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Monosaccharides and Analogues from
Simple Achiral Unsaturated Compounds

Antonio J. Moreno-Vargas*, Ana T. Carmona, Elena Moreno-Clavijo, and Inmaculada Robina

Abstract: We present herein a selection of ingenious methods that have been developed to convert inexpensive
furan, pyrrole and unsaturated hydrocarbons into enantiomerically enriched monosaccharides and analogues of

biological interest.
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1. Cycloadditions of Furans and
Pyrroles

The synthesis of carbohydrates and ana-
logues from 7-oxabicyclo[2.2.1]hept-2-
enes as starting materials was pioneered
by Justll and developed extensively by
Vogel’s group. 1-Cyanovinyl (1°S)-cam-
phanate adds to furan in the presence of
Znl, as catalyst to give a mixture of diaste-
reomeric Diels-Alder adducts, from which
adduct 1 can be isolated pure by crystal-
lization. Starting from (1R)-camphanic
acid, large quantities of pure adduct 2
were prepared.[) Enantiomerically pure
7-oxanorbornenyl derivatives 1 and 2 and
their products of saponification, ketones
(+)-3 and (-)-3, are named ‘naked sugars’
as they are chirons like those derived from
natural hexoses. They are also homochiral-
like sugars but with three unsubstituted
(naked) carbon centers. Their substitution
following highly stereoselective methods
gives polysubstituted 7-oxabicyclo[2.2.1]
heptane-2-ones that can be regioselective-
ly oxidized into different uronolactones 4,
5 and 6 which are precursors of D-ribose
derivative 7, p-allose and L-talose.[3! Start-
ing from 2, L-allose and D-talose were also
similarly prepared (Scheme 1).
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Scheme 1. Use of ‘first-generation naked sugars’.
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Scheme 2. Total synthesis of deoxypolyoxin C and of (+)-p-allonojirimycin.

The ‘naked sugar’ methodology has
been also used for the synthesis of deoxy-
polyoxin C (Scheme 2). The a-bromouro-
nolactone (—)-6 gives an allyl uronic ester
on treatment with allyl alcohol and triflic
acid that was converted into azidoderiva-
tive 8. Compound 8 could be transformed

into deoxypolyoxin C.5! It also permitted
the first synthesis of (+)-D-allonojirimycin
(Scheme 2).1%! L-Daunosaminel”l was also
obtained from chiron 1.181 The ‘naked sug-
ars’ have been converted into long-chain
sugars and C-disaccharides,®! castano-
spermine and derivatives,[') and to the
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first examples of polyhydroxylated indoli-
zidines!'! and quinolizidines.1?]

Hoffmann and co-workers have devel-
oped the synthesis of homochiral 2,6-an-
hydroheptitols from 8-oxabicyclo[3.2.1]
octan-3-one.l'3]  Enantiomerically pure
3-oxo0-8-oxabicyclo[3.2.1]octyl-2-yl  de-
rivatives were obtained by [4+3] addition
of furan with chiral 1,2-dioxyallyl cation
engendered in situ by acid-catalyzed het-
erolysis of enantiomerically pure mixed
acetals derived from 1,1-dimethoxyac-
etone and enantiomerically pure second-
ary benzyl alcohols.l'* Adduct (-)-9 was
obtained in this manner. This compound
was enolized regioselectively and oxidized
with mCPBA giving, after esterification,
pivalate 10 that was easily converted into
anhydroheptitol 11 (Scheme 3).

Vogel and co-workers have also ex-
tended the ‘naked sugar’ methodology to
the synthesis of further products of inter-
est, such as dideoxyiminoalditols and
polyhydroxylated prolines (‘aza naked
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Scheme 3. Hoffmann’s asymmetric [4+3]cycloaddition of furan: total synthesis of

2,6-anhydroheptitols.

sugar’ methodology). The synthesis of
the aza-analogue of compound 3, 7-az-
abicyclo[2.2.1]hept-5-en-2-one 12, was
reported in 19991151 by Trudell et al. in the
racemic form, starting from N-Boc-pyrrole
and 2-bromethynyl p-tolyl sulfone. This
synthesis was later improved!'®! (Scheme
4). The enantiomerically pure forms of 12
were recently reported.[!7]

Other enantiomerically pure 7-azabi-
cyclo[2.2.1]heptane analogues, such as
compounds (—)-15, (+)-16!'81 and (+)-171191
and their corresponding enantiomers, were
also reported by Vogel’s group (Scheme 5).
Compounds (-)-15 and (+)-16 and their
corresponding enantiomers were success-
fully transformed into the iminosugar 18
and its enantiomer, respectively, which
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showed strong competitive inhibition to-
wards o-mannosidases.291 The key step of
this transformation implies a novel rear-
rangement on the bicyclic system through
aminyl radicals.2!l Ketones 17 and 12 were
transformed into polyhydroxylated proline
derivatives 19,1191 20 and 21,22 following
the same methodology that was previously
employed in the case of oxa-analogues
(‘naked sugar’ chemistryl8al), These pro-
lines are expected to be useful intermedi-
ates for the preparation of new dideoxyimi-
nosugars, such as polyhydroxylated indoli-
zidines and pyrrolizidines, in the search for
new glycosidase inhibitors.

2. Carbohydrates and Analogues
from Achiral Polyenes

An elegant total synthesis of acos-
amine and of daunosamine was developed
at Roche starting from cyclopentadiene.[23]
Monomethylation of cyclopentadiene
gives 5-methylcyclopentadiene that is hy-
droborinated asymmetrically with (—)-di-
3-pinanylborane giving (S)-alcohol 22.
Epoxidation syn with respect to the ho-
moallylic alcohol provides 23, which is
oxidized into ketone 24. Baeyer-Villiger
oxidation of 24 is regioselective and leads
to lactone 25. This compound was then
transformed into methyl-a-acosaminide
and daunosamine-HCI (Scheme 6).

Johnson and co-workers reported a
total synthesis of 1,3-dideoxynojirimycin
starting from cyclopentadiene.>l Photo-
oxidation of cyclopentadiene and reduc-
tive work-up with thiourea generates cis-
cyclopent-2-ene-1,4-diol. Its enzymatic
enantioselective monoacylation, silylation
and subsequent treatment with KOH and
oxidation, gave enantiomerically pure
enone 26/>1 which was transformed into 27
and (+)-28 as depicted in Scheme 7. A sim-
ilar approach converted enantiomerically
pure (2R,3R)-2,3-isopropylidenedioxycy-
clopent-4-en-1-one derived from cyclo-
pentadienel2! into (—)-1-deoxymannono-
jirimycin and (-)-1-deoxytalonojirimy-
cin (1,5-dideoxy-1,5-imino-D-talitol).[27}
Enone 26 was converted to (2R,35)-2,3-
bis[(tert-butyl)dimethylsilyloxy]cyclo-
pent-4-en-1-one and then to (+)-1-de-
oxynojirimycin. 28]

Dioxygenases, present in the blocked
mutants of the soil bacterium Pseudomo-
nas putida, degrades benzene and its deriv-
atives into cyclohexa-3,5-diene-1,2-diols.
With chlorobenzene, diol 29 is obtained
with >99% ee. This compound is converted
in a few chemical steps into several sug-
ars and derivatives(?! such as L-erythrose,
KDN,B0 (-)-Neu-5-Ac3!l and Vitamin
CI321 (Scheme ).

When applied to penta-1,4-diene,
the Sharpless asymmetric dihydroxyl-
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Scheme 6. Roche’s synthesis of 0-acosamine and daunosamine.
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Scheme 7. Johnson’s synthesis of 1,3-dideoxynojirimycin.
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Scheme 8. Hudlicky’s syntheses of tetrose, pentose and hexose derivatives and Banwell’'s

syntheses of KDN, Neu5Ac and Vitamin C.

ation forms a 1:1 mixture of (25,4S5)- and
(2S,4R)-penta-1,2.4,5-tetrols, 30 and 31
(Scheme 9), which can be converted to
diepoxides 32 and 33, respectively.[3
The former was converted into dideoxy-
pentitol and -thiopentitol. A stereo- and
enantioselective synthesis of 32 is possible
starting from 1,5-dichloropenta-2,4-diene
applying Noyori’s asymmetric hydrogena-
tion.34]

3. Desymmetrization of meso
Dienols

Katsuki-Sharpless desymmetrization of
penta-1,4-dien-3-ol (34) gives the mono-

epoxide 35 which can be converted in-
to 1,4-dideoxy-1,4-imino-D-lyxitol 36
(Scheme 10).1351 Similarly, Schreiber and
co-workers3¢! have obtained (+)-KDO
from the diallyl alcohol 37 (Scheme 11).

4. Kinetic Resolution of Racemic
Allylic Alcohols

The Katsuki-Sharpless asymmetric
epoxidation of racemic diol (+)-38 gave,
after chromatographic separation, the
erythro-epoxide (+)-39 which was further
transformed into D-olivose (Scheme 12).
Asymmetric epoxidation of the kineti-
cally resolved dienol (-)-40 gave the cor-
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responding epoxide (75%) that could be
transformed into D-digitoxose.37 In a sim-
ilar manner (+)-oliose, (+)-cymarose,38!
D- and L-chalcosel®! were also prepared.
Application of the Katsuki-Sharpless enan-
tioselective epoxidation to racemic mono-
O-benzylated divinylglycol allowed the
preparation of enantiomerically pure L-lyxo
and D-lyxo-pentoses and analogues.[40]

5. Enantioselective Sharpless
Dihydroxylation and
Aminohydroxylation

This is an extremely powerful method
for the synthesis of monosaccharides and
selected examples of application are col-
lected in this section. For instance, tetritol
and tetrose derivatives are obtained readily
from asymmetric dihydroxylation of (E)-
but-2-ene-1,4-diol,*!1 and 4-deoxy D- and
L-threose are derived from benzene-1,2-
dimethyl acetal of (E)-crotonaldehyde. In
a similar way, 2-deoxyxylofuranosides are
obtained from 5-[(fert-butyldiphenylsilyl)
oxy]-(E)-pent-3-enal.[*21 Asymmetric di-
hydroxylation of 2-vinylfuran (41) gives
diol (+)-42, which after oxidation with
m-chloroperbenzoic acid and water elimi-
nation furnished (+)-isolevoglucosenone
(Scheme 13). This compound can be isom-
erized into (—)-levoglucosenone. The L-
hexose derivative (—)-isolevoglucosenone
is obtained with the same ease.l*!

Starting from furfural and by applying
the same route, D- and L-mannose, D- and
L-gulose, D- and L-talosel*4! and 2-deoxy
and 2,3-dideoxyhexoses[*5] were obtained.

The Sharpless asymmetric aminohy-
droxylationl*®l of 2-vinylfuran 43 gives
aminoalcohol 44, that was converted into
the B-hydroxyfurylamine derivative 45,471
useful building block for the synthesis
of various biologically important com-
pounds, including 1,5-dideoxy-1,5-imino-
alditols (Scheme 14). A less regioselective,
but shorter way to 45 is the direct asym-
metric aminohydroxylation of vinylfuran.

Sharpless asymmetric dihydroxylation
of ethyl sorbate gives diol 46 regio- and ste-
reoselectively. This compound was trans-
formed in several steps into tosylamide
47 which is then converted into methyl
N-tosyl-a-D-tolyposaminide (—)-48. Alter-
natively, diol 46 is reacted with TsN=C=0
to give 49. Hydrogenation of the alkene
moiety and subsequent methanolysis and
acidic treatment provides lactone 50,
which was successfully transformed into
4-epi-N-tosyl-o-D-tolyposaminide (+)-51
(Scheme 15).1481

Lindstrom and co-workers°! have
also presented an efficient synthesis of
five-membered iminoalditols in water that
includes asymmetric dihydroxylation and
epoxidation steps (Scheme 16).
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Scheme 17. Partial reduction of pyrrole for the synthesis of DMDP and other iminosugars.

6. Birch Reduction of Pyrroles

The Birch reduction of pyrroles with
ester functionality at either C(2) or at both
C(2) and C(5) is a useful method for the
synthesis of iminosugar derivatives that
has been broadly exploited by Donohoe’s
group.bY N-Boc pyrrole was doubly lithi-

ated with lithium 2,2,6,6-tetramethylpi-
peridide (LiTMP), followed by a quench
with methyl chloroformate, to give diester
52 (Scheme 17). Pyrrole 52 can be reduced
to give the frans isomer of 53 with good
diastereoselectivity, using lithium in am-
monia and quenching with ammonium
chloride. Reduction under ‘ammonia-free’

Scheme 14. Application of the Sharpless
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O 0, > 0, . .
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Br -mix-a., 3 Br OH Br OH : : :
MeSO,NH, H,0 lowed by protonation with 2,6-di-zertbu-
=N H,O/t-BuOH 1:1 = 50°C. 3h = tylphenol gives cis-53 exclusively. These
Br 0°C, 16 h OH Br (98%) OH OH two pyrrolines were successfully trans-

formed (among others) into the natural
pyrrolizidine alkaloid (—)-2,3,7-triepiaus-
traline,l5!! into the polyhydroxylated pyr-
rolidine 54 and into the natural glycosidase
inhibitor DMDP.[>21

7. Conclusion

For many years carbohydrates were very
difficult synthetic targets because of their
complexity arising from their stereochem-
istry and their multifunctional character. In
parallel with the recent revolution in organic
synthesis, a large number of complicated
and rare monosaccharides have been pre-
pared by total asymmetric synthesis starting
from inexpensive and ready available start-
ing materials, including furans recovered
from the left-overs of agriculture (biomass)
and pyrroles. Methods are available that al-
low one to reach both enantiomers of any
natural or non-natural monosaccharide, in-
cluding deoxyaminosugars, thiosugars and
iminosugars, and this, quite often, in few
synthetic steps. Depending on the target,
pure chemical procedures can be applied
successfully, alone or in combination with
chemoenzymatic methods.
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