osn
OH
N

33%

iii, iv

VS.

) (2 steps)

Boc

153

OBn @OH
MOMO |N, Boo

BnO
B
OBn
MOMO\('j_‘\OBn
N "'//
Boc
152
OH
ROV
OH
N
H
5

Scheme 13. Reagents and conditions: (i) 15 mol % PdCl, (MeCN),, THF, rt; (ii) (a) O;, CH,Cl,/MeOH, —78 °C, (b) NaBH,, —78 °C; (iii) TFA,

CH,Cl,, 0 °C to rt; (iv) H,, Pd/C, concd HCI, EtOH, rt.
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Scheme 14. Reagents and conditions: (i) H,C=CHMgBr, THF, —78 °C to rt, 3 h; (ii)) ~-BuOK, THEF, rt, 3 h; (iii) PdCl, (PPh3), (10 mol %), CO
(65 atm), EtOH, 60 °C, 32 h; (iv) Oxone®, NaHCO;, acetone/H,0, rt; 3 h; (v) DBU (2 equiv), CH,Cl,, reflux, 3 h; (vi) NaH (2 equiv), DMF, BnBr,
0°C to rt, 3 h; (vii)) OsO4, NMO, t-BuOH, rt; 3 h; (viii) LiAlH,4, Et,0, rt, 3 h; (ix) BuyNF, THF, rt; 1 h; (x) Pd/C (10%), H,, EtOH, HCI, rt, 2 h.

believed that this would lead to higher selectivity upon
dihydroxylation compared to 159a. Indeed 4,5-anti-diol
161 was formed in high stereoselectivity with only traces
of the syn-isomer. LiAlH, reduction furnished piper-
idine 162, which was readily converted to DMJ 5.

Another DMJ synthesis using D-serine 154 was de-
scribed by Mariano et al. demonstrating an oxidative
Mannich cyclisation (Scheme 15).°° p-Serine was con-
verted to a-silylamido ester 163 by treatment with (trim-
ethylsilyl)methyl iodide. Protection of the primary
alcohol, followed by N-benzoylation provided 163.
NaBH, reduction proceeded by a Swern oxidation to
give aldehyde 165 (70% ee). Reaction of the aldehyde
with E-[(trimethylsilyl)vinyl]lithium yielded two separa-
ble diastereomeric alcohols 166 and 167 (3.6:1 ratio).
Initially, assignment of the configuration of alcohol
166 as the major isomer was presumed according to
the Felkin—Ahn model. This was later confirmed by X-
ray crystallography of the diacetoxy compound 168.
Synthesis of the ring cyclised tetrahyropyridine 169
was achieved using cerric ammonium nitrate. Treatment
with OsO4 in aqueous acetone followed by treatment
with acetic anhydride gave a mixture of tetraacetates
170 and 171 in a 3:2 ratio. The major isomer 170 was
readily converted to DMJ 5. (The minor isomer having
the allo-configuration led to 1-deoxyallonojirimycin 172,
see Section 7.3 for further syntheses.)

A general synthesis of 1-deoxyazasugars (including
DMIJ) was developed by Singh and Han, via the com-
mon olefin intermediate 173 (Scheme 16).°” The prepa-
ration of the key compound began with olefin 174
(readily prepared from 4-bromocrotonate and p-meth-
oxyphenol). The aryl substituents were chosen, as it
was believed that aryl-aryl stacking interactions be-
tween 174 and the Sharpless asymmetric aminohydroxyl-
ation catalyst would proceed with improved selectivity.
In fact the reaction proceeded with excellent regioselec-
tivity (>20:1) to furnish the amino alcohol 175 (>99% ee
after recrystallisation). para-Methoxyphenyl (PMP) pro-
tection of the free hydroxyl group followed by reduction
and subsequent TBDPS protection gave 176. N-Allyl-
ation was best achieved with allyl bromide and KH in
THF (95%) to yield 177. Deprotection of the TBDPS
group followed by a Dess—Martin oxidation gave alde-
hyde 178. Olefination via the Horner—Wadsworth—
Emons protocol furnished the o,B-unsaturated ester
179 in 94% yield. A ring closing metathesis (RCM) led
to the synthetically useful olefin 173. The key olefin
173 was used to synthesise 1-deoxymannonojirimycin 5
as outlined in Scheme 17.°® Inversion of the 4-hydroxy
group of 180 was required and achieved under Mitsun-
obu conditions to give benzoate ester 181. The benzyl
group was converted to the bigger TBDPS group
182 to drive the diastereoselectivity. Dihydroxylation
gave the two diastereoisomers 183a and 183b in good
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Scheme 15. Reagents and conditions: (i) TMSCH,I, K,CO5;, DMF, 100 °C, 17 h; (ii) imidazole, TBDMSCI, DMF, 25 °C, 18 h; (iii) BzCl, Et3N,
CH,Cl,, 0°C, 15min; (iv) NaBH4, EtOH, 25°C, 6h; (v) DMSO, (COCl),, CH,Cl,, —78°C, 2.5h; (vi) (E)-1-(trimethylsilyl)-2-(tri-n-
butylstannyl)ethene, n-BuLi, THF, —78 to 25 °C 6.5 h; (vii) 48% HF/H,0, MeCN, 25 °C, 0.5 h; (viii)) DMAP, Ac,0, py, 25 °C, 17 h; (ix) CAN,
MeCN, 25-40 °C, 20 h; (x) (a) OsO4, NMO, acetone/H,0, 0 °C, 17 h, (b) DMAP, Ac,0, 25°C, 17 h; (xi) 6 N HCI, reflux, 2 h; (xii) (a) 6 M HCI,

reflux, 5 h, (b) ion-exchange chromatography.
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Scheme 16. Reagents and conditions: (i) K,0sO42H,0, (DHQD),PHAL, LiOH, N-bromoacetamide, --BuOH/H,O, 4 °C, 8 h; (ii) (a) NaH, PMBCI,
DMTF, 0 °C, 8 h, (b) LiBH,4, Et,0, 15 min, (¢) TBDPSCI, Et;N, DMAP, CH,Cl,, 25 °C, 4 h; (iii) KH, 18-crown-ether, H,C=CHCH,Br, THF, 25 °C,
5h; (iv) (a) TBAF, THF, 25 °C, 1 h, (b) periodinane, CH,Cl,, 25 °C, 1 h; (v) (EtO),P(O)CH,CO,Et, LiBr, DBU, THF, 25 °C, 2 h; (vi) Grubbs’ cat.

(10 mol %), toluene, 90 °C, 2 h.



K. Afarinkia, A. Bahar | Tetrahedron: Asymmetry 16 (2005) 12391287

Ac Ac
' N
PMPO/j/\N) i PMPO/IJ i
0, 4 0,
PMBO = 85% HO = 80 %
173 180
H
HOH,C. _N ,
\
OH
5.HCI

1257

III iv

PMPOAKJ
2 Steps TBDPSO'

93°

PMPO/\LJ
BzO"

94%
v| 183a:183b

10:1

,?\c Ac

I

N

PMPO/\LJ PMPO N
TBDPSO" ™ “OH TBDPSO™ OH

OH OH

183b 183a

Scheme 17. Reagents and conditions: (i) 5% TFA in CH,Cl,, 25 °C, 30 min; (ii) DIPAD, Ph;P, BzOH, THF, 0 °C, 2 h; (iii) K,CO3, MeOH, 25 °C,
5 h; (iv) TBDPSCI, imidazole, Et;N, DMF, 60 °C, 12 h; (v) OsO4, NMO, ~-BuOH/H,0, 16 h; (vi) (a) Ac,O, DMAP, Et;N, CH,Cl,, 25 °C, (b) CAN,

MeCN/H,0, 0 °C, 10 min; (¢c) 6 N HCI, 120 °C, 12 h.

selectivity (10:1). Deprotection of 183a, furnished 5 as
the hydrogen chloride salt.

5.2. Carbohydrate based routes to 1-deoxymannojirimycin
(DMJ)

Lee et al. reported a DMJ synthesis starting from p-glu-
curono-d-lactone 184 (Scheme 18).°® Manno-azide 185
was prepared from a known method® and converted
to amine 186 followed by protection with di-tert-butyl
carbonate to give 187. A lithium aluminium hydride
reduction gave 188, and the derived alcohol was pro-
tected with an acetyl group furnishing 189. Alcohol
190 was obtained from the regioselective deprotection
of 189 and readily converted to mesyl 191. The deprotec-
tion of the fert-butyl carbamate and acetyl groups was

HOH,C. _O.__O

_ref.99 w i
. . OMe o
HO" "oH : 94%

achieved with 3 M hydrochloric acid. The resulting
amine underwent intramolecular nucleophilic amination
to give piperidine 192 in an 89% yield. Treatment with
methanolic ammonia yielded DMJ 5.

A short synthesis of DMJ has been reported by Stiitz
et al.'% He proposed a novel synthesis starting with the
easily available tetra-O-acetyl derivative of p-fructose
193 (Scheme 19).!19! Reaction with the commercially
available triphenylphosphane dibromide gave the
open-chain bromosugar 194 in a 90% yield after purifi-
cation. Its deprotection gave 6-bromo-6-deoxy-p-fructo-
furanose 195 as a syrup, which was then transformed
into azide 196. Hydrogenation of azidodeoxysugar 196
gave DMJ 5 as a crystalline compound with an overall
yield of ca. 27%.

N3
OH
184 185 186
ﬁLO
1l 0 \
95% ; OR 98%
o NHBoc
188 R=H
iv, 93%|__ 189 R=Ac
OAc H OH H
N viii N
55% '
HO" OH
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190 R'=H
Vi, 83%|_, 191 R'=Ms >

Scheme 18. Reagents and conditions: (i) Pd/C (10%), H,, EtOAc, rt; (ii) di-tert-butyl carbonate, MeOH, Et3N, rt; (iii) LiAlH,, THF, 0 °C; (iv) Ac,0,
py, rt; (V) DOWEX® 50WX8, MeOH; (vi) MsCl, Et;N, CH,Cl,, —10 °C; (vii) 3 M HCI, EtOAc, rt; (viii) 50% NH3/MeOH, rt.
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Scheme 19. Reagents and conditions: (i) PhsPBr,, py, CH,Cl,, reflux, 3 h; (ii) (a) NaOMe, MeOH, 0 °C, 5 h, (b) Amberlite® IR 120 (H"); (iii) NaN3,
DMEF, rt, 7 d; (iv) Pd/C (5%), H,, MeOH, rt, 4 h.
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Scheme 20. Reagents and conditions: (i) PPh;, imidazole, I,, toluene, reflux; (i) Ac,O, py; (iii) DBU, toluene, reflux; (iv) NaOMe, MeOH;
(v) TMSCI, py; (vi) CF;COCH3;, Oxone®, NaHCO;, Na,EDTA, MeCN, H,0, 1 h; (vii) MeOH, rt.

Murphy et al. also mention a strategy for the synthesis
of DMJ on a multigram scale (Scheme 20).'> DMJ
was prepared from the double amination of 5-ketoman-
nose 197 as already reported by Baxter and
Reitz (Scheme 21).!% To get to 5-keto-mannose, Murphy
et al. started from the commercially available methyl-
o-D-mannopyranoside 198. Treatment with PPh; and
iodine, followed by acetyl protection gave the iodo-deri-
vative 199. Elimination of hydrogen iodide using DBU,
followed by exchange of the protecting groups to TMS
gave 200. Treatment of 200 with methyl(trifluoro-
methyl)-dioxirane (generated in situ) gave hemiketal
derivative 201. The TMS groups were easily removed
by stirring in methanol with the desired 1,5-dicarbonyl
product 197 isolated in good yield (94%).

The double amination was achieved using benzhydryl-
amine to give a 2:1 mixture of the piperidines 202 and
203. Hydrogenolysis of 202 gave 5 (29% overall yield)
(Scheme 21).

6. The synthesis of homomannojirimycin (HMJ) and
adenophorine

Syntheses of the naturally occurring homoazasugars
have rarely been reported. Of the ones described, pecu-
liarly both o- and B-homomannojirimycin 7 and 9
were synthesised before their isolation as natural
products.!%+195 Indeed, before their isolation,'> Liu
had shown that azasugars with additional carbon

OH CHPh, CHPh2
HO. g . HOH.C HOH,C,,
“a5%
HO So 203: 2‘64 Q\ Q\OH
OH
197 202 203
iil100%
5

Scheme 21. Reagents and conditions: (i) Ph,CHNH,, AcOH, NaBH3CN, MeOH, —78 °C to rt; (ii) Pd(OH),, H,, EtOH.



K. Afarinkia, A. Bahar | Tetrahedron: Asymmetry 16 (2005) 12391287 1259

substituents at the anomeric position are more potent
and specific inhibitors of glycosidases, and therefore
have significant advantages over DNJ. For example, it
was found that o-HMIJ inhibited a-glucosidases selec-
tively, with the same efficacy as DNJ but did not inhibit
any other glycosides.'”® Enzyme specificity is an impor-
tant factor in treating disease, which laments the need
for a good synthetic strategy of homoazasugars.

Interestingly Fleet et al. reports that the synthesis of a-
and B-homomannojirimycin 7 and 9 can be achieved
from the stereoselective and chemoselective sodium
cyanoborohydride reduction of a [2.2.2]-bicyclic-imino-
lactone 204 to give a single isomer of [2.2.2]-bicyclic-ami-
no-lactone 205 (Scheme 22).'°7 Reduction of azido-ke-
tone 206, followed by an aza-Wittig reaction gives the
formation of the bicyclic imine lactone 204. Reduction
of 204 by hydrogenation was unsuccessful, however
treatment with sodium cyanoborohydride in acetic acid
(a solvent that does not open the lactone bridge) was
both chemo- and stereoselectively giving 205. The lac-
tone was opened with sodium acetate in methanol to
give the a-amino-ester 207 (63%) plus the unexpected
B-epimer 208 (20%) from racemisation. Ester 207 has

(0]

ref.
N3 O 104, 105 A/
(0]

o N

e}

CH,OTBDMS 0]
204

OTBDMS
{ . )ro H\@\
70% O\ZRO
O

an axial ester group, which is believed to assist epimeri-
sation, whereas 208 has a thermodynamically stable 2,6-
diequitorially substituted ring system. Intriguingly, it
was found that ring opening under basic conditions
(sodium carbonate in methanol) gave the esters 207 and
208 in yields of 13% and 59%, respectively. Reduction
of the esters 207 and 208 were achieved with LiBHEt;
to yield 209 and 210, respectively. The azasugars 7 and
9 were formed on treatment with aqueous HCL

Adenophorine 13 is a naturally occurring azasugar with
a hydrophobic alkyl substituent at the anomeric posi-
tion. Such azasugars are believed to show increased
enzyme inhibition and enhanced bioavailability!®® (cf.
N-butyl-DNJ 51). Davis et al. have claimed the first
synthesis of adenophorine (Scheme 23) although the
absolute stereochemistry of adenophorine is not yet
determined.!? From tetrabenzylidonojirimycin-N-chlo-
ride 211 (prepared from tetrabenzylidonojirimycin 212)
elimination with DBU gave idonojirimycin-aldimine
213. Addition of EtMgBr to imine 213 gave the tetra-
benzyl-epimer of adenophorine 214. To obtain the correct
stereochemistry, ethyl ketimine 215 was formed from a
two-step chlorination—elimination process. It was found
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iioriii{
207 208 7L WLO
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Scheme 22. Reagents and conditions: (i) NaBH3CN, AcOH; (ii)) NaOAc, MeOH, reflux; (iii) Na,CO3, MeOH, reflux; (iv) LiBHEt;, THF, —60 °C;

(v) aq HCL
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Scheme 23. Reagents and conditions: (i) NCS, CH,Cl,; (ii) DBU, Et,O, reflux; (iii) EtMgBr, Et,O/dioxane; (iv) LITMP, —78 °C, Et,0; (v) LiAlHy,

THF; (vi) PdCl,, H,, EtOH.

that by using a small nucleophilic hydride (from
LiAlIH,) the correct sense was obtained in product
216. Adenophorine 13 was obtained on typical
deprotection.

7. The synthesis of synthetic azasugars
(non-naturally occurring)

In comparison to the true pyranose monosaccharides,
the 1-deoxy-aza-analogues of D-galacto-, p-altro-, D-
ido-, p-gulo-, D-talo- and p-allopyranose sugars are
not naturally occurring or are yet to be isolated from
nature. However in search of new and specific glycosi-
dase inhibitors their syntheses have been pursued by

HOH,C

many groups. This section covers the recent syntheses
of the piperidine azasugars that are not naturally
occurring namely; 1-deoxygalactostatin (1-deoxygalac-
tonojirimycin) 217, 1-deoxyaltronojirimycin 218,
1-deoxyidonojirimycin 219, 1-deoxygulonojirimycin
220, 1-deoxytalonojirimycin 221 and 1-deoxyallonojiri-
mycin 172 (Fig. 5).

7.1. The synthesis of 1-deoxygalactostatin and
1-deoxyaltronojirimycin

Although galactostatin (galactonojirimycin) 3 is found
in nature, l-deoxygalactostatin (1-deoxygalactonojiri-
mycin) 217, is yet to be isolated. The reduced form of
the natural product has generated great interest as it

H
HO : OH

H H
HOH,C,__N \E\j\
Hoj/\g"'OH HO" ™" “OH

OH OH

1-deoxygalactonojirimycin

1-deoxyaltronojirimycin
(1-deoxygalactostatin) 218
217

H H
HOH,C N HOH,C N
HOI)"’OH HOIAJ‘OH
OH OH

1-deoxygulonojirimycin 1-deoxytalonojirimycin
220 221

Figure 5. Synthetic piperidine azasugars (non-naturally occurring).

OH

1-deoxyidonojirimycin
219

1-deoxyallonojirimycin
172
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(M=SnCl)
iii, ivl 95% (2 steps)
OH OH OBn OEt OBn OEt OBn OEt
HO vii, vii O o i O o)
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Scheme 24. Reagents and conditions: (i) (a) THF, —78 °C, 1 h, (b) aq NH,CI; (i) NaH, BnBr, Bu,NI, 24 h, rt; (iii) BusNF, THF, rt, 4 h; (iv) MsCl,
Et;N, DMAP, CH,CL, rt, 1 h; (v) 0.25 M HCVEtOH, 9 h; (vi) DMSO, Et;N, 70 °C, 2 h; (vii) LIBHEts, THF, rt; 2 h; (viii) (2) 0.25 M HCITHF,

Pd/C (10%), H,, rt, 9 h, (b) DOWEX® (H").

has been reported that 1-deoxygalactostatin has shown
potent and specific inhibition of many o- and B-
galactosidases.!10-11!

A recent synthesis by Quintela et al. utilises a noncarbo-
hydrate based approach to 217 (Scheme 24).'!? Starting
with the chiral L-tartaric acid derivative, 4-O-(zert-buty-
Idiphenylsilyl)-2,3-O-isopropylidene-L-threose 222, reac-
tion with the tin(Il) azaenolate 223 gave 224 in good
yield and high diastereomeric excess (79%, >90% de).
Treatment of 224 with sodium hydride and benzyl bro-
mide furnished the benzyl ether 225. The mesyl group
was introduced after deprotection to give 226. Hydroly-
sis of the pyrazino moiety of 226 led to the amino
ester 227. Efficient cyclisation was accomplished by
heating in dimethylsulfoxide with triethylamine as an
auxiliary base. Reduction of the piperidine ester 228,
followed by catalytic hydrogenation yielded the aza-
sugar 217.

It is possible to prepare 1-deoxygalactostatin from the
Garner aldehyde 229 (Scheme 25).'!3 The diastereoselec-
tive vinyl addition led to syn-vinyl alcohol 230 (67% de).

It was then converted to the 1,3-acetonide 231. N-Allyl-
ation followed by a Grubb’s RCM yielded 232. To gen-
erate the epoxide; the first hydrolysis of 232 was
achieved with TsOH to give 233. Hydroxyl-directed
epoxidation with m-CPBA, followed by diol protection
furnished the syn-epoxide 234. Acid hydrolysis followed
by treatment with ion-exchange resin gave 217 in only
an 83% yield.

Uriel and Santoyo-Gonzalez have reported the synthesis
of 1-deoxygalactostatin 217 and r-deoxyaltronijrimycin
235 from p-galactose 236 (Scheme 26).!'*!5 From p-
galactose, the partly protected galactofuranoside 237
was derived. Triflation of the free hydroxyl gave 238
quantitatively. Treatment with NaN;3 gave the 5-azido-
L-altrofuranose derivative 239. Pivaloyl deprotection
furnished 5-azido-5-deoxy-L-altrofuranose 240. Cata-
lytic hydrogenation gave the azasugar 235. For the syn-
thesis of 1-deoxygalactostatin, an inversion of the 5-OH
was required. This was achieved by treating 238 with
sodium nitrite in DMF yielding 241 in a 55% yield from
237. Using the same sequence previously outlined,
1-deoxygalactostatin 217 was formed.

OH
CHO _
0. ’NBoc ! o ’NBoc ! i, iv (I/
X 91% x 69%  BocHN 2%
(syn:anti 5:1) (2 steps) BOC
229 230 231
\' l 97%
OH o
HO,, OH O. _ OH
Ml () v (I/OH
H -— -
N © 83% N 53% N
H Boc Boc
217 234 233

Scheme 25. Reagents and conditions: (i) (a) H,C=CHCH, ZnBr, Et,0, —78 °C to rt; (ii) (a) recrystallisation from n-hexanes/EtOAc, (b) HCI (g),
CHCl;, rt; (iii) H,C=CHCH,I, NaH, THF, 0 °C; (iv) Grubbs’ cat., CH,Cl,, rt; (v) TsOH-H,O, MeOH, rt; (vi) (a) m-CPBA, NaH,PO,, CH,Cl,, 0 °C
to rt, (b) (MeO),CMe,, cat. PPTS, acetone, rt; (vii) (a) H,SO4, dioxane, H,0, reflux, (b) Amberlite® IRA-410 (HO "), (c) DOWEX® 1X2 (HO").
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Scheme 26. Reagents and conditions: (i) Piv-imidazole, DMF, 60 °C, 24 h; (ii) Tf,O, py, CH,Cl,; (iii) NaN3;, DMF; (iv) NaOMe, MeOH; (v) Pd/C

(10%), Hp, MeOH, 12 h; (vi) NaNO,, DMF.

2 [
o N o i, i | NJ(O
o/ 76% i/
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OH OTBDMS

108

iii\?O%
(6] OH

H
HO,
- N//<O iv-vi N
o/ 85% .
Q HO' OH

o or

218

i, vii, viii

(3 steps)

o) 0
| NJ<O ix o N//<O
i/ 65% s
OH OH

iv-vi| 85%

OH |,
N

HO “'OH
OH

217

Scheme 27. Reagents and conditions: (i) TBAF, THF; (ii) m-CPBA, CH,Cl,; (iii) BF3-OEt,, acetone, 0 °C; (iv) 6 M aq NaOH, dioxane, reflux, 24 h;
(v) concd HCI, MeOH, reflux, 4 h; (vi) basic ion-exchange resin; (vii) PDC, molecular sieves 4 A, CH,Cl,; (viii) L-Selectride®, CeCl;, THF;

(ix) m-CPBA, CHCl,, 3 d.

Katsumura et al. also outlined the syntheses for both 1-
deoxygalactostatin 217 and 1-deoxyaltronojirimycin 218
from the key bicyclic oxazolidinylpiperidine intermedi-
ate 108 (Schemes 8 and 27).34

Shilvock and Fleet reported the synthesis of 1-deoxyga-
lactostatin via a stannane mediated hydroxymethylation
of 5-azido-L-lyxono-1,4-lactone 242 (Scheme 28).!'6
From the transmetallation of the stannylmethanol spe-
cies 243, the hydroxymethyllithium compound 244 was
derived. Nucleophilic addition to 244 gave azido lactol
245 in a 64% yield. Subsequent hydrogenation allowed
the formation of the protected p-galactopiperidine 246

as a single diastereomer. Methanolic hydrogen chloride
deprotection furnished azasugar 217.

It is possible to prepare the synthetic azasugar 1-deox-
yaltronojirimycin 218 by an aldol reaction of a chelated
amino acid ester enolate (Scheme 29).'!'” Starting from
the protected amino acid glycine 247, the aldol reaction
with chiral aldehyde 248 led to the aldol product 249 in
excellent B,y-diastereoselectivity (>95% de) although the
o-centre was obtained as a 1:1 epimeric mixture. The -
hydroxyl group of 249a was protected as a THP ether,
and subsequent deprotection of the primary alcohol
led to compound 250. Ring cyclisation was achieved
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Scheme 28. Reagents and conditions: (i) [LICH,OMOM 244] (generated in
EtOH; (iii) HCI, MeOH.
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Scheme 29. Reagents and conditions: (i) LDA (2.5 equiv), SnCl, (2.5 equiv), THF, —78 °C, 30 min; (ii) DHP, CSA cat., CH,Cl,, 0 °C to rt, 90 min;
(iii) TBAF, THF, rt, 2 h; (iv) PPh;, DEAD, THF, rt, 30 min; (v) Red-Al®, THF, reflux, 4 h; (vi) DOWEX® 50WX8, 2 N NHj, reflux, 1 h.

using an excess of Mitsunobu reagent and gave 251.
Subsequent reduction and deprotection steps gave rise
to 218.

Singh and Han also demonstrated a synthesis of
1-deoxyaltronojirimycin 218 (Scheme 30).°” The major
cyclic sulfate 252 was isolated cleanly after column
chromatography from the mixture of diastereoisomers
183a and 183b (10:1 ratio) (see Scheme 16). On subject-
ing 252 to ring opening, alcohol 253, as well as the
partially deprotected diol 254, were obtained. A final
deprotection by CAN and acid hydrolysis gave
azasugar 218.

7.2. The synthesis of 1-deoxyidonojirimycin and
1-deoxygulonojirimycin

The azasugars, 1-deoxygulonojirimycin 220 and 1-deox-
yidonojirimycin 219 were also synthesised (Scheme 31)
via the common olefin intermediate 173 (see Schemes
16 and 17).°7 Dihydroxylation of 173 furnished the
deoxygulonojirimycin precursor 255 as the sole product,
deprotection of which led to azasugar 220. trans-Diol
stereochemistry at C-2 and C-3 was introduced using
cyclic sulfate chemistry. Treatment of 255 with thionyl
chloride followed by oxidation using RuCl; and NalO,4
gave the cyclic sulfate 256. Using sodium benzoate, the
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Scheme 30. Reagents and conditions: (i) SOCl,, EtsN, CH,Cl,, —15 °C, 30 min, then RuCl;, NalO4, MeCN/CH,Cl,/H,0, 25 °C, 1 h; (ii) NaOBz,
DMF, 105 °C, 5 h, then 20% aq H,SO4/CH,Cl,, 12 h, 25 °C; (iii) (a) CAN, MeCN/H,0, 0 °C, 10 min, (b) 6 N HCI, 120 °C, 12 h.
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H s
HO” ™" “OH HO™ ™~ “OH
OH OH
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Scheme 31. Reagents and conditions: (i) OsO4, NMO, -BuOH/H,0, 12 h; (ii) (a) (MeO),CMe,, PPTS, CH,Cl,, 25 °C, 12 h, (b) CAN, MeCN/H,0,
0°C, 10 min, (c) 6 N HCI, 120 °C, 12 h; (iii) (a) SOCl,, Et;N, CH,Cl,, —15 °C, 30 min, (b) RuCl;, NalO4, MeCN/CH,Cl,/H,0, 25 °C, 1 h; (iv)
(a) NaOBz, DMF, 105 °C, 3 h, (b) aq H,SO4/CH,Cl,, 25 °C, 12 h; (v) (a) CAN, MeCN/H,0, 0 °C, 10 min, (b) 6 N HCI, 120 °C, 12 h.

cyclic sulfate was opened almost exclusively at C-2
(according to the trams-diaxial ring opening rule) due
to steric influences at C-3. The resulting compound
257, led to azasugar 219 after exhaustive deprotection
methods.

Takahata et al. also demonstrated the use of their diox-
anylpiperidine 233, as a precursor for more than one
azasugar.'!® Having already demonstrated the synthesis
of 1-deoxygalactostatin (see Scheme 25), stereochemi-
cally controlled dihydroxylation of 233 was also shown

to lead to the azasugars 1-deoxyidonojirimycin 219 and
1-deoxygulonojirimycin 220 (Scheme 32). The anti-epox-
ide 258 was generated as a single isomer by the reaction
of 233 with the dioxirane generated in situ from Oxone®
and 1,1,1-trifluoroacetone. Chem 3D MOPAC calcul-
ations indicated that epoxidation occurred from the less
hindered convex face, the concave face being hindered
by a methyl substituent. Basic cleavage of the epoxide,
followed by deprotection and desalting gave azasugar
219. Osmylation of 233, again occurred from the convex
face giving diol 259, deprotection of which, followed by
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Scheme 32. Reagents and conditions: (i) Oxone®, CF3COCH;, NaHCOs, aq Na, EDTA, MeCN, 0 °C; (i) (a) 0.3 M KOH, dioxane, H,O, reflux;
(b) 6 N HCI, MeOH, rt; (c) Amberlite® IRA-410 (HO"); (iii) K,0s042H,0, NMO, acetone, H,0, rt; (iv) (a) DOWEX® 50WX8 (H™).
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Scheme 33. Reagents and conditions: (i) LiAlHy, Et,0, 25 °C, 4 d; (ii)) NaHCO3, cbzCl, aq EtOH, 25 °C, 1.5 h; (iii) TFA/H,0, 4 °C, 15 h; (iv) Pd/C

(10%), H,, MeOH, 25 °C, 15 h.

treatment with an ion-exchange resin furnished azasugar
220.

Vogel et al. have adapted their DNJ synthesis towards
the synthesis of 1-deoxyidonojirimycin 219, and its
enantiomer 1-deoxy-L-idonojirimycin 260, utilising their
enantiomerically pure aldehydes (—)-57 and (+)-57 (see
Scheme 2).”! From (+)-57, a hydride reduction led to
the aminodiol (—)-261 (Scheme 33). N-Protection led
to carbamate (—)-262. Deprotection gave furanose
(—)-263 and catalytic hydrogenation furnished 1-
deoxy-L-idonojirimycin 260. The same operations with
(—)-57 produced 1-deoxyidonojirimycin 219.

In a follow-up to the DMJ synthesis (see Scheme 18),°8
Park et al. reported the synthesis of 1-deoxy-L-idonojir-
imycin 260 and the acid analogue 264 (Scheme 34).'!8
Starting from L-gulonic acid y-lactone 265, azido iodo-
nate 266 was synthesised over three steps. The free
amine was generated by catalytic hydrogenation, and
then subsequently protected with 9-phenylfluoren-9-yl
(Pf) bromide to give 267. Using an ion-exchange resin
(DOWEX® 50WX8 [H']) the isopropylidene group
was selectively cleaved to furnish 268. The primary alco-
hol of 268 was selectively mesylated with mesyl chloride

producing 269. Hydrogenolysis of the N-Pf group pro-
ceeded with intramolecular amination yielded the piper-
idine 270. The resulting L-idonate 270 was readily
converted to (+)-(2R,3R,4R,55)-3,4,5-trihydroxypipe-
colic acid 264. Reduction of 270 gave r-iditol 271, which
then led to azasugar 260.

The synthesis of 1-deoxygulonojirimycin 220 was out-
lined by Haukaas and O’Doherty (Scheme 35).5% Start-
ing from the allyl alcohol 129 (see Scheme 10), triol
272 was achieved by osmylation. Hydrogenolysis, fol-
lowed by treatment with p-toluene sulfonic acid mono-
hydrate led to the characterisable tosylate salt (273) of
1-deoxygulonojirimycin.

Independently, Liao et al. reported a similar synthesis of
1-deoxygulonojirimycin via the allyl alcohol 274
(Scheme 36).""” NaBH, reduction of the protected com-
pound 275 yielded 276 in an 86% yield. Sharpless asym-
metric dihydroxylation however led to a mixture of diols
277, acetylation of which gave compounds 278 and 279
(4:1, respectively). Deprotection of the major isomer led
to 1-deoxygulonojirimycin 220. [Deprotection of the
minor isomer gave l-deoxytalonojirimycin 221 (46%
from 279). For further 221 syntheses see Section 7.3.]
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Scheme 34. Reagents and conditions: (i) (MeO),CMe,, TsOH, acetone, MeOH, rt, 7 h; (ii) py, Tf,0, CH,Cl,, —15 °C, 10 min; (iii) NaN;, DMF, rt,
1 h; (iv) (a) Pd/C (10%), Ha, EtOAc, tt, 5 h, (b) PfBr, Pb(NOs),, Et;N, CH,CL, rt, 48 h; (v) DOWEX® 50WX8, MeOH, rt, 20 h; (vi) MsCl, Et;N,
CH,Cl, 40 °C, 10 min; (vii) Pd/C (10%), H,, NaOAc, MeOH, 40 °C to reflux, 14 h; (viii) DOWEX® 50WX8, THF, H,O, reflux, 9 h; (ix) LiAlH,,

THF, 0 °C, 10 min; (x) DOWEX® 50WX8, THF, H,O0, reflux, 3 h.

OH OH
y OH i HO.,, ~._OH ; HO.,, ~__OH
Eto‘"']\/NI/OTBS WEtomOTBS T 89% (’&I/OH
(I:bz tI:bz H H ®OTs
129 272 273

Scheme 35. Reagents and conditions: (i) OsO4, NMO, CH,Cl,, 0 °C, 12 h; (ii) (a) Pd/C (10%), H,, MeOH, rt, 12 h, (b) TsOH-H,0, MeOH, rt, 3 h.

An interesting synthesis of 1-deoxy-L-gulonojirimycin
280 was developed by Chittenden et al. starting from
the monosaccharide p-mannose 281 (Scheme 37).!20
To obtain the known lactone 282, product 283 was deb-
enzylated and oxidised. Treatment of 282 with ammonia
in methanol, followed by treatment with p-toluenesulfo-
nyl chloride led to derivative 284. The protected aza-
sugar 285 was obtained from concomitant cyclisation
obtained after LiAlH, reduction of species 284. Acidic
hydrolysis then afforded 280.

Altenbach et al. have also reported a (£)-1-deoxygulon-
ojirimycin 220 synthesis from their synthetically useful
aza-analogue of iso-levoglucosenone (+)-286.'%! Starting

from the well-known furyl-glycine 287, N-tosylation fol-
lowed by reduction gave amino alcohol 288. Treatment
with NBS, resulted in oxidative ring expansion yielding
dihydropyridone 289 with complete diastereoselective
control. A catalytic amount of TsOH in benzene under
reflux gave the desired bicyclic acetal (£)-286 (Scheme
38).

Reduction of (£)-286 under Luche conditions with
NaBH,4 and CeCl; led to allylic alcohol 290 as the main
product with NaBH, reduction occurring from the less
hindered face. Alcohol protection followed by cis-
dihydroxylation furnished diastereomer 291, exclusively.
Cleavage of the aminal was achieved by reductive
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Scheme 36. Reagents and conditions: (i) Ac,O, Et;N, DMAP, CH,Cl,, 0 °C, 2 h; (ii) NaBH4, HCO,H, 0 °C; (iii)) K,0sO42H,0, (DHQD),PHAL,
K;3Fe(CN)g, K>COs3, t-BuOH/H,0, 0 °C; (iv) Ac,0, Ets;N, DMAP, CH,Cl,, 0 °C, 2 h; (v) Pd/C, H,, EtOAc, rt; 4 h; (vi) Na/NH3 (1), —78 °C, 4 h.
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Scheme 37. Reagents and conditions: (i) BnOH-BF;, MeOH; (ii) (MeO),CMe,/acetone, TsOH; (iii) Pd/C (10%), H,; (iv) DMSO/TFA, CH,Cl;
(v) NH3/NH4OH, MeOH; (vi) TsCl, py; (vii) LiAlH4, H,, DME, 0 °C; (viii) HCI.
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Scheme 38. Reagents and conditions: (i) i-Pr,NEt, TsCl, 8 h, rt; (ii) (+)-220 291
LiAlHy; (iii)) NBS, 0 °C, 4 h; (iv) TsOH, benzene, reflux, 30 min. Scheme 39. Reagents and conditions: (i) (a) MeOH, CeCl;, NaBH,,
. ) . ® (b) H,0; (ii) Ac,O, DMAP, 2 h; (iii) (a) RuCls, NalO,4, MeCN, 10 min,
r;moyal of the amino protecting group with Red-Al”, (b) NayS,03; (iv) (a) Red-Al®, DME, reflux, 24 h, (b) HCI, H,0, (c)
yielding azasugar (%)-220 (Scheme 39). DOWEX® 50X8.
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Scheme 40. Reagents and conditions: (i) THF, —78 °C, 2 h; or THF, —78 to 0 °C, 12 h; (ii) NH4CI or phosphate buffer; (iii) Pd/C, H,, THF, rt, 6 h;
(iv) o-iodobenzoic acid, DMSO/THF, 8 °C, 24 h; (v) 0.25 M HCI/EtOH, H,, Pd/C, rt, 3 h; (vi) LiBHEt;, THF, rt, 5 h; (vii) DOWEX® (H").

As a follow up to the 1-deoxygalactostatin synthesis (see
Scheme 24),'!? Ruiz et al. demonstrated the synthesis of
enantiopure 1-deoxygulonojirimycin 220 and other iso-
mers (see Section 7.3). Using their established chemistry,
aldol addition of azaenolate 223 to 2,3-O-isopropylid-
ene-L-erythrose 292 led to the polyhydroxylated amino
acid precursors 293, 294 and 295 (Scheme 40).'?2 The
selectivity of the diastereomers can be varied depending
on the substituents (M and/or R) used. To form the
gulo-azasugar, chemoselective oxidation of 293 led to
the vy-lactol 296. Selective hydrolysis of the bis-lactim
ether followed by intramolecular reductive amination
gave piperidine 297. This was converted to the azasugar
220 in 93% yield.

7.3. The synthesis of 1-deoxytalonojirimycin and
1-deoxyallonojirimycin

From the other two polyhydroxylated amino acid ad-
ducts previously described (294 and 295, Scheme
40).'12:122 Ruiz et al. conveniently formed the azasugars
1-deoxyallonojirimycin 172 and 1-deoxy-L-talonojirim-
mycin 298 (the enantiomer of 1-deoxytalonojirimycin
221) according to the previously described method

\

HO N—
NH Et0o— \,ﬁoa
HO! — N

HO: - OH

HO OH ,,
o. 0O

172 ><

294

Scheme 41.

(Scheme 41). In a separate paper, Ruiz et al. describe
a diastereoselective (>95% de) route to 1-deoxytalonojir-
imycin 221, utilising the p-erythrose derivative 299 and
the bis-lactim ether 223 (Scheme 42).!23 1-Deoxytalonoj-
irimycin 221, was synthesised in a total yield of 38%, via
the y-lactam 300 after deprotection of 301.

8. The synthesis of dideoxyazasugar analogues

8.1. 1,3-Dideoxyazasugars and 1,2-dideoxyazasugars
(fagomine)

The synthesis of 1,3-dideoxyazasugars have scarcely
been described.!?* From the aza-analogue of iso-levo-
glucosenone (+)-286 (Scheme 38), Altenbach et al. have
demonstrated the synthesis of (+)-1,3-dideoxygulonojir-
imycin 302 (Scheme 43).!?! Treatment of (+)-286 with
benzyl alcohol in the presence of triethylamine gave
(—)-303 via Michael addition from the less hindered
face. Reduction under Luche conditions resulted in a
mixture of diastereoisomers (+)-304 and (—)-305 in a
5.2:1 ratio. Protection of the free alcohol of (+)-304 gave
(+)-306 in 93% yield. Aminal cleavage was readily

\

HO—,

EtO _>70Et —NH

N — HOW( )

HO! OH —
HO  OH

@)

Nz

><O 298

295
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EtO O
)\2\ EtO
Y 95%
O OEt o><o
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300
ivJ 67%
HO
NH
HO
HO  OH
221

Scheme 42. Reagents and conditions: (i) (a) THF, —78 to 10 °C, 5 h, (b) aq NH4ClI; (ii) 0-iodobenzoic acid, DMSO/THEF, 8 °C, 24 h; (iii) 0.25 M HCI,
Pd/C, H,, EtOH, rt, 3 h; (iv) (a) LiBHEt;, THF, tt, 5 h, (b) DOWEX® (H").

Cr
|

SN
Ts:

O

(+)-286

HO \OH BnO, .0
T on-2r )
N 0, OH =559 NT
H H
(+)-302 (+)-307

H

, OH

(+)-306

Scheme 43. Reagents and conditions: (i) BnOH, Et;N, 24 h; (i) (a) CeCls37H,0, MeOH, —5 °C, (b) aq HCI; (iii) Ac;O, DMAP, 2 h; (iv) (a) Red-Al®,
DME, reflux, 24 h, (b) aq HCI, (¢) DOWEX® 50X8; (v) Pd/C (10%), H», 24 h.

achieved to give (+)-307, debenzylation of which yielded
(+)-302. For further syntheses of 1,3-dideoxyazasugars
see Scheme 66.

Fagomines are a family of naturally occurring 1,2-dide-
oxyazasugars. The synthesis of fagomine 17 was re-
ported by Shipman et al. starting from tri-O-benzyl-p-
glucal 308 (Scheme 44).'>° Alkene 309 was prepared
over two steps according to reported procedures.!?%127
The free alcohol was successfully converted to oxime
310 via oxidation with tetra-n-propylammonium per-
ruthenate (TPAP) followed by treatment with hydroxyl-
amine hydrochloride. Lithium aluminium hydride
reduction proceeded with a 2.5:1 selectivity in favour
of the required (6R)-diastereomer. After N-protection,
the two isomers, 311 and 312 were separated. Com-
pound 311 cyclised to give 313 upon ozonolysis in good
yield (87%). Imino glucal 314 was formed upon treat-
ment of 313 with oxalyl chloride. Reduction of the olefin
and subsequent deprotection gave fagomine 17 in 60%
yield from 314.

The synthesis of fagomine 17, 3-epifagomine 18, 3.,4-
diepifagomine 19 and the non-naturally occurring 4-

epifagomine (1,2-dideoxygalactostatin) 315 was reported
by Takahata et al., from the common intermediate 316
(Scheme 46).128129 Synthesis of 316 started from the
Garner aldehyde 229 (Scheme 45). A Wittig reaction
furnished olefin 317, which was readily converted to
318 via hydrolysis followed by subsequent O-silylation.
N-Alkylation of 318 with 4-bromo-1-butene was best
achieved via an N-deprotection, alkylation, N-protec-
tion sequence affording 319. An RCM of 319 using
Grubbs’ catalyst gave the desired intermediate 316.

Epoxidation of 316 was achieved using a dioxirane gen-
erated in situ from Oxone® and 1,1,1-trifluoroacetone to
give the separable stereoisomeric epoxides 320 and 321
in a 2:1 ratio. Acid hydrolysis of 320 gave fagomine 17
as a single product. Basic cleavage of 321 using a mix-
ture of KOH/dioxane/water gave 3,4-diepifagomine 19
preferentially (17:19, 1:5 ratio).

3-epiFagomine 18 was obtained stereoselectively from
the treatment of 316 with K,OsO42H,0O and 4-meth-
ylmorpholine N-oxide, where dihydroxylation occurred
exclusively from the anti side of the siloxymethyl
substituent. Subsequent deprotection of the resulting diol
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Scheme 44. Reagents and conditions: (i) TPAP, NMO, CH,Cl,, 4 A molecular sieves; (i) NH,OH-HCI, py, EtOH, 60 °C; (iii) LiAlH,4, Et,O;
(iv) FmocCl, K,CO;, THF/H,0, 0°C; (v) O3, CH,Cl,, —78 °C then PPhj; (vi) (COCl),, CH,Cl,, DMF; (vii) Pd/C, H,, morpholine, EtOH;

(viii) Pd/C, H,, HCI, EtOH.

CHO =
= i = i ﬁ
(0] NBoc (6] NBoc TBDP
< 63% X 72%  BocHN OTBDPS
229 317 318
i 6 = iv A
60% N OTBDPS 97% (Nj\/OTBDPS
Boc Boc
319 316

Scheme 45. Reagents and conditions: (i) Ph;PCH;I, NaN(TMS),,
THF; (i) (a) TsOH-H,O, MeOH, (b) TBDPSCI, DMAP, imidazole,
CH,Cly; (iii) (a) TFA, CH,Cl,, (b) 4-bromo-1-butene, K,CO3, MeCN,
(c) (Boc),0, EtsN, THF; (iv) Grubbs’ cat., CH,Cl,.

322 furnished 18 in good yield (84% from 316). Interest-
ingly, a syn directed dihydroxylation of compound
323 was achieved using an OsO4/TMEDA complex.
Dihydroxylation of the homoallylic alcohol was achieved
with moderate selectivity (2:1 ratio). N-Deprotec-
tion under acidic conditions gave 4-epifagomine 315
(Scheme 47).

8.2. 1,6-Dideoxyazasugars (rhamnojirimycin and
fuconojirimycin analogues)

There have been many reports on the synthesis of DNJ
and its analogues, however synthetic procedures to-
wards the synthesis of 1,6-dideoxyazasugars have
scarcely been described. The preparation of 1,6-di-

deoxy-DNIJ 324 and 1,6-dideoxy-galactostatin 325 have
been described by Pistia and Hollingsworth (Scheme
48).13% From the tetraacetate of methyl B-p-glucopyra-
noside 326, the corresponding keto-ester 327 was
formed by a selective oxidation using CrOj as oxidant.
A reduction of the oxime to the lactam was best
achieved using the more nucleophilic hydroxylamine,
furnishing 328 as a mixture of syn and anti isomers. Un-
der hydrogenolysis conditions, reduction of the lactam
was achieved followed by immediate cyclisation led to
d-lactam 329. Under these conditions, the cleavage of
the acetoxy group to form a 6-deoxy function was also
achieved. The reduction was also selective giving none
of the rL-isomer despite being a mixture of syn and anti
oximes. Reduction and deacetylation with borane fur-
nished the azasugar. The same procedure with the tetra-
acetate of methyl B-p-galactopyranoside 330 gave 325.

L-Rhamnojirimycin (LRJ) 331 is the aza-analogue of
L-rhamnose. A very similar approach to the one used in
the synthesis of 1-deoxy-L-mannonojirimycin 112 (see
Scheme 9) was used by Meyers et al. towards the synthe-
sis of LRJ (Scheme 49).8¢ Starting from the known bicy-
clic lactam 332, oxidation at the allylic position using
SeO, gave alcohol 333 as a single diastereomer. Treat-
ment with OsQO, afforded the triol, the syn hydroxyl
group of which was protected as the acetonide 334.
Again, BH; reduction gave piperidine 335 with good ste-
reoselectivity at the C-2 angular position (20:1 ratio).
Deprotection steps led to LRJ 331.

Fleet et al. described the synthesis of the potent inhibitor
of a-L-rhamnosidase, 5-epi-deoxyrhamnojirimycin 53
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Scheme 46. Reagents and conditions: (i) Oxone®, CF;COCH;, NaHCOs, aq Na,EDTA, MeCN; (ii) H,SO,, dioxane, H,O; (iii) KOH, dioxane,

Hzo.
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Scheme 47. Reagents and conditions: (i) K,0s042H,0, NMO, H,O0, acetone; (ii) 10% aq HCI, dioxane; (iii) TBAF, THF; (iv) (a) OsO4, TMEDA,

CH,Cl,, (b) 35% HCIl, MeOH.
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326 Ry= H, R, = OAc 327 328
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0, C!
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324 Ry=H, R, = OH 329
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Scheme 48. Reagents and conditions: (i) CrOs;, Ac,O, AcOH, 50 °C, 2 h; (ii)) NH,OH-HCI, py, 0 °C to rt, 2 h; (iii) Pd/C (10%), H, (300-400 psi),
AcOH, 55°C, 40 h; (iv) (a) | M BH5 THF, THF, rt to reflux, 3 h, (b) HCI, MeOH, reflux, 30 min.

(Scheme 50).'3! Compound 336, a homologue of azide
242 (see Scheme 28), was converted to lactam 337 by
cyclisation after hydrogenation. One pot treatment with
borane followed by methanolic hydrogen chloride al-
lowed both reduction and acetonide deprotection fur-
nishing 53. Lactam 338, formed from the deprotection
of 337, is also a potential glycosidase inhibitor (see Sec-
tion 10.2).

In the search for more potent L-rhamnosidase inhibi-
tors, Fleet also described a synthesis for the homo-
rhamnojirimycin-type (HRJ) analogues 54, 339 and
340 (Schemes 51 and 52).!32 The azido-ketone 341, a
similar azido-ketone to 206 (see Scheme 22) was treated
with triethyl phosphite. The product of the aza-Wittig
reaction was the bicyclic imine 342. A stereoselective
reduction gave bicyclic amino lactone 343, from which
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Scheme 49. Reagents and conditions: (i) SeO,, dioxane, reflux; (i) OsO4, NMO, aq acetone; (iii) (MeO),CMe,, CH,Cl,, TsOH; (iv) BH3;, THF,
reflux; (v) (a) Pd/C, H,, MeOH, (b) TFA, MeOH.
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Scheme 50. Reagents and conditions: (i) Pd/C (10%), H,, MeOH; (ii) (a) Me,S.BH;3/THF, (b) HCI, EtOH; (iii) TFA/H,O0.
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Scheme 51. Reagents and conditions: (i) P(OEt);, THF, reflux; (ii)) NaBH3CN, AcOH; (iii) NaOAc, MeOH, reflux; (iv) LiBHEt;, THF; (v) HCI,
MeOH.
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Scheme 52. Reagents and conditions: (i) Tf,0, py, CH,Cl,, —20 °C; (ii) Pd, H,, NaOAc, EtOAc; (iii) (a) LiBH4, THF, (b) HCIL.

54 and 339 were accessed via their corresponding methyl
esters 344 and 345. The synthesis of the HRJ analogue
of 5-epi-L-rhamnopyranose 340 was achieved starting
from azido-ketone 346. To achieve the inversion of con-
figuration at C-6, 346 was treated with trifluorome-
thanesulfonic anhydride to give an azide-triflate,
hydrogenation of which yielded the cyclised bicyclic
amino lactone 347. A ring opening/reduction led to
340 with a 92% yield (Scheme 52).

The synthesis of an aza-analogue of L-fucose has been
reported by Polt et al.!3? Starting from compound 348
(Scheme 53), diol 349 was obtained after osmylation.
Desilylation of 349 gave triol 350, which was oxidised
by a TEMPO/NaOCI system to the fucose derivative
351. Imine reduction proceeded with cyclisation to
furnish piperidine 352. Deprotection of the pivalate
followed by hydrogenolysis yielded L-fuco-1-deoxynojir-
imycin 353.

A method has also been developed towards the homo-
logue of 353. Fleet et al. reported that a-homofuconojii-
mycin 354 is the most powerful inhibitor of fucosidases

(Scheme 54).13* Azidolactol 355 (derived from L-gulon-
olactone) was the key intermediate used, the hydro-
genation of which gave the equilibrium mixture of
hemiaminal 356 and imine 357. Hydrogenation in the
presence of Adam’s catalyst, followed by acid hydrolysis
furnished the inhibitor 354.

9. The synthesis of homoazasugar analogues
9.1. Homogalactonojirimycin and related analogues

One modification of the archetypal azasugar motif is the
addition of a hydroxymethylene group at the anomeric
position. A number of such homoazasugars are natu-
rally occurring (see Section 6) but they also have re-
ceived particular attention due to the potential enzyme
specificity that they invoke. The preparation of the
synthetic homoazasugars, a-homogalactonojirimycin (o-
HGJ) and B-homogalactonojirimycin (B-HGJ) 358 and
359, respectively, have been described by Martin et al.
(Schemes 55 and 56).'3% Starting from tetra-O-benzyl-
D-galactopyranoside 360, the corresponding heptenitol

OPiv _ OPiv OH i OPiv OH
HsC _~_ _OTBDMS ! HsC ‘__oTtBDMs !l HsC _OH
9 z 909 z
N=CPh, 50% Ph,C=N  OH % Ph,C=N  OH
348 349 350
OPiv OH
H - Ph_ _Ph H
i HsC o v e N7/ Y HCTZNZ o
80% : 959 3 95% ’2/ ~
° Ph,C=N  OH % @\ZOH ° {ofH
PivO
351 352 353

Scheme 53. Reagents and conditions: (i) K,0sO42H,0, K3Fe(CN)g, MeSO,NH, (additive), --BuOH/H,O, rt; (ii) TBAF, THF, rt, 3 h; (iii) TEMPO,
NaOCl, CH,Cl,, —5 °C, 15 min; (iv) NaBH3;CN, MeCN/AcOH, rt, 10 min; (v) (a) n-BuyNOH, dioxane, 0 °C, (b) Pd/C (5%), H,, MeOH, EtOAc, rt,

3h.

N3
HO_ ~_ ,O_ ,CHs i o H
OH H3C N
\/\g_z< = , . o
< Y
355 356

HO

HO—— . .. H
ii, iii ’
S ’ H3C N
H?@ﬁOH 85% : oH OH
OO (2 steps) HO
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Scheme 54. Reagents and conditions: (i) Pd/C, H,, EtOH; (ii) PtO,, H,, EtOH; (iii)) TFA, H,O.
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Scheme 55. Reagents and conditions: (i) PhsPCH;Br, n-Buli, toluene, rt, 2 h; (ii) PPhs, 4-nitrobenzoic acid, DEAD, THF, rt, 12 h; (iii) (a) NaOMe,
MeOH, rt, 5 h, (b) Amberlite® IR-120 (H"); (iv) PPh;, phthalamide (Phth), DEAD, THF, rt, 12 h; (v) NH,NH,-H,0, MeOH, 70 °C, 1 h; (vi) cbzCl,
THF, 0 °C 1 h; (vii) (a) (TFA), Hg, THF, rt, 48 h, (b) I,, THF, rt, 45 min; (viii) Pd/C (10%), H, (90 psi), AcOH/EtOH, 50 °C, 12 h; (ix) (a) aqg KOH,

rt to 60 °C, 14 h, (b) Amberlite® IR-120 (H").

BnO _OBn
OH i, i
BnO =
80%

OBn

OH
BnO&A

BnO bH

BnO

iii CH,0Bn
~ BnO
OTBDMS -'
OBnO OTBDMS

(2 steps) (6]
361 90% de 367 366
) BnO _OBn ) HO _OH
iv Vv, Vi
., NH v, NH
44% Bno&/\OTBDMS 53% HO&SAOH
(2 steps) OBn (2 steps) OH
368 359

Scheme 56. Reagents and conditions: (i) OsO4, NMO, acetone/H,O0, rt, 14 h; (i) DMAP, Et;N, TBDMSC], rt, 1 h; (iii) (COCl),, DMSO, —78 °C to
rt, 2 h; (iv) HCO,NH,, molecular sieves 3 A, NaBH;CN, MeOH, rt, 1 h; (v) AcOH, THF/H,O0, 55 °C, 12 h; (vi) (a) TMSI, CH,Cl,, 0°C to rt, 12 h,

(b) DOWEX® 1X2-200 (HO ™), H-O.

361 was produced. Compound 361, was first subjected
to a Mitsunobu inversion of the free alcohol to afford
362 which then underwent a nucleophilic displacement
under Mitsunobu conditions to afford p-galacto amino
heptenitol derivative 363. Exchange of the amine pro-
tecting groups led to benzoylcarbonyl derivative 364,

lactol 369. The B-HGIJ 359 was derived from its epimer

370 (Scheme 57).

b o

which was subjected to an intra-amidomercuration o .9 HO,, OH
using mercury(Il) acetate. lododemercuration led to Ne —
the cyclic carbamate 365, from which o-HGJ 358 was o7y HOH,C"" “N~ YCH,OH
derived. MOMO OH  CH,0TBDMS H
Compound 361 was also used in the synthesis of B-HGJ 369 358
359, from which diketone 366 was formed via diol 367. ><
A double reductive amination led to a single piperidine 0 o OH
derivative 368, from which 359 was obtained (Scheme — HO.,. OH
56). N3

OHO HOH,C H CH,OH
Shilvock and Fleet also demonstrated the synthesis of MOMO CHOTBDMS
2,6-iminoheptitols via their hydrogenation of the azido- 370 359

lactol chemistry previously demonstrated (see Schemes
22 and 47).116:136 4. HGJ 358 was acquired from azido

Scheme 57.
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9.2. Miscellaneous homologues

An eight carbon homologue of a-HMJ was described by
Fleet et al. (Scheme 58).'37 Starting from diol 371, alde-
hyde 372 was readily prepared. A Wittig olefination pro-
vided o,PB-unsaturated esters 373 and 374 in yields of
26% and 61%, respectively. When the E-acrylate was
heated in toluene at 100 °C, the Z-vinylogous urethane
375 was obtained. Interestingly the same product could
also be obtained from the Z-acrylate. A selective reduc-

A o\

N3 O i N3

tion using sodium triacetoxyborohydride afforded the
bicyclic amino lactone 376. Reduction with LiBHEt;
followed by deprotection of the isopropylidene group
with methanolic hydrogen chloride gave the mannose
analogue 377.

The synthesis of a 2-methyl azasugar has been proposed
by Désife and Shipman (Scheme 59).!%% In a separate
paper by Khanna, it was postulated that such conform-
ationally restrained azasugars would still retain the

i o)
373 26% mone
100% 73 26%
0707 O 07 0 H 37461% o070
o)

CH,OH COZMe
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64%\ /5%
MeO,C
OH 2 M

HO. _.\OH U MeOZCHZC

H /

\(i % O HBI “Ts% oM

. 0, ()

HOH,C N (CHy0H 4% )BJRO 5% )%\ZRO
o o

377 376
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Scheme 58. Reagents and conditions: (i) HsIOg, THF; (ii) PhsP—=CHCO,Me; (iii) Toluene, 100 °C; (iv) xylenes, 140 °C; (v) NaBH;CN, AcOH;

(vi) () LiIBHEt;, THF, —60 °C, (b) HCIL, MeOH.
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Scheme 59. Reagents and conditions: (i) LiAlHy4, Et,0; (ii) FmocCl, K,CO3;, THF/H,O0, 0 °C; (iii) O3, CH,Cl,, —78 °C then PPh;; (iv) (COCl),,
CH,Cl,, DMF; (v) (a) Et, Zn, CH,I,, toluene, (b) morpholine; (vi) Pd/C, H,, HCI, EtOH; (vii) Pd(OH),, H,, EtOH.
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Scheme 60. Reagents and conditions: (i) THF, —78 °C; (ii) Pd/C, H, (3 bar)

H-binding ability of the C-2 OH while imparting a sta-
bility to the azasugar against oxidative metabolism.'3’
Starting from tetra-O-benzyl-D-glucopyranoside 80,
oxime 378 was readily obtained.'®® Reduction of the
imine furnished the amine, which was protected as the
Fmoc group 379 and 380. The selectivity of the reduc-
tion was in favour of the (6R)-diastereomer in a 2.4:1
ratio. Ozonolysis of 379, followed by treatment with
PPh; gave the cyclised piperidine 381. Treatment with
oxalyl chloride resulted in elimination giving the struc-
turally interesting imino glucal 382. Cyclopropanation
was achieved using excess diiodomethane and diethyl

, MeOH, rt; (i) DEAD, PPhs, THF, rt.

zinc. Basic deprotection of Fmoc gave 383 from which
deoxymannojirimycin analogues 384 and 385 were
derived.

Kummeter and Kazmaier have developed a route to
5-Me azasugars (Scheme 60).'4° The aldol reaction be-
tween the metal chelated N-protected alanine zert-butyl
ester 386 and the protected threose derivative 387 (see
Scheme 24) gave three diastereoisomers with the desired
antiisomer 388 was isolated in a 62% yield. After debenz-
ylation, a Mitsunobu cyclisation gave the pipecolinic
acid derivative 389. A series of deprotection and reduc-

I AcO
HO, .—OAc
i i N
MsO HiTe N 0 HO 0 +
/ )< 77% / k 86% 5 )(
H,co! O H,co' O 395396 ped O
393 394 395 396
ii \72%
_/OAc OAc OAc
BnN “‘O>< + BaNTNO v 070
g "'o>< 30% OHC "'o><
(2 steps)
OCHs OCHjs 393;?99 OCHjs
399 398 397

v, viJ30% (2 steps)

_OH OH
HN- N OH HN- . OH
“OH “OH

OCHs OCHs
392.HCI 391.HCI

v, vi134% (2 steps)

Scheme 61. Reagents and conditions: (i) NaOAc, DMF, 105 °C, 6 h; (ii) OsO4, NMO, acetone/H,0; (iii) NalO,4, CH,Cl,, 0 °C; (iv) BaNH,, AcOH,
NaBH;CN, —10 °C to rt, 20 h; (v) KOH, MeOH, 2 h; (vi) (a) Pd/C (10%), H,, EtOH, 18 h, (b) 2.5 M HCI/Et,0.
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tion steps yielded the 5-methyl-1-deoxyaltronojirimycin
azasugar 390.

Mehta and Mohal demonstrated the synthesis of methyl
ethers of 1-deoxyaltronojirimycin 391 and galactostatin
392 (Scheme 61).'*! Todocyclopentane 393 (developed
from a norbonyl system) was used to generate the acet-
oxycyclopentene 394. Osmylation gave diols 395 and
396 in a 9:1 ratio. Glycol cleavage of the diol mixture
with sodium periodate gave keto-aldehyde 397. The

= o i = ii
N 67% 48%
Ts T 402:403
o) 0 1.2:1
(+)-286 401

1277

key step involved a double reductive amination with
NaBH;CN/BnNH, to furnish 398 and 399 as a mixture
of two diastereoisomers (2:1 ratio), which were seper-
ated. Hydrolysis followed by deprotection gave the
azasugars.

Altenbach described the synthesis of 2-hydroxymethyl-
1-deoxyallonojirimycin 400 (Scheme 62) from the aza-
analogue of iso-levoglucosenone (+)-286 (see Schemes
38 and 39).!?! Generation of diene 401 was achieved

OAc OAc

OAc OAc
AcO., -

41%

OH OH

H

400

Scheme 62. Reagents and conditions: (i) (a) PhsPCH3Br, n-BuLi, —78 °C to rt, 5 h, (b) H,O; (ii) (a) OsO4, NMO, 4 d, (b) Na,S,03, (¢c) Ac,0, py,

24 h; (ifi) (a) Red-Al®, DME, reflux, 24 h, (b) aq HCI, (c) DOWEX® 50XS.

o) 0]
HsC _O__O HsC_ _O__O } O=/]_CH, CIO CH3
[ i cl 7
I I 95% ;[ f 74% a2 X
N el cl CHs 0
406a:b CHs | A
2.5:1
404 405 o
406a 406b
407 67%
(408 27%]
o 0
HsC H O] CHs o</] cHs O]
ROZC\:LN);‘C'% v HN/]/ iv HSCN7/ + HBCY X
R A 0, 0,
Ho S on 49% W c|;CH3oO 67% CHBOi
OH" o o
. —410R=CH, 409 407 408
Vi, 100/0E AM1R=H

Scheme 63. Reagents and conditions: (i) SnMey, Pd(PPh;),, toluene, reflux, 1 d; (ii) vinylene carbonate, toluene, reflux, 1 d; (iii) SnMe,, Pd(PPh;),,
toluene, reflux, 1 d; (iv) NaBH(OAc);, AcOH, rt, 1 d; (v) NaOMe, MeOH, reflux, 30 min; (vi) 2 M NaOH, rt, 1 h.

o OCH3

Hsc\/
\\ T79%

CHs

HO OH

o 412a b

408

Scheme 64. Reagents and conditions: (i) NaBH(OAc);, AcOH, rt, 1 d; (i)) NaOMe, MeOH, reflux, 30 min; (iii) 2 M NaOH, rt, 1 h.

412ab

(2 steps)

CH HsC H
b ..... HO,C N
|| m
C
OH

Hs
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0 0
HsC.__O._O ' 0= CHs CIO CHs CIO CHs
Cl ; ;
C|INIR 48% F/ V OBn F/ OBn
415a:b:c OCHgo OCHj3 OCH3
404 R = Cl 214 o
i, 78% = 415
o[ 414 R = OCH; 415a 415b c
. | 416ab 56%
[417 10%)]
o) CHs EtO CHs Eto CH3
Et ; ;
N NA~Logn * N Len
OCHSO OCH3 OCHg;
416a 416b 417

Scheme 65. Reagents and conditions: (i) HCI, MeOH, rt, 2 h; (ii) benzyl vinyl ether, toluene, reflux, 2 d; (iii) SnEt,, Pd(PPhs),, toluene, reflux, 1 d.

by a Wittig olefination. A double cis dihydroxylation
followed by acetylation gave a mixture of acetylated
product 402 and partially acetylated 403 in a 1.2:1 ratio.
Deprotection and reduction of the compound mixture
led to the azasugar 400.

Afarinkia and Bahar have reported a new synthesis of
densely substituted azasugar homologues via the
Diels—Alder cycloadditions of substituted 1,4-oxazin-2-
ones (Schemes 63, 64 and 66).'#> The key advantage of
this approach is the diversity of substituents, which
can be introduced on every position of the piperidine
nucleus. From 3,5-dichloro-6-methyl-1,4-oxazin-2-one
404, previously described by Meerpoel and Hoorna-
ert,'* the 5-chloro-3,6-dimethyl-1,4-oxazin-2-one 405
was derived. Cycloaddition with vinylene carbonate
afforded cycloadduct 406ab as a 2.5:1 ratio (endo:exo).
The chloro substituents of the cycloadducts were re-
placed with methyl groups under Stille cross coupling
conditions. At this stage, the two isomers could be sep-
arated by silica gel chromatography yielding 407 and
408 in 65% and 27% yields. Hydride reduction of the
imine bond of 407 gave 409 stereoselectively. Methanol-
ysis of 409 to the methyl ester 410 proceeded with depro-
tection of the diol functionality. Basic hydrolysis under
typical conditions gave 1,2,5-trimethyl azaglucoronic
acid analogue 411, with an altro-configuration (Scheme

63).
o]
0 CHj
/]/ 1]
Nigm 55%
420a:b

H
HOH,C, _N_ .Et

Hydride reduction of exo adduct 408 gave a mixture of
amines 412ab in a 3:1 ratio (79% yield). Similarly meth-
anolysis followed by basic hydrolysis furnished aza-
sugars 413ab (Scheme 64).

Afarinkia et al. have also applied this method in the syn-
thesis of 1,3-dideoxy-1-C-ethyl-azasugars, which are
deoxy-analogues of adenophorine (Scheme 66).'%*® The
3-methoxy-1,4-oxazin-2-one 414 was prepared from
404 for efficient elimination of the methoxy group at a
later stage (Scheme 65). Cycloaddition with benzyl vinyl
ether gave three cycloadducts as a mixture, with a 2:1:1
ratio (415a:b:c). Stille coupling with tetraethyltin yielded
416ab and 417 in 56% and 10% yields. Stereoselective
reduction of 416ab was again achieved with sodium tri-
acetoxyborohydride in acetic acid to afford the separable
isomers 418 and 419 (Scheme 66). Treatment of 418 with
lithium aluminium hydride proceeded with the elimin-
ation of the methoxy substituent to give the mono-
protected azasugars 420ab. Debenzylation under
palladium catalysed conditions gave 1,3-dideoxyazasu-
gars 421ab (1.5:1 ratio). The same procedure with 419
furnished azasugars 422ab via 423ab.

9.3. C-Glycosides

Nicotra et al. have developed a method of synthesising a
range of 1-substituted azasugars (Scheme 67).'4* Start-

H
i HOHC, N_ Et

. 1009 U
BnOQOH % HO' : 'OH
CH3 CHS
420ab 421ab

Scheme 66. Reagents and conditions: (i) NaBH(OAc);, AcOH, rt, 1d; (ii) LiAlH4, THF, reflux, 1 d; (iii) PdCl,, H,, MeOH, 1 d.

Et OBn 157
i 418
46ab s a3% o
41930% o oy,
T o
AN e~ 8" 9%
Et 422a:b
1.2:1
419

H
HOH,C, N_ .Et

H
HOH,C, _N_ .Et i j/\/\L
0,
BnOI)E\OH 100% HO ~“OH
CH3 CHs
423ab 422ab
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OBn OBn
OBn 80% OBn 72%
: (2 steps)
80 424 (90% de) 425
iv | 90%
OBn OBn
Bgoo NBn L BESOO NBn v, vi
n 50% n oo,
78%
BnO 0} BnO _~ (2 steps)
(90% de)
428 427
viii [100%
OH
HO NH
HO
HO
429

Scheme 67. Reagents and conditions: (i) PA\CH,NH,, TsOH-H,O, CH,Cl,, 5 d; (ii) H,C=CHCH,MgBr, Et,0; (iii) FmocCl, dioxane, aq Na,COs;
(iv) PCC, CH,Cl,, molecular sieves 4 A; (v) py, DMF; (vi) NaBH(OAc);, AcOH, Na,SO,, DCE, —35 °C; (vii) Na,PdCl,, CuCl,, DMF/THF/H,0;
(viii) Pd(OH),, H,, AcOH, EtOAc/EtOH.

ing from tetra-O-benzyl-glucopyranoside 80, the glyco- In search of potent naringinase inhibitors, Fleet et al.
syl amine 424 was derived. The key allylic appendage also produced a range of aza-C-glycosyl analogues
was introduced by a Grignard reaction via a Cram che- 430a—d and 431a-d from their common intermediates
lated intermediate giving a single threo isomer, protec- (Schemes 68, 22, 51 and 52).'3?

tion of which gave 425. A PCC oxidation gave ketone

426. N-Deprotection, followed by a reductive amination Martin et al. also demonstrated a novel procedure for
furnished the protected allyl-o-C-glycoside of nojirimy- the synthesis of C-glycosides (Scheme 69).!*° Key inter-
cin 427 in 78% and 90% de. Wacker-Tsuji oxidation mediate 432, was produced from the commercially avail-

of the allylic appendage with catalytic Na,PdCl, and able 2,3:4,6-di-O-isopropylidene-a-L-sorbofuranose 433
CuCl, in DMF/THF/H,O gave 428. Deprotection of over seven steps (overall yield 80%). Stereocontrolled
427 by hydrogenolysis afforded 429 in quantitative yield. addition to imine 432, with organometallic nucleophiles

WLQ OH

HaC
° i O, < __OH i HO, “_ ,OH
HN o . X .
5 H e H
o] 93-97% N 72-81% N
o7 o R” N“CHs R” N~ CH,

(0] (0]
347 430a R=H 72%
430b R= CH3 78%
430c R=n-Bu 81%
430d R=Bn 75%

WLQ OH

CH;
) o : . :
HN o i OH i HO, OH
o 5130, H o H
85-93% K ) 79-86% § v
o7 o R” N~ “CHj R” N~ ""CHj;
H H

O 0o
343 431a R=H 80%
431b R= CH3 85%
431c R=n-Bu 86%
431d R=Bn 79%

Scheme 68. Reagents and conditions: (i) RNH,, THF; (ii)) HCI, MeOH.
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OBn
OO$<
(_Z‘ 0% (_Z‘ “>98de H, /A ]‘
o\ )( (7 steps) BnO" )( BnHN
no RoBn P
433 432 434a R=n-Bu 65%
434b R=Et 75%
ii \
OH OBn
HO NH iii HO NBn
HO ) BnO
HOR HOR

436a R=n-Bu 77%
436b R=Et 85%

435a R=n-Bu 72%
435b R=Et 53%

Scheme 69. Reagents and conditions: (i) n-BuLi or EtMgBr, Et,0, —78 °C to rt or 0 °C to rt, 3-12 h; (ii)) NaBH3CN, AcOH, MeOH, 24 h; (iii) Pd/C

(10%), H,, HCI, McOH, 48 h.

provided 6 R-aminosorbose derivatives 434. The diaste-
reomerically pure diols 435 were obtained on deprotec-
tion of the isopropylidene group followed by a
reductive amination. The diols were readily converted
to the substituted azasugars 436 upon deprotection.

10. Other azasugar analogues
10.1. Analogues of DNJ-1-phosphates

Martin et al. also applied a previous strategy (see
Scheme 69) towards the synthesis of azasugar 1-phos-
phonate 437 (Scheme 70). From imine 432, treatment
with trimethylsilyloxy phosphine derivative 438 (gener-
ated in situ from diethyl phosphite) gave the a-amino-
phosphonate 439. The (S)-configuration at the newly
generated stereocentre is thought to result from a com-
bination of steric and electrostatic repulsion factors in
the postulated approach trajectory. Interestingly, the
stereoselectivity of this addition could be reversed with

CI)Bn

N -‘\\O P~
" + TMso~ \ OEt
BnO'

432 438

a diastereomeric excess of 85% upon addition of ZrCly,
which forms a chelated intermediate imine. A one-pot
deprotection furnished 437.

Wong postulated 1-methylphosphonic acid derivatives
of azasugars would make specific glycosyl transferase
inhibitors. He demonstrated a chemoenzymatic ap-
proach starting from the readily available 2,5-
dihydrofuran 440 (Scheme 71).14¢ Reaction with acetyl
bromide provides 1-bromo-4-0-acetoxy-2-cis-butene
441. Epoxy alcohol 442 was formed over three steps:
reaction with triethyl phosphite, hydroxyl group depro-
tection and Sharpless asymmetric epoxidation. A Swern
oxidation followed by protection of the aldehyde as the
diethyl acetal allowed for a regioselective epoxide open-
ing using diethylaluminium azide (generated in situ) to
furnish azido acetal 443. Aldehyde deprotection fol-
lowed by fuculose-1-phosphate aldolase-catalysed aldol
condensation with DHAP and dephosphorylation with
acid phosphatase gave azido-sugar 444. Reduction of
the azide by hydrogenation led to intramolecular cycli-

|
i QO%
BnHN,
91% H - oB
(>98 de) n
O—P OBn

EtO “OEt
439

ii | 70% (80% de)

437

Scheme 70. Reagents and conditions: (i) TMSCI, (EtO),POH, Et;N, CH,Cl,, 0-40°C, 45 min; (ii) (a) TFA/H,O, Pd/C (10%), H,, 70 h;

(b) Amberlyst® IRA-400 (HO "), H,O.
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0 i

AcO Br
Q 94% N=
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V-vii QEt Ns 9
“__P(OEt
6% EtO)\_/\/ ( )2
(3 steps) OH
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OH
ix, X HO H
- N
28% HO
(2 steps) HO| O
P(OH),
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(e}
ii-iv I
HO P(OEt),
67% N
(3 steps) (0)
442
O OH N3 O
viii . N I
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Scheme 71. Reagents and conditions: (i) AcBr; (ii) P(OEt);, Nal; (iii) EtOH, TsOH; (iv) (—)-DIPT, Ti(Oi-Pr)4, PhC(Me),OOH; (v) (COCl),, DMSO,
Et;N; (vi) HC(OEt);, TsOH; (vii) Et,AICI, LiNj3; (viii) (a) TFA, (b) DHAP, FucA, pH 6.7, (c) acid phosphatase, pH 4.8; (ix) Pd/C, H, (50 psi); (x) (a)

TMSBr, (b) H,O, THF.

sation to yield the azasugar phosphonate. Deprotection
of the diethyl phosphonate groups gave the p-galacton-
ojirimycin phosphonic acid 445.

For the p-mannose configuration (Scheme 72), diol 446
was monoprotected with a fert-butyldimethylsilyl ether
group. The free hydroxyl group was converted to the
trimethyl phosphonate 447 via the iodide. Deprotection
followed by epoxidation gave epoxy alcohol 448. A
Dess—Martin oxidation of the hydroxyl group, protec-
tion of the resulting aldehyde followed by regioselective
epoxide opening by sodium azide gave compound
449. The same chemo-enzymatic approach as previously
described, followed by chemical manipulation led to 450.

10.2. Lactams

Nishimura et al. have reported the syntheses of all eight
stereoisomeric D-glycono-8-lactams (Schemes 73-76).'47

For instance the p-gulono- and p-allono-§-lactams 451
and 452 were derived from L-mannonic acid d-lactone
453 (Scheme 73). Isopropyl protection gave the 2,3:5,6-
di-O-isopropylidene-L-mannonic acid d-lactone 454.
Selective removal of the 5,6-O-isopropylidene group
was achieved with acetic acid, furnishing 455. Com-
pound 455 was transformed into 6-O-trityl-protected
lactone 456 via the cyclic stannoxane 457. The free alco-
hol was readily converted to the O-triflate and displaced
by sodium azide to give the key intermediate 458. From
the azide, the Raney Nickel catalytic reduction pro-
duced the protected p-guluno-d-lactam 459, the depro-
tection of which led to 451. Alternatively, treatment of
458 with triphenylphosphine followed by hydrogenolysis
gave the p-allono-derivative 460.

In a similar procedure p-manno- and Dp-talo-4-lactams

461 and 462 were prepared from the 2,3:5,6-di-O-iso-
propylidene-L-gulonic acid &-lactone 463 (Scheme 74).

0]

1
HO OH TBDMSO P(OMe
V 65% V ( )2

(3 steps)
446 447
0 OEt N3 O
iv, v HOVP(OMe)Z Vi, Vii Eto ; -OMe
63% . 74% oy ©oH
2 steps 2 steps
( Ps) 448 ( Ps) 449
OH
vii O OH Ns © OH
HO FI’—OMe Hao NH 9
85% H _
on on oM P~OH
OMe
450

Scheme 72. Reagents and conditions: (i) TBDMSCI, Et;N; (ii) PPh;, I, imidazole; (iii) P(OMe),, Nal; (iv) AcOH; (v) m-CPBA; (vi) (a) (COCl),,
DMSO, Et;N, (b) HC(OEt);, TsOH; (vii) NaNs, NH,Cl; (viii) (a) 0.1 N HCI, (b) DHAP, FDP aldolase, pH 6.7, (c) acid phosphatase, pH 4.8;

(ix) Pd/C, Hs (50 psi).
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Scheme 73. Reagents and conditions: (i) (MeO),CMe,, acetone, TsOH, rt; (ii) aqg AcOH, 30 °C; (iii) n-Bu,SnO, molecular sieves 4 A, benzene, 80 °C;
(iv) Ph3CCl, i-Pr,NEt, DMF, rt; (v) (a) Tf,0, py, CH,Cl,, —40 °C, (b) NaN3, DMF, rt; (vi) Raney Ni, H,, MeOH, rt; (vii) (a) PPh3, MeCN, rt,

(b) H,O, rt; (viii) 4 M HCl/dioxane.

o)
HOH,C >< o__o HOH,C,
NH 0 NH
HO|.. o e —— HO O
)
HO  OH X HO OH
461 463 462
Scheme 74.
HOH,C, 0 HOH,C,
NH ><oj' o__o NH
HO: - o) ~— — HO o]
HO OH RO OR HO ©OH
R = MOM
464 466 465
Scheme 75.

D-Gluco- and Dp-galactono-6-lactams 464 and 465 were
prepared from the p-galactonic acid d-lactone derivative
466 (Scheme 75) and p-altrono- and D-idono-d-lactams
467 and 468 from L-galactonic acid od-lactone 469
(Scheme 76).

Pistia and Hollingsworth have synthesised 464 from
their key intermediate 328 (see Scheme 48).!3° Treat-
ment with hydrazine, followed by deacetylation yielded
acyl hydrazide 470. Catalytic hydrogenation led to the
product 464 (Scheme 77).
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HOH,C
NH NH
HO o o)
HO  ©OH OH
467 469 468
Scheme 76.
OACOH i OH OH . OH
L
OAc OH 2 oH ©
328 470 464

Scheme 77. Reagents and conditions: (i) NH,NH,, (ii)) Pd/C, H,.

Fleet et al. obtained the corresponding d-lactam of 5-
epiDMJ 471 (Scheme 78).'3! Hydrogenation of azide
472, followed by deprotection of the resulting rL-gul-
ono-1,5-lactam 473 produced the target material.

Kang et al. reported the synthesis of 5-epiNJ-8-lactam
474 (Scheme 79).'*® Enantioselective reduction of the
cyclic triacetyloxy meso imide 475 using bis(2,6-dimeth-
ylphenoxy)borane (BDMPB) 476 in the presence of a
catalytic amount of complex 477 (generated from amino
thiol ligand 478) furnished 479. The allenic compound

>

480 was generated via the tetraacetate of compound
479 using propargyltrimethylsilane. Nucleophilic addi-
tion of propargyl silane on the acyliminium ion centre
occurred exclusively from the axial direction. Ozonolysis
followed by NaBH,4 reduction gave the hydroxylmethyl
product 481. Deprotection steps involving the oxidative
cleavage of the p-methoxyphenyl (PMP) group and
deacetylation gave the azasugar 474.

A synthesis of the D-glucaro-6-lactam 482 was described
by Haroutounian et al. (Scheme 80).'4° This compound

OH

% i Q i HO, OH
N p—y 0. WOH -
3 9 .
o ’ _ 0% 07 N""“CH,OH
CH,OTBDMS o N “CH,OTBDMS H
472 473 47
Scheme 78. Reagents and conditions: (i) Pd/C (10%), H,, EtOH; (ii)) TFA/H,0.
OAc OAC
ACOZIOAC : ACO/JI\)I i i AcO.. EIOAC vy AcO,, dOAc
62% 77% 50% .
. (85% ee) . (2 steps) N"70  (2steps) HOHC™ "N"0
PMP PMP
475 479 ” 480 481
.| 4T%
VI-Viil (3 steps)
Me o o Me Ph Me
N [ EtoZn ~Zn
B g N \
@i H j@ HS N ; Ms(_/ Et OH
Me Me { ) prVe HO,,_(i\\OH
478 477
BDMPB K
476 HOH,C™ “N™ 0
474

Scheme 79. Reagents and conditions: (i) BDMPB, 477, toluene, —10 °C, 16 h; (ii) Ac,0, py, CH,Cl,, rt; (iii) HCCCH,OTMS, BF3-OEt,, TBSOTT,
MeCN; (iv) O3, CH,Cl,, —78 °C; (v) NaBH4, EtOH, 0 °C; (vi) Ac,O, py, CH,Cl,, rt; (vii) CAN, MeCN/H,O0, rt; (viii) 2 N NaOH, MeOH, 0 °C.
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Scheme 80. Reagents and conditions: (i) m-CPBA, CH,Cl,; (ii) HC(OMe)s, BF3-OEt;, molecular sieves 4 A, THF, 0 °C; (iii) NaBH,, CeCl3-H,0,
MeOH, —30 °C; (iv) NaH, BnBr, BuyNI, THF; (v) m-CPBA, BF;Et,0, THF; (vi) OsO4, NMO, -BuOH/acetone; (vii) (MeO),CMe,, TsOH-H,0,
acetone; (viil) TBAF, THF; (ix) RuCls, NalO,4, H,O/CCly/MeCN; (x) (a) Pd/C, H,, EtOH, (b) TsOH-H,0, MeOH; (xi) Na, napthalene, THF.

was an active inhibitor of B-glucurodinase with 98.5%
inhibition at 0.1 nM and antimetastatic activity on
mouse melanoma B16 with 91.8% metastatic inhibi-
tion at 10 pg/mL. From the protected furyl glycinol
derivative 483 subsequent hydrogenation and oxida-
tive cyclisation produced the (2S)-hydroxymethyl-
dihydropyridin-3-one 484, which was further protected
to give the key compound 485. A Luche reduction
yielded the alcohol as a single diastereomer, which was
subsequently benzylated as 486. Oxidation of compound
486 by m-CPBA led to the o, p-unsaturated lactam 487.
Typical osmium tetraoxide dihydroxylation gave diol
488 as a single diastereomer through approach of the
oxidant from the less sterically hindered face. Diol pro-
tection and hydroxymethylene deprotection gave com-
pound 489. Oxidation was achieved with ruthenium
tetraoxide to furnish the protected pipecolic acid-6-lac-
tam derivative 490, from which 482 was obtained.

11. Conclusion

Methods for the asymmetric synthesis of azapyranose
sugars have continued to expand over the past 6 years.
Although using starting materials from chiral pool, par-
ticularly hexose sugars, tetrose sugars (e.g., Schemes 24,
29, 40-42 and 60), dihydrobenzene (Scheme 11) and
o-amino acids (e.g., Schemes 14, 15, 25 and 45, 46, 47)
are the most popular.

The use of a chiral auxiliary (e.g., Schemes 3, 9 and 49),
resolution (e.g., Scheme 2) and the use of chiral reagents
in particular Sharpless aminohydroxylation (e.g.,
Scheme 16), dihydroxylation (e.g., Schemes 4, 10 and
53) and epoxidation (Schemes 71 and 72) continue to
grow.

Manipulation of carbohydrates remains the main strat-
egy for the synthesis of azapyranose sugars with reduc-

tive amination and intramolecular displacement
(Schemes 7, 8, 12, 13, 24, 29, 34, 37, 52 and 60) being
the two main methodologies for the construction of
the piperidine (azapyranose) ring.

In the context of the reductive amination, the amine
required for the reductive amination/cyclisation is typi-
cally unmasked by a reduction of an azide, which is
the most popular route (see Schemes 19, 22, 26, 54, 58,
71 and 72). However, reduction of the nitrile (Scheme
37), ketimine (Scheme 53), oxime (Scheme 2) and double
reductive amination/cyclisation of a 1,5-diketone with
an external amine (e.g., Schemes 20, 21 and 56) have
also been used. Aminomercuration (Scheme 55) and nit-
rene insertion (Scheme 58) add to the versatility of the
synthetic routes to azapyranose sugars. Addition of bis-
lactimes to tetroses (Schemes 24 and 40-42) and non-
asymmetric synthesis of azasugars from the oxidation
of (1-aminomethyl)furan (e.g., Scheme 38) are the two
other extensively used methodologies.

Moreover, strategies based on ring closure metathesis
(RCM) continues to play an increasingly important role
in the synthesis of piperidines and azapyranose sugars
(see Schemes 16, 17, 25, 31, 32 and 45-47).
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