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Preface

In order to address the ever-increasing significance of carbohydrates in biology
the presentation of material in this volume has been somewhat modified. A new
introductory chapter (1) highlights some of the reviews published during the year
that give an overview of the glycobiological aspects of carbohydrate chemistry,
and another new chapter (20) brings together reports of the use of enzymic
methods in the field — particularly those employed in the synthesis of glycosides
and especially di- and oligosaccharides. There is consequently some inevitable
overlap between Chapter 20 and Chapters 3 and 4. Antibiotics no longer have
their separate chapter, rather material on this topic is distributed between the
chapters on e.g. glycosides and nucleosides. The various analytical and separ-
atory methods, which in previous volumes had their own chapters, are now
covered together in Chapter 21.

As was foreshadowed in the Preface to Volume 33 the present team completes
its writing responsibilities with Volume 34, the decision having been forced by
the ever-increasing workload involved in covering not just an expanding field
but one of appreciably greater complexity. While it used to be a relatively
straightforward task to abstract a paper and assign the précis to one of the
chapters, it is now commonplace to find important features of a report which fall
under several headings. All too often, it has appeared to the writers, important
material was being buried in the mass, and highly significant and long papers
have had to be condensed beyond an appropriate degree. Our procedures do not
allow automatic searching, and in the face of powerful alternatives, it has to be
conceded that this is a fundamental weakness. It also has to be accepted that,
despite much effort to reduce the delay in publication, we have not achieved our
objectives. Nevertheless, the approach adopted over 34 years has provided a
search method with unique advantages, bringing together related chemistry in a
way that facilitates searching within categories of particular compounds and
which affords a ‘snapshot’ of the state of each category at a particular point in
time.

Highlights this year are the major syntheses of everninomycin and of
glycoconjugate-based anti-cancer antigens mentioned at the beginning of Chap-
ter 4, and also the less spectacular but highly significant developments in the vital
area of synthesis of oligosaccharides. The further recognition of the desirability
of using complementary and tuned donors and acceptors, the advances in
‘one-pot’, biochemical and automated procedures indicate very real progress,
but nevertheless, each oligosaccharide still appears to presents its own chal-
lenges.



vi Preface

This year Paul Benjes and Chris Hamilton contributed to the abstracting and
writing tasks. Their help has been much appreciated, and their longer serving
colleagues are thanked warmly for all their efforts over, in some cases, many
years. Richard Wightman has been a particular tower of strength during the
production of 17 volumes, always providing many of the most complex and
detailed abstracts from the most difficult sources and writing key and highly
involved chapters with the greatest commitment and professionalism. He seemed
to check everything — even after publication — and was never slow to point out
deficiencies with a directness that could only be forgiven by the succeeding
friendly references to British/New Zealand sporting interactions.

Over many years Janet Freshwater and Alan Cubitt, of the Royal Society of
Chemistry, provided us with invaluable help by administering the projects and
smoothing the paths of our manuscripts from delivery to publication. Sincere
thanks are extended for all their work on behalf of all the contributors.

R.J. Ferrier
December 2002
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1

Introduction and General Aspects

This year saw the publication of a triple issue (numbers 7-9) of Glycoconjugate
Journal highlighting ‘Glycobiology at the Millennium, a look back and a glance
ahead’.! Topics covered range from an appreciation of A. Kabat (Feizi and
Lloyd) and affinity enhancement of lectin—carbohydrate interactions (Lee and
Lee) to carbohydrates as future anti-adhesion drugs for bacterial disease (Sharon
and Ofek). A symposium issue of Journal of Carbohydrate Chemistry features a
collection of articles from the First Euroconference on Carbohydrates in Drug
Research.? A special issue of Chemical Reviews has been published entitled
‘Frontiers in Carbohydrate Research’, and sub-titled by the guest editor (J.K.
Bashkin) ‘Carbohydrates — A Hostile Scientific Frontier Becomes Friendlier’.?
Amongst other topics, many of which are referred to at the beginning of relevant
chapters, this issue covers solid-phase oligosaccharide synthesis and combina-
torial carbohydrate libraries (Seeberger and Haase),* intramolecular O-glycoside
formation (Schmidt and co-workers),” enzyme-based and programmable one-
pot strategies for synthesis of complex carbohydrates and glycoconjugates
(Koeller and Wong,® who have written a further review on this topic’) and
theoretical approaches and experimental validation of studies on the structure,
conformation and dynamics of bioactive oligosaccharides (Imberty and Perez).®

A review from Zechel and Withers, entitled ‘Glycosidase Mechanisms: Anat-
omy of a Finely-tuned Catalyst’, addresses issues of transition state structure,
substrate distortion, acid—base catalysis and trapping of covalent intermediates.’
Winchester and Fleet have reviewed modification of glycosylation of glycoconju-
gates as a therapeutic strategy;'® the use of glycosphingolipid synthesis inhibitors
as therapy for glycolipid storage disorders has been also reviewed.!! The glycan
repertoire of genetically modified mice has been analysed by nano-NMR spec-
troscopy — a key step on the way to understanding the role of glycosylation in
vivo.!” At the whole-cell level, synthetic N-glycolylmannosamine pentaacetate
has been used to prime N-glycolylneuraminic acid formation in neural cell
cultures and hence alter cell phenotype.* Synthetic heparin—diazeniumdiolate
conjugates have been shown to act as inhibitors of thrombin-induced blood
coagulation by virtue of their ability to generate nitric oxide.'* A comprehensive,
and comprehensible, survey of topical issues in glycobiology appears in Essen-
tials of Glycobiology.”®

The synthesis and biological activity of glycolipids, with a focus on ganglio-
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2 Carbohydrate Chemistry

sides and sulfatide, has been reviewed.!® Extensive studies at the forefront of
chemical synthesis, detailing the successful total synthesis of the oligosaccharide
antibiotic everninomycin 1, have been reported by Nicolaou and co-workers.!™!8
The use of olefin metathesis in carbohydrate chemistry has been reviewed.!*?

Me OMe OH ™
© o o 9 o Me
. 0.
HO oY @ Ome °o HO OH
GH OH

1

Combinatorial methods have been used to generate penta- and hexa-peptides
with monosaccharide-recognition ability.?! A number of review articles have
appeared concerning solution and solid-phase approaches to the generation of
carbohydrate-based combinatorial libraries.”>>* The use of anomeric radicals in
the synthesis of O- and C-glycosides has been reviewed,” as have the conforma-
tions of the radicals and their reactions under reductive conditions.” An exten-
sive review of iodine and iodine-based reagents in carbohydrate chemisry has
appeared.®

Last year saw the death of Professor Guy Dutton, well known for his leading
work on polysaccharide structural analysis; his obituary has appeared.”
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Free Sugars

1 Synthesis

1.1 Tetroses and Pentoses. — A new synthesis of 2-O-benzyl-3,4-O-iso-
propylidene-p-erythrose (2) from 2,3-O-isopropylidene-D-glyceraldehyde in-
volved chain-extension by use of methyl tolyl sulfoxide, followed by benzylation
of the new hydroxyl group to give 1. Quantitative transformation of the sulfoxide
to a formyl group (1—2) was achieved by exposure to lutidine-trifluoroacetic
anhydride, then aq. sodium hydrogen carbonate.!

Compound 3 was prepared from commercially available (R)-(+)-5-hy-
droxymethyl-5H-furan-2-one by O-benzylation and subsequent conjugate addi-
tion of (PhMe,Si), Cu(CN)Li,, and converted to 2-deoxy-L-ribose (5) via the
2-deoxy-L-ribonolactone derivative 4.2 2'-Deoxy-D-ribose 5-phosphates “C-
labelled at C-3 and C-4, and/or at C-5, were prepared in a chemoenzymatic
approach by cyclizing appropriately labelled dihydroxyacetone monophos-
phates with unlabelled acetaldehyde. By use of ['°C,]-, [1-'*C]- or [2-BC]-
acetaldehyde, labels were also introduced at C-1 and/or C-2.?

R
o>< BnOCH,
P2 3 R =SiMe,Ph 5
1 R=CH,S- 4 R=0OH

Tol
2 R=CHO

1.2 Hexoses. — The de novo syntheses of enantiopure D- as well as L-hexoses
from vinylfuran (see Vol. 33, Chapter 2, Ref. 10) were greatly improved by use of
optimal conditions for the required Sharpless catalysed asymmetric dihyd-
roxylation.*®

Hetero Diels—Alder cycloaddition of a,p-unsaturated carbonyl compounds
and dioxygenated alkenes in the presence of a chiral bisoxazoline-Cu(OTf),
complex as Lewis acid catalyst furnished hexopyranose precursors in good yields
and high enantomeric excess. In the synthesis of the precursor 6 of ethyl tetra-O-
acetyl-B-D-mannopyranose outlined in Scheme 1, for example, a 69% overall
yield and 99% ee were achieved.® A new route to hex-2-uloses involving boron-
or, preferably, lithium-enolates is exemplified in Scheme 2. Only 3,4-trans-

Carbohydrate Chemistry, Volume 34
© The Royal Society of Chemistry, 2003
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CO,Et CH,0Ac
CO,Et
0 ORt O,  oEt
\ o+ OBn AcO OAc AcO
BnO
R i Oho
eagents: i, %/N\ U'N\R ,Et,0
Bu' (OThe gy Scheme 1

products were formed when the chiral lithium amide 7 was used to generate the
enolate, with the D-tagatose derivative 8 as the major (69%) and its D-psicose
isomer 9 as the minor (8%) products.’

o

T, ’)H Ph F.
Reagents: i °7<° , Buli, N™ "CFq

Li
7

Scheme 2

A new approach to multiply-protected aminodeoxyhexoses using an
Sn(OTf),-catalysed cross-aldol condensation between lactaldehyde and a tricar-
bonyliron/a-aminoheptadiene complex is referred to in Chapter 9.

The synthesis of L-sugars has received considerable attention: the furfural-
derived, optically active, bicyclic enone 10 served as common precursor of
L-galactose, L-gulose and L-idose.! Compound 10 was converted in a four step
1,3-enone transposition to its isomer 11, from which the remaining five L-
aldohexoses (L-allose, L-altrose, L-glucose, L-mannose and L-talose) were ob-
tained.” Several L-hexoses have been synthesized from the appropriate perben-
zylated D-hexono-1,5-lactones by exposure to BnONH,-Me;Al to give acyclic
intermediates (e.g. 12) which ring-closed with inversion at C-5 on treatment with
DEAD-TPP. The resulting oximes (e.g. 13) were readily hydrolysed and reduced
to the perbenzylated free L-sugars.'’

0 OBn
0 \ OH O
0 OBn o
ROHC JL LR o BnO NHOBa
H H’ OBn
10 R=2-naphthyl 11 12

D-Glucono-1,4-lactone derivative 14 was converted to L-gulose by reductive
opening, followed by persilylation and acetal hydrolysis to give diol 15, then
primary oxidation and deprotection. Acetal hydrolysis in the presence of silyl
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groups was achieved by use of BCLs.!! In another, as yet incompleted synthesis of
L-gulose starting from 2,3,4,6-tetra-O-Tbdms-D-gulono-1,5-lactone, use was
made of BCl; in THF for the selective cleavage of the primary Tbdms ether
(16—17), to allow the necessary C-6 oxidation (17—18).!? 1,2:5,6-Di-O-isopro-
pylidene-B-L-idofuranose, formed on acid treatment of the 1,2:3,5-di-O-acetal
(see Chapters 6 and 13 for synthesis), gave the elimination products 19 and 20 on
treatment with DAST-pyridine and PDC-Ac,O-pyridine, respectively. The for-
mer underwent stereo- and regioselective hydroboration to furnish L-altrose,
after acid hydrolysis; the latter was converted to L- mannose by catalytic hydro-
genation, then deprotection.*'* An immobilized L-rhamnose isomerase of
Pseudomonas sp. was used to produce L-talose from L-tagatose and D-gulose
from D-sorbose in 12 and 10% crystalline yield, respectively.”> A new formal
synthesis of 4-deoxy-L-hexoses from (R)-benzylglycidyl ether is covered in Chap-
ter 12.

CHZ0H
HO
(0]

o ><, o ThdmsO
SgﬁOBn NOBR G 0 OTbdms

BnO TbdmsO
OBn OH CH,OTbdms

13 14 15
R o><o 0 R o

o)
\
OTbdms /~0 0
TbdmsO R O7k 071\
OTbdms

16 R = CH,OTbdms 19 R=H 21 R=
17 R =CH,0H 20 R=0Ac

18 R=CHO 22 A= HO/\IFOH

Asymmetric dihydroxylation experiments with a-D-xylo-hex-5-enofuranose
derivatives (21—22) under a variety of conditions showed that the C-3 substitu-
ent (X) plays an important role. 3-Esters 21 (X = OAc or OBz) and the 3-deoxy
compound 21 (X = H) gave D-gluco- and 3-deoxy-L-ido-products, respectively,
with good selectivity when ‘Admix o’ was used as the reagent.'

1.3 Chain-extended Sugars. — 1.3.1 Chain-extension at the ‘Non-reducing
End’. Methyl 2,3 4-tri-O-benzyl-D-erythro-a-D-gluco-oct-1,5-pyranoside and its
L-erythro--D-gluco-isomer have been synthesized for the first time by cis-hy-
droxylation of the appropriate 6-C-vinyl-D- and -L-glycero-D-gluco-pyranose
derivatives, respectively.!’

Homologation of protected dialdohexoses 23 with a-D-gluco-, a-D-galacto-
and a-p-allo-configurations by use of various (substituted-methyl)magnesium
chlorides, has been undertaken. Good L-selectivity was achieved with
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PhMe,SiCH,MgCl (e.g. 23—24)."® The glycero-D-manno-heptopyranoside-7-
phosphate analogues 25 were obtained from a dialdehydo-mannopyranoside
precursor by reaction with MePO(OEt),-n-BuLi, followed by deprotection.”

1
CHzPO3Nay R'CHz o

R
o] HO k Z
BnO OMe (o] 0o
OH HO R°0 o\f\
BnO  OBn HO OMe
23 R=CHO 25 26 R'=HOCH,, RZ=Tbdms

CH,SiMe,Ph Br Br

24 R:l——OH 27 R'= \E,ngBz

Dibromide 27, required for the preparation of doubly homologated analogues
of adenosine (see Chapter 19), was obtained by oxidation of 5-deoxy-a-D-al-
lofuranose derivative 26 to the corresponding 6-aldehyde, treatment with
Br,C=PPh; and replacement of the silyl by a benzoyl group.? The synthesis of
the bridged a,B-unsaturated lactone 30 involved Wittig-extension of the di-
spiroketal-protected 6-aldehydo-pD-mannopyranoside 28 to furnish 29, followed
by debenzylation with concomitant cyclization by use of FeCl; in dry di-
chloromethane*!

R

0
0 B0 )
MeO, © OMe MeO, O

-OMe

28 R =CHO 30 s
CO,Me 0. o n-alkyl
31 R= 38 :1,32R= Sﬁ .
[¢] ‘o
0

29 R= /
Me H
33 R=O=1

C-Alkylation of mannofuranoside 5,6-cyclic sulfate 31 with n-alkylated lith-
ium dithianes gave chain-extended 7-osulose precursors 32, accompanied by
by-products 33 in increasing amounts (0-42%) with increasing alkyl chain
length (n = 0-12).2 Cyclic sulfate 34 was opened with lithium trimethylsilyl-
dithiane to furnish ketone 35 after dethioacetalation. Further processing gave
the 3-trimethylsilyl-5-(threos-4-yl)-pyrazole derivatives 36, as shown in Scheme
3'23

3-0-Benzyl-6-deoxy-1,2-0-isopropylidene-a-D-xylo-hexofuranos-5-ulose (37)
on treatment with carbon disulfide and methyl iodide under basic conditions
afforded a-oxoketene dithioacetal 38, which was transformed to pyrazole deriva-
tive 39 by exposure to hydrazine hydrate. A 3-deoxy-3,4-unsaturated analogue
was similarly prepared.* Conversion of ketone 37 to the Knoevenagel product
40 prior to treatment with CS,-Mel-NaH led to the formation of the sugar
‘push-pull-butadiene’ 41.2
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N Tms

—
Tms o
:I@ v OBn
— HO_ .~ _— o
Y o]
; i~
34 36 R=Hor Me

Reagents: i, >( } H*; i, Ip, CaCOg; iii, DMSO, TFAA; iv, RNHNH,
Scheme 3

H SMe
R / R
NG | NC,
0 o o C o)
OBn 0Bn NC OBn
0 o) o)
o} \{\ o) #

37 R=Me 39 40 R=Me
SMe SMe
38 R=0=C, 41 R=c=C
SMe SMe

In the presence of chloramine T, the non-reducing end oxime 42 underwent
1,3-polar cycloadditions with terminal alkynes to give 3-glycosyl-5-substituted
isoxazoles 43 in moderate yields.?® Reductive alkylation of pyrroline derivative
44 with methyl 2,3,4-tri-O-benzyl-6-deoxy-6-iodo-a-D-glucopyranoside gave,
after ester reduction, osmylation and acetylation-deacetylation, the novel poly-
hydroxypyrrolidine 45, containing a methyl glucoside moiety.”’

42 R=HC"
\

X = Ph, CH,OH, etc.

Chain-extension has been brought about intramolecularly by ring-closing
metathesis of glycoside dienes. The 3-O-allyl-hex-5-enofuranose derivative 46,
for example, afforded the 3,7-anhydroheptofuranose 47.%
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o\/\ 4 H of\

46 47

Crossed-aldol condensations between 1-deoxy-3,4:5,6-di-O-isopropylidene-L-
fructose and various protected aldehydo-pentoses afforded C-11 sugars, mostly
as diastreomeric mixtures, in modest yields.”’ Higher analogues of sucrose were
obtained by oxidation and one-carbon Wittig extension at C-6 of an appro-
priately protected starting compound and subsequent cis-dihydroxylation of the
6,7-double bond.*® Radical addition reactions furnishing D-galactofuranosyl-
containing C-disaccharides are covered in Chapter 3.

1.3.2 Chain-extension at the ‘Reducing End’. Mercuricyclization of hept-dienitol
48 and subsequent reductive demercuration in the presence of oxygen afforded a
3:1 mixture of 1,2-unsaturated hept-3-ulofuranosides 49.>' Reaction of 5,6-O-
isopropylidene-2,3-di-O-Tbdms-D-allono-1,4-lactone with allyl magnesium
chloride, followed by acetylation, then ozonolysis or epoxidation gave octos-3-
ulose derivative 50 and non-4-ulose derivatives 51, respectively.'

CH,0Bn CHOBN o ><o 0. Ohc
OH OBn
S — R
BnO BnO OH TbdmsO OTbdms
e 49 50 R="_cpo

o]
51 R=~_~—

The differentially protected F-ring moiety 53 of the altohyrtin group of
anticancer macrolides has been prepared using intramolecular opening of epox-
ide 52 to form the pyranose ring. Compound 52 was obtained by epoxidation of
the corresponding unsaturated octitol, which in turn was constructed from small
molecules in a multistep asymmetric synthesis.*

CH,OTbdms
A
O\.
—Me CHon CHyOAc
TbdmsO— OTbd o R!
ms
—O0Bz OTbdm
—OH BzO
CH,0H OAc
52 54 R'=Cl, R?=

55 R'= .~ Fiz cl
56 R'= »~F, R®=H

57 R\R2=__/—
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Radical allylation of peracetylated 1-bromo-B-D-glycopyranosyl chlorides 54
(B-D-gluco-, B-p-manno- or B-D-galacto-configuration) with allyltributyl tin un-
der photolytic conditions gave 4-ulopyranosyl chlorides 55 in moderate to
excellent yields. Radical dechlorination then furnished the expected 3-(B-p-
glycopyranosyl)-1-propenes 56. Alternatively, base-induced dehydrochlorina-
tion led to the new glycopyranosylidene dienes 57.>* Insertion of glycosylidene
carbene derived from 58 into boron-alkyl bonds of trialkylborons or B-alkyl-9-
0x0-10-borabicyclo[3.3.2]decanes gave the base-stable glycosyl boranes 59 and
glycosyl borinates 60, respectively, with low stereoselectivity. Oxidation of 59
and 60 (H,O,-NaOH) afforded exclusively hemiketals 61 and 61a, respectively,
with axial OH.*

CHo0Bn
O R o
OBn ><o (o) R
R2
BnO O><O
OBn R?
N
58 R1,R2= gl 62 R1 H2 _;COZEt
59 R',R?=BX,, X; X =Et, By, Ph 63 R' =07 R?.:\s/COzE‘

O
60 R\ R2=<5 ij (CHy)sMe or<—® Br
61 R'=Et, Bu, Ph; R?=

61a R'= (CH2)5Meor<—Q A2 = OH

a-Bromoacetals 63, available by 1,4-addition of allyl alcohol to the p-man-
nono-1,4-lactone-derived enol ester 62 in the presence of NBS, underwent rad-
ical cyclization on treatment with Bu;SnH to afford spiroacetal 64.3 The
spiroketal moieties of spirophostins 66, conformationally restricted analogues of
the adenophostin-type nucleoside antibiotics, were formed by acid-promoted
cyclizations of precursor non-4-uloses 65.% On exposure to DIBAL, the known
spiroketal mesylate 67 rearranged to give the hydroxylated, cis-fused 1,6-diox-
adecalin 68. Formation of a cyclic intermediate 67a by participation of the C-3
benzyloxy group in the displacement is proposed, the sulfonate being displaced
intramolecularly by the tetrahydrofuranyl oxygen atom.”

CHzan
>< CHpOH ros
o. o OH c2>
>< i OPO5~~
O Meo OH OH 2‘0 po 3 O
Me OBn 3
COyEt OMe OH
66

2 Reactions

A short summary of the Bilik reaction (molybdic acid-catalysed epimeric inter-
conversion of aldoses with skeletal rearrangement) has been published.® The
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CH,0Bn
CHgOBn (
Me O_ OoH
67a 68

molybdic a01d-cata1ysed isomerizations of D-erythro- and D-threo-pentulose to
the corresponding 2-C-(hydroxymethyl)-D-tetroses is covered in Chapter 14.

The platinum-catalysed oxidation and carboxy-alkylation of free sugars has
been reviewed (11 pp., 44 refs.).”® A kinetic study on the oxidation of aldopentoses
in aq. sulfuric acid by electrolytically generated manganese dioxide has been
undertaken.® The iridium(III)-catalysed oxidation of maltose and lactose by
NBS in perchloric acid has been investigated, with particular attention to the
effects of various additives, such as acetamide, acetic acid, KCl and Hg(OAc), on
the reaction rates.” In order to locate the reaction sites in starch oxidation
processes, the characteristics of the reactions of the model compounds methyl
a-p-glucopyranoside and 1,2-0-isopropylidene-a-D-glucofuranose with oxygen
in alkaline solution in the presence of copper phenanthroline have been studied.*?

The highly efficient catalytic activity of lanthanide(III) ions in the thermal
degradation of the most common monosaccharides as well as several fructose-
containing di- and tri-saccharides in organic solvents, especially in DMSO, with
formation of 5-hydroxymethylfurfural has been investigated.*

Addition of glycine during the conversion of D-glucose by aqueous alkali
greatly increased the rate of formation of carbonyl and dicarbonyl degradation
intermediates, whereas their subsequent transformation to carboxylic products
was inhibited.* In the presence of thiols, browning was accelerated, but when
both glycine and a thiol were added, it was slowed down.* The effects of constant
reaction pH on sucrose degradation has been assessed by use of simulated
industrial model systems. It was shown that minimum sucrose degradation
occurred between pH 6.45 and 8.50.4

3 Other Aspects

The relative proportions of the acyclic aldehydic forms of eight hexoses, four
pentoses and three deoxyaldoses has been estimated from the rate constants for
their reactions with urazole. The absolute values were obtained by correlation
with literature NMR measurements.*’

Infinite-dilution apparent molar volumes for monosaccharides (D-xylose, D-
arabinose, D-glucose and D-galactose) in aqueous NaCl and those for NaCl in
aqueous saccharide solutions and related volumetric properties of
sugar/NaCl/water systems have been determined and the results have been
evaluated in terms of structural interaction and stereochemistry.®®

When monosaccharides (Gle, Gal, Man, GlcNAc) were doped with the corre-
sponding alkyl glycosides, glasses were obtained that were able to solubilize
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hydrophobic compounds such as phenols, terpenols, arylalkyl alcohols and
lipids) to form isotropic liquids. The use of these materials in enzymic glycosyla-
tions is referred to in Chapter 20.4*°
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Glycosides and Disaccharides

1 O-Glycosides

1.1 Synthesis of Monosaccharide Glycosides. — Relevant reviews to have ap-
peared have dealt with glycosides bearing highly fluorinated aglycons, their
biological activities and surface activity properties also being discussed,’ glycosyl
fluorides as glycosylating agents,” and the chemistry and biology of glycoside-
controlled plant leaf movements.’ Of particular important is a Chemical Review
on intramolecular O-glycosylation by R.R. Schmidt and co-workers who dealt
with the various approaches to this important technology and several applica-
tions. Two new papers on this subject have dealt with compounds having the
donor and acceptor parts linked by malonate or succinate’ or isophthaloyl
diester® tethers. In all cases the donor units were in the form of 1-thioglycosides.
A relatively simple application of the intramolecular principle affords efficient
access to B-mannosides and a-glucosides from'? 1,2-trans-related 2-0O-allyl 1-
thioglycosides (Scheme 1). The reactions are stereospecific, and the critical last
step occurs with 60—-80% efficiency for the formation of simple glycosides and
disaccharides.’

OBn OBn
oSMe . —0OSMe - —0OSMe fo)
OBn 1 .;. 1 _L. 1 l. OBn 1
2
BnO 2 2 2 BnO OR

o) oL ___ o)
H\ N I]i

Reagents: i, (PhgP)3RhCI, Bu"Li; ii, ROH, NIS, AgOTf, base; iii, MeOTf, base
Scheme 1

A review on the use of triflic anhydride in organic chemistry has surveyed the
activation of glycosyl donors with this reagent.®

1.1.1 Methods of Synthesis of Glycosides. Much material in this section over-
laps reports in the synthesis of disaccharides, Section 1.4.

Hanessian and Lou have reviewed the ‘remote activation’ concept applied
with O-unprotected glycosyl donors e.g. 1 which, with methyl triflate, give access
to a-glucosides. This approach can also be used to make glycosyl carboxylates,

Carbohydrate Chemistry, Volume 34
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phosphates, azides and nucleotides such as UDPG. p-Glucose, D-mannose,
D-ribose and L-arabinose, O-benzylated but with the anomeric hydroxyl groups
free, on treatment with diphenylsulfoxide and triflic anhydride give sulfonium
species, e.g. 2, which can be used as glycosylating agents to give good yields of
glycosyl derivatives of aliphatic and aromatic hydroxy compounds, thiols, azides
and amides. The reactions are not highly stereoselective — especially when
non-participating substituents at O-2 are present.'® Contrastingly, the anticancer
etoposide 3 was made in 79% overall yield by use of the relevant benzylic alcohol
together with 2,3-di-O-benzyl-4,6-O-ethylidene-p-glucose. The coupling was
promoted by use of BF3.Et,O in acetonitrile at —10°C, and the unusual but
usefully high selectivity was driven by product crystallization. Debenzylation
was effected by standard hydrogenolysis.!!

OH OBn ; 0
HO ° ) A\ 0
HO (@] / BnO
BnO

OH = oBn O§Ph2 MeO OMe

M _
1 eO 2 TIO 3 OH

Boons has continued work with the vinylic 2-buten-2-yl glycosides (made from
allylic 3-buten-2-yl isomers) as glycosyl donors, making glucosaminides and
corresponding disaccharides from donors such as 4 in yields of about 80%.1

Standard conversions of glycal esters to 2,3-unsaturated glycosides can be
promoted by use of indium triflate'* (see Chapter 13 for other examples). For the
synthesis of 2,6-dideoxyhexosyl steroid glycosides additions to glycals were
effected on both soluble and insoluble polymers by use of triphenylphosphonium
bromide without formation of allylically rearranged products.'* Diene 5, made
from the 2-C-formylglycal, undergoes 1,4-addition of alcohols to give B-glyco-
sides 6 in the presence of various acid catalysts.!

oBn 0OBn 0OBn
o 0 o OR
OBn OBn / 0Bn
BnO BnO BnO |
Na =
4 5 6

An investigation with altrosyl donors 7 [R=Ac, Me, X =Br,
OC(N=H)CCl;] indicated that participation by O-3 substituents was less im-
portant in determining the anomeric configurations of the products than the
reactivities and butkiness of the nucleophiles.'®

During TMSOTf-catalysed reactions of mixtures of D-glucose-and D-galac-
tose-based 1,2-orthoacetates S;R; and S;R; (implying derivatives of sugars S, and
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S; and aglycon groups R; and R;), all four 2-0-acyl-B-glycosides S;R,, S{R,, S:R,
and S;R, were formed showing that cross-over as well as intramolecular pro-
cesses were involved.!” 1,2,5-Orthoesters of D-arabinose 8-10 can be converted
efficiently and selectively to 2-0-acyl-O- or S-linked a.-D-arabinofuranosides (e.g.
11 from 9) by treatment with alcohols on thiols in the presence of Lewis acid
catalysts. Application of this method to the synthesis of an arabinofuranopen-
taose is noted in Chapter 4.'®

R
o}
AcO o. o HO o
AcO MeOo (¢] BzO
OCgH,7
OR X

OR' OBn
7 8 R=Ph, R'=H 1
9 R=Ph, R'=Bn
10 R=CHClp, R'=Bn

Tetra-0-benzyl-D-mannopyranosyl propane-2,3-diyl phosphate together with
trimethylsilyl triflate affords glycosides and disaccharides in yields of 46-90%
with a-products either dominating or being formed exclusively."” Phosphinate
donor 12 affords the corresponding a-glycosides with good selectivity on treat-
ment with alcohols in the presence of trimethylsilyl triflate. Yields are about
50%.%® Further methods of preparing a-D-mannopyranosides with very high
selectivity have involved the use of S-phenyl 2,6-di-O-benzyl-3,4-0-(2',3'-
dimethoxybutane-2',3'-yl)-1-thio-a-D-mannopyranoside or its sulfoxide to-
gether with triflic anhydride, the reactions proceeding via the a-glycosyl triflate.
Modelling studies have provided a stereochemical rationalization for this dis-
covery. X

The use of thioglycosides as glycosylating agents has frequently been reported.
In an indirect application, they are converted to the corresponding glycosyl
chlorides by use of chlorosulfonium chlorides (e.g. Me,S*Cl,~).* With iodine as
catalyst the reactivities of various O-benzylated 1-thio-f-D-galactopyranosides
correlate with the electronic characteristics of the S-substituents. Methanolysis
reaction rates are in the order Me>Bn>Ph>PhNO,. For the p-nitrophenyl
thioglycoside the reaction rate depends to a large extent on the promoter used.
Iodine in dichloromethane, for example, was very much less effective than IBr in
acetonitrile which was identified as the most practical reagent.”

R'O BzO —( SEt
OAc o OR Me
o o]
OPPh, S
AcO RO
NHAc OR OEt
12 13 14

Thioglycoside 13 (R = Bn, R! = Et) was designed for delivering the ethoxy
group to give the ethyl glycoside. When activation was effected, however, in the
presence of the analogue 13 (R = OPmb, R! = o-bromobenzyl) appreciable
cross-over took place and led, for example, to o-bromobenzyl tetra-0-benzyl-D-
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glucoside, showing that the reaction was not exclusively intramolecular.? L-
Rhamnose-derived 14, on treatment with trimethylsilyl triflate in the presence of
alcohols (including monosaccharide secondary alcohols), was activated at the
orthoester centre and the ethylthio group migrated to C-2 via an episulfonium
ion that was opened by attack of the alcohols at the anomeric centre. The yields
of the products 15 were about 50%, and a novel route to 2-thio- and hence
2-deoxy-and 2,6-dideoxy-B-L-glucosides was opened.”* Yet another example of
unexpected reaction occurred on attempted glycosylation of alcohol 17 with
tetra-O-acetyl-a-D-galactopyranosyl trichloroacetimidate. Cross-over occurred
to give the acetylated galactosyl thioglycoside and the partially substituted
amino-sugar trichloroacetimidate 16.% This can be inhibited by careful choice of
protecting groups. Compound 18 and the 2,3,4-tribenzoyl analogue have been
used in solid phase oligosaccharide synthesis, the substituted O-6 benzyl group
being stable to the glycosylation conditions with Lewis acids, and readily re-
moved by treatment with PPh; followed by DDQ.%
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Enzymic glycosylations are becoming increasingly important. Traditional
methods as well as some novel approaches designed to improve methods appli-
cable with hydrophobic alcohols have been reviewed.?” Glycoside syntheses
carried out in plasticized glass phases, which support high concentrations of
donors and acceptors, allow increased substitution rates and yields in the
40-60% range. Various $-glucosidases and a- and B-galactosidases were exam-
ined”® A computational assessment of the ease of glycosylation of various
alcohols with B-glucosidases has been reported. The nucleophilicities of the
alcohols seem to determine the ease of substitution, and phenols are not suffi-
ciently nucleophilic.”

1.1.2  Classes of Glycosides — Furanosides. Galactofuranosyl sulfoxide 19 (both
stereoisomers) have been made from the anomeric octyl galactofuranosides and
tested as glycosylating agents. With cyclohexanol and trifluoroacetic anhydride
this gave a mixture of the cyclohexyl p-furanoside, the corresponding 1,2-
orthoester and the 1,1’-linked non-reducing disaccharide, this last product con-
ceivably pointing to the possibility that water was present in the system. In the
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course of the work the R- and S-isomers of the benzoylated analogue of 19 were
subjected to X-ray analysis.*® In an extension of this work the same group has
reported the formation of a-galacto- and manno-furanosyl disaccharides from
the ethylthio- and phenylthio-glycofuranoside analogues of 19 with various
primary and secondary sugar alcohols as acceptors. Yields were about 80% with
good to moderate 1,2-cis selectivity in the products.*! In Scheme 2 the formation
of a 6-O-acetyl-B-D-galactofuranosyl acetate and hence a 6-O-acetyl-thioglyco-
side formed via the 1,6-anhydride 21 is illustrated. The acetate and thioglycoside
were then used as galactofuranosyl donors. Alternatively, the 1,5-anhydro-
galactofuranose derivative 20 has been ring opened to give access mainly to
2,3,6-tri-O-substituted B-galactofuranosides.™

0. OMe

OAc —
79% 80% 79%
OBz OBz OBBZZO OBz OBZ OBz OBz

Reagents: i, SnCly; ii, Acy0O, HQSO,; iii, EtSH, BF3-Et,0
Scheme 2

Otherwise 3-galactofuranosides can be made from the galactono-y-lactone. By
standard chemistry the D-fucoside 22 was made, and the O-benzoylated glycosyl
acetate was used to prepare a 6-deoxy-p-D-galactofuranosyl-(1-—>3)-D-man-
nose.** By standard synthetic steps 2-deoxy-pentofuranoside 23 was converted to
the furanoid 24 and hence to the pyranoid thioglycoside 25 for introducing
L-axenose into various antibiotics.®
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B-Mannosides. One interesting, novel method for making glycosides of this
category has already been referred to,” and a review on the synthesis of such
glycosides and PB-D-mannosaminides has been published.* Weingart and
Schmidt have enriched the topic with their report on the use of 4,6-0-benzylidene
mannopyranosyl sulfoxides and trichloroacetimidates. Compound 26 gives -
mannosides with high selectivity when catalytic quantities of TMSOTS are used.
Examples of disaccharide- and B-D-mannosyl-serine and threonine syntheses
were reported.’” The 2,3-di-O-benzyl-1-phenylthio analogue of compound 26 can
be converted to the glycosyl triflate by use of compound 27 and triflic anhydride
as thiophile. The triflate with 2,6-di-tert-butyl-4-methylpyridine then reacts with
alcohols to give B-mannosides with good yields and selectivities.”® A further but
well known ‘stereospecific synthesis involves a four-step process from a-D-gluco-
1,2-orthoesters which are used to make B-glucosides before inverson at C-2.%
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2,3-Diazido-2,3-dideoxy-[3-D-mannopyranosides are referred to in Chapter 10.

Deoxy sugar glycosides and pentopyranosides. The L-rhamnosyl a-tri-
chloroacetimidate 28, which adopts the illustrated conformation that exemplifies
the propensity for large silyloxy groups to favour the axial orientation, reacts
with cyclohexylmethanol to give mainly the B-glycosidic product.®

By standard chemistry paratose and abequose (3,6-dideoxy-D-ribo- and -xylo-
hexopyranose, respectively) have been made from 4,6-0-benzylidene-1,2-0-
propylidene-a-D-glucose and -galactose, and their phenyl 1-thioglycosides are
suitable as glycosylating agents.** The synthetic anthraquinone a- and B-glyco-
sides 29 bind to DNA and cleave it on UV irradiation,” and the §-lactam
xylopyranoside 30 is a high affinity glycosidase inhibitor.#*
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Amino-sugar glycosides. The torsionally constrained 2-azidoglycosyl donor 32
was used in the preparation of the a-linked glucosaminyl inositol (Scheme 3),
and in the course of the same work alternative access to a-linked compounds of
this type was obtained via a B-orthoester as indicated in Scheme 4. New work
has been reported on the preparation of B-pD-glucosaminides from the 1,2-
oxazoline hydrochloride 31 made from the p-glycosyl chloride. N,N’-Dicyclo-
hexylurea inhibits the anomerization of the 1,2-cis-glycosides.*” More specifi-
cally, compounds 33 were made from the corresponding allyl glycosides by
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Scheme 4
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initial epoxidations and nucleophilic epoxide ring openings,* and diosgenyl
2-amino-2-deoxy-B-D-glucopyranosides with trichloroacetyl and tetrachloroph-
thaloyl N-protection were made from the corresponding 2-acetylated glycosyl
bromides.*” Muramic acid having a pentapeptide amide linked to the carboxylic
acid group has been made as its methyl and phenylthio a-glycosides in studies of
the role of the corresponding glycosyl diphosphate in the recognition of Lipid 1
by the enzyme MurG.®

Compound 34 was made from the corresponding allyl 4,6-O-benzylidene
glycoside which was acetal-ring opened with BH;.NMe;/Me,BBr to give the
4-0-benzyl-6-hydroxy compound. The polyfunctional azido product was used as
a ‘scaffold’ for generation of broad spectrum libraries. It was amenable to use on
a multi-gram scale and gave access to 12000 compounds.®® Also in the area of
2,6-di-N-substituted glycosides compound 35 was made for study of the binding

of aminoglycosides to nucleic acids.®
NH,
i o] QR (";3 HO © NH; ;YO
Ph—< oac WO~ A X -~ 0 NTNH
o) Bno—fo___COH o
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NHCOR NHAc
33 R =Me, CgHyq, C7Hys; X = Ng, CN, SPh etc. 3 35

Glycosides of sugar acids. Compounds 3638, for use in glycopeptide synthesis,
have been prepared from corresponding thioglycosides.’ Otherwise compound
39 with monohydroxy sugar alcohols has been used to make a-linked sialyl
disaccharides (Section 1.4).°® Uronic acids glycosidically O-linked to the nitro-
gen atoms of amides®'® are referred to in Chapter 10.

Glycosides having aromatic rings in the aglycons. A series of p-iodophenyl
B-D-glucopyranosides with various acyl groups at O-2, alkyl groups at O-3 and
arylsulfate ester groups at O-6 have been made by standard procedures and
found to inhibit two carcinoma cell lines.?> Photo-labile p-substituted phenyl
a-D-galactosides having azido, diazonium (trifluoroacetate) or (1-diaziridino-
2,2, 2-trifluoro)ethyl groups on the aromatic ring have been used to probe the
sugar binding site of melibiose permease.”® The B-glucuronoside 40 of nitrogen
mustard has been made,* and p-nitrophenyl a-glycosides of NeuAc with various
groups at C-3 have been prepared from a 2,3-epoxide. Some potently and
selectively inhibited a sialidase, and liposome-like conjugates containing the
glycoside with OH or F at C-3 selectively inhibited haemagglutination® f-
Glucosylation of the dopamine derivative 41 at either of the phenolic positions
gave products made as potential anti-Parkinson’s agents,”® and a-deamino-
kynurenine glucoside 42, present in human lens, has been made by standard
methods.”” Amongst aryl glycosides made in the course of work on the bioavaila-
bility of anti-inflammatory compounds were the p-glucosides of gallic and
gentisic acid, a-tocopherol and ibuprofen.®
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In the area of compounds having O-glycosyl groups at benzylic (or equivalent)
positions the polymer system 43 was made to illustrate the orthogonal nature of
the O-protecting groups involved.® Enzymic transglycosylation effected the
synthesis of o0-, m- and p-hydroxybenzyl a-glucosides from soluble starch as
sugar source,® and two publications in Japanese report the enzymic synthesis of
pyridoxine B-glycosides e.g. 44 with maltodextrin as source.” Compound 45 was
made as a fluorescent probe for studies of chemically induced leaf closing and
opening,%2% and the somewhat related 46 by standard glycosylation of the enol
form of the conjugated enone.*
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Other glycosides with aryl-containing aglycons are the P-glucosides and
-galactosides of the cis- and trans-isomers of compound 47, made enzymically as
models from juvenogens,®® and the polymer-bound 48 in which the polymer is
TentaGel or PEGA resin, and from which the benzyl groups were removed
under mild conditions by hydrogenolysis over palladium nanoparticles. The
PEGA-based product was much more reactive, and hydrogenolysis proceeded



22 Carbohydrate Chemistry

smoothly provided the pore size of the support was carefully controlled.’®
Amongst compounds containing the common fluorescence label 2-aminobenz-
amide to have been made is the glucoside 49. A set of compounds found in
traditional Japanese health tonics and screened for prolyl endopeptidase inhibi-
ting activity included (— )-epicatechin 3-O-gallate which is amongst the most
potent.®® Compound 50, synthesized by use of a galactosyl phosphate, is an
excellent fluorophore.”
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Syntheses of the following glycosylated polycyclic phenols have been reported:
[2-1*C]-quercitin-4'-B-D-glucopyranoside (made by p-glucosylation of 2-ben-
zyloxy-4-iodophenol),”® novobiocin-related compounds 51,”" and the alizarin
blue glycoside 52 which inhibits topoisomerease IT and induces apoptosis.” In
the first two of these syntheses trichloroacetimidate technology was used, while
in the third case glycosylation was by way of a glycosyl bromide.
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Glycosylated compounds containing more than one sugar unit. Interest is devel-
oping rapidly in this area, and several new cluster glycosides have been reported.
6-Aminohexyl B-D-glucopyranoside, serving as the ‘core’, has been tetra-O-
substituted with (a-D-mannopyranosyl)oxypropyl groups, and the analogues
product with trehalose as the core was also made. In the first case the product has
a functionalized tether to allow incorporation into more complex systems.”
Lindhorst’s group have also used pentaerythritol as core and made the tetra-3-
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hydroxypropyl ether and hence the tetra-a-D-mannopyranosyl glycoclusters
aimed at the inhibition of adhesion of E. coli to host cells.” Related work has led
to pentaerythritol with four different O-substituents, one being f-D-galactosyl
and another B-D-glucopyranosyl,” and has resulted in the linking of one and two
copies of the triglycosidic amine 53 by amide tethers to Cg-based carboxylic

acids.™
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O-Glycosylated phenolic glycosides have been substituted into porphyrin
dimers to provide neutral and cationic products for studies of photocytotoxicity
against cancer cells.” The polyfunctional 54 represents a ‘carbohydrate-capped’
water soluble dendrimer. It and more complex related compounds have been
described.” Several other dendrimers based on a-D-Man linked through
O(CH,),NHCOCH,NHCOCH,NH to benzene-1,3,5-tricarboxylic acid and sec-
ond generation acids of this type, have been reported.” Three copies of the
bipyridyl diglycoside 55 self assemble around a Fe(Il) ion to give a hexa-
glycosidic complex. The a-glucosylated analogue exhibits enhanced affinity for
concanavalin A.” Base-catalysed condensation of 2,3-di-O-benzyl-4-O-p-
methoxybenzyl-B-p-glucopyranosyl azide and two mols of N-(tetra-O-acetyl-B-
D-glucopyranosyloxyethyl)-p-nitrophenyl carbamate gave the allophanate 56
with the inter-sugar linkages rigidified by the H-bonded heterocyclic ring.*°
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Orthogonally protected 57 has been selectivity amide condensed to give a
trimeric branched product containing three sugar units.*! Iteration then gave a
compound with seven sugars, and the third generation has 15 such units.??
Complex polyamide 58 has been made by solid phase methods as a high affinity
ligand for asialoglycoprotein receptor.®®

One pot coupling of chlorosilane 59 (X = Cl) with 3-thiopropyl glycosides has
given access to the hexaglycosides 59 [X = sugar-O(CH,);S, with GlcA, GlcNAc
and NeuNAc as the sugars (S)].%
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Other glycosides. Pent-4-enyl $-D-glucopyranosides have been converted in
high yield to B-glucosides with functionalized alkyl aglycons that can be used as
spacer linkages in the preparation of neoglycoconjugates etc. The aglycons were,
for example, 5-alkylthio- or 5-acylthio-pentyl or -4-butanoyl groups.®®

a-Mannoside 60 was made as a mimetic of the p-turn of the tetrasaccharide
SiaLe* 8

o-D-ManO [¢]
0 .COH
N
X\ hlﬁe X CiaH N H S
e " I 141129
X X/S| N 3[ \/\/le X N
e
59 Ciafo 60

1.2 Synthesis of Glycosylated Natural Products and Their Analogues. — In the
field of O-glycosylated sphingosines 1-O-B-D-glucopyranosyl-N-stearoyl-np-
erythro-sphingosine '“C labelled throughout the sugar, and 1-O-f-D-
glucopyranosyl-sphingosine '*C labelled at C-6 of the sugar have been made for
pharmacological and mass spectrometric purposes, respectively.!’” Asymmetic
allylboration and cyclizing metathesis applied to the aglycon are key steps in a
new synthesis of glucosphingolipids®® 4,6-0-Benzylidene-D-galactose was the
source of both the glycosyl trichloroacetimidate and triol 61 used in the synthesis
of a-galactosyl cerebroside 62.3° Total syntheses have been reported of phlako-
sides A and B which have 2-O-(4-methylbut-2-enyl)- B-pD-galactosyl groups
bonded to aglycons 63 in which the stereochemistry at the cyclopropa centres of
the main chains differ.’

Considerable activity continues with O-glycosyl amino-acids. Two reports
have appeared on p-D-galactopyranosyl L-hydroxylysine derivatives,”* the first
in connection with the development of assays for osteoporosis. An extensive
range of related compounds 64 (with R = alkyl and fluoroalkyl), as well as
related thioglycoside and 2-N-acetyl-2-deoxy compounds have been made as
GalCer analogues for anti-HIV testing.”

Compounds 65, with R = H or tetra-O-acetyl-a-D-glucopyranosyl, have been
made as 0-8-D-glucosylserine analogues for studies of glycosylated a-aminooxy
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pseudo peptides. N-B-D-Glycosylated oxyamino modifications of amino acids
were also made in the course of this work and are referred to in Chapter 10.>*
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Considerable attention has also been given to the development of O-
glycosylated peptides and related compounds. For example glucose (and other
hexoses) were incorporated into triamide 66 by a simple solid phase method
suitable for preparing a range of such glycolipid compounds.”® By a 1-pot,
convergent method a-mannose-bearing cluster compounds were produced by
coupling the thiol group of 2-thioethyl a-D-mannosides with N-(chloro-
acetyl)lysine-based peptides.®

0-B-D-Galactosylation of hydroxylysine gave a product that was incorporated
by solid phase methods into a type IV collagen peptide,”” and 3-aminopropyl
B-D-galactoside was coupled with a tetrapeptide coupled in turn to a complex
hydrophobic acid to give a glycopeptidolipid as a potential antigen delivery type
of product.*®

Glycosidic group 67 has been introduced into cyclic peptides based on di-
amino acids by use of the corresponding p-nitrophenyl carbonate in solid-phase
synthesis designed to give libraries of cyclic neoglycopeptides containing differ-
ent densities of sugars spaced at different distances to each other.” Otherwise
GlcNAc has been converted to the serinyl glycoside 68 for incorporation into a
heptapeptide phosphate from human serum response factor. The elegant chemis-
try used in this work involved sequential extensions from the C- and N-termini of
68 and selective enzymic deesterification at several points.!® Otherwise sugars,
including GIcNAc, can be incorporated into proteins (e.g. bovine serum albumin,
horseradish peroxidase) directly by application of the Ugi reaction.
GIcNAcO(CH,)sNH,, together with acetone and cyclohexylisocyanide, give the
bioconjugates 69.'"!
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A new block synthesis of peptides can be applied with O-glycosylated deriva-
tives, and in this way the 82-mer diptericin 70 has been made by methods
involving the coupling of cysteine to a benzylthio ester.!” Solid phase methods

were used to make serglycin glycopeptides e.g. 71.1

a-D- GaINAc o CHQSH o-D- GalNAC

H2N—-—Thr—m—CNHCHCONH| 26-53 l—Thr—{ 55-82 |— CONH,

Interest in glycosyl inositols is now extremely high. B-L-Arabinopyranose,
a-D-galactopyranose and a-D-Gal-(1—6)-a-D-Gal have been bonded to O-2 of
myo-inositol,'* and the 2-0-o-D-mannopyranosyl compound, the LAM anti-
genic component of Mycobacterium tuberculosis, was made by use of the pen-
tenyl glycosylation method.'® A new synthesis of 1-D-6-0O-(2-amino-2-deoxy-D-
glucopyranosyl)-chiro-inositol 1-phosphate and 1,2-cyclicphosphate depended
on trans-diaxial opening of an epoxide followed by 2-azido-2-deoxy glucosyl
trichloracetimidate glycosylation.!%

In the area of glycosylated deoxyinosamines a series of neamine analogues
acylated at N-6' with aroyl groups, e.g. 72, were tested for their binding affinity to
RNA.!7 Sinay’s method for converting 6-deoxyhex-S-enopyranosides into
deoxyinositols with retained aglycons has been extended to the conversion of
diunsaturated disaccharides to di-(deoxyinositols) (Chapter 18). Diels—-Alder
chemistry has been used to develop the carbocycle of a derivative of 4-O-B-D-
glucopyranosyl-5a-carba-a-L-idopyranose (Chapter 18).

Glycosides containing aromatic rings in the aglycons to have been made are:
a-L-rhamnosides of N-substituted p-(thiocarbamoylmethyl)phenol which are
hypertensive compounds found in Moningaoleifera;'® astilbin (73) an aldose
reductase inhibitor used in Chinese folk medicine;'” noviose-based inhibitors of
gyrase B e.g. 74'"° and the prodrug 75 which releases daunomycin on treatment
with a B-galactosidase.!!!

Several reports appeared on the preparation of nonaromatic, cyclic natural
products. The trichloroacetimidate procedure has been applied to make the
B-glucuronoside of steroid derivative 76,''> and the morphinyl 3,6-diglycoside of
the same sugar.!'> Morphine 6-a-glucuronoside was made using the O-acetyl
glycosyl bromide methyl ester as a reference marker for testing the purity and
stability of the pharmaceutically important B-anomer.'"* Analogues of the insec-
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ticide spinosyn (77) without methyl and also without methoxy groups at posi-
tions 2/, 3’ and 4’ have been biologically tested.'”

The 3B-hydroxy triterpenes of the oleanane, ursane and lupane series have
been converted to the 2-deoxy- and 2,6-dideoxy-a-L-arabino-hexopyranosyl de-
rivatives by addition processes applied to L-glucal and L-rhamnal."’é B-Gluco-
sides of diol 78 (R = R’ = H) have been made with the sugar bonded separately
to each of the hydroxyl groups.!’

1.3 Glycosides Isolated from Natural Products. — As usual in this series, only a
selection of papers published on this aspect of glycoside chemistry are dealt with:
those describing compounds with notable biological properties or structural
features.

The leaf-closing substance 79 has been isolated from a nyctinastic plant,'!® and
compound 80 is a new lignan glycoside isolated in tiny proportions from the
roots of Saussurea lappa.'’ Xyloside 81 is a new glycoside isolated from the
mycelia of Hericium erinaceum which contains compounds that stimulate nerve
growth factor synthesis. Two derivatives were made by chemical transform-
ations.'?

3-0-0-D-Galactopyranosyl-D-chiro-inositol is a novel product found in buck-
wheat seeds,'” and the further glycosylated inositol derivative 82 has been
isolated from the roots of P. acidus as a derivative bonded to a terpene at the
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indicated hydroxyl group. Extracts of the plant have been used in alcohol
rehabilitation in Thailand.!*

The absolute stereochemistry of oceanapiside, the antifungal compound 83
isolated from a marine sponge, has been determined.'”® Four new cerebrosides
which induce neuronal differentiation in rat PC12 cells have been isolated from
an edible Chinese mushroom and found to have structures 84-87.2

Further examples of the family of fattiviracin antiviral antibiotics with differ-
ent lengths of fatty acid chains (see Vol. 32, p. 244) include compound 88.'%
Compound 89, with R = 2,3-di-O-methyl-a-L-fucosyl-(1—>3)-2,4-dimethyl-B-p-
xylose, is a powerful toxic metabolite of the red alga Polycavernosa tsudai and its
total synthesis has been reported.'” The biosynthesis pathways to vicenistatin 1,
90 (R = 2,4,6-trideoxy-4-methylamino-B-D-ribo-hexose) and vicenistatin 2, 90
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(R = B-mycarose) have been established, the sugar units being derived from a
common precursor.'?’

Gentiobiose glycosides of (R)- and (S)-terosachrysone and anthraquinones
have been isolated from toadstools,'”'? and a sophorose-containing flavanone
has been found in the stem bark of Ochna calodendron.!*® An unusual disacchar-
ide derivative, a tricyclic bisglycoside of B-p-glucopyranose and 2-C-hydro-
methyl-D-threose has been isolated from a plant source. (See this chapter, Section
1.4.9).

1.4 Synthesis of Disaccharides and Their Derivatives. — 1.4.1 General. Much
material in Section 1.1.1 (Methods of synthesis of glycosides) is also relevant to
the methods developed for the synthesis of disaccharides.
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14.2 Non-reducing Disaccharides. An elegant stereospecific synthesis of suc-
rose, dependent on the novel B-pD-fructofuranosyl donor 92, is illustrated in
Scheme 5. The donors were produced in about 30% yield, the coupling steps
were about 70% efficient and deprotection was quantitative.!” A detailed con-
formational analysis has been conducted on a-D-mannopyranosyl p-p-galac-
topyranoside and on the analogue with a methylene group replacing the inter-
unit oxygen atom. The former adopted the exo-syn/exo-syn conformation as
required by the exo-anomeric effect, whereas the latter was much more flexible.'*?
Condensation of 3,4,6-tri-O-benzyl-1,2-dibutylstannylene-p-D-mannose with 2-
O-acetyl-3,4,6-tri-O-benzyl-D-glucosyl trichloroacetimidate gave access to p-D-
glucopyranosyl g-pD-mannopyranoside in 68% yield in a novel approach to the
synthesis of non-reducing disaccharides.!’?

92 Si = Tbdms, Thdps
Reagents: i, Mey(MeS)S* "OTH, Bu'zMePy; ii, F7; iii, Hp, Pd/C
Scheme 5

1.4.3  Glucosyl Disaccharides. The sophorolipid lactone 91, which is a microbial
surfactant, has been made from a sophoroside having an unsaturated C,; agly-
con and a related O-4' acyl substituent by metathetical cyclization.!** A concise
synthesis of 6-O-acetyl-a-D-kojibiose [a-Glc-(1—2)-Glc] bonded to O-3 of 1,2-
di-0-acyl-sn-glycerols (acyl = Cy, Cis groups) has been described.”*® The syn-
theses of 1,2-linked diglucosides have been effected by use of tetra-O-benzyl-a-D-
glucopyranosyl trichloroacetimidate and methyl 3-0-acetyl-4,6-O-ben-
zylidene-a-D-glucopyranoside. With Sm(OTf); as catalyst and acetonitrile as
solvent 4:1 B-selectivity was obtained; in ether/dioxane the selectivity favoured
the a-product by 3.5:1. Similar methods were applied to the preparation of the
1,3-linked glucobioses.!*

Reduction of glycosylidene acetals, made by condensing aldono-d-



3: Glycosides and Disaccharides 31

OBn
BnO 0 )
BnO o i _ BnO
BnO o} O BnO
BnO BnO pno
BnOOMe

Reagent: i, LiAlH,
Scheme 6

lactones with 4,6-diols of hexopyranosides, has been used efficiently in the
synthesis of methyl a -D-cellobioside (Scheme 6). Otherwise orthoesters derived
from sugars with axial C-4 hydroxyl groups, on reduction with NaBH;CN/AICl;,
give B-1,6-linked products.’* Condensation of 3,4,6-tri-O-benzyl-2-O-benzoyl-
B-p-glucopyranosyl fluoride with methyl 2,3,6-tri-O-benzyl-a-n-glucoside and
with triflic acid as catalyst gave the cellobioside product in good yield."’” Better
yields with good f-selectivity were observed when tetra-O-benzyl-p-D-glucosyl
fluoride was the donor, and similar results were obtained with analogous galac-
topyranosyl B-fluorides.*® In closely related work methyl 2,3,6-tri-O-benzyl-a-D-
glucopyranoside treated with lauryl or stearyl tetra-O-benzoyl-1-thio-p-bD-
glucopyranoside in the presence of NIS/TfOH gave the B-disaccharide in 94%
yield. The advantage of these donors is that they are made from almost odourless
thiols.'"* Reference to a further Mukaiyama B-glucosylating agent is made in
reference 147.

Amongst a set of glycosyl methanethiosulfonates, made to permit attachment
of sugars to proteins via disulfide linkages, was a cellobiosyl compound.!®
Similarly, selectively O-substituted maltose thioglycosides have been produced
as building blocks for the stepwise synthesis of starch-derived oligosacchar-
ides,'! and aryl maltosides have been made for assaying a-glucosidases.'*>

By solid phase methods, with the aglycon selenium-bonded to a resin, a
gentiobiosyl benzopyran (chromene) glycoside was made.'* Methyl B-pD-gen-
tiobioside, amongst several other glycosides, has been produced in about 20%
yield by enzymic transglycosylation from p-nitrophenyl p-b-glucopyranoside.'*

In the area of glucosylated heterodisaccharides a-p-Gle-(1-+3)-a-D-Man has
been made as its 4-methylumbelliferone glucoside as a substrate for an endo-1,2-
mannosidase.'*

Methyl B-D-galactopyranoside, activated with dibutyltin oxide and treated
with tetra-O-pivaloyl-a-D-glucopyranosyl bromide, gave the 6-B-linked product
in 72% yield. In this work the term ‘open glycosylation® is used to imply an
unprotected acceptor strategy.' Related work with the glucuronic acid ana-
logue as donor is reported in Section 1.4.8.

3,4,6-Tri-O-benzyl-2-0-toluoyl-B-p-glucopyranosyl phenyl carbonate ac-
tivated by TrB(C¢Hs)s is a new B-glycosyl donor and has provided means of
obtaining 2-amino-2-deoxy-D-glucose derivatives having B-p-Glc linked separ-
ately to O-6 and O-4." 6-0-a-D-Glucosyl-D-glucosaminol and the man-
nosaminol analogue were made with N-methacroyl substituents and
copolymerized. The physical properties of the products were examined.'*

a-D-Gle-(1—+4)-a-L-Rha-OMe and higher fragments of an O-specific Shigella
polysaccharide have been synthesized.'¥’
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Considerable effort has gone into the synthesis and study of adenophostin A
(93, see Vol. 31, p. 31-32, 258 for preliminary accounts) and analogues which are
agonists of IP; receptor. Several analogues carrying different aromatic aglycons
were made from an O-substituted glucosyl-ribofuranosyl acetate,'® and com-
pounds with alkoxy groups in place of the heterocyclic base, including MeO (94),
PrO, and PhCH,CH,CH,O were described. In this work cluster compounds
involving up to four of the groups 95 bonded to a central benzene ring were
produced. Cooperative binding to the tetravalent IP; receptor was not ob-
served.’ Cyclophostin, which has the 5 and 6’ hydroxyl groups of adenophostin
A tethered together with a but-1,4-diyl group, has been synthesized, conforma-
tionally analysed by NMR and modelling methods and biologically evaluated.!*

1.44 Mannosyl Disaccharides. a-D-Man-(1—2)- and a-D-Man-(1—4)-pD-Man
have been made by standard glycosylations and suitable for chain extensions as
the antigenic factors of Candida guillier-mondii.'® The former disaccharide has
also been made as its propyl glycoside 6'-phosphate which represents a partial
structure of the glycosyl phosphatidylinositol anchor.” The a- and p-(1—3)-
linked mannobioses were obtained selectively on mannosylation of methyl 6-0-
acetyl-a-D-mannopyranoside using an ethylthio glycosy! donor. The same coup-
lings were then repeated with a peptide linker joining the two mannose units.'**

By use of trichloroacetimidate coupling and preparation of monohydroxy
acceptors made with the aid of specifically removable 4-bromobenzyl ether
groups a-D-Man-(1-2)-D-Glc was made in multi protected form for use in
automated synthesis of specific oligosaccharides.!® Seeberger’s group have re-
ported the synthesis of B-pD-Man-(1—2)-D-Glc by direct use of tetra-O-benzyl-a-
D-mannopyranosyl diphenyl phosphate as donor. With TMSOTT as activator
and in CH,Cl, as solvent 88% yield of the disaccharide (o:f 3:2) was achieved."”’

An interesting survey has appeared of the synthesis of p-Man-(1—4)-p-Glc
using intramolecular strategies with succinate or malonate tethers between
0-2,3,4 or 6 of the thiomannoside donor and O-2,3 or 6 of the acceptor. Various
conditions were found that enabled the synthesis of a- or B-(1—4) linked prod-
ucts exclusively.!*® The same authors published independently on a related study
of the synthesis of b-Man-(1—+4)-pD-GIcNH, compounds. Malonate linking be-
tween O-3 of the aminosugar and O-6 of the mannose led to a method for an
exclusive B-linking.'”® An intermolecular method for mannosylating O-4 of a
2-azido-2-deoxyglucose derivative using a sulfoxide donor also described details
that allowed the preparation of the f-linked disaccharide exclusively, and others
that favoured the production of the a with modest selectivity. Steric buttressing
was used to assist the direction of coupling.'

a-Linked products were strongly favoured when tetra-O-benzyl-a-D-man-
nopyranosyl phenyl sulfinate was used with H;PW,O4 as a cheap and otherwise
desirable activator. a-D-Man-(1—6)-D-Glc was made with >99% a-selectivity by
this means.!®!

1.4.5 Galactosyl Disaccharides. a-pD-Gal-(1—3)-D-Gal was made following
galactosylation of  1,2:5,6-di-O-cyclohexylidene-D-galactofuranose ~ with
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phenyl 2,3.4,6-tetra-O-benzyl-1-thio-B-D-galactopyranoside activated with
NIS/TfOH,'*? and the same disaccharide as its O-allyl glycoside has been con-
verted to the 3-aminopropyl glycoside which was bound to N-hydroxysuccinim-
ide-activated agarose gel columns, the product being used for immunoabsorp-
tion of anti-a-Gal antibodies from human plasma.’*** Phenyl 1-thio-galactoside
technology has also been used to make a-pD-Gal-(1—4)-p-Gal as its O-protected
tolyl 1-thio-B-glycoside, a-trichloroacetimidate and bromide as donors for the
synthesis of galactobiosides.'*®

Enzymic methods are significant in this area and bovine §-1,4-galactosyltrans-
ferase transfers to C-4-OH of acceptor D-sugars. In some circumstances, how-
ever, L-sugars accept B-galactosyl residues at O-3.!% Enzymic procedures have
also led to a-pD-Gal-(1-3)-a-D-GalOC¢H,NO4(p),'*® B-p-Gal-(1—6)-a-D-Gal-
OCHNO4p), its PBB-linked isomer, B-bD-Gal-(1—>6)-a-D-GalNAc-
OCH,NOp), its B,B-isomer, B-D-Gal-(1—+6)-a-GlcNAcOCH,NO,(p) and to its
B,B-isomer.!¢ Related work has yielded (57%) B-D-Gal-(1—3)-a-D-GlcNAc
glycosides.!s

Lactosylsphingolipids have been prepared'® as have several B-lactosides with
carboranyl residues within the aglycons.' Octaacetyllactose is a donor for the
synthesis of several a, w-diol lactosides and bislactosides.!™

Several new references have been made to lactosamine chemistry. An enzymic
procedure using the §-galactosidase from Bifidbacterium bifidum immobilized on
a nylon powder column permitted efficient recycling of the enzyme and higher
yields of LacNAc than were obtained by earlier methods. Yields up to 41% were
obtained with good selectivity by use of p-nitrophenyl -D-galactopyranoside as
donor.'” B-p-Gal-(1—3)-a-D-GalNAc glycosides of serine and theonine have
been made by use of a phenyl 2-azido-2-deoxy-1-selenyl-a-D-galactoside,!™ as
have a range of selectively acylated B-p-Gal-(1—3)- and-(1—4)-B-D-GIcNH,
derivatives by selective enzymic acylations.!” 4-O-B-p-Galactosyl-D-gluconam-
ide and 4-0-a-D-glucosyl-D-gluconamide have been linked via the amino nitro-
gen atoms to the aromatic rings of tetraaryl-substituted porphyrins for studies of
saccharide-directed cell recognition and molecular delivery.'’* Chapter 4 con-
tains many references to oligosaccharides containing lactose and lactosamine
components.
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1.4.6  Amino-sugar Disaccharides. Oximinoglycosyl donor 96 has been coupled
with four different sugar acceptor with NIS/TfOH as activator to give mainly
a-linked products when the reactions were conducted in dichloromethane. In
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acetonitrile p-glycosidic bond formation is favoured as it is if the thioglycoside is
converted in situ to a glycosyl triflate as donor. Reduction of the a.- and $-linked
oximino disaccharides give access to a-linked GlcNAc and B-linked ManNAc
products, respectively.'”” On the other hand thioglycoside 97 activated with
TrBPhy, I, and DDQ leads with high selectivity to p-linked GlcNH, glycosides,
B-D-GIcNH,-(1—6)-D-Glc being linked with 94% efficiency by this method.”

O- And C-glycosides of B-D-GlcNAc-(1—6)-a-D-Gal have been tested as ac-
ceptors by two human GlcNAc-6-sulfotransferases,'’” and a report has appeared
on the synthesis of a -D-GIcNH,-(1—3)-D-Gal derivative by use of a thioglyco-
side coupling reaction.!”® To prepare B-D-GlcNAc-(1—3)-a-Fuc 3'-sulfate
glycosyl trichloroacetimidate coupling was used, the product as a 3-(2-
aminoethylthio)-propyl glycoside being coupled to bovine serum albumin.'”

Lipid A analogues lacking the phosphate group at O-4' ,'® and with a
C-linked carboxylic acid group replacing the phosphate at C-1'®"1¥2 have been
made. In the latter case the alteration did not affect the LPS-antagonistic
activity, but the substituent on nitrogen of the non-reducing end moiety is
important to the biological properties.!8!:182

Compounds having GlcNAc o~(1—>4) linked to 2,3-diacetamido-2,3-
dideoxy-a-p-mannose, and to the corresponding mannuronic acid, have been
made as 2-phenylethyl glycosides to represent spacer group-containing disac-
charide fragments of the lipopolysaccharide of Bordetella pertussis.'®

B-D-GalNAc-(1—4)-p-D-GalO(CH,)sCONH(CH,),NH, has been amide-
linked to a symmetrical cyclohexane tricarboxylic acid to give one of five cluster
compounds to bind to adhesion receptors,'™ and p-D-GalNAc-(1—4)-L-IdoA
2,4 -disulfate, a disaccharide fragment of dermatan sulfate, has been made to-
gether with its methyl a-glycoside.!®

In the area of diamino-sugar disaccharides compound 98, corresponding to
the repeating unit of the O-specific polysaccharide of Shigella sonnei has been
made,'® as well as the analogue containing the D-enantiomer of the illustrated
acid and the latter compound with the two sugar units interchanged.'®’ In
Chapter 4, Section 2.2.6 reference is made to a neamine derivative with a spacer-
linked S-amino-5-deoxy-p-D-ribofuranose substituent.

H,N —0 O OMe
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1.4.7 Deoxy-sugar Disaccharides. lllustrated in Scheme 7 is the conversion of
D-galactal to a B-ketolactone which, in a 1-pot process, was transformed to the
reactive dioxothine and trapped by tri-O-benzyl-p-glucal in a 4 + 2 cycloaddition
step to give a tricyclic product which on desulfurization afforded 2,2'-dideoxy-
2,3-unsaturated disaccharide lactone 99."*® Disaccharides consisting of $-D-glu-
cose and a- and B-D-galactose linked 1—4 or 1—6 to 2-deoxy-D-glucose and
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2-deoxy-D-galactose have given products which, by Wittig coupling and further
elaboration, have been converted to glycosylphytosphingosines.”® Compound
100, a potential disaccharide donor, has been made by direct glycosylation with
the deoxy-sugar glycosyl dithiocarbamate.!”® The anti-tumour antibiotic AT
2433-A1 (101) has been synthesized by acid-catalysed coupling of the N-pro-
tected disaccharide to the base followed by treatment with iodine and DBU."*!
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Several sulfate and succinate esters of rutin, a flavanol glycoside of a-L-Rha-
(1—+6)-B-D-Glc, have been made. These have antioxidant activities and also
complex with a pigment of the anthocyanin family to modify the natural col-
ours.!?

a-L-Fuc-(1—2)- and -(1—3)-$-D-GalO-4-methylumbelliferone have been syn-
thesized,"® and enzymic means have been employed to obtain a-L-Fuc-(1—3)-R
where R is D-Glc, D-GIcNAc and various glycosides of the latter.'”* The four
a-L-Fuc-(1—=X)-$-<F4-d-GIcNAcOMe, X = 2, 3, 4 or 6, were made for NMR
conformational studies using 2,3,4-trideuterio-L-fucose.'”®

1.4.8 Sugar Acid Disaccharides. $-D-GlcA-(1—3)-GalNAc 6,2'-disulfate, which
represents the repeating unit of chondroitin sulfate D, has been made.'”® The
O-pivaloated glycosyl bromide of methyl glucuronate can be used to effect
6-p-glycosylation of methyl B-p-galactopyranoside with 78 % efficiency provided
the acceptor is used after treatment with dibutyltin oxide.!* A valuable observa-
tion was made when thioglycoside 102 was condensed with a 1:1 mixture of a-
and B-acceptors 103. The B-anomer was the more reactive, the products 104
having the a,p ratio 1:4 (Scheme 8), which was interpreted as implying that the
hydroxyl group of the latter anomer was more strongly hydrogen bonded
intramolecularly to the ring oxygen atom. This in turn is consistent with the
weakening of this H-bonding by the endo-anomeric effect in the case of the
a-anomer.'”’
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A review, Recent Advances in O-Sialylation, covers the synthesis of disacchar-
ides including sialic acid dimers and deals with NMR criteria for determining
anomeric configuration.'®®

Efficient chemoenzymic syntheses of ganglioside GM4 analogues with potent
immunosuppressive activity have yielded a-NeuSAc-(2—3)- a-D-GalOR with
R = (CH,),CH;, n=1, 11, 15; CH,CH,TMS, SPh, CH,CH[(CH,);;CH;]."*”* a-
Neu 5Ac-(2—6)-a-D-GalNAc has been made as a spacer group glycoside.”®
Neoglycoproteins containing D-glycero-D-talo-oct-2-ulosonic acid-based disac-
charides, corresponding to the core units of Burkholderia and Acinetobacter
lipopolysaccharides, have been made.”' This ulosonic acid and its 3-deoxy
analogue have been linked to O-6 of GIcNAc.®!* Ketene dithioacetals derived
from aldonolactones react with monohydroxy sugar derivatives in the presence
of TMSOTI to give aldos-2-ulosides dithioacetals and these can be converted
into glycosides of 2-ulosonic acids. Kdo-based disaccharides have been made in
this way.”!

1.4.9 Other Disaccharides. Several reports relating to pentose-containing disac-
charides have appeared. B-Xylobiose has been linked to 4-methylumbellifone
and 5-bromo-3-hydroxyindole to give compounds for the sensitive detection of
xylanase activity.?”? Twelve steroidal glycosides of -p-Xyl{(1—>3)-a-L-Ara or the
1,4-linked isomer carrying aroyl substitutes have been made and tested for
antitumour activity.”® A 2-(dihydroxyphenyl)ethyl glycoside (conandroside) of
B-D-Xyl-(1->3)-D-Glc, also carrying an aroyl substituent, has been synthesized ™

Model glycosylations aimed at the synthesis of pradimicin-benanomicin anti-
biotics have used fluoride 105 as a donor in a range of acceptors including
anthracene derivative 106.2
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3-0-p-p-Apiofuranosyl-D-xylose has been made®® and the further novel
branched-chain dimer 107 has been isolated from rhizomes of Hemsleya amabilis.
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It is a tricyclic bisglycoside derived from B-D-glucopyranose and the uncommon
branched-chain 2-C-hydroxymethyl-pD-threose X’

1.5 Disaccharides Containing Sugar Analogues or with Anomalous Link-
ing. — Several compounds belonging to these categories are noted elsewhere, e.g.
in Chapters 3 (S- and C-glycosides), 11, 14, 18; others are as follows.

OH
HO, ' H H
o O
HO
\"Q/ﬁ a—D-Man—O—@——_—-__—\
H O— OH OH O—a-D-Man
107 108

Compounds described as ‘sugar rods’ and with phytohemagglutinin cross-
linking properties, e.g. compound 108, have been made by a Pd-induced coup-
ling reaction of propargyl and p-iodophenyl a-pD-mannoside tetraacetate, and
p-diiodobenzene led to the linear product with two propargyl a-D-mannoside
substituents on the benzene rings.?®

In the area of compounds containing C-bonded linkages 6(S)-methyl tri-O-
benzyl-6-C-vinyl-a-D-glucopyranoside was dimerized by initial coupling two
molecules by use of Ph,SiCl, and then by metathesis to give tetradecaose
derivative 109. The (6R)-isomer was similarly converted.?® A dimer formed by
linking ethyl 2,3-dideoxy-8-D-ribo-hexopyranoside and 3-deoxy-1,2:5,6-di-O-
isopropylidene-a-D-allose together at positions 3 and 3’ via a methylene group
has been described.?”

The 5a-carba-sugar analogues of a-b,L.-GalNAc, a- and p-p,L-GIcNAc and a-
and B-p,L-ManNAc were examined as acceptors for f-(1—4)-galactosyltrans-
ferase. Both anomers of 5-carba-D-GIcNAc were substrates and gave access to
p-D-Gal-(1—4)-5a-carba-a- and B-D-GIcNAc.?"! The octyl glycosides of these
were good acceptor substrates for a-(1—>3)-fucosyltransferase.?'?

1.6 Reactions and Other Features of O-Glycosides. — The study of the sponta-
neous hydrolysis of a series of deoxy and deoxyfluoro 2,4-dinitrophenyl B-D-
glucopyranosides led to the conclusion that the rates correlate with the stabilities
of the oxocarbenium ions involved. Of the deoxy derivatives the 2-deoxy com-
pound reacted fastest, whereas the 2-deoxy-2-fluoro compound was most stable
of the deoxyfluoro set.2"® Linkages of sugars (R) to Wang resins of the kind
illustrated in 110 are stable to Lewis acid glycosylation conditions. However
reduction of the nitro group by use of Sn(SPh),, PhSH, Et;N is accompanied by
cyclization to give the hydroxamic acid 111 which can be cleaved under acidic
conditions.!

Various tripeptides (112) containing serine B-D-galactosides have been exam-
ined for base stability. Replacing H by Me at R? had no effect, but a similar
change at R' caused appreciable increase in the rate of f-elimination, suggesting
that the carbonyl group labelled A acts as a base to remove the illustrated proton
and induce p-elimination of the sugar.?®
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The dicarboxylate 113 and its epimers at C-2 and at the aglycon chiral centre
have been isolated from Sambucus nigra suggesting that they are derived biogeni-
cally from the corresponding cyanogenic hexosides.?'®

Hydrogen peroxide oxidation of palatinose [a-D-Glc-(1—6)-D-Fru] or
trehalulose [a-D-Glc-(1—1)-p-Fru] affords carboxymethyl a-p-glucopyrano-
side in about 40% yield. Various reactions of this product, e.g. its conversion to
the bicyclic lactone involving O-2 on treatment under acetylating conditions,
were described.?”

Physical studies on glycosides have included the X-ray diffraction analysis of
methyl a-D-galactopyranosides and methyl B-D-glucopyranosides with fatty
acid esters at C-6 which showed bilayer structures with zig-zag alkyl chains.?'®
The conformational behaviour of several non-ionisable lactose analogues have
been examined by NMR and molecular mechanics methods,?'® and the energy
profile of methyl g-D-arabinofuranoside as a function of ring conformations has
been determined by gas phase computations.??

2 S- and Se- Glycosides

Direct syntheses of the tert-butyl 1-thiopyranosides can be carried out directly
from D-Gle, D-Gal, D-Man, L-Rha, maltose and 2-deoxy-D-Glc by direct reaction
at room temperature with butanethiol in the presence of trifluoroacetic acid as
catalyst. Except with the last sugar the 1,2-cis anomers are formed slectively.?*!
B-Fructofuranosidases solvolyse sucrose with 2-thioethanol to give glucose and
S-hydroxyethyl 2-thio-B-pD-fructofuranoside,? and the same workers have re-
ported that B-galactosidases catalyse the transfer of D-galactose to 2-thioethanol
to give the S- and O- bonded glycosides in the ratio 2:1.23

Many examples, as usual, of the use of thioglycosides in O-glycoside synthesis

B-D-GalO.
N MeO,C-A 0
PN - o_ _Ph
AN MeO,C 7" b
HO .
o NC H

112 113
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have been reported; several are noted earlier in this chapter. Compound 114 has
been made to offer routes to products which require selective substitution at all
five hydroxyl groups of $-D-glucose, and hence it opens a new approach to the
preparation of carbohydrate-based libraries.?*

Sulfur-linked molecular rod-like thioglycosides which are analogues of 108,
and symmetrical diacetylenic compounds of this type, have been reported.’”
p-Aminobenzyl thioglycosides of sugars and oligosaccharides have been N-
linked to biotin and used in the study of the interactions of carbohydrates with
proteins.”?® Thioglycoside 115, the major glucosinolate of the seeds of Moringa
oleifera, has been synthesized from p-(nitroethenyl)phenyl a-L-rhamnoside
triacetate which was reduced to the hydroximoyl chloride and coupled to
tetra-O-acetyl-1-thio-B-D-glucose”” Glycosylations of structure 116 with
acetohalogeno sugars give thioglycosides rather than N-linked nucleosides,”®
and likewise compounds of type 117 react in the thioenolic form also to give
thioglycosides.””

}—NAr
O
SOKON O—o-L-Rha Y
3
/U\/@ HN—&
B-D-GicS

115

In the area of thioglycosyl derivatives of ammo-amds tr1-0-acety1-2—deoxy-2-
nitroso-a-D-galactopyranosyl chloride has been treated with the methyl ester of
N-benzoylcysteine to give the 2-deoxy-2-oximo thioglycosides,” and GalNAc
has been a-linked to cysteine and converted via the carboxylic acid group to the
3-carboxypropylamine amide which is the S-analogue of a tumour-associated
antigen.”' In related work two methods were used to prepare S-linked B-p-
GlcNAc-cysteine, the preferred procedure involving Mitsunobu condensation of
1-thioGlcNAc with a protected derivative of serine.”? Solid phase coupling of
1-thioGlcNAc (0-6 linked to the resin) to t-butyl 3-Fmoc-amino-4-iodo-
butanoate gave access to thioglycoside 118.2* Resin-bound thioglycosides e.g.
119 can be selectively and quantitatively deallylated by use of toluenesulfinic
acid with Pd(PPh;), as catalyst.?*

c
T
e Ol I i
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OBn
118 119

S-Linked disaccharides to have been made include the analogues of the methyl
glycosides of kojibiose and sophorose which were produced from a non-reducing
disaccharide derivative by the rearrangement process illustrated in Scheme 9.
Unsaturated thio-linked disaccharide 120 was made by Pd-catalysed coupling of
O-acetylated B-D-GlcSH with the 4-methylcarbonate of the 2,3-unsaturated
ethyl glycoside.”*® The same thioglucose derivative and the corresponding thiols
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of -p-Gal and a-L-Fuc, added to isolevoglucosenone, gave access to $-p-Gle-
(1-2)-3-deoxy-2-thio-D-ribo-hexose and the B-D-Gal and a-L-Fuc analogues.?’

The thio-linked analogue of f-D-Man-(1—4)-D-GlcOMe has been made by
coupling a mannopyranosyl sulfoxide with a 4-thioglucose derivative,”® and a
NeuNAc-2SAc compound used to displace the triflate of 1,2:5,6-di-O-iso-
propylidene-D-gulose 3-triflate gave NeuNAcS-(2—3)-D-Gal.*** A set of unusual
S-linked branched-chain sugar disaccharides is noted in Chapter 11.

Chemoenzymic methods have been used to make polyoxyalkyl dendimers
carrying six copies of §-S-linked B-p-Lac and -B-D-GlcNAc which were used as
precursors for the synthesis of lactose 3'-sulfate (chemical methods) and LacNAc
(enzymic methods), respectively.?

N,N-Dialkyl-S-glycosylsulfenamides e.g. 121 were made from the correspond-
ing glycosyl S-acetate by treatment with secondary amines in the presence of
NBS.2#!

Studies of the reactions of iodine, Tmsl, IBr and ICl with O-substituted
1-thiogalactosides show them to be dependent on the activating or deactivating
nature of the sugar O-2 substituents and the activator used, and may give o- or
B-glycosyl halides or cause epimerization. It was suggested that choice of the
promoter may allow control of the stereochemical outcome of thioglycoside-
based glycosidation reactions.?*

BzO
OTbdps BzO o OAc
E o BzO Eo
SNEt, OAc Br)
B-D-GleS~— OEt 0Bz AcO SeP(0)[OCH,C(Me)s)»
120 121 122

Compounds such as the seleno-linked 122 with the a-manno- or a- or §-gluco-
configurations, together with carboxylic acids and in the presence of silver salts,
give the glycosyl carboxylates in quantitative yield.?*

3 C-Glycosides

3.1 General. — A review has been written on the use of titanocene(III) and
zirconocene(III) chlorides as mild reagents for generating glycosyl radicals from
corresponding halides and converting them to their C-glycosides,”* and another
dealt with the use of palladium complexes in the synthesis of alkyl or aryl
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C-glycosides.?” Vasella has reviewed his work on glycosylidene carbenes which
is of relevance to the subject,”® and the use of glycosyl carbanions in C-glycoside
synthesis has also been surveyed.?”

A further review of compounds bearing CF,X substituents includes references
to relevant C-glycosides,”*® and one on acetylenic coupling covers Vasella’s work
on couplings involving acetylenic C-glycosides.?®

32 Pyranoid Compounds. - 3.2.1 Compounds with  Short-chain
‘Aglycons’. Reaction of 2-C-formylglycals with organocopper reagents can occur
in different ways to give saturated or unsaturated alkyl C-glycosides as shown in
Scheme 10.2%

OBn
(o]
R = Me, Bu, Bu, Hex; 60-70%
OBn __
o i BnO R
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Reagents: i, RCu, BF3-Et;0; ii, RoCuli
Scheme 10

O-Acetylated S-glycosyl phosphorothioates treated with TmsCN and an acid
catalyst give glycosyl cyanides,™' and 3-ketoglycals similarly afford 2-deoxy-2-
keto-glycosyl cyanides.® From tri-O-benzyl-D-galactal 2-tolylthiogalactosyl
cyanides and various related C-glycosides can be made via the corresponding
glycosyl chlorides with good selectivity.”* A useful method for making 1,2-cis-
related glycosyl cyanides involves reduction of readily available nitromethyl
C-glycosides to the oximes followed by dehydration with acetic anhydride.”*
2,6-Anhydro-3-deoxy-D-erythro-L-gluco-nonate, a C-glycosidic analogue of
Kdn, has been made from D-isoascorbic acid.?**

C-Hydroxymethyl a-D-glucopyranoside, a 2,6-anhydroheptitol made from
the aldonolactone, was converted to the 1,4,5-trisphosphate as a mimic of the
analogues D-myo-inositol triester (cf. 125),>* and from a-D-galactopyranosyl
formic acid a C,;s amido substituent was introduced to give an analogue of
galactosyl ceramide.™ Compound 123 represents a modification of a cyclic
peptide with Phe-Val replaced by the C-glycosidic amino uronic acid moiety and
was made for studies of binding to integrins.?’

In the area of C-glycosides with C, aglycons tetra-O-benzyl-B-D-man-
nopyranosylacetylene, treated with butyllithium, gives the glycal derivative 124
in better yields than do the a-manno or B-gluco isomers.?*® Further work on
inositol trisphosphate mimics has yielded compound 125 made by the ingenious
use of Tbdms protecting groups to hold the starting material in the unusual *C,
conformation (Scheme 11).* Similar work with an analogous allylsilyl inter-
mediate gave access to 3-hydroxypropyl a-C-glycoside exclusively (85%), where-
as the same chemistry carried out with O-benzyl protection of the phenylselenyl
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donor afforded the anomeric f-compound in 80% yield in a 4:1 mixture with the
a-isomer.?® a-GlcNAc-C-allyl has been used to make the a-C-2-hydroxyethyl
glycoside as the phosphate ester. Also, by way of the 2-bromoethyl glycoside, the
corresponding phosphonate was produced.?!

Various C-glycosides of NeuNAc have been made from the glycosyl phenyl
sulfone which, with samarium iodide, gave the glycosyl anion which added to
simple carbonyl electrophiles.®? In somewhat related manner the aldehyde
derived from 2,3:4,5-di-O-isopropylidene-D-fructose gives related adducts with
e.g. Grignard reagents (although the products are technically not C-glycosides
but rather extended chain ketoses).?®

Cyanomethyl C-glycosides can be made from aldonolactones via the Wittig-
derived cyanomethylene adducts,® and carboxymethyl p-C-glucopyranoside
has been condensed with a series of primary amines to give C-glycosyl amide
derivatives.?® The 2-phenylethyl a-C-glycoside of GalNAc was made by a
radical procedure from a phenylseleno glycosidic precursor.26

Homodimerization of allyl tetra-O-benzyl-a-C-mannopyranoside with
Grubbs’ catalyst gave access to the hexadecitol derivative.2s” Allyl C-glycosides
have been made by Et;SiH reduction of the hemiacetals made by allyl additions
to aldonolactones. In this way allyl -C-lactoside was produced.?® Treatment of
1,2-anhydro-3,4,6-tri-O-benzyl-a-D-glucopyranose with e.g. triallylaluminium
occurs by a cis-opening procedure to give the allyl a-C-glucoside.” a-p-Gal-
NAc-C-All has been made from the gluco-isomer by a displacement with inver-
sion at C-4, and oxidized to the C-acetonyl compound 126.”° The same type of
acetonyl products, except the f-anomers, were made by Knoevenagel condensa-
tion of pentane-2,4-dione with unprotected sugars e.g. glucose, mannose or
cellobiose in alkaline conditions.””" C-Linked glucosinolate analogue 127, which
is a substrate for the enzyme that desulfates natural O-glucosinolates, was made
by oximation from the carbonyl precursor, itself obtained from 4,6-O-ben-
zylidene-pD-glucose by treatment with dimethyl 2-oxo-3-phenylpropan-1-yl
phosphonate.?
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Free radicals derived from O-acetylated glycosyl bromides with nickel cataly-
sis add to acrylates and acrylonitrile to give C-glycosides with axial C-1 substitu-
ents as expected.””

A sulfoxide derived from phenyl 3,4-O-isopropylidene-1-thio-B-L-fucoside, on
treatment with MeLi followed by tert-BuLi, gave the glycosyl carbanion which
added to iso-butanal to give B-C-glycosides as an epimeric pair, and the a-
thioglycoside led to the a-C-glycosides.”™

OH OAc
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Allyl C-glycosides can give access to compounds with longer chain aglycons.
For example compound 128 is obtainable by a Grubbs’ reagent condensation
applied to the a-C-allyl compound, and more complex compounds made by this
approach include a peptidomimetic (see Section 3.2.6) and aryl glycoside cluster
compounds?” An interesting way of conducting chain extension on C-allyl
glycosides uses metathesis involving an unsaturated substituent on O-6. For
example, compound 129 was made in this way and hydrolysed to give a C-
glycoside with an extended aglycon.?™

Compound 130, made by oxidative cleavage of the GIcNAc allyl C-glycoside
followed by Wittig extension, has been used to make the nucleoside derivative
131 for studies of potential inhibitors of chitin synthases.?”’
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3.2.2 Compounds with Alkynyl ‘Aglycons’. A set of oligosaccharide analogues
containing two sugar units and four alkyne bonds have been made as illustrated
in Scheme 12278

3.2.3 Compounds with Aromatic Aglycons. A variety of ways of making aryl
C-glycosides have been illustrated. For example, O-benzylated D-xylopyranosyl
and L-arabinopyranosyl fluorides have been condensed in the presence of
BF;.Et,O with 2,4,6-tribenzyloxyacetophenone to give the B-glycosides as ther-
modynamic products. In the case of the latter sugar the kinetic a-anomer was
also obtained.”” The 1-lithio derivative of the glycal added to 2-benzyloxy-6-
benzyloxymethylquinone, and the product reductively aromatized, gave the
glycal C-glycoside 132 which was converted to the 3-C-glucoside by hydrobora-
tion and to a spiroketal following epoxidation.”®

2-Hydroxyglycal esters condensed with substituted benzenes in the presence of
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HF-pyridire gave enone C-glycosides e.g. 133 from tetra-O-acetyl-2-hydroxy-p-
glucal ! Reaction of the branched chain 2-acetoxymethyl-tri-O-methyl-np-galac-
tal with p-cresol in the presence of Montmorillonite gives C-glycoside 134 in
62% yield.”? In a related example reaction of cyclopropa-glycal adduct 135 with
phenols in the presence of a Pt catalyst gave 2-C-aryl-2-deoxy-C-methyl manno-
sides, both anomeric configurations being produced.?’
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Reaction of 3,4,6-tri-O-benzyl-2-deoxy-D-glucosyl acetate with the appropri-
ate naphthol in the presence of BF3.Et,O gave the 3-C-glycoside, but only as the
minor product, the major one being 136 which was formed by rearrangement of
the sugar moiety prior to substitution. This process, which involves hydride
abstraction from the O-6 benzylic methylene group by a C-3 carbocation, has
been observed before in a reaction of tri-O-benzyl-p-glucal (J. Org. Chem. 1998,
63, 193) which suggests, therefore, that it was this glycal, formed as an intermedi-
ate, which reacted with the naphthol®* A closely related reaction of tetra-O-
acetyl-2-deoxyglucose with the same naphthol without the bromine substituent
proceeded without complication to give the B-C-glycoside in high yield.?

Compound 137 was converted to 138 via an aryne intermediate,® and the
latter (as the tri-O-benzyl analogue) was used in the synthesis of aquayamycin
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139.27 Isoorientin , a 6-C-glucosylflavone, has been made by use of glycosyl
fluoride technology,® and a range of related flavonoid compounds, apigenin
6-C-B-D-glucopyranoside amongst them, have been isolated from Ziziphus ju-
juba, a sedative source used in Chinese medicine.”® Compounds 140-142 have
been synthesized with the following C-linked sugar substituents, respectively, at
the asterisked carbon atoms: 4-O-benzoyl-2,6-dideoxy-3-0-mesyl-B-D-ribo-
hexopyranosyl,®® 2-deoxy-p-D-arabino-hexopyranosyl,® and 3,6-dideoxy-3-
dimethylamino-B-L-galactopyranosyl (the L-enantiomer of the naturally occur-
ring radivomycin).?*? In addition, compounds 143 and 144 have been isolated
from two plant sources as C-bonded B-D-glucopyranosyl derivatives,”>*** sub-
stituted at the indicated positions. Two C-glycosides with 2,6-dideoxy-8-D-lyxo-
and B-D-arabino-hexopyranosyl bonded as indicated in 145 have been isolated
from reactions of the O-glycoside mithramycin under acid conditions. They
inhibit MDRI gene expression in a tumour cell line and thus have potential to
overcome multidrug resistance towards antitumour agents.””

o)
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OO OMe

3.2.4 Spiro- and 1,2-fused Bicyclic Systems. Spiroketals involving C-glycosidic
structures can more correctly be considered to be chain-extended sugars (Chap-
ter 2, Section 2.3). Sharpless asymmetric dihydroxylation of 5-aryl-2-vinylfuran
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has been applied in the synthesis of papulacandin D, Scheme 13.%° An interesting
rearrangement to give pentopyranosyl analogues of the compound occurs when
C-galactopyranosyl phloroacetophenone is treated with aqueous acid (Scheme
14)*" Epimers 146 have been obtained separately from a mixture of 1,3,4-
trideoxy-5,6:7,8-di-O-isopropylidene-B-n-manno- and -gluco-non-5-ulo-5,9-
pyranose following selective enzymic acetylation of the former at the unsub-
stituted C-2 OH group.”® Treatment of spiro-ketal 147 with DIBALH gave the
1,2-fused ring compound 148 in 54% yield together with the B-C-propyl glyco-
side.”®

Reaction of the 2-trimethoxybenzyl glycosylating agent 149 with IDCP gave
the fused-ring compound 150 which with BF;.Et,O isomerized to the trans-fused
B-anomer which was taken through to lactone 151, the triacetate of tri-O-
methylnorbergenin (Scheme 15).3%

Glycosylation of the protected octosyl nucleoside ezomycin at O-6' led to
4-desamino-4-oxoezomycin A, (152).%"

3.2.5 C-Linked Disaccharides. Compounds in this section will be described in
the abbreviated form used for O-linked disaccharides with the group (usually
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methylene) that replaces the linking oxygen atom being specified.

O-Benzylated oa-allyl C-glycosides derived from D-glucose, D-galactose and
D-mannose have been linked in pairs by O-6 diester tethers. Ring closure
methathesis then gave in high yields cyclic compounds also joined 1—1 by
C-but-2-enyl linkages.’”? B-D-Glc-(1-CH,-6)-D-Glc has also been made by a
metathesis key step by way of a 1-C-substituted p-glucal derivative.’® Cellobiose
has been C-linked to C-6 of D-glucose by use of the p-C-nitromethyl glycoside of
the former.**

COH
HoN %‘%H
HoN r NH 0T

152 153

Isolevoglucosenone was the starting material from which the unusual g-p-
Glc-(1-CHOH-3)-p-Gal epoxide derivative 153 was made.* B-p-Glc-(1-CHOH-
6)-a-D-ManOMe was synthesized from the O-benzylated glucosyl iodide and the
O-benzylated 6-deoxyheptose dialdoside >

The C-linked analogue 154 of adenophostin A, a strong inhibitor of IP;
receptor ligand from a Penicillium, was made by an intramolecular technique as

indicated in Scheme 16.37%
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3-0-Carboxymethyl-B-p-Gal-(1-CH,-1)-D-Man was produced in 8-steps as a
hydrolytically stable analogue of SiaLe*, the galactose moiety being constructed
from a threose derivative’® and B-p-Gal-(1-CHOH-1)-p-Gal has been re-
ported.’!
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a-D-Man-(1-CH,-3)-pD-GalNAc and a-D-Man-(1-CH,-3)-D-TalNAc have been
tested as inhibitors of several glycosidases and human a-1,3-fucosyltransferase.
While the former is active against these enzymes, the latter is not.3!!

Ester 155 was converted by the Tebbe method to the methylene analogue
(92%) which underwent Claisen rearrangement to give the C-linked uronic acid
derivative 156 (56%).32

155 156

3.2.6 C-Glycosylated Amino-acids and Related Compounds. A review which
covers compounds of the category has appeared.’"* The cyclic glycopeptide 157,
based on an a-L-galactosyl carboxylic acid, is 1000 times more active than Sial.e*
in binding P-selectin. Several other SiaLe* mimetics were also made in the course
of the work.>'* Wong’s group has also prepared compound 158 and Gal, Man,
Fuc analogues by application of asymmetric Strecker reactions.’!

L-Serine C-linked to C-1 of nojirimycin has been made from the a-C-allyl
glycoside,*'® and a related a-C-glucosyl derivative, made from the formylmethyl
C-glycoside, has CH,CH(OH)CH(NH,)CO,H as the basis of the aglycon. It is
therefore a C-linked glycosyl threonine?'®® A C-glycosidic isostere of B-D-
glucosylasparagine having the (CH,);CH(NH,)CO,H aglycon has been de-
scribed,’!” as have homologues with butyl and but-2-enyl linkages.?”
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3.2.7 Other C-glycosides. Compound 159 was the product formed on reaction
of the B-formylmethyl C-glycoside with pent-4-en-4-ol in the presence of tin
tetrachloride rather than the expected tetrahydropyran derivative.*®

The tertiary alcohol 160, made as indicated in Scheme 17, was the exclusive
product whereas, without the nickel salt, the reaction gave high proportions of

the glycal.®*®

3.3 Furanoid (and Pyrrolidine) Compounds. — For making 2,3,5-tri-O-ben-
zoyl-B-D-ribofuranosyl cyanide it is reported to be better to use KCN rather than
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160 94%
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TmsCN.3® Treatment of 1,2-O-isopropylidene-3,5-di-0-mesyl-6-O-trityl-p-glu-
cose with ethanediol and TsOH gives the C-formyl compound 161 in 53% yield
from which (4 )-muscarine iodide 162 and its epimer at the alcohol centre were
made.*”! Compounds 163 and 164 have been made from 2-deoxy-D-ribose do-
nors by reaction with a benzyl Grignard reagent and allyltrimethylsilane, re-
spectively, in the key steps. The products were incorporated into oligonucleo-
tides during a study of the interactions of DNA with peptides.’?

0
o
o )
MsO or? OPNPr,
HO .
NMe3r

OH Me CN
161 162 163 R=Ph
164 R =CO,Me

DmtrO 0 R

A long paper has appeared on synthetic and conformational studies of com-
pound 165 (and its epimers at C-2 and C-5), made from 6-azido-2,3,4-tri-O-
benzyl-6-deoxy-p-glucitol. These were amide linked to amino-acids at both C-1
and C-6.°%

Condensation of the corresponding aldonolactone derivative with 1,1,1-tri-
chlorotoluene and trimethyl phosphite gives the exo-alkenes 166 from which
C-glycosides are available.’* Reaction of O-substituted 1,2-O-isopropylidene-o.-
D-xylofuranose with allyltrimethylsilane and a Lewis acid gives the 2-O-un-
protected B-C-allyl C-glycosides.3?

TbdmsO o Ph
HoN CO.H
2 o 2! o
HO,
o_ 0
oH )
165 166

Conversion of the corresponding lactone to the ethynyl hemiacetal followed
by appropriate C-substitution gave dialkyne 167 which, on [1,2] Wittig rearran-
gement, was converted to the doubly C-1 C-substituted 168 (Scheme 18).32

Considerable attention has been given to C-furanosyl derivatives having aryl
aglycons, and several synthetic approaches have been adopted. The simplest
involves the addition of aryllithiums to aldonolactones and reduction of the
derived alcohol group using triethylsilane. In this way compound 169 and other
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Scheme 18

fluorophenyl compounds have been made and incorporated into RNA. This
does not result in conformational change to the latter.*” A new synthesis of
tiazofurin (170), which is active against several human cancers, was based on
development of the heterocycle from the cyano group,*®® and a related approach
to heterocyclic C-glycosides, based on the formation of the precursor to the
heterocycle by intramolecular transfer, is illustrated in Scheme 19.*

DmtrO o CONHz
(|J OTbdms v
. _P CN
PENT 07 N OH OH
169 170
° ]@
o} SePh
i &Y’d i HO—LO\/&‘A fii-vi
O)Q OH OH
R =Me, Tms NH,
Reagents: i, BugSnH; ii, SeO,, AcOH; iii, Og; iv, Me,S; v,@[ v, HY
NH,
Scheme 19

Reactions involving use of aldehydo-sugars for introducing the aglycons have
given the conformationally locked bicyclic system 171 required for the study of
the triplex-forming ability of oligonucleotide analogues.*****! By a related ap-
proach 2'-a-C-mannofuranosyl-2-formylthiophene was made from the 2,3:5,6-
di-O-isopropylidene-pD-mannose and used as a source of various short chain
alkyl and functionalized alkyl C-glycosides following desulfurization.**?

O-Protected methyl 2-deoxy-D-ribofuranosides have been condensed with
o-disubstituted benzenes to give compounds 172 (X,Y = OH, NH,) for incorpor-
ation into DNA which permits ‘base-pairing’ by means other than H-bonding.>*
For example, borate anion coupling was examined.*

3,5-0-Silylated-D-arabinal coupled by the Pd-promoted Heck procedure with
substituted benzenes, followed by fluoride-promoted deprotection, gave, for
example, the 3-uloses from which compounds 173 were obtained by carbonyl
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reduction.®®® Analogues of cytidine were then made by the same approach, but

from L-arabinal, to give mimics of the unnatural L-nucleosides.

336

C-Linked furanosyl disaccharides and analogues to have been made are
a-D-Galf-(1-CF>-3)-B-D-GlcOMe*’ and compounds 174**® and 175.3* The for-
mer was made together with several isomers by a Wittig-Michael approach, and
the latter by a 1-C-formyl glycoside, 6'-Wittig reagent strategy applied to an enal
at C-5—C-7 of a heptofuranose derivative.

H
N
HO,
OV o (]-.;OZEt HO
(o) OAc OH wo o
. OH OH
OMe Y TOH
174 OAC 175 OH
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Oligosaccharides

1 General

Before mention is made of many reviews relevant to oligosaccharide synthesis
attention is called to two contributions which illustrate the ‘state of the art’ in this
fast developing but extremely demanding subject. A survey of the work of
Danishefsky’s laboratory gives an account of highly complex syntheses of
oligosaccharide and glycoconjugate antigens and the development of anti-cancer
vaccines from them.' Also monumentally impressive is Nicolaou’s synthesis of
everninomicin (1) which was described in three massive papers each dealing with
the synthesis of one part of the molecule as indicated by the dotted lines.**
Briefer accounts of the work on this orthosomicin class antibiotic, which describe
syntheses of a 1-1' disaccharide linkage, a branched-chain nitrosugar, orthoester
acetal formation and several specific deoxy and O-substituted sugars, 13 rings
and 35 stereogenic centres have appeared separately.’
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A synopsis covering the literature from October 1995 to December 1999 on
developments in oligosaccharide synthesis® and a further important one dealing
with work utilizing intramolecular methods’ have appeared. A more selective
survey on the use of glycosyl halides in solid phase work was written as part of a
major survey of bioorganic aspects of the subject.®

Wong has described a one-pot oligosaccharide synthesis for application to the
creation of libraries. Thioglycosides containing one free hydroxyl group the
glycosylating powers of which are variable were used such that the hydroxyl
group could be glycosylated and the product then used as a di-(or higher)
saccharide glycosylating agent.’” (See later in this chapter for further reports on
this approach to tunable glycosylations; especially refs. 40, 41, 59). Methods
involving the use of both solid and liquid phase techniques to produce oligosac-
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charide libraries have been reviewed,'®!! the latter also dealing with O- and
N-linked glycopeptides. A further important one limited to solid phase method-
ology covers Seeberger’s new methods and deals with strategies, supports,
linkers, protecting groups, glycosylations, ‘on-bead’ analysis, release from the
resins and specific applications and generations of libraries. Automated pro-
cedures are also dealt with.'?

An extensive review covers the synthesis of glycopeptides, mostly by use of O-
or N-glycosylated amino-acid building blocks in solid phase techniques.* An
N-terminal glycodecapeptide fragment of interleukin has been made by use of a
new solid phase linker." Homooligomers of glycamino-acids (cyclic carbohy-
drate derivatives bearing a carboxylic acid group and an amino group replacing
one of the hydroxyl functions) have been made with inter-unit amide bonding
between different positions. Hybrids of these and amino acids were also made
and, after sulfation, bioactive products were obtained."

A review ‘Recent Advances in O-Sialylation’ includes treatment of the syn-
thesis of sialyl dimers with a~(2—8) and a-(2—9) linkages and the sialylation of
oligosaccharides. NMR criteria for characterizing a- and p-sialyl linkages are
dealt with.!® A shorter review deals with the synthesis of Sia Le* gangliosides and
blood group oligosaccharides.!” In vivo lactonization within polysialic acids, has
been critically assessed.!®

In the area of glycolipids reviews have been published on the synthesis of
bacterial lipopolysaccharides,”® glycolipid oligosaccharides and Sia Le* and
sulfated analogues as selectin receptors,” and glycosphingolipids containing
poly-N-acetylactosamine and polyglycosylceramides.”!

Interest in the field of enzymic procedures for making oligosaccharides is
illustrated by the number of reviews that have dealt with the topic. Of particular
significance is the review from Wong’s laboratory ‘Syntheses of Complex Carbo-
hydrates and Glycoconjugates: Enzyme-based and Programmable One-Pot
Strategies’ which includes reference to selective activation techniques and the
author’s ‘Optimer’ programme.?” Further relevant reviews of a general nature in
the area have been published: the numbers of references cited in each are as
follows 65, 40,* 21,%° 15% and 8.7

Two papers have dealt with the use of enzymes to make chitooligosaccharides:
a review covered the use of chitinase and glycanase for this purpose,® and
terminating B-(1—3) and B-(1—4) galactosylated chitooligosaccharides were
made by transgalactosylation from p-nitrophenyl $-p-galactopyranoside to
chitobiose and chitotriose using bovine testes B-galactosidase.” Chitinase
catalyses the transfer of GIcNAc and LacNAc from their oxazoline derivatives.*
A ‘glycosynthase’ from Humicola insolens transfers lactose from its a-glycosyl
fluoride in f-(1—4) manner to a range of mono- and disaccharide glycosides
including B-glucosides, f-mannosides, p-cellobiosides and various halogenated
derivatives.!

Other reviews or articles of general relevance to have appeared cover the
oligosaccharide antibiotics of Ziracia which are of the orthosomycin class and
include everninomycin;*? water-soluble, lectin-binding hybrids of chitosan and
sialic acid, made by the reductive coupling of a-NeuNAcOCH,CHO-(p) with
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chitosan amino groups;** and the copper-catalysed acetylenic coupling of Vas-
ellas’ sugar-alkynes.**

A different matter of general significance is the publication of a method for
eliminating interfering signals of some protecting groups (e.g. benzyl and acetal
methylene resonances) from 2D NMR spectra of oligosaccharide derivatives.”

2 Trisaccharides

2.1 General. - Compounds in Sections 2.2--2.4 are treated according to their
non-reducing end sugars. Unless otherwise specified, the sugar name abbrevi-
ations (Glc etc.) imply the pyranosyl ring forms.

A library of 72 trisaccharides derived from Glc, Gal and Man have been made
in solution by one-pot procedures using glycosyl bromides, phenylthio glyco-
sides as donors and 2-bromoethyl glycosides as acceptors.*

2.2 Linear Homotrisaccharides. — Maltose, cellobiose and lactose as O-pro-
tected B-thioglycosides have been tethered via their O-2 to O-3 of benzyl 6-0-
benzyl-2-0-benzoyl-a-D-glucopyranoside. Cyclization induced by NIS gave o-
linked trisaccharide products in about 60% yield. This approach has therefore
given access to a-D-Glc-(1—4)-a-pD-Glc-(1—4)-D-Glc, B-D-Glc-(1—4)-a-D-Gle-
(1-4)-p-Glc and B-p-Gal-(1—4)-a-p-Glc-(1—>4)-D-Glc.”

The B-(1-+6), B-(1—6) linked trimers (and tetramers) of Glc and Gal and the
a-(1—6), a-(1—6) analogues of Man have been made by use of the 1,2-orthoester
approach.® The 4-pentenyl B-glycoside of the p-(1—6) linked glucotriose was
prepared via the resin-bound 2 and cleaved from the resin by elimination of
bromine and application of Grubbs’ catalyst as an alkene cleaving agent.” By
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use of disarmed donor/acceptor 3 6-0-a-glycosylation was effected with tetra-O-
benzyl-f-D-glucosyl fluoride and the product was then activated as a donor to
allow the synthesis of a-D-Glc-(1—6)--D-Glc-(1—6)-D-Glc in high yield,* and
the f-(1—6), B-(1—6) isomer was also made with high efficiency using an analo-
gous approach.*! [See ref 59 and Scheme 1 for a similar approach which depends
on solvent change for preferential activation of thioglycoside donors]. Enzymic
glucosylation of gentiobiose also gave the p-(1—6)-linked glucotriose, in 13%
yield, and likewise afforded B-D-Glec-(1—6)--D-Glc-(1—4)-D-Glc and the B-
(1-6), B-(1—6) isomers from cellobiose and laminaribiose, respectively.
Sophorose, the B-(1—2) linked glucobiose did not act as an acceptor.*?

By use of the 6-0-acetyl-tri-O-benzyl-mannosyl dimethylphosphonothioate as
donor a-pD-Man-(1-+6)- a-D-Man-(1—>2)-a-D-Man-OPr was made as the 6"-
phosphate as a component of the glycosyl phosphatidylinositol anchor com-
pound.® The galacturonic acid trimer a-D-GalA-(1—4)- a-D-GalA-(1—>4)-a-D-
GalA was made as the trimethyl ester by the use of thioglycoside coupling, as a
fragment of pectin galacturonans.*

2.3 Linear Heterotrisaccharides. — As above (refs. 40, 41), the monohydroxy
thioglycoside approach was used by the Mukaiyama group in the synthesis of a
derivative of B-D-Glc-(1—4)-3-D-GlcNH,~(1—6)-a-D-Glc-OMe* The use of
polystyrylboronic acid to bind the 4,6-diol of methyl 3-0-benzyl galactoside is a
novel approach which allows a loading, release, loading sequence in oligosac-
charide synthesis. It was applied in the preparation of a derivative of B-p-Glc-
(1-3)-a-p-Gal-(1-2)-p-Gal,* and a-D-Glc-(1—>4)-a-L-Rha-(1—3)-8-GlcNAc
was made as a fragment of the O-specific polysaccharide of Shigella flexneri.”’
Several B-Glc-(1—>3)-a-L-Rha-(1—6)-D-Glc and -Gal trisaccharides have been
reported as components of flavonoids of Green Tea.*

Several modifications of a-D-Gal-(1—3)-p-D-Gal-(1—4)-D-Glc have been
made with specific deoxygenation at each ring position of the non-reducing end
unit, and with B-L-arabinopyranose in place of that moiety. All were prepared as
glycosides with a C, spacer arm joining a chromophoric aglycon.” Enzymic
a-galactosylation to lactose gave the p-(1—3')-linked anomer.*

Globotriose, a-D-Gal-(1—4)-$-D-Gal-(1—4)-B-D-Glc, has been C-linked to a
peptide and the peptide was also diglycosylated, the products being evaluated as
ligands for a Shiga-like toxin binding unit.>! The closely related a-p-Gal-(1—>4)-
B-p-Gal-(1—+4)-p-GlcNAc, the human blood group P;- antigenic determinant,
has also been made,* as has f-pD-Gal-(1—6)-p-D-Gal-(1—4)-pD-Glc, a human milk
trisaccharide.

B-D-Man-(1—4)--D-GlcNAc-(1—4)-8-D-GlcNAcwas described in a paper on
glycopeptide work.>*

Compounds having 2-amino-2-deoxy sugars at the non-reducing position to
have  been  reported are  a-D-GlcNAc-(1—4)--p-Gal-(1—4)-B-D-
GaINAcOC,¢H;; made to form micelles corresponding to structures found in
ovarian cyst fluids. A range of protecting groups had to be tried for suitable
coupling with a disaccharide glycosyl bromide.” B-pD-GlcNAc-(1—4)-B-D-GlcA-
(1—3)-D-GlcNAc, a repeating unit of hyaluronan, and the alternative trisacchar-
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ide B-p-GlcA-(1—3)--D-GlcNAc-(1—4)-D-GIcA have been made as their
methyl B-glycosides.*

In the field of 6-deoxyhexose-terminating trisaccharides $-L-Rha-(1—4)-3-D-
Glc-(1—6)-B-D-Glc” and a-L-Rha-(1->2)-B-D-Gal-(1—2)-B-D-GIcA*® have been
isolated from plant products, and a-L-Rha-(1—6)-a-D-Man-(1—3)-D-Glc was
synthesized by a notable, new approach. Use was again made of a monohydroxy
thiomannoside which was first rhamnosylated with a thioglycoside and the
dimer became the glycosylating agent simply by change of solvent in a one-pot
procedure (Scheme 1).% This approach is similar to those used by Mukaiyama as
noted above (refs. 40, 41).

Synthesis of a-L-Fuc-(1—2)--D-Gal-(1—2)-D-Xyl as its a- and B-glycosides
has been reported,” and the highly modified trisaccharide 4 containing eight
deoxy centres has been found as a component of the anthraquinone C-glycosidic
vineomycin C.8' 3,6-Dideoxy-D-arabino-hexose-p-(1—3)-f-D-GalNAc-(1—4)-p-
D-GIcNAc, found in the Trichinella spiralis parasite, has been synthesized.’'*

The chondroitin 6-sulfate trisaccharide $-p-GlcA-{1—3)--D-GalNAc-6-sul-
fate-(1—>4)-B-D-GlcAOMe has been made® as has the rhamnogalacturonan
fragment a-D-GalA-(1—>2)-0-L-Rha-(1—4)-D-GalA as its dimethyl ester.*®

Previous syntheses of ganglioside GM3, a-NeuNAc-(2—3)-3-p-Gal-(1—4)-8-
D-GlcOCer, have been reviewed and new chemical and chemoenzymic ap-
proaches have been investigated.** Other workers, using glycosylating agents
with phosphorus-containing leaving groups, have completed a synthesis.*®

O-Acetylated NeuNAcSPh was the key donor in the syntheses of a-NeuNAc-
(2—3)-B-p-Gal-(1—3)-a-D-GalNAcOBu (see also next paragraph) and a-
NeuNAc-(2—3)-B-D-Gal-((1—4)-B-D-GIcNAcOMe and its 6’ sulfate,” and the
unsulfated trimer was also produced glycosidically linked to ovalbumin.®’ In this
work 13C labelling in the NeuNAc and Gal moieties allowed the assignment of all
the protons in the glycoprotein by use of 2D HMQC and ID HSQC-TOCSY
and the new sequences 1D and 2D HSQC-TOCSY-NOESY-TOCSY.

Chemoenzymic methods have been used to make sialyl-T antigen a-NeuNAc-
(2—>3)-B-p-Gal-(1—3)-a-D-GalNAc-OThr,* the former paper also describing
the a-(2—6)-B-(1—3) linked isomer. Solid phase work led to the preparation of
the N-terminal glycopentapeptide of human glycophorin AM which has three
copies of the sialyl-T antigen glycosidically linked within the pentapeptide.”

Glycosyl 2-pyridyl sulfones e.g. 5 activated with samarium triflate allow
selective activation of armed O-benzylated compounds in the presence of O-
benzoylated analogues or thioglycosides. By their use a-D-Araf-(1—6)-D-Man-
(1—=6)-a-D-ManOMe has been prepared.”
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2.4 Branched Homotrisaccharides. — Molecular modelling studies of highly
branched a-1,3-glucan have involved investigations of relevant components
including a-isomaltose, a-D-Glc-(1->6)-0-D-Glc~(1—>3)-0-p-Glc and the bran-
ched a-D-Glc-(1—=3)-[a-D-Glc-(1->6)]-a-D-Glc. A conclusion was that the
(1—6)-linked side residues did not interfere significantly with the (1—3)-linked
backbone stereochemistry.”

On treatment with NIS, TfOAg a mixture of the 2,6-tethered 6 and phenyl
tetra-O-acetyl-1-thio-a-pD-mannopyranoside underwent (1—6)-cyclization of 6
and slower 3-a-mannosylation of the product, the former step being favoured by
its intramolecular character in this one-pot procedure. a-D-Man-(1—3)-[a-D-
Man-(1—6)]-a-D-ManOMe was consequently made in 30% yield.” Alternative-
ly this trisaccharide was made in 42% yield by direct selective mannosylation
with the O-acetylated trichloroacetimidate (2 equiv) of p-nitrophenyl a-pD-man-
nopyranoside. The product was converted to the p-acrylamide glycoside and
copolymerized with 2-acrylamido-N,N-dimethylamine to give a product tested
for lectin binding.”
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The syntheses of a-L-Fuc-(1—3)-[a-L-Fuc-(1—4)]-0-L-FucOPr and the
(1—2), (1—3) linked isomer have been reported.”

2.5 Branched Heterotrisaccharides. - Compounds in this section are categor-
ized according to their reducing end sugars.

The following glucose-based compounds have been made: B-p-Gal-(1—4)-[a-
L-Fuc-(1—3)]-p-Glc (a human milk compound, made by chemoenzymic
methods)™ and B-p-Man-(1—-4)-[a-L-Fuc-(1—3)]-8-D-GlcO-Cer (a glycosphin-
golipid from a millipede; chemical methods).”® The galactose derivatives B-D-Glc-
(1—4)-[B-D-GlcNH,-(1—3)]--D-Gal, Type 1A, GroupB Streptococcal capsular
polysaccharide component, has been made on a polymer support,” and the E.
coli 0128 O-antigenic polysaccharide repeating unit $-p-GalNAc-(1->6)-[a-L-
Fuc-(1-2)]-D-Gal has been synthesized.”

In the field of aminosugar-based branched compounds g-p-Gal-(1—4)-[o-L-
Fuc-(1—3)}-D-GIcNAc, the Le* trisaccharide, was synthesized and dimerized by
6,6-methylene acetal linking to give a compound which is a model for
cooperative Ca’* binding.” Synthesis of the following GalNAc derivatives have
also been reported: B-D-GlcNAc-(1—6)-[B-D-GlcNAc-(1—3)]-D-GalNAc, B-D-
GlcNAc-(1-6)-[B-D-Gal-(1—3)]-D-GalNAc” and B-pD-GalNAc-(1—6)-[p-D-
GlcA-(1—3)]-B-D-GalNAcO(CH,);NH, a Schistosoma mansoni antigen.®!

a-D-Glc-(1—4)-[a-L-Rha-(1—>3)]-L-Rha, a fragment of the O-specific polysac-
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charide of Shigella flexneri serotype 2a, has been made* and B-b-Glc-(1—+2)-[B-
D-Xyl-(1—>3)]-<F4-d-Fuc has been prepared as its ruscogenin-1-yl (a triterpene)
glycoside.®

2.6 Analogues of Trisaccharides and Compounds with Anomalous Link-
ing. — While orthoester 7 preferentially reacts with equatorial hydroxyl groups
on saturated 6-membered rings the n-pentenyl glycoside 8 predominantly reacts
at axial sites. When myo-inositol derivative 9 was treated with a mixture of
equivalent amounts of 7 and 8 only one product was formed — the di-o-D-
mannosyl derivative with silylated substituent at the axial site and a 2-O-
benzoylated mannosyl group at the equatorial one.?® This provides yet another
ingenious one-pot selective substitution procedure.
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Analogue 10 of neamine with 5-amino-5-deoxy-p-D-ribofuranose attached by
a flexible linker has been made as a potential inhibitor of HIV * and the epimeric
GM 1 mimetics 11 have been described.®® Rearrangement of the triunsaturated
maltotriose derivative 12, made from the 6,6’,6"-trideoxy-triiodo-maltotrioside
derivative, by treatment with tri-isobutylaluminium, followed by DMSO, acetic
anhydride oxidation of the triol formed, gives the tricarba-trisaccharide tricar-
bonyl derivative 13 in 33% yield.® This, importantly, adapts the known conver-
sion of 6-deoxyhex-5-enosyl compounds into deoxyinososes in such a way that
the glycosidic bonds are preserved.

In the area of nitrogen-in-the-ring sugar analogues compound 14 has been
made as a Siale* mimetic.¥’

In the field of anomalously linked trisaccharides, the unusual GM3 analogue
15, having an ether rather than a lactone linkage between the sialic acid and
galactose moieties, has been made as a target for antibody-based cancer ther-
apy,®® and several analogues of SiaLe* having ethylenedioxa linkages in place of
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glycoside oxygen atoms have been reported. Compound 16 is an example.®

a-D-Man-(1-CH,-3)-[a-D-Man-(1-CH,-6)]-D-Man is a doubly C-linked
trisaccharide made by simultaneous nucleophilic addition of a glycosyl Sml,
reagent to a methyl 3,6-dideoxy mannoside derivative having formyl groups
bonded at C-3 and C-6.°

3 Tetrasaccharides

Compounds of this set and higher oligosaccharides are classified according to
whether they have linear or branched structures and then by the sugars at the
reducing ends.

3.1 Linear Homotetrasaccharides. — Orthoester coupling was used to make a
key fully protected allyl 2-O-acetyl-a-D-mannosyl-(1—2)-a-D-mannoside from
which the glycosyl trichloroacetimidate donor and a 2’-unprotected acceptor
were derived for coupling to give the a-(1—2)-linked mannotetrose. While this
approach was suitable for making the analogous rhamnose tetramer it could not
be applied successfully in the galactose or glucose series.”!

3.2 Linear Heterotetrasaccharides. — Schmidt and co-workers have made p-D-
Gal-(1-—+4)-f-p-GlcNAc-(1—3)-B-D-Gal-(1—4)-D-Glc by chemical methods as
well as the lacto-N-neohexose and -neooctaose compounds having one and two
further lactosamine units within the chains’> Other workers have made the
tetramer by chemoenzymic methods and in the course of the work obtained a
2—3 linked NeuNAc derivative having the extra sugar at the non-reducing end.”
The tetrasaccharide fragment $-D-Man-(1—4)--p-Glc-(1—4)-o-L-Rha-(1—3)-
B-D-Glc O-linked to 5-aminopentanol, which is a fragment of the exopolysac-
charide of Arthrobacter sp. CE-17, has been produced by effecting an intra-
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molecular f-mannosylation of a malonyl-tethered disaccharide derivative in the
key step.®

a-D-Gal-(1—2)-a-D-Man-(1—2)-a-D-Man-((1—6)-a-D-ManOMe was made,
together with the lactose-terminating pentasaccharide analogue, for testing anti-
metastatic properties.”®

a-L-Rha-(1—3)-a-pD-Man-(1—4)-a-pD-Man-(1—3)-B-D-GlcNAc with 3-O-[(R)-
1-methoxycarbonyl]ethyl at O-3 of the Rha and acetyl at O-2 of the Man
moieties, was synthesized as its CH,CH,Tms glycoside. It is related to the
repeating unit of the antigen from Shigella dysenteriae®

The uronic acid-containing tetramer a-L-Rha-(1-+4)-a-D-GalA-(1-+2)-a-L-
Rha-(1—4)-B-p-GalA was made from the analogue containing two galactose
units which were oxidized using TEMPO, KBr, NaOCI. The product was used
to model an anti-ulcer polysaccharide.”’

A 2 + 2 strategy was employed in the chemical synthesis of a-D-Fuc-(1—4)-a-
D-Fuc-(1—4)-a-D-Qui~(1—4)-D-Qui (Qui = 6-deoxy-D-glucose) which is a
carbohydrate component of asterosaponin A from a starfish,”® and the multi-
deoxy tetrasaccharide 17 has been found as a component of the aristostatin
antibiotics.”

0

Oy

o-D-Man-(1—2)-a-pD-Man-(1—5)-p-D-Araf~(1—2)-a-D-Araf-O(CH,);CO,Me,
the tetrasaccharide cap of the lipoarabinomannan of M. tuberculosis, was made
by a convergent method that used arabinofuranose 1,2,5-orthoesters to obtain
both the donor and acceptor species employed to introduce the pentose moie-
ties.!®

3.3 Branched Homotetrasaccharides. — A series of a-D-arabinofuranoyl
oligosaccharides which are fragments of the cell wall polysaccharides of M.
tuberculosis to have been made include a-p-Araf-(1—5)-[a-D-Araf~(1—3)]-a-D-
Araf-(1-5)-D-Ara.!”

3.4 Branched Heterotetrasaccharides. — A ‘facile’ synthesis has been reported
of the repeating unit of the mannoglucan of Microellobosporia grisea o-pD-Man-
(1-3)-[a-D-Man-(1—6)]-B-D-Glc-(1—-4)-D-Glc ie. a dimannosylcellobiose.'”
Several linear and branched tetrasaccharides including B-D-Glc(1—>4)-a-L-
Rha-(1—4)-[a-L-Rha-(1—2)]-B-D-Glc have been made as their diosgenin glyco-
sides during synthesis of diogenyl saponins.'” The stem bark of Albizia julibrissin
has yielded related compounds with cytotoxic activity that included B-bp-Glc-
(1—3)-[a-L-Araf-(1—>4)]-a-L-Rha-(1—-2)-3-D-Glc.*

A set of compounds terminating in mannose to have been synthesized are:
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a-D-Man-(1—+2)-0-pD-Man-(1—6)-[ B-p-Gal-(1—=3)]-pD-Man, which is related to
the core structure of the GPI anchor of Trypanosoma brucei;'® the closely related
compound with the mannobiose and galactose moieties 1,2- and 1,4-linked to the
reducing end Man, which is the immunologically important tetrasaccharide of
the lipophosphoglycan of L. donovani;'® p-p-Galf-(1-=3)-a-D-Man-(1—2)-[ B-D-
Galf-(1—3)]-D-Man. In the last case phenyl tetra-O-acetyl-4-thio-1-selenogalac-
tofuranoside was used to make an analogue with the Gal units having sulfur as
the ring hetero atom.'”’

p-p-Gal-(1—6)-B-p-Gal-(1—6)-[a-L-Araf-(1—2)]-3-D-Gal, an epitope of an
arabinogalactan, has been made as its dodecyl glycoside.'®

The Siale* epitope a-NeuNAc-(2—3)-8-pD-Gal-(1—4)-[a-L-Fuc-(1—3)]-D-
GIcNAc has been glycosidically linked to a set of lipids to give products with
good selectin-binding properties in a dynamic test system.!”® Formal syntheses
have given the 6- and 6'-sulfate esters of this epitope,''° and the corresponding
glycal has been made by use of a fucosyl transferase.''* In work directed towards
drug delivery to inflammatory lesions the isomer a-NeuNAc-(2—3)-[a-L-Fuc-
(1—-2)]-p-p-Gal-(1—4)-B-D-GlcNAc as a polyoxyethylene glycoside has been
shown to be effective.'!! The Sia Le* tetrasaccharide a-NeuNAc¢(2—3)-p-D-Gal-
(1-=3)-[a-L-Fuc-(1—4)]-8-D-GlcNAc has been made as the glycosyl azide and
used in the preparation of Sia Le® asparagine conjugates.!'>!'3

Synthesis of calonyctin A2 (18), a macrolide glycolipid with plant growth-
promoting activity, has been reported.'*

OH O o-L-Rha
B i
Y O-3-B-D-Quin-(1—3)-B-D-Quin-(1—>2)-B-D-QuinO,
H \ o
o}
18

3.5 Analogues of Tetrasaccharides and Compounds with Anomalous Link-
ing. — Several cyclitols have been incorporated into pseudo-tetrasaccharides.
For example, extensive syntheses of guanidino compounds have yielded
guanidino-neomycin 19 and several other tetra- and tri-saccharide analogues.'"
The synthesis has also been reported of a-pD-Man-(1—3)-a-bD-Man-(1->4)-a-D-
GlcNH,O-myo-inositol, with phosphate esters on the inositol and at C-6 of the
terminal mannose unit, which is an inositol phosphoglycan fragment of com-
pounds found in Leishmania parasites.''® A suit of compounds 20,
R = CH,NR'R? (24 examples) were made as E-selectin antagonists and com-
pared with the known compound 20, R = CH,OH.!"

A tetrasaccharide containing two Galf having sulfur as the ring hetero-atom
moieties has already been noted.'”’

Compounds with anomalous linking to have been made include the analogue
of B-D-Gle-(1—6)-[B-D-Gle-(1—3)]-B-p-Glc-(1—3)-D-Glc with sulfur as the in-
ter-unit linking atom at all three sites. A spacer group glycoside of the compound
was linked to human serum albumin for immunostimulation testing.!'®
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a-D-Man-(1-PO;H-6)-B-p-Gal-(1—4)-a-p-Man-(1-PO;H-6),-8-D-
GalO(CH,);CH = CH,, (n = 1,2), further fragments of Leishmania lipophospho-
glycan having phosphodiester linkages within the tetrasaccharide, have been
made by MPEG soluble polymer techniques.''’

Two papers have dealt with analogues of calicheamicin y,' carbohydrate:
compound 21'® and others containing more major structural changes.'?!

4 Pentasaccharides

4.1 Linear Homopentasaccharides. — In ‘state of the art’ work Ley’s group has
extended their sophisticated use of tuned glycosyl donors and acceptors to the
one-pot synthesis of the a-1,2-linked D-mannopentamer, a GPI anchor com-
pound.!??

The o-(1—4)-linked pentamer of the daunosamine derivative 2,3,6-trideoxy-
3-N-[(guanidino)acetamido}-L-lyxo-hexose 22 has been produced by a glycosyl
sulfoxide method and shown to bind to the minor groove of DNA.'?
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4.2 Linear Heteropentasaccharides. — As in recent years, of the compounds of
this category reported in 2000 the great majority are terminally X substituted
derivatives of the commonlty occurring lacto-N-neotetraose i.e. X-B-D-Gal-
(1—4)-B-D-GlcNAc-(1—3)-B-p-Gal-(1—4)-Glc. Three papers have reported the
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pentamer with X = NeuNAc (2—3) linked to the terminal galactose. One notes
analogues with various acyl groups in place of acetyl in the NeuNAc moiety,!?*
one deals with sulfates at O-6 of the GIcNAc or of the sialylated Gal which were
tested as substrates of fucosyl transferase,'® while the third is notable for the
efficiency of the enzymic sialylating procedure.”

The pentamer with X = a-L-Fuc-(1—3), an antigen involved in the hyperacute
rejection of xenotransplants, has been synthesized,'” and a related pentamer,
B-L-Fucf-(1—4)-a-D-Gal-(1—4)-a-NeuNAc(2—3)-B-D-Gal-(1—4)-Glc has been
isolated from the starfish Acanthaster planci.'”

Lacto-N-neotetraose with X (see above) = B-D-GlcA3-SO;H has been made
as a 2-aminoethyl glycoside and converted to biotinylated conjugates.'?

Sea cucumber has yielded a compound which is a-L-Fuc-(1-—+4)-a-Neu-(1—4)-
a-NeuNAc-(2—3)-a-NeuNAc-(1—6)-p-p-GlcO-Cer but, significantly, with the
central Neu moiety carrying a glycolic acid N-substituent which is bonded to the
neighbouring sialic acid.'?

Compounds terminating in sugars other than glucose to have been described
are $-p-Gal-(1—4)-8-p-Glc-(1—2)-a-pD-Man-(1—2)-a-pD-Man-(1—6)-a-D-Man,
which was made as a potential antimetastatic agent,’*® two unusual pentamers
made from glucose, cymarose, oleandrose (2,6-dideoxy-3-0-Me-D-ribo- and L-
arabino-hexose) and digitoxose (2,6-dideoxy-D-ribo-hexose) found in steroidal
plant root compounds,' and chondroitin pentasaccharide 23 which has been
used as the source of its O-4 and O-6 sulfates.!*

COoMe OH COyMe OH COyMe
o HO 0 HOJ:O 0 OMe
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4.3 Branched Homopentasaccharides. — Mycobacterial cell walls contain a
component of which f-D-Araf-(1—2)-a-pD-Araf~<(1—6)-[f-D-Araf~(1—2)-a-D-
Araf-(1—3)]-D-Araf is part. 1,2,5-Orthoesters of the sugar are key starting ma-
terials for the synthesis.'” (cf. ref. 101).

4.4 Branched Heteropentasaccharides. — Danishefsky has reported in detail on
the synthesis of ganglioside GM1 a-Neu-(2—3)-[B-D-Gal-(1—3)-p-D-GalNAc-
(1-4)]-B-p-Gal-(1—4)-p-Glc."”* B-p-Gal-(1—4)-[a-L-Fuc-(1—3)]-B-D-GlcNAc-
(1—3)-p-p-Gal-(1—4)-D-Glc with the terminal Gal moiety sulfated at O-3 and
O-6 is a Le* pentasaccharide made as a candidate ligand for L-selectin.!*

B-D-Galf~(1-=3)-a-p-Man-(1—2)-[B-p-Galf~(1—3)]-a-pD-Man-(1—>2)-pD-Man
has been made. It is the terminal section of the GPI of T. cruzi, the causative
agent of Chagas disease.'*

The D-Gal terminating §-p-Gal-(1—>4)-[a-L-Fuc-(1—3)]-8-D-Glc-(1—3)-[B-
D-Gal-(1—6)]-D-Gal occurs as a ceramide glycoside in the parasite Spirometea
erinacei. It has now been made as the neutral glycoside of a Cs, fatty acid.'”
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In the area of pentamers terminating in 2-N-acetamido sugars a-D-Man-
(1—6)-[@-D-Man-(1—3)]-X-D-Man-(1—4)-Y-D-GlcNAc-(1—=4)-3-D-GlcNAc as
their glycosylamines (X = Y = a or ) have been made and amide linked to a
derivative of asparagine.'®

Five reports have appeared on closely related pentasaccharides terminating in
GalNAc. Two have described the synthesis of f-p-Gal-(1—4)-[a-L-Fuc-(1—3)]-
B-p-GlcNAc-(1—6)-[B-D-Gal-(1—3)]-D-GalNAcwith a carboxymethyl group at
O-3 of the branching Gal unit,'* and with sulfate groups at O-6 of this moiety or
at O-6 of the GlcNAc."* Chemoenzymic methods were used to make the Siale*-
containing a-NeuNAc-(2—3)--pD-Gal-(1—4)-[a-L-Fuc-(1—3)]-B-D-GlcNAc-
(1—6)-a-D-GalNAc O-linked to an octapeptide,'”' and the similar immunoreac-
tive pentasaccharide part of the circulating anodic antigen of the parasite Schis-
tosoma mansoni B-D-GalNAc-(1—6)-[-D-GlcA-(1—3)]-B-D-GalNAc-(1—6)-[ B-
D-GlcA-(1—3)]-D-GalNAc has also been made.?!

The p-alluronic acid-containing (B-pD-AllA-(1—3)-B-D-Gal-(1—4)-[a-L-Fuc-
(1—-2)]-B-p-Gal-(1—3)-pD-GalNAc-ol has been isolated by reductive elimination
of the oviducal mucin of Rana temporaria.'*?

Several branched pentamers with terminal 6-deoxyhexose units have been
reported, some having been synthesized and some isolated from natural sources.
B-D-Fuc-(1—2)--p-Qui-(1—>4)-[ 3-0-Me--D-Qui]-B-D-Xyl-(1—4)-B-D-Qui has
been isolated as a carbohydrate component of different triterpenoid starfish
saponins,'** and saponins from Quillaja saponaria have yielded B-p-Api-(1—3)-B-
D-Xyl-(1-4)-[B-D-Glc-(1—3)]-0-L-Rha-(1—2)-D-Fuc.!*

In connection with synthetic studies of fragments of the O-antigens of the
polysaccharide of Shigella flexneri three pentasaccharides were made based on
the tetramer PB-D-GIcNAc-(1—2)-a-L-Rha-(1—=2)-a-L-Rha-(1—3)-L-Rha with
modifications as follows: a-D-Glc substituted at O-4 of the terminal Rha unit,'*
the same substituent at the O-3 of the central Rha unit,'* and a-p-Glc attached
at O-3 of the terminal Rha and also, at the non-reducing end, the disaccharide
moiety inverted in a-L-Rha-(1—3)--D-GlcNAc-(1—2)-a-L-Rha-(1->2)-[a-D-
Glc-(1-3)]-L-Rha.'¥

4.5 Analogues of Pentasaccharides and Compounds with Anomalous Link-
ing. — The myo-inositolphosphoglycan 24 has been made in the course of work
on GPI anchor compounds. Its conformation in solution and biological activ-
ities were determined.'*®

HO
a-D-Man-(1—2)-a-D-Man-(1—6)-a-b-Man-(1—4)-o.-D-GlcNH, —O O \ OH

0 / OH

- P\\
24 HO™ ~O
An iterative procedure involving coupling of a f-C-formyl-p-galactoside and a
galactoside 6-Wittig reagent has allowed the synthesis of the § (1—6)-CH,-linked

galactopentaose.'’
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5 Hexasaccharides

As is customary in these volumes, an abbreviated method is now used for
representing higher saccharides. Sugars will be numbered as follows, and link-
ages will be indicated in the usual way:

1 p-Glcp 2 D-Manp 3p-Galp
4 p-GlcpNAc 5p-GalpNAc 6 NeupNAc
7 L-Rhap 8 L-Fucp 9 p-Xylp
10 p-GlcpNH, 11 p-GlepA 12 D-Qui (6-deoxy-D-glucopyranose)
13 L-Glycero-D-manno-heptose 14 L-Araf 15 Kdn
16 p-Galf

5.1 Linear Hexasaccharides. — Difficulties with using the globo-H breast tu-
mour antigen 25 (R = allyl) (Vol 31, p. 73, ref. 161) have led to the 4-pentenyl
analogue (25, R = pentenyl) which, as a glycosyl donor, has been linked to a
protein to give a ‘second generation antigen’.'** Compound 26, a ‘masked form’
of the hexasaccharide of landomycin A, an angucycline antibiotic, has been
synthesized,"" and oligomers up to the hexamer of the a-(1—>4)-linked 2-deoxy-
2-fluoro-Dp-glucose have been made by use of glycosyl chlorides derived from
p-chlorophenyl thioglycosides."> Compound 27, a structure found in Haemo-
philus ducreyi lipopolysaccharide has been prepared as its 2-(p-trifluoro-acet-
amidophenyl)ethyl glycoside.!**

@8)1-2(§3) 1-3(5) 13 (03 14 (§3) 14D OR
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5.2 Branched Homohexasaccharides. — A one-pot synthesis of a 3- and 6-O-
differentially protected glucoside gave access to a highly efficient synthesis of the
B-(1—3) linked glucotetraose with p-(1—6) branches on units 1 and 3.

5.3 Branched Heterohexasaccharides. — 3',6'-Di-O-lactosaminyl-D-lactose has
been made by a solid phase procedure using a ring-closing methathesis linking
strategy.'”® Glucose terminating Le® hexasaccharide compound 28 has been
converted to human serum albumin conjugates by use of its 2-aminoethyl
glycoside.'* The galactose-terminating 29 has been identified as a component of
a new plant saponin.'*’

Considerable interest is being taken in compounds of the category that termin-
ate in amino-sugar residues. The nucleotide phosphosulfate 30 has been used in

@1—)4@1—)3@1—)41—)6@1—)4@
27
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the synthesis of the sulfated SiaLe* derivative 31 as well as the compounds less
one and plus one GIcNAc unit in the chain.!® Compound 32 has been prepared
by a solid support procedure.®
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Compounds ending in GalNAc, however, have attracted most attention.
Notably Danishefsky’s group have reported the synthesis of the O-serine glyco-
side of hexamer 33 and its incorporation with a disaccharide and monosacchar-
ide glycoside of the amino-acid into a tetrapeptide containing multiple carbohy-
drate antigens for the purpose of producing an anticancer vaccine.'® In related
work the more highly branched 34'¢! and 35! were made, the former having a
sulfate ester group at O-6 of the galactose moiety and the latter having the
carboxylic acid group of the NeuNAc moieties lactonized to O-4 of the adjacent
galactose units.

@3)1-4 @41 —>3E3)14(2) 1—>2@1—>41—>3@1—>al@
3 3 3

T !

32 33
@5)1—4(49)1-6(3)13(0) @0)2—3@3)1>4(39) 16(05)
1l f

Compound 36 with a sulfate group at O-6 of the GlcNAc moiety and closely
related hexamers were made and represent the chains present in respiratory
mugcins, 6316

Starfish saponins continue to provide complex oligosaccharides; compound
37 is the latest example. It is notable that the fucose was present as the D-
enantiomer.!®

5.4 Analogues of Hexasaccharides. — The D-myo-inositol glycoside of the pen-
tasaccharide B-pD-GlcNAc-(1—6)-[a-D-Gal-(1—6)-a-D-Gal-(1-3)]-a-D-Man-



4: Oligosaccharides 77

2—)3@1—»3(?

T

@1—«)4;@ @1—)3@1-—)2@1—;4@1—)3@
3
j !

36 37

(1—4)-a-D-GIcNAc was made during work aimed at making inositolphospho-
glycans.'s’

6  Heptasaccharides

The branched glucoheptaose 38, a repeating unit of lentinan which is used for
anti-tumour purposes in China and Japan, has been synthesized.'®®
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Syntheses of 3941, the first two being N-linked to asparagine, and the third as
its 2-Tms-ethyl glycoside have been reported.'® '"! The concisely made glucosyl
mannohexaose 42 has been linked to a cholesterol-containing lipophilic aglycon
for targeting of liposomes to macrophages.'”

Two reports have appeared on the synthesis of GPI anchor hexasaccharide-
inositol compounds which are heptasaccharide mimics. The first product, 43, is
the anchor compound of Trypanosoma brucei'™ while the second, 44, is an
analogous product of Leishmania parasites.'”

40 M

7 Octasaccharides

An octosaccharide mimic containing an inositol group akin to the heptasacchar-
ide mimic 44 has been synthesized.!” The trichloroacetimidate method has been
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used in a concise preparation of the a-(1—5)-linked arabino-octaose as well as
the tetramer and hexamer,'” and the same group have used similar methods to
make the B-(1—6)-linked gluco-octaose.'”® Lacto-N-neo-octaose comprising
three 1,3-linked LacNAc units 1,3-bonded to lactose has been prepared together
with the tetraose and hexaose of the series.”?

After extensive NMR and mass spectrometric study the structure of the
complex and novel octosaccharide 45 isolated from the fermentation broth of
Micromonospora carbonaceae has been reported.'”
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8 Nonasaccharides

Compounds of this set to have been prepared are 46, a core fucosylated, bianten-
nary N-glycan with a novel GIcNAc residue in the core region,'”® 47, a Sia Le*
containing compound with and without a sulfate ester at O-6 of the GlcNAc
residue,'” and 48 made by chemoenzymic methods and linked to a fluorophore
to provide means of visualization of cell-surface selectively bound SiaLe* com-
pounds.'*

9 Higher Saccharides

The chemoenzymic synthesis of trimeric SiaL.e* decasaccharide 49 was achieved
by enzymically sialylating and fucosylating the linear hexamer.'®! The analogue
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50 of dimeric SiaLe* was made by L-galactosylation with a-1,3-fucosyltrans-
ferase.!®

The closely related 51 undecasaccharide was made as a prototype of the
complex mammalian N-glycans,'®® as was the dodecamer having an additional
B-GlcNAc moiety bonded to O-4 of the branching f-Man residue.'s
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A tetramer of a-L-Fuc-(1—2)-6-0-Bn-a-b-Gal-(1—3)-a-D-GlcNAc-(1—3)-L-
Fuc joined by a-(1—3) linkages between the fucosyl units gave a linear 24 unit
product which was purified by reverse phase chromatography by use of a
lipophilic ester derivative.'®

10  Cyclodextrins

10.1 General Matters. — Oligomerization of carbamate 52 in the presence of
sodium hydride gave only cyclic products which are cyclodextrin analogues.'®

A procedure for expanding y-cyclodextrins to d-analogues involves acid
catalysed cleavage with TmsSPh of one glycosidic bond of the permethyl deriva-
tive to give a phenylthio glycosidic group at one end and a silyl ether at O-4 of
the non-reducing unit. The former group was then used to glycosylate a 4-
hydroxy phenylthio glucoside and the resulting heptaose derivative was recyc-
lized after desilylation.'¥’

Hexa-6-0-Tbdms a-CD was converted to the hexa-2,3-anhydro-p-manno
compound via a 2-sulfonylated intermediate and hence to the hexa-altro-CD.'®
A fructanotransferase catalyses the degradation of insulin into cycloinulo-sac-
charides.'®

The AMBER force field programme has been modified to reproduce the
observed properties of a-CD, -CD and larger cyclomaltosaccharides.'*

Hepta-2,6-di-O-methyl-B-CD enhanced solubility (by up to 100-fold) such
that a-NeuNAc-(2—>3)--D-Gal-(1—+3)-a-D-GalNAc as a protected threonine
glycoside was made enzymically from the corresponding a-D-GalNAc glycoside
in 50% yield.""

10.2 Branched Cyclodextrins. - From the 6*6M-di-O-(dimethoxytrityl)-
peracetates the corresponding set of 64,6N-di-0-a-D-Gal-y -CD derivatives were
made by trichloroacetimidate glycosylation following detritylation.'?

By use of debranching enzyme acting in reverse the trisaccharide f-D-Gal-
(1—4)-0-p-Glc-(1-4)-D-Glc was substituted into B-CD at O-6 and the three
disubstituted products were also observed, the AC and AD isomers predominat-
ing.'"” Similar work with a-p-Man -(1—6)-a-D-Glc-(1—+>4)-a-D-Glc-(1—4)-p-Glc
gave products with one and two tetrasaccharide branches introduced into -
CD.‘%

10.3 Cyclodextrin Ethers. — Octakis 6-O-Tbdms-y -CD underwent selective 2-
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O-benzylation, and from the product the 2-0-benzyl-3-0-methyl and 2-O-acetyl-
3-O-methyl derivatives were obtained for use as stationary phases for capillary
gas chromatography.'” For complementary use in HPLC B-CD derivatives
monofunctionalized with 6-aminohexyl and 7,8-epoxyoctyl groups at O-2, O-3
or O-6 were immobilized on functionalized silica gel.'*

A novel way of generating selectively O-substituted CDs arises from the
selectivity found on DIBALH-promoted debenzylation of perbenzylated deriva-
tives. For example, the a-CD perether can be converted to the 6-monohydroxy
compound or, in 82% yield, to the AD, 6,6'-dihydroxy product. Similar results
were recorded for the B-CD and y -CD compounds.'’

Photoaddition of tetra-O-acetyl-1-thio-p-D-glucopyranose to the allyl groups
of per 2-0-allyl, per 6-0-allyl or per 2,6-diallyl ethers of B-CD affords a simple
and efficient way of attaching 1-thio glucose units to the cyclodextrin by way of
propan-1,3-diyl linkages.'*® A related approach allows the introduction of fur-
ther sugars into CDs by way of propargyl ether groups. Thus, for example, use of
the galactosyl nitrile oxide afforded the C-glycosidic compound 53 when the
6-propargyl heptaether was employed.'*
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10.4 Cyclodextrin Esters. — CDs with mono-6-benzoate or monosubstituted 6-
benzoates and related compounds with benzoylamino-deoxy groups in C-6
positions have been used for enantio-differentiating photoisomerization of (Z)-
cyclooctene to the chiral (E)-isomer.?®

Interest continues in the use of disulfonating agents for carrying out selective
disubstitutions. Benzophenone 3,3'-disulfonyl imidazole reacts only with the O-2
hydroxyl groups on adjacent glucose units of y-CD,?*! while the corresponding
derivative of 1,4-dibenzoylbenzene reacts with O-2%4, 0-2€ of 8-CD to give 24%
of the cyclic diester with 3% and 1% of the 2A, 2% and 24, 2P derivatives
respectively.?®?

Alternatively compound 54 reacted with mono-6-0-tosyl-8-CD to give mainly
the cyclic diesters involving O-6 at the A,C related units furthest from the
tosyl-substituted moiety. When these trisulfonates were treated with thiophenol
the 64, 65, 6 trithio product was obtained.?®® Similarly, 54 formed the 6*, 6 cyclic
diester with a-CD.** By use of heptakis 2,6-di-Tbdms-B-CD the heptakis 3-0-
methyl-2,6-disulfate was made as a possible chiral resolving agent for capillary
electrophoresis.?®®
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10.5 Amino Derivatives. — An improved procedure for making 6*-alkylamino
and 6*-arylamino-6*-deoxy derivatives of B-CD via the tosylate has been re-
ported.?® Mono-6*-amino-6*-deoxy-- and y-CD have been amide linked to
peptides including substance P. Antibodies to CDs and to substance P recog-
nized the corresponding portions of the peptidyl-CDs.2’

As part of a study of the cleavage of DNA by ribose-containing biopolymers
various derivatives of 5-amino-5-deoxyribose were N-bonded to C-6'of B-CD via
the monotosylate to give model enzymes. They showed catalytic activity in
hydrolysing phosphodiesters (nuclease activity) as well as phosphatase and ligase
activities. The vicinal cis-diol of the ribofuranose was required for expression of
these activities.?®

6*-0-Tosyl-3-CD on reaction with triethylenetetramine gave the 1:1 6-amino
CD product in high yield and subsequently the disubstituted compound having
two CD rings linked by the tetramine. This product was then used as a ligand
with Cu?* to give a coordination compound and to bind to fluorescent dyes and
thereby enhance their fluorescence again?® In related work formation of cop-
per(I) complex 55 quenched the fluorescence of the uncomplexed triamino
compound, and since amino-acids added to the complex ‘switched on’ the
fluorescence, and since the system was enantioselective with Pro, Phe and Trp, it
could be used for determining the optical purity of samples of these amino acids.
Studies were conducted with both diastereoisomers of 55.7° Other similar work
has led to a derivative of 6-amino-6-deoxy-dodecamethyl-a-CD having N-
hydroxy-cytosine linked by way of the primary amino groups by an N-pro-
panoyl tether. These substituent groups bind Fe** ions to give complexes which
show strong circular dichroism spectra.?"!

O

H Bn
N\

o] N ,N
OH ‘C'u2+j
o) o

N
OH
80D S0,
..
Clo,sS sa SO,

55 NMe,

The aldehyde formed by oxidation of one of the primary hydroxyl groups of
B-CD on reductive animation with sodium cyanoborohydride in the presence of
the porphyrin with three p-sulfonophenyl and one p-aminophenyl substituent
groups gave the 6-linked CD-porphyrin compound. This has a propensity to
dimerize by inclusion of the aromatic macrocycle in the CD ring.*"?

10.6 Thio Derivatives. — The B-CD derivative having per 2,3-di-O-acetyl-6-
thiocyanato-D-glucose components, by treatment with trimethyl(tri-
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fluoromethyl)silane and tetrabutylammonium fluoride, gave the corresponding
heptatrifiuoromethylthio compound which was deacetylated to give the product
which, because of the effect of the CF;S groups, showed amphiphilic behaviour at
the air-water interface.?’* a-CD derivatives composed of 2,3-di-O-alkyl-6-thio-
D-glucose (alkyl = pentyl, hexyl, heptyl) also form stable monolayers at the
interface.?*

6-Thioderivatives have been used for linking other sugar units to cyclodex-
trins. By use of the -S(CH,;)CONH(CH,);O-sugar linkages, Gal, GIcNAc, Lac
and LacNAc have been introduced, the key reaction involving heptadeoxy-
heptaiodo-B-CD and the glycosides NaS(CH,),CONH(CH,); O-sugar. The
products showed enhanced affinity for lectins.?' In related studies O-substituted
2-thioNeuNAc was linked to each of the primary positions of B-CD by the
SCH,CONH or SCH,CONH(CH,)sNHCOCH,S tethers.?!¢

10.7 Oxidized Derivatives. — Oxidation of $-CD with TEMPO and NaClO,
gave the heptacarboxylic acid which was amide-coupled with the 6-aminohexyl
glycosides of a-D-Gal, a-D-Man and B-GlcNAc, and the products were identified
as multi-valent conjugates which bind to lectins.?!’

References

1. S.J. Danishefsky and J.R. Allen, Angew. Chem., Int. Ed. Engl., 2000, 39, 836.
K.C. Nicolaou, R.M. Rodriguez, H.J. Mitchell, H. Suzuki, K.C. Fylaktakidou, O.
Baudoin and F.L. van Delft, Chem. Eur. J., 2000, 6, 3095.
3. K.C.Nicolaou, HJ. Mitchell, K.C. Fylaktakidou, R.M. Rodriguez and H. Suzuki,
Chem. Eur. J ., 2000, 6, 3116.
4. K.C. Nicolaou, H.J. Mitchell, R.M. Rodriguez, K.C. Fylaktakidou, H. Suzuki and
S.R. Conley, Chem. Eur. J., 2000, 6, 3149.
5. K.C. Nicolaou, H.J. Mitchell, H. Suzuki, R.M. Rodriguez, O. Baudoin and K.C.
Fylaktakidou, Angew. Chem., Int. Ed. Engl., 2000, 39, 3334, 3340, 3345.
6. B.G. Davis, J. Chem. Soc., Perkin Trans.1, 2000, 2137.
7. K.-H. Jung, M. Miiller and R.R. Schmidt, Chem. Rev., 2000, 100, 4423.
8.  B.Fraser-Reid, R. Marsden, A.S. Campbell, C.S. Roberts and M.J. Robert, Bioorg.
Chem.: Carbohydr., 1999, 89, 559 (Chem. Abstr., 2000, 132, 293 926).
9. X.-S.Yeand C.-H. Wong, J. Org. Chem. 2000, 65, 2410.
10.  M.J. Sofia, Annu. Rep. Comb. Chem. Mol. Diversity, 1999, 2, 41 (Chem. Abstr., 2000,
132, 208 007).
11.  P.M. St. Hilaire and M. Meldal, Angew. Chem. Int. Ed. Engl., 2000, 39, 1162.
12.  P.H. Seeberger and W.-C. Haase, Chem. Rev., 2000, 100, 4349.
13.  H. Herzner, T. Reipen, M. Schultz and H. Kunz, Chem. Rev., 2000, 100, 4495.
14.  A. Ishii, H. Hojo, A. Kobayashi, K. Nakamura, Y. Nakahara, Y. Ito and Y.
Nakahara, Tetrahedron, 2000, 56, 6235.
15.  Y.Suharaand Y.Ichikawa, Tennen Yuki Kagobutsu Toronkai Koen Yashishu, 1999,
41, 145 (Chem. Abstr., 2000, 132, 293 954).
16.  G.-J. Boons and A.V. Demchenko, Chem. Rev., 2000, 100, 4539.
17.  K.C.Nicolaou and N.J. Bockovich, Biorg. Chem.: Carbohydr., 1999, 134, 565 (Chem.
Abstr., 2000, 132, 293 927).



84

18.

19.
20.

21.
22
23.
24.

25.
26.

27.
28.
29.
30.
31
32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
42.
43

45.
46.
47.
48.

49.

50.

Carbohydrate Chemistry

M.-C. Cheng, C.-H. Lin, H.-Y. Wang, H.-R. Lin and S.H. Wu, Angew. Chem., Int.
Ed. Engl., 2000, 39, 772.

P. Kosma, Endotoxin Health Dis., 1999, 257 (Chem. Abstr., 2000, 132, 93 548).

T. Ikami, H. Ishida and M. Kiso, Methods Enzymol., 2000, 311, 547 (Chem. Abstr.,
2000, 132, 265 348).

H. Miller-Podraza, Chem. Rev., 2000, 100, 4663.

K.M. Koeller and C.-H. Wong, Chem. Rev., 2000, 100, 4465.

MM Palcic, Curr. Opin. Biotechnol., 1999, 10, 616 (Chem. Abstr., 2000, 132, 208
009).

S.G. Whithers, Spec. Publ., R. Soc. Chem., 1999, 246, 62 (Chem. Abstr., 2000, 132,222
714).

O. Hindsgaul, Essent. Glycobiol., 1999, 509 (Chem. Abstr., 2000, 132, 108 159).

C. Bucke, J. Packwood, S. Suivasono and R.A. Rastall, Methods Biotechnol., 1999,
10, 213 (Chem. Abstr., 2000, 132, 108 148).

D.H.G. Crout, P. Critchley, D. Muller, M. Scigelova, S. Singh and G. Vic, Spec.
Publ,, R.. Soc. Chem., 1999, 15 (Chem. Abstr., 2000, 132, 222 713).

S. Shoda and M. Fujita, Kagaku to Seibutsu, 2000, 38, 309 (Chem. Abstr., 2000, 132,
347 799).

U. Gambert, H.S. Conradt, M. Nimtz and J. Thiem, J. Carbohydr. Chem., 2000, 19,
621.

S.-I. Shoda, T. Kiyosada, H. Mori and S. Kobayashi, Heterocycles, 2000, 52, 599
(Chem. Abstr., 2000, 132, 279408).

S.Fort, V. Boyer, L. Greffe, G.J. Davies, O. Moroz, L. Christiansen, M. Schiilein, S.
Cottaz and H. Driguez, J. Am. Chem. Soc., 2000, 122, 5429.

A K. Ganguly, J. Antibiotics, 2000, 53, 1038.

M. Sashiwa, Y. Makimura, Y. Shigemasa and R. Roy, Chem. Commun., 2000, 909.
P. Siemsen, R.C. Livingston and F. Diederich, Angew. Chem., Int. Ed. Engl., 2000,
39, 2633.

K.E. Kovér, K. Fehér, L. Szilagyi, A. Borbas, P. Herczegh and A. Liptak, Tetrahed-
ron Lett., 2000, 41, 393.

T. Takahashi, M. Adachi, A. Matsuda and T. Doi, Tetrahedron Lett., 2000, 41,2599.
G. Lemanski, T. Lindenberg, H. Fakhrnabavi and T. Ziegler, J. Carbohydr. Chem.,
2000, 19, 727.

Y. Zhu and F. Kong, J. Carbohydr. Chem., 2000, 19, 837.

L.G. Melean, W.-C. Haase and P.H. Seeberger, Tetrahedron Lett., 2000, 41, 4329.
H. Jona, K. Takeuchi and T. Mukaiyama, Chem. Lett., 2000, 1278.

H. Jona, K. Takeuchi, T. Saitoh and T. Mukaiyama, Chem. Lett., 2000, 1178.

H. Kono, S. Kawano, T. Erata and M. Takai, J. Carbohydr. Chem., 2000, 19, 127.
T. Yananoi, J. Inagaki, M. Mizuno, K. Yamashita and T. Inazu, Heterocycles, 2000,
52,921 (Chem. Abstr., 2000, 132, 279 417).

S. Kramar, B. Nolting, A.-J. Ott and C. Vogel, J. Carbohydr. Chem., 2000, 19, 891.
K. Takeuchi, T. Tamura and T. Mukaiyama, Chem. Lett., 2000, 124.

G. Belogi, T. Zhu and G.-J. Boons, Tetrahedron Lett., 2000, 41, 6965.

L.A. Mulard, C. Costachel and P.J. Sansonetti, J. Carbohydr. Chem., 2000, 19, 849.
S. Wada, P. He, 1. Hashimoto, N. Watanabe and K. Sugiyama, Biosci. Biotechnol.
Biochem., 2000, 64, 2262.

K. Sujino, T. Uchiyama, O. Hindsgaul, N.O.L. Seto, W.W. Wakarchuk and M.M.
Pacic, J. Am. Chem. Soc., 2000, 122, 1261.

V. Perrin, B. Fenet, J.-P. Praly, F. Lecroix and C.D. Ta, Carbohydr. Res., 2000, 325,
202.



4: Oligosaccharides 85

51,
52.

53.

54.
55.
56.
57.

58.

59.
60.

61.

61a.
62.
63.
64.
65.

66.

67.

68.
69.

70.

71.
72.

73.
74.
75.

76.
77.
78.
79.
80.

81.

82.
83.

J.J. Lundquist, S.D. Debenham and E.J. Toone, J. Org. Chem., 2000, 65, 8245.

S. Koto, M. Hirooka, K. Yago, M. Komiya, T. Shimazu, K. Kato, T. Takehara, A.
Ikefuji, A. Iwasa, S. Hagino, M.Sekiya, Y. Nakase, S. Zen, F. Tomonaga and S.
Shimada, Bull. Chem. Soc. Jpn., 2000, 73, 173.

B. La Ferla, L. Lay, L. Poletti, G. Russo and L. Panza, J. Carbohydr. Chem., 2000,
19, 331.

Y. Ito, M. Gerz and Y. Nakahara, Tetrahedron Lett., 2000, 41, 1039.

T. Buskas and P. Konradsson, J. Carbohydr. Chem., 2000, 19, 25.

B.K.S. Yeung, D.C. Hill, M. Janicka and P.A. Petillo, Org. Lett., 2000, 2, 1279.

C. Wegner, M. Hamburger, O. Kunert and E. Haslinger, Helv. Chim. Acta, 2000, 83,
1454,

T. Ikeda, J. Kinjo, T. Kaijmoto and T. Nohara, Heterocycles, 2000, 52, 775 (Chem.
Abstr., 2000, 132, 279 430).

M. Lahmann and S. Oscarson, Org. Lett., 2000, 2, 3881.

D.K. Watt, D.J. Brasch, D.S. Larsen, L.D. Melton and J. Simpson, Carbohydr. Res.,
2000, 325, 300.

K.A. Alvi, D.D. Baker, V. Stienecker, M. Hosken and B.G. Nair, J. Antibiotics,
2000, 53, 496.

M. Nitz and D.R. Bundle, J. Org. Chem., 2000, 65, 3064.

F. Bélot and J.-C. Jacquinet, Carbohydr. Res., 2000, 325, 93.

B. Nolting, H. Boye and C. Vogel, J. Carbohydr. Chem., 2000, 19, 923.

R.I. Duclos Jr., Carbohydr. Res., 2000, 328, 489.

H. Sakamoto, S. Nakamura, T. Tsuda and S. Hashimoto, Tetrahedron Lett., 2000,
41, 7691.

J. Xia, J.L. Alderfer, C.F. Piskorz, R.D. Locke and K.L. Matta, Carbohydr. Res.,
2000, 328, 147.

T. Mikazaki, H. Sato, T. Sakakibara and Y. Kajihara, J. Am. Chem. Soc., 2000, 122,
5678.

D. Schmidt, B. Sauerbrei and J. Thiem, J. Org. Chem., 2000, 65, 8518.

J. Satyanarayana, T.L. Gururaja, G.A. Naganagowda, S. Narasimhamurthy and
M.J. Levine, Carbohydr. Lett., 1999, 3, 297 (Chem. Abstr., 2000, 132, 137 645).

S. Ando, Y. Nakahara, Y.Ito, T. Ogawa and Y. Nakahara, Carbohydr. Res., 2000,
329, 773.

G.X. Chang and T.L. Lowary, Org. Lett., 2000, 2, 1505.

T.Yui, K. Goto, Y. Kawano and K. Ogawa, Biosci. Biotechnol. Biochem., 2000, 64,
52.

S. Valverde, M. Garcia, A.M. Gémez and J.C. Lopez, Chem. Commun., 2000, 813.
H. Tanaka, Y. Nishida and K. Kobayashi, J. Carbohydr. Chem., 2000, 19, 413.
E.A. Khatuntseva, N.E. Ustuzhanina, G.V. Zatonskii, A.S. Shashkov, A.I. Usov
and N.E. Nifant’ev, J. Carbohydr. Chem., 2000, 19, 1151.

N. Hada, I. Ohtsuka, M. Sugita and T. Takeda, Tetrahedron Lett., 2000, 41, 9065.
S. Mehta and D.M. Whitfield, Tetrahedron, 2000, 56, 6415.

P. Sengupta, S. Basu and B.P. Chatterjee, J. Carbohydr. Chem., 2000, 19, 243.

A. Geyer, C. Gege and R.R. Schmidt, Angew. Chem., Int. Ed. Engl., 2000, 39, 3246.
G.V. Pazynina and N.V. Bovin, Mendeleev. Commun., 2000, 132 (Chem. Abstr. 2000,
133, 322 066).

H.J. Vermeer, K.M. Halkes, J.A. van Kuik, J.P. Kamerling and J.F.G. Vliegenthart,
J. Chem. Soc., Perkin Trans.1, 2000, 2249.

M. Liy, B. Yu, X. Wu, Y. Hui and K.-P. Fung, Carbohydr. Res., 2000, 329, 745,

G. Anilkumar, L.G. Nair and B. Fraser-Reid, Org. Lett., 2000, 2, 2587.



86

84.
85.

86.
87.

88.

89.

90.

91.
92.

93.

94.
95.
96.
97.

98.
99.

100.
101.

102.
103.
104.
105.
106.
107.

108.
109.

110.
110a.
111.
112.
113.
114.

115.

Carbohydrate Chemistry

N. Nishizono and V. Nair, Nucleosides, Nucleotides, Nucleic Acids, 2000, 19, 283.
A. Bernardi, L. Carrettoni, A.G. Ciponte, D. Monti and S. Sonnino, Bioorg. Med.
Chem. Lett., 2000, 10, 2197.

A.J. Pearce, R. Chevalier, J.-M. Mallet and P. Sinay, Eur. J. Org. Chem., 2000, 2203.
E. Dechaux, P. Savy, S. Bouyain, C. Monneret and J.-C. Florent, J. Carbohydr.
Chem., 2000, 19, 485.

L.F. Tietze, H. Keim, C.O. Janssen, C. Tappertzhofen and J. Olschimke, Chem. Eur.
J., 2000, 6, 2801.

A.Borbas, G. Szabovik, Z. Antal, K. Fehér, M. Csavas, L. Szilagyi, P. Herczegh and
A. Liptak, Tetrahedron: Asymmetry, 2000, 11, 549.

L.M. Mikkelsen, S.L. Krintel, J.J. Barbero and T. Skrydstrup, Chem. Commun.,
2000, 2319.

Y. Zhu and F. Kong, Synlett, 2000, 1783.

M.R.E. Aly, E.-S.I. Ibrahim, E.-S.H.E. El-Ashry and R.R. Schmidt, Eur. J. Org.
Chem., 2000, 319.

F. Yan, W.W. Wakarchuk, M. Gilbert, J.C. Richards and D.M. Whitfield, Carbo-
hydr. Res., 2000, 328, 3.

G. Lemanski and T. Ziegler, Eur. J. Org. Chem., 2000, 181.

H.Li, Q. Li, M.-S.Cai and Z.-]. Li, Carbohydr. Res., 2000, 328, 611.

I. Mukherjee, S.K. Das, A. Mukherjee and N. Roy, Carbohydr. Res., 2000, 325, 245.
M. Maruyama, T. Takeda, N. Shimizu, N. Hada and H. Yamada, Carbohydr. Res.,
2000, 325, 83.

S. Koto, A. Kusunoki and M. Hirooka, Bull. Chem. Soc. Jpn, 2000, 73, 967.

Y. Igarashi, K. Takagi, Y. Kan, K. Fujii, K. Harada, T. Furumai and T. Oki, J.
Antibiotics, 2000, 53, 233.

T. Bamhaoud, S. Sanchez and J. Prandi, Chem. Commun., 2000, 659.

F.W. D’Souza, J.D. Ayers, P.R. McCarren and T.L. Lowary, J. Am. Chem. Soc.,
2000, 122, 1251.

Y. Zhu and F. Kong, Carbohydr. Res., 2000, 329, 199.

H. Yu, B. Yu, X. Wu, Y. Hui and X. Han, J. Chem. Soc., Perkin Trans.1, 2000, 1445.
K.Zou,Y.Zhao,G. Ty, J. Cui, Z.Jia and R. Zhang, Carbohydr. Res., 2000, 324, 182.
H. Ziegler, R. Dettmann and M. Duszenko, Carbohydr. Res., 2000, 327, 367.

M. Upreti, D. Ruhela and R.A. Vishwakarma, Tetrahedron, 2000, 56, 6577.

K.D. Randell, B.D. Johnston, E.E. Lee and B.M. Pinto, Tetrahedron: Asymmetry,
2000, 11, 207.

Y. Du, Q. Pan and F. Kong, Carbohydr. Res., 2000, 323, 28.

C. Gege, J. Vogel, G. Bendas, U. Rothe and R.R. Schmidt, Chem. Eur. J., 2000, 6,
111.

A K. Misra, Y. Ding, J.B. Lowe and O. Hindsgaul, Bioorg. Med. Chem. Lett., 2000,
10, 1505.

B. Ernst, B. Wagner, G. Boisch, A. Kaztopodis, T. Winkler and R. Ohrleim, Can. J.
Chem., 2000, 78, 892.

M. Sakagami, K. Horie, K. Nakamoto, T. Kawaguchi and H. Hamana, Chem.
Pharm. Bull., 2000, 48, 1256.

K. Peilstocker and H. Kunz, Synlett, 2000, 820.

K. Peilstocker and H. Kunz, Synlett, 2000, 823.

J-i. Furukawa, S. Kobayashi, M. Nomizu, N. Nishi and N. Sakairi, Tetrahedron
Lett., 2000, 41, 3453.

N.W. Luedtke, T.J. Baker, M. Goodman and Y. Tor, J. Am. Chem. Soc., 2000, 122,
12035.



4: Oligosaccharides 87

116.

117.

118.
119.

120.
121.

122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.

137.
138.

139.
140.

141.
142.
143.
144.
145.
146.

147.
148.

K. Ruda, J. Lindberg, P.J. Garegg, S. Oscarson and P. Konradsson, Tetrahedron,
2000, 56, 3969.

R. Binteli, P. Herold, C. Bruns, J.T. Patton, J.L. Magnani and G. Thoma, Helv.
Chim. Acta, 2000, 83, 2893.

Y. Ding, S.S. Alkan, G. Baschang and J. Defaye, Carbohydr. Res., 2000, 328, 71.
A.J.Ross,.A.Ivanova, A.P. Higson and A.V. Nikolaev, Tetrahedron Lett., 2000, 41,
2449,

K. Biswas, S. Pal, J.D. Carbek and D. Kahne, J. Am. Chem. Soc., 2000, 122, 8413.
D.LJ. Clive, Y. Tao, Y. Bo, Y.-Z. Hu, N. Selvakumar, S. Sun, S. Daigngeault and
Y.-J. Wu, Chem. Commun. 2000, 1341.

D.K. Baeschlin, L.G. Green, M.G. Hahn, B. Hinzen, S.J. Ince and S.V. Ley,
Tetrahedron: Asymmetry, 2000, 11, 173.

H. Xuereb, M. Maletic, J. Gildersleeve, 1. Pelczer and D. Kahne, J. Am. Chem. Soc.,
2000, 122, 1883.

E. Tanahashi, K. Fukunaga, Y. Ozawa, T. Toyoda, H. Ishida and M. Kiso, J.
Carbohydr. Chem., 2000, 19, 747.

K. Fukunaga, K. Shinoda, H. Ishida and M. Kiso, Carbohydrate Res., 2000, 328, 85.
C. Gege, W. Kinzy and R.R. Schmidt, Carbohydr. Res., 2000, 328, 459.

T. Miyamoto, A. Yamamoto, M. Wakabayashi, Y. Nagaregawa, M. Inagaki, R.
Higuchi, M. Tha and K. Teruya, Eur. J. Org. Chem., 2000, 2295.

A.V. Kornilov, A.A. Sherman, L.O. Kononov, A.S. Shashkov and N.E. Nifant’ev,
Carbohydr. Res., 2000, 329, 717.

K. Yamada, Y. Harada, T. Miyamoto, R. Isobe and R. Higuchi, Chem. Pharm. Bull.,
2000, 48, 157.

H. Li, Q. Li, M.-S. Cai and Z.-J. Li, Carbohydr. Res., 2000, 328, 611.

R.-S. Zhang, Y.-P. Ye, Y.-M. Shen and H.-L. Liang, Tetrahedron, 2000, 56, 3875.
F. Bélot and J.-C. Jacquinet, Carbohydr. Res., 2000, 326, 88.

S. Sanchez, T. Bamhaoud and J. Prandi, Tetrahedron Lett., 2000, 41, 7447.

S.K. Bhattacharya and S.J. Danishefsky, J. Org. Chem., 2000, 65, 144.

A. Lubineau, J. Alais and R. Lemoine, J. Carbohydr. Chem., 2000, 19, 151.

K.D. Randell, B.D. Johnston, P.N. Brown and B.M. Pinto, Carbohydr. Res., 2000,
325, 253.

N. Hada, M. Kuroda and T. Takeda, Chem. Pharm. Bull., 2000, 48, 1160.

M. Takatani, T. Nakama, K. Kubo, S. Manabe, Y. Nakahara, Y. Ito and Y.
Nakahara, Glycoconjugate J., 2000, 17,361.

J. Xia, J. Alderfer and K.L. Matta, Biorg. Med. Chem. Lett., 2000, 10, 2485,

J. Xia, T. Srikrishnan, J.L. Alderfer, R.K. Jain, C.F. Piskorz and K.L. Matta,
Carbohydr. Res., 2000, 329, 561.

K.M. Koeller, M.E.B. Smith, R.-F. Huang and C.-H. Wong, J. Am. Chem. Soc.,
2000, 122, 4241.

E. Maes, D. Florea and G. Strecker, Carbohydr. Lett., 2000, 3, 431 (Chem. Abstr.,
2000, 133, 135 525).

S. De Marino, M. lorizzi, F. Zollo, C.D. Amsler, S.P. Greer and J.B. McClintock,
Eur. J. Org. Chem., 2000, 4093.

N.T. Nyberg, L. Kenne, B. Ronnberg and B.G. Sundquist, Carbohydr. Res., 2000,
323, 87.

C. Costachel, P.J. Sansonetti and L.A. Mulard, J. Carbohydr. Chem., 2000,19, 1131.
L.A. Mulard and J. Ughetto-Monfrin, J. Carbohydr. Chem., 2000, 19, 503.

L.A. Mulard and J. Ughetto-Monfrin, J. Carbohydr. Chem., 2000, 19, 193.

M. Martin-Lomas, N. Khiar, S. Garcia, J.-L. Koessler, P.M. Nieto and T.W.



88

149.
150.

151.
152.
153.
154.
155.
156.
157.

158.

159.
160.

161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.

172.
173.

174.

175.
176.
177.

178.
179.
180.

181.
182.

Carbohydrate Chemistry

Rademacker, Chem. Eur. J., 2000, 6,3608.

A. Dondoni, M. Mizuno and A. Marra, Tetrahedron Lett., 2000, 41, 6657.

JR. Allen, J.G. Allen, X.-F. Zhang, L.J. Williams, A. Zatorski, G. Ragupathi, P.O.
Livingston and S.J. Danishefsky, Chem. Eur. J., 2000, 6, 1366.

W.R. Roush and C.E. Bennett, J. Am., Chem. Soc., 2000, 122, 6124.

S. Sugiyama, W. Haque and J. Diakur, Org. Lett., 2000, 2, 3489.

C. Bernlind, S. Bennett and S. Oscarson, Tetrahedron: Asymmetry, 2000, 11, 481.
Y.Du, M. Zhang and F. Kong, Org. Lett., 2000, 2, 3797.

L. Knerr and R.R. Schmidt, Eur. J. Org. Chem., 2000, 2803.

A. Chernyak, S. Oscarson and D. Turek, Carbohydr. Res., 2000, 329, 309.

M. Itabashi, K. Segawa, Y. Ikeda, S. Kondo, H. Naganawa, T. Koyano and K.
Umezawa, Carbohydr. Res., 2000, 323, 57.

M.D. Burkart, M. Izumi, E. Chapman, C.-H. Lin and C.-H. Wong, J. Org. Chem.,
2000, 65, 5565.

T. Zhu and G.-J. Boons, J. Am. Chem. Soc., 2000, 122, 10222.

L.J. Williams, C.R. Harris, P.W. Glunz and S.J. Danishefsky, Tetrahedron Lett.,
2000, 41, 9505.

W. Liao, R.D. Locke and K.L. Matta, Chem. Commun., 2000, 369.

L. Singh, Y. Nakahara, Y. Ito and Y. Nakahara, Carbohydr Res., 2000, 325, 132.

J. Xia, J.L. Alderfer, C.F. Piskorz and K.L. Matta, Chem. Eur. J., 2000, 6, 3442.

J. Xia, CF. Piskorz, J.L. Alderfer, R.D. Locke and K.L. Matta, Tetrahedron Lett.,
2000, 41, 2773.

B.-G. Huang, R.K. Jain, R.D. Locke, J.L. Alderfer, W.A. Tabaczynski and K.L.
Matta, Tetrahedron Lett., 2000, 41, 6279.

M. Sandvoss, L.H. Pham, K. Levsen, A. Preiss, C. Miigge and G. Wiinsch, Eur. J.
Org. Chem., 2000, 1253.

M. Martin-Lomas, M. Flores-Mosquera and J.L. Chiara, Eur. J. Org. Chem., 2000,
1547.

G. Yang and F. Kong, Synlett, 2000, 1423.

M.V. Chiesa and R.R. Schmidt, Eur. J. Org. Chem., 2000, 3541.

Y. Ohnishi, H. Ando, T. Kawai, Y. Nakahara and Y. Ito, Carbohydr. Res., 2000, 328,
263.

Y. Zhang, B. Dausse, P. Sinay, M. Afsahi, P. Berthault and H. Desvaux, Carbohydr.
Res., 2000, 324, 231.

A. Diiffels, L.G. Green, S.V. Ley and A.D. Miller, Chem. Eur. J., 2000, 6, 1416.
D.K. Baeschlin, A.R. Chaperon, L.G. Green, M.G. Hahn, S.J. Ince and S.V. Ley,
Chem. Eur. J., 2000, 6, 172.

K. Ruda, J. Lindberg, P.J. Garegg, S. Oscarson and P. Konradsson, J. Am. Chem.
Soc., 2000, 122, 11067.

Y. Du, Q. Pan and F. Kong, Carbohydr. Res., 2000, 329, 17.

Y. Zhu and F. Kong, Synlett, 2000, 663.

M. Chu, R. Mierzwa, M. Patel, J. Jenkins, P. Das, B. Pramanik and T.-M. Chan,
Tetrahedron Lett., 2000, 41,6689.

I. Prahl and C. Unverzagt, Tetrahedron Lett., 2000, 41, 10189.

N. Otsubo, H. Ishida and M. Kiso, Tetrahedron Lett., 2000, 41, 3879.

V. Wittmann, A.K. Datta, K.M. Koeller and C.-H. Wong, Chem. Eur. J., 2000, 6,
162.

K.M. Koeller and C.-H. Wong, Chem. Eur. J., 2000, 6, 1243.

A. Diiffels, L.G. Green, R. Lenz, S.V. Ley, S.P. Vincent and C.-H. Wong, Biorg.
Med. Chem., 2000, 8, 2519.



4: Oligosaccharides 89

183.
184.
185.
186.
187.
188.

189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.

209.
210.

211.

212.

213.

214.

J. Seifert, M. Lergenmiiller and Y. Ito, Angew. Chem., Int. Ed. Engl., 2000, 39, 531.
C. Unverzagt and J. Seifert, Tetrahedron Lett., 2000, 41, 4549.

V. Pozsgay, Tetrahedron: Asymmetry, 2000, 11, 151.

P.Y. Chong and P.A. Petillo, Org. Lett., 2000, 2, 1093.

E. Bourgeaux and J.-C. Combret, Tetrahedron: Asymmetry, 2000, 11, 4189.

S. Immel, K. Fujita, H.J. Lindner, Y. Nogami and F.W. Lichtenthaler, Chem. Eur.
J., 2000, 6, 2327.

M. Kawamura, H. Nakai and T. Uchiyama, Carbohydr. Res., 2000, 323, 49.

F.A. Momany and J.L. Willett, Carbohydr. Res., 2000, 326, 194.

G. Dudziak, N. Bézay, T. Schwientek, H. Clausen, H. Kunz and A. Liese, Tetrahed-
ron, 2000, 56, 5865.

A.Ikuta, K. Koizumi and T. Tanimoto, J. Carbohydr. Chem., 2000, 19, 13.

S. Kitahatta, T. Tanimoto, A. Ikuta, K. Tanaka, K. Fujita, H. Hashimoto, H.
Murakami, H. Nakano and K. Koizumi, Biosci. Biotechnol. Biochem, 2000, 64,
1223.

S. Kitahata, T. Tanimoto, Y. Okada, A. Tkuta, K. Tanaka, H. Murakami, H.
Nakano and K. Koizami, Biosci. Biotechnol. Biochem., 2000, 64, 2406.

G. Cravotto, G. Palmisano, L. Panza and S. Tagliapietra, J. Carbohydr. Chem.,
2000, 19, 1235.

H. Dittmann, K. Scharwachter and W.A. Konig, Carbohydr. Res., 2000, 324, 75.
AJ. Pearce and P. Sinay, Angew. Chem., Int. Ed. Engl., 2000, 39, 3610.

D.A. Fulton and J.F. Stoddart, Org. Lett., 2000, 2, 1113.

F.G. Calvo-Flores, J. Isac-Garcia, F. Hernandez-Mateo, F. Pérez-Balderas, J.A.
Calvo-Asin, E. Sanchéz-Vaquero and F. Santoyo-Gonzalez, Org. Lett., 2000, 2,
2499.

Y. Inoue, T. Wada, N. Sugahara, K. Yamamoto, K. Kimura, L.-H. Tong, X.-M.
Gao, Z.-J. Hou and Y. Liu, J. Org. Chem., 2000, 65, 8041.

K. Teranishi, M. Hisamatsu and T. Yamada, Tetrahedron Lett., 2000, 41, 933.

K. Teranishi, Tetrahedron Lett., 2000, 41, 7085.

M. Atsumi, M. Izumida, D.-Q. Yuan and K. Fujita, Tetrahedron Lett., 2000, 41,
8117.

K. Koga, D.-Q. Yan and K. Fujita, Tetrahedron Lett., 2000, 41, 6855.

D. Kirby Mayanard and G. Vigh, Carbohydr. Res., 2000, 328, 277.

R. Sebesta and M. Salisova, Enantiomer, 1999, 4, 271 (Chem. Abstr., 2000, 132, 78
782).

C. Pean, C. Créminon, A. Wijkhuisen, J. Grassi, P. Guenot, P. Jéhan, J.-P. Dalbiez,
B. Perly and F. Djedaini-Pilard, J. Chem. Soc., Perkin Trans, 2, 2000, 853.
M.J.Han,K.S. Yoo, J.Y. Chang and T.-K. Ha, Angew. Chem., Int. Ed. Engl., 2000,
39, 347.

Y. Liu, C.-C. You, T. Wada and Y. Inoue, Tetrahedron Lett., 2000, 41, 6369.

S. Pagliari, R. Corradini, G. Galaverna, S. Sforza, A. Dossena and R. Marchelli,
Tetrahedron Lett., 2000, 41, 3691.

T. Masuda, J.-C. Hayashi and S. Tamagaki, J. Chem. Soc. Perkin Trans. 2, 2000,
161.

T. Carofiglio, R. Fornasier, V. Lucchini, L. Simonato and U. Tonellato, J. Org. Chem.,
2000, 65, 9013.

C.E. Granger, C.P. Félix, H.P. Parrot-Lopez and B.R. Langlois, Tetrahedron Lett.,
2000, 41, 9257.

M.. Wazynska, A. Temeriusz, K. Chmurski, R. Bilewicz and J. Jurczak, Tetrahedron
Lett., 2000, 41, 9119.



90 Carbohydrate Chemistry

215. T.Furuike, S. Aiba and S.-1. Nishimura, Tetrahedron, 2000, 56, 9909.

216. R. Roy, F. Hernandez-Mateo and F. Santoyo-Gorzalez, J. Org. Chem., 2000, 65,
8743.

217. M. Ichikawa, A.S. Woods, H. Mo, 1.J. Goldstein and Y. Ichikawa, Tetrahedron:
Asymmetry, 2000, 11, 389.



5

Ethers and Anhydro-sugars

1 Ethers

1.1 Methyl Ethers. — All possible monomethyl ethers of 4-nitrophenyl a-D-
gluco-, a-D-galacto- and a-pD-mannopyranosides have been prepared by stan-
dard methods.! 3-O-Methyl-D-mannose® and all positional isomers of partially
methylated and acetylated or benzoylated 1,5-anhydroribitol and methyl 2-
(acetylmethylamino)-2-deoxy-B-D-glucopyranoside* have been prepared as ana-
lytical standards. A convenient procedure for the preparation of 3-0-[''C]-
methyl-D-glucose has been described.’ The 2'-, 3'- and 4'-O-methyl ethers of the
disaccharide glycoside octyl a-L-Fucp-(1—2)--D-Galp have been synthesized
and tested as acceptors for human blood group glycosyltransferases.®

1.2 Other Alkyl and Aryl Ethers. - Pilosidine 1, a fused ether-glycoside, was
isolated from rhizomes of Curculigo pilosa, an African plant.” The synthesis and
applications of carbohydrate-derived amphiphilic perfluoroalkyl ethers have
been reviewed.®

OH

CH,OH OH
o oH O on
OH

Mono-0-allyl derivatives of D-fructose have been prepared in order to test the
specificity of the fructose transporter GLUTS.? Tris(triphenylphosphine)ruthe-
nium(II) dichloride is an excellent catalyst for the isomerization of allyl to
prop-1-enyl ethers in a de-O-allylation procedure. The catalyst avoids the prob-
lem of reduction of the alkene as a side reaction.'® Another method uses Pd(0)-
catalysed allyl transfer to p-toluenesulfinic acid for the cleavage of allyl ethers on
a solid support.!
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The tritylation of alcohols under neutral conditions has been achieved using
p-methoxybenzyl trityl ether in the presence of DDQ." A selective cleavage of
trityl ethers by CBr,—~MeOH has been attributed to the formation of traces
of HBr."* Ceric ammonium nitrate on silica gel rapidly cleaves trityl and mono
and di-methoxytrityl ethers' whereas CeCl;—Nal in refluxing acetonitrile effects
the selective cleavage of trityl and dimethoxytrityl ethers under neutral condi-
tions."’

Reductive ring opening reactions of 4,6-0-benzylidene acetals of mono- and
di-saccharide derivatives using Et;SiH-TfOH or Et;SiH-PhBCl, have afforded,
with excellent selectivity, the primary and secondary benzyl ethers respectively.'®
Similarly, standard conditions (LiAIH,AICl; or NaCNBH;-HCI) have been
utilized to convert 4,6-0-(2-naphthyl)methylene acetals of glycosides into the
4-0- and 6-0-(2-naphthyl)methyl ethers, respectively, with good selectivity,"”
while the 2-naphthylmethyl ether group has been touted as a versatile protecting
group, stable to acidic conditions and readily removed with DDQ in CH,Cl,."®
Benzyl ethers situated vicinally to alcohols may be selectively deprotected using
either NIS or diacetoxyiodosobenzene-I, (Scheme 1). In some circumstances,
however, the corresponding benzylidene acetal can be formed."” A chemoselec-
tive deprotection of benzyl ethers in the presence of Cbz groups uses
NaBrO;/Na,S,0,, which is assumed to result in radical bromination.* While
p-methoxybenzyl ethers may be cleaved with SnCL/PhSH at -78 °C, esters,
benzyl and allyl ethers, isopropylidene acetals and Tbhdps groups are stable
under these conditions.”!

CH,0Bn CH,0Bn
(0] ; (o}
OBn —_— OH
HO OMe HO OMe
OBn OBn
Reagents: i, NIS, MeCN, reflux, 75%
Scheme 1

Dimeric carbohydrate-based surfactants such as 2 have been prepared,” and
5-0-(2-iodoethyl)-D-glucose was synthesized as a substrate suitable for single
photon emission computer tomography.” Some monosaccharide poly-0-(2-
azidoethyl) ethers were synthesized and the azide moieties transformed into
hydrophobic aminoalkyl groups.? Cyclic polyethers incorporating some carbo-
hydrates have been synthesized and evaluated as facilitators of transmembrane
sodium ion transport.”® Butenolides (e.g. 3) were obtained by reaction of the
alkoxide 4 with difluorobutenolides such as RF.?* 3-O-Substituted derivatives
such as 5 have been obtained by [2+2] cycloadditions of chlorosulfonyl
isocyanate and the corresponding vinyl ether.”” The e.e.s of organic amine salts
have been determined by FAB MS relying on differential complexation with
crown ether-type D- or L-galactose derivatives.”®
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CHoO —(CHp)s—OCH, >< Ph3810

X H

_5'_2’ 5
F
4R=Na

1.3  Silyl Ethers. — Primary Tbdms groups are selectively cleaved in the pres-
ence of secondary Tbdms moieties with BCL,.%

2 Intramolecular Ethers (Anhydro-sugars)

2.1 Oxiranes. — The reaction of terminal diols with TPP/imidazole/I, under
certain conditions has afforded epoxides.® The previously reported 3,4-
anhydro-p-tagatopyranose derivative 6 has been found to equilibrate under
basic conditions to give a 2:1 mixture of 7 and 6.3' Resin-bound (via 0-4) 1,6:2,3-
dianhydro-p-D-mannopyranose has been treated with various nucleophiles to
give D-gluco- products of attack at C-2 with opening of the epoxide.*

0 0
0
HO 0 o
6 7

2.2 Other Anhydrides. — The production and physiological properties of difruc-
tose dianhydrides have been reviewed.”* Treatment of some anhydroalditol
derivatives (e.g. 8) with diacetoxyiodosobenzene led to oxygen radical formation
from the hydroxy group, followed by intramolecular hydrogen atom abstraction
and subsequent anhydro-sugar formation to give 9 in good yields.*

CHoOH o
o o

o0 0O O

PN A

8 R =CH,0H, (CH,),0H 9
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6

Acetals

1 Synthesis

The pyridinium p-toluenesulfonate-promoted reaction of D-galactose with cyc-
lohexanone in DMF has been studied in detail to identify conditions for optimal
yields of the furanose 1,2:5,6-di-acetal 1. (See Chapter 3 for use of this derivative
in the synthesis of the disaccharide epitope a-pD-Galp(1—3)-D-Gal.)) A new
method for the preparation of benzylidene acetals involves exposure of a benzyl
ether with a neighbouring free hydroxyl group to NIS (e.g. 2—3).2 The 4,6-0-(2-
naphthyl)methylene acetal 4 was obtained by conventional, acid-catalysed reac-
tion of methyl a-pD-glucopyranoside with 2-naphthaldehyde or its dimethyl
acetal. Reductive cleavage to give the 4- or 6-O-2-naphthylmethyl ethers was
effected by applying the standard procedures for these transformations (see
Chapter 5). The diastereomeric dioxolane type acetals 5 were obtained in a
similar way from methyl a-L-rhamnopyranoside.’

0O OR! o
R%0 H
\ o)
/k o) OMe
4 OH

2 R'=Bn, R?=H

3 R‘,H2=>v~Ph

H@Me

0._ 0

O

@ A\
PhO,SC Hy OH
9 B

OH
5 6
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4,6-0-Phenylsulfonylethylidene acetals, such as methyl a-D-glucopyranoside
derivative 6, were formed in high yields by exposure of 4,6-diols to 1,2-(diphenyl-
sulfonyl)ethene and sodium hydride. They resist acid hydrolysis but are cleaved
by LAH.? Lanthanide [(Yb(III), Er (III)] cation exchange resins catalysed the
acetalation of unprotected sucrose by a,f-unsaturated and aromatic aldehydes
in a one-pot, two-step process, as indicated in Scheme 1.°

o)
i ii H
RCHO ——» R>< O_ HO o
HO
OH o
o] OH
OH OH

Rz "N, \:< , /©/ , , efc.
MeO OH
OMe

Reagents: i, HC(OMe)3, Yb(lII)-exchanged amberlyst; ii, sucrose
Scheme 1

When 3-hydroxy-2-O-thiobenzoate 7 was irradiated in dichloromethane in
the presence of triethylamine, the monothioacetals 8 were obtained in near
quantitative yield. The mechanism proposed for this reaction, involving photo-

induced electron-transfer and incorporation of the solvent, is outlined in Scheme
28

O O
Ph«b Ph&?*o
OH i #~ OH o ~0OH hs o) a
0 OMe —— q—r — ’/ J—r — o) OMe
S Yo R < 0

.0
YO e -
Ph Ph Ph
7 8
Reagents: i, CH,Cly, EtsN, hv

Ph

Scheme 2

Spirophostins 9, which have been prepared as conformationally restricted
analogues of adenophostins, and some spiro-acetals obtained from enol esters
are covered in Chapter 2.

2 Hydrolysis and Reductive Ring-opening

Studies on the selective deprotection of lactose derivative 10 by acid hydrolysis
showed the stabilities of the acetals to be dimethyl acetal ~ 2,3- > 3'4'- >
5,6-0-isopropylidene.’

HCl in dichloromethane or acetone has been used to cleave isopropylidene
and benzylidene acetals in the presence of other acid-sensitive groups.® Iso-
propylidene-protected sugar phosphates and thiophosphates, such as 11, were
deacetalated by heating in water without added acid, the aq. solutions having a
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o
onosn o ><o o
CHZOH O le
OPOZZ" % /\ o OMe OP(OR),
OPO," V_(\ /< o}
OMe
20,P0 o \ O\f\
0
10 11 X=0o0rS;
R=EtorPh

pH of 3-4 Selective hydrolysis of terminal isopropylidene and benzylidene
acetals in the presence of a variety of other protecting groups has been achieved
by use of Zn(NOs), - 6H,O in acetonitrile (e.g. 12—13). Bn, Ac, Bz, Tbdms, Ts, but
not THP and Tr were stable towards these conditions.'® In the regioselective
cleavage of dioxolanes with Me;SiCH,MgCl under chelation control, acetals
which are trans-fused to inositol rings reacted faster then cis-fused ones (e.g.
14—15)."! A variety of terminal acetals and ketals have been cleaved regioselec-
tively by solvent-free peroxymonosulfate on alumina under microwave irradi-
ation.'? Acetal hydrolysis in the presence of silyl groups by use of BCl; is referred
to in Chapter 2.

0<%
RO BnO
e, O
>
Y OBn OAll
OAc OR

NHAC
M

12 RA= 2= ° 14 R,Fl=><m

13 R=H 15 R=H

Et;SiH in the presence of TFOH or PhBCI, cleaved the acetal rings of 4,6-0-
benzylidene-protected mono- and di-saccharides reductively to give 6-O-and
4-0-benzyl ethers, respectively, with excellent selectivity and in high yields.!
Opening of the benzylidene ring in compound 16 with NaCNBH;-TmsCl gave
the 6-benzyl ether as the main product rather than the expected 4-0-Bn isomer.
The latter was obtained, however, in 90% yield by use of BH;- NMe;-Me,BBr at
—78°C." The reductive cleavage of 4,6-0-(2-naphthyl)methylene acetals to give
the 4- or 6-0-2-naphthylmethyl ethers is referred to above.

3 Other Reactions and Properties

Contra-thermodynamic trans/cis-epimerization of vicinal diols on furanose rings
relied on isomerization of the trans-isopropylidene derivatives to the more stable
cis isomers on treatment with (Bu'O);SiSH in the presence of a radical initiator."
1,2:5,6-Di-O-isopropylidene-a-D-glucose (17) has been converted to 1,2:3,5-di-O-
isopropylidene-f-L-idose (18) in a four step reaction sequence in which acetal



98 Carbohydrate Chemistry

migration was followed by elimination-borohydration, resulting in epimeriz-
ation at C-5 (Scheme 3).!®

>< CHgBr ChH,OH
O L B

17
Reagents: i, NBS, PPhg; ii, DBU; iii, BHz; iv, NaOH, H,O,
Scheme 3

D-Arabino-, D-manno-, D-galacto- and L-fucopyranosyl azides were epi-
merized at C-3 by the method of Miethchen (see Vol. 33, Chapter 2, Ref. 14, Vol.
32, Chapter 6, Ref. 8; Vol. 30, p. 99, Refs. 17-19) to give p-lyxo-, D-altro-, D-gulo-
and L-gulo-configurated products, respectively, in high yields (e.g. 19—20)."

Methyl 4,6-0-benzylidene-a-p-mannopyranoside and methyl 4,6-O-p-nitro-
benzylidene-a-D-galactopyranoside, which are both scarcely soluble in apolar
solvents, act as ‘supergelators’ when forced into solution by heating in a sealed
tube above the normal boiling points of, for example, hexane or carbon tetra-
chloride.!®

ﬂ CH,OH
CH,OH CgHy1HNCO O N,
HO O Ny
OH
o 0
OH H™ “CCly
19 20
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Esters

1 Carboxylic and Thiocarboxylic Esters

1.1 Synthesis. — A report on perspectives on alkyl carbonates in organic syn-
thesis has appeared. This contains applications of alkyl carbonate protecting
groups in carbohydrate chemistry, carbonate exchange reactions and subse-
quent modifications as applied to carbohydrate derivatives and promotion of
glycosylations.!

1.1.1 Chemical Acylation and Deacylation. Several methods for exhaustive acyla-
tions have been reported. Acetylation of D-glucose to give penta-O-acetyl-D-
glucofuranose was accomplished using a two-step reaction involving treatment
with boric acid in AcOH followed by an acetic anhydride/sulfuric acid mixture.
The reaction occurs in 93% yield and a 1:1.8 ratio of the a- to B-isomers is
obtained. Importantly, crystalline 1,2,3,5,6-penta-O-propanoyl-f-D-glucose is
readily available in 58% yield by this method.> Sucrose octaacetate was syn-
thesized in 91% from sucrose in acetic anhydride using a SO~/TiO; solid
catalyst.> The kinetics of the acetolysis and accompanying anomerization of
methyl tetra-O-acetyl-a- and B-D-mannopyranosides with H,SO; in
Ac,O/HOACc mixtures have also been reported.* Finally, an improved method
for the esterification of sugar acetals with dicyclohexylcarbodiimide and
dimethylaminopyridine has been reported.’

New routes to glycosyl carbamates and esters have been described. Reaction
of 1 with the amino-sugar 2 gives the carbamate 3 in 92% yield (Scheme 1).¢ Four
new tetraacetyl glucosyl esters of 5-aryl-2-furoic acids 4 (R = 2-NO,, 3-NO,,
4-NO,, H) were also prepared by glycosylation of the acids under phase transfer
catalysis [CH5(CH,);sMe;NBr].’

Numerous regioselective acylations have also been reported. Acetylation of a
spacered 4,6-0-benzylidene-B-D-galactopyranoside with acetylimidazole gives
the 3-O-acetyl derivative in 97% yield. Alternatively, a one-pot procedure in-
volving chloroacetylation, acetylation and then dechloroacetylation gave the
2-0-acetyl isomer in 85% yield.® Regioselectivity for the introduction of 2-O-
alkoxycarbonyl groups in methyl 4,6-0-benzylidene-$-p-glucopyranoside using
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tetramethylethylenediamine (TMEDA) was also obtained. Yields of benzyloxy-
and allyloxy-carbonyl esters were 65 and 67% respectively.’ Tin-mediated ben-
zoylation of methyl 4,6-0-benzylidene-a-D-glucopyranoside gives the 2-O-ben-
zoate. The intermediates in the process do not equilibrate under the esterification
condititions; therefore the 2-O-benzoate is formed under kinetic and not ther-
modynamic control.’’ Tin-mediated regioselective acylations on the solid phase
have been accomplished using methyl a-p-glucopyranoside, methyl a-p-man-
nopyranoside and methyl B-p-galactopyranoside bound via O-6 to a copoly-
styrene-DVB resin through a trityl ether linker. Treatment with Bu,SnO then
benzoyl chloride gave 2-O-benzoyl derivatives for the glucoside and 3-0O-benzoyl
derivatives for the galactoside and mannoside with high regioselectivity.!
Pivaloylation of the same three pyranosides, in solution and by the dibutyltin
oxide method, furnished mixtures of three products in each case. However, direct
pivaloylation of the mannopyranoside provided the 3,6-di-O-pivaloyl derivative
as the sole product.'”? 3-Acryloyl-D-glucose has been synthesized by acylation of
the corresponding diisopropylidene derivative followed by hydrolysis with
Cationite.* Syntheses of the caffeoylglucosides 5 (both - and f-OMe) have been
accomplished and their HIV inhibition properties reported.'*

Preparation of the Fmoc protected 6 was accomplished and used in oligosac-
charide synthesis. After formation of the trichloroacetimidate donor and
glycosylation, the Fmoc group was quantitatively cleaved using mild basic
conditions.”” The synthesis of conandroside 7 was accomplished using con-
ventional methods, with the key intermediate being 2-(3,4-di-O-
benzyloxyphenyl)ethyl 2,6-di-O-acetyl-4-O~(E,Z)-3,4-0-benzylcaffeoyl)-B-D-
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glucopyranoside.!'® 6-0-Amino acid esters of D-glucose and methyl a-D-
glucopyranoside were prepared using pentachlorophenyl esters of N-Boc-L-
phenylalanine and N,O-di-Boc-tyrosine. The products were subsequently sub-
jected to degradation in Py-HOAc, which was accelerated by the presence of the
NH; groups.”” Dimeric carbohydrate-based surfactants were synthesized and
were found to perform better than the corresponding monomers (Scheme 2).'®
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Reagents: i, CI(O)CCH,CH,COCI, EtgN; i, Hy, PA/C
Scheme 2

Acylations of a variety of other types of carbohydrates, including inositols,
sucrose and neuraminic acid derivatives, have been reported. For example, two
protected gallotannin precursors, with the phenolic unit specifically at 1'- or 6'-
positions of the fructose unit of sucrose have been prepared. Galloylation was
carried out with (MeO)galloyl chloride and TMEDA in dichloromethane.”
Sucrose 2,3,4,6,3',4',6'-heptabenzoate was prepared by selective desilylation/ben-
zoylation of 2,3,4,3' 4"-pentabenzoyl-6,1',6'-tri(tert-butyldiphenylsilyl)sucrose at
the 6,6'-O positions with aqueous HF, then desilylation at 1' with TBAF.?
Synthesis of N-alkylaminoacyl sucrose derivative 8 was accomplished by treat-
ment of sucrose with maleic anhydride and NaOAc in DMSO followed by the
fatty amine.”! Analogues of 4-guanidino-Neu5Ac2en (Zanamivir, a potent inhibi-
tor of influenza virus) were prepared, and two were found to be as active as the
parent compound. These were the 7-0-(6-aminohexyl)carbamoyl and 7-O-(hep-
tyl)carbamoy] esters.” The precursor of an inositolphosphoglycan was prepared
and used a boron—tin exchange reaction to achieve the key selective acylation
(Scheme 3). This overcomes the insolubility problem of myo-inositol in most
organic solvents.”® Synthesis of 3-O-benzyl-B-L-arabinofuranose 1,2,5-ortho-
pivaloate from l-arabinose was accomplished following the protocol used to
make the galactose analogue (Vol. 32, p. 100, ref. 54).** Positional isomers of
partially methylated and acetylated or benzoylated 1,5-anhydroribitol were
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obtained in pure form from 1,5-anhydroribitol by sequential methylation and
benzoylation. Debenzoylation and acetylation yielded the desired acetates.?

Deacylations of acylated sugars that have been described include the use of
diazabicyclo[2.2.2]octane (DABCO) as a highly selective dechloroacetylation
reagent. This gives complete and selective cleavage of the chloroacetyl group in
the presence of other ester moieties such as benzoyl and acetyl groups at primary
or secondary positions.”® The full deprotection of the disaccharide 9, including
removal of the Fmoc carbamate, occurred with the use of hydrazine in meth-
anol.”

OH OH OH OH
OH OC(O)Mnt
i Mnt =

HO HO
CHMe2

Reagents: i, Et3B—BuCO,BEt,, hexane; ii, BusSn(acac)y; iii, MntCOCI, NMI

Scheme 3
HO
HO o OAc OAc
o §\/0 AcO
HO o) o)
OH 9] HO
OAc AcHNo 1)
R - R2= \(\HLO' Na 9 NHFmoc
HN

1.1.2 Enzymic Acylation and Deacylation. By use of a protease (at 100 g17!) from
Bacillus licheniformis, enzymic acryloylation of sucrose (1 M) with vinyl acrylate
(4 M) was carried out in anhydrous pyridine to give sucrose acrylate esters with
greater than 90% removal of the substrate. After five days, the ester products
consisted of 70% sucrose 1'-acrylate and 30% of the 6’,1'-diacrylate and 6,1'-
diacrylate.?® Fatty acid esters of ascorbic acid were synthesized in a solid-phase
system catalysed by immobilized lipase B from Candida antarctica. The highest
reaction rates and yields were obtained using fatty acid vinyl esters and produced
6-0O-palmitoyl-L-ascorbic acid in 91% yield.? The conversion of 3-O-benzylmor-
phine to 3-O-benzylmorphine-6-glucuronide was achieved using enzymatic and
biochemical synthesis.® The partial N-acetylation of chitosan tetramer has been
achieved using a reverse hydrolysis reaction of a chitin deacetylase thus giving
B-D-GlcNAc-(1->4)-B-D-GlcNAc-(1—4)-B-D-GlcNAc-(1-4)-D-GlcNH,.*! 1-0-p-
Hydroxybenzoyl B-galactose (pHB-Gal) and p-nitrophenyl -galactoside (pNP-
Gal) were chemically synthesized in order to compare the hydrolytic activities of
B-galactosidases. The enzymes from Penicillium multicolor, Escherichia coli and
Aspergillus oryzae all hydrolysed the substrates at nearly equal rates, while
enzymes from Bacillus circulans, Saccharomyces fragilis and bovine liver showed
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much lower activities. Inhibition analysis, pH—activity profiles and kinetic prop-
erties of the reactions suggested that B-galactosidase had only one active site for
hydrolysis of both the galactosyl ester and the galactoside.*

1.2 Natural Products. — Two compounds, isolated from the stembark of Jug-
lans mandshurica, were tested for activity against the reverse transcriptase (RT) of
HIV-1, since this has both RT and RNase-H activity in different domains of the
enzyme. The glucose esters 1,2,6-tri- and 1,2,3,6-tetra-0-galloyl-D-glucopyranose
had ICs, values of 67 and 40 nM against RT, while the latter had an ICs, value of
39 (181)M against Rnase-H.* Isolated from the wood of Nyssa sylvatica, 7-
caffeoxylsedoheptulose was shown to adopt the o,f-furanose form in a DMSO
solution.* The major anthocyanin pigments of blue Agapanthus flowers were
found to contain succinoyldiester linked delphinidin diglycosides and triglyco-
sides 10.3° Similarly, the two novel copigments 11 from Allium schoenoprasum
have similar structural characteristics.*® Phenylpropanoid esters of rhamnose,
such as 12, were isolated from Scrophularia buergeriana and found to have
neuroprotective effects (prevent the death of contical neuron cell cultures that are
treated with the neurodegenerative agent glutanate).’’ Five new hydrolysable

o
B-0-Glc”

(o} OH
10 R =B-D-Xyl or 3-D-Glc

0 0
OH
HO 0-B-D-Gle(2-1)--D-Glc
OH O

11 R=AcorH
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tannin metabolites have been isolated from Pelargonium reniforme. These pelar-
gonins have the 2,4-diester moieties as in 13.3® E- and Z-Venusol A 14 were
isolated from the leaves of Umbilicus pendulinus; however, only the E-isomer is
present naturally, and the Z-isomer forms on exposure to light. Metabolites
from five different strains of Streptomyces were detected and found to have the
novel acyl rhamnopyranose structures 15.
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2 Phosphates and Related Esters

Hanessian’s ‘remote activation concept’, the stereocontrolled glycosylation reac-
tion using methoxypyridyl (MOP) O-unprotected glycosyl donors to give
glycosyl 1-phosphates, has been reviewed.*! The 1-triphosphates of D-glucuronic
acid, D-glucose-6-phosphate and D-xylose were obtained in 43, 32 and 42%
yields, respectively, by incubation with sodium cyclo-triphosphate at pH 12.
However, replacement of the hydroxyl moiety at C-2, as in 2-amino-2-deoxy-f-
D-glucopyranose and 2-deoxy-D-glucose, results in low yields of only 14 and
13%.% The reaction of D-glucose with cyclotriphosphate has been reported to
give p-D-glucopyranosyl 1-triphosphate. This has been extended to D-ribose,
D-lyxose, D-mannose and D-arabinose, which gave poor yields of the correspond-
ing pyranose 1-triphosphates. However, D-galactose, D-xylose and D-allose gave
yields of around 30% for the B-D-pyranose 1-triphosphates.* Four monodeoxy
a-D-mannose-1-phosphate derivatives were prepared and evaluated as sub-
strates for a recombinant GDP-mannose pyrophosphorylase. The derivatives
contained deoxygenation at C-2, C-3, C-4 or C-6 and all could be used success-
fully.* Tetrabutylammonium benzyl dihydrophytylphosphate was coupled to
S-phenyl 2,3-di-O-benzyl-4,6-0-benzylidene-1-thio-a-D-mannopyranoside S-
oxide with triflic anhydride as a catalyst to give the corresponding f-mannosyl
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phosphate in 56% yield. Treatment with sodium in liquid ammonia afforded the
unprotected mannosy! phosphoisoprenoid 16.* The syntheses of partial struc-
tures of the glycosyl phosphatidylinositol anchor were accomplished using do-
nor 17 and the dimethyl phosphonothioate method.* Reactions of 2,3,4,6-tetra-
0-acetyl-a-D-glucopyranosyl bromide with salts of citronellyl, dolichyl and cit-
ronellyl benzyl phosphates gave the corresponding B-D-glucopyranosyl benzyl-
phosphates. The reaction yields were found to be dependent on the structures of
the phosphate reagents and the reaction conditions.”’ Glycosyl boranophos-
phate diesters, such as 19, have been reported as stable analogues of glycosyl
phosphates. These have been prepared in a one-pot procedure from the H-
phosphonate 18 (Scheme 4).48
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HO & Q B
% 00 ’ A=
1l PM62
0 4 I

16 17 S
Me OBn Me OBn
0 H - + i o
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n |
OTMS
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OBn BnO O‘p/OH
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19 o
Reagents: i, ROH, PivCl, Py, THF; ii, N,O-bis(tms)-trifluoroacetamide; iii, BHz—amine complex
Scheme 4

Examples of the synthesis of phosphite and phosphate esters of sugars are
included in a review on trivalent phosphorous acids (Scheme 5).* The synthesis
of an oxyphosphorane has also been reported (Scheme 6).°° A strategy for
regioselective phosphorylation of aldoses in aqueous solution involves reversible
attachment of activated diamidophosphate (DAP). The carbonyl addition prod-
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uct subsequently undergoes irreversible intramolecular delivery of the phosphate
group to the proximal site (Scheme 7).*!
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The synthesis of lipid A-type analogues 20 and 21 by standard methods has
been described. Analogue 20 was found to be an LPS agonist, while 21 is an LPS
antagonist.’> Nucleoglycoconjugates such as 22 have been synthesized using
phosphoramidite chemistry then coupled on a solid support to DNA oligonuc-
leotides. Cleavage from the resin and deprotection of the conjugates gave stable
duplexes with complementary DNA.%
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The tritiated benzophenone-containing derivative of glucose 6-phosphate 23
was made as a photoactivatible affinity label for proteins.* Phosphonate 24 was
prepared to act as a hapten to elicit monoclonal antibodies for transesterification
reactions between 25 (R = H) and 26; however, the antibodies failed to catalyse
the reaction. D-Galactose 6-O-phosphate and O-thionophosphate monoesters
27 have been prepared and then deacetalated by heating in water without added
acid.*
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3 Sulfates and Related Esters

Cyclic sulfites and sulfates in organic synthesis have been reviewed in a Tetrahed-
ron report. The reactions of several carbohydrate-based sulfite and sulfate de-
rivatives with nitrogen, carbon and sulfur nucleophiles are reported.”’ In the area
of natural products, five sulfated saikosaponins containing the trisaccharide unit
28 have been isolated as minor constituents from Bupleurum rigidum.® The
leaf-movement hormones, sulfated phenolic glycosides 29, have been shown to
be plant specific, rather than being common to all plants.”
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The sodium salts (30) of heptakis (2-0-methyl-3,6-di-O-sulfo)cyclomaltohep-
taose have been made for use as possible chiral resolving agents for capillary
electrophoresis.® The 3- and 6-monosulfated and the 3,6-disulfato-B-p-Gal-
(1—=4)-[a-L-Fuc-(1—=3)]-B-D-GlcNAc-(1—3)-3-D-Gal-(1->4)-D-Glc have been
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constructed as candidate ligands for binding to human L-Selectin.®' Also in the
area of Siale* chemistry, analogue 31, in which the sulfo group was introduced
selectively at the 4 position of the galactose moiety via a dibutylstannane
intermediate, has been prepared as indicated.5 Sulfated sialyl-a-(2—3)-neolac-
totetraose derivatives have been prepared with sulfation at either O-6 of the
GlcNAc residue, at O-6 of the terminal Gal residue or at both positions. Their
acceptor specificity for an a-(1-=3)-fucosyl transferase in the biosynthesis of
L-Selectin ligand was tested and only the GlcNAc-sulfated compound was
recognized.®® The sulfated GalNAc peptide analogue 32 was tested as an am-
phiphile and an anti-HIV agent; little activity was found.*
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Several examples of ring-opening reactions of cyclic sulfates have been re-
ported (Scheme 8). The opening of B-pD-galactoside ester 33 with a benzoate
nucleophile resulted in the formation of 34 in 97% yield,*® and 35 was opened
with the nitrogen bases Et;N (shown), Py, DBU, NaNH, or LiNPr’; to produce
the S-sulfates, e.g. 36, in 80-90% yields.* Formation of the 3,4-epoxide by
treatment of cyclic sulfate 37 with NaOH and MeOH in 86% yield has also been
reported.’’” Heterocyclization of alditols via bis cyclic sulfates using Na,S has
been also accomplished (Scheme 9). Several examples of the formation of com-
pounds with various ring sizes in 55-80% yields were reported.®
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4 Sulfonate Esters

Selective Bu,SnO-catalysed monosulfonylation of methyl a-D-xylopyranoside
gave 70% of the substitution at O-2, while similar sulfonylation of methyl
B-D-xylopyranoside gave 90% of the esters at 0-4.° TSAO-T 38 and TSAOm>-T
39, which have internal sulfonate ester moieties, are potent, selective HIV-I
reverse transcriptase inhibitors. New analogues were made by the conversion of
the alcohol (40, R*> = OH) to esters, carbamates and thiocarbamates (R?> =
OCOMe, OCONMe,, OCSNMe,) and ethers (R> = OMe, OBn, OAll, OBu)).
Amines where R? = NMe, NEt,, N(CH,); were also made. The products have
moderate activity when R? is an ether or cyclic amine.”” Chondroitin pentasac-
charide 41 was di-O-sulfonated at O-6 or alternatively could be benzoylated at
0-6 then sulfonated at O-4 of the amino sugar moiety.”! A one-pot selective
tosylation of adenosine using catalytic amounts of organotin mediators and
triethyl- or tributyl-amines has been reported. A 90% yield of the 2-O-tosylate
was achieved, and the methodology was subsequently applied to methyl
D-glucopyranoside, D-galactopyranoside, and D-mannopyranoside to give 3,6-
diesters in 80—90% yields.”

Eo 74

O OTbdms
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O>< o/ \\O

37 38 R'=H, R?=TbhdmsO
39 R'=Me, R?=TbdmsO
40 R'=Me, R2=0OH
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Regiospecific bifunctionalization onto the A, B C-2 hydroxyl moieties of a-
and p-cyclodextrins has been achieved using benzophenone 3,3-disul-
fonylimidazole and molecular sieves (Scheme 10). Diepoxidation and amination
products were subsequently formed from the sulfonate 42.7

5 Other Esters
Polymer-bound protected sugar derivatives such as 43, which are soluble in

organic solvents, have been synthesized using xanthate transfer technology.™
The synthesis of thioacetal 44 was achieved under photochemical conditions,
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Scheme 10

which led to incorporation of a methylene moiety from the solvent di-
chloromethane (Scheme 11).”° Ferrocene-containing substituted sugar esters
have been made and tested for bioactivity (Scheme 12). Coupling of 45 and 46
under three different sets of conditions, followed by deprotection, gave the esters
47, in which R! = H, R? = ferrocene showed antimalarial activity.” A molecular
imprinted surface was prepared resulting in the formation of 49. Thus, diamide
polymer 48, with two boronic acid groups, was condensed with 4-nitrophenyl
a-D-mannopyranoside to give 49.”7 Ortho esters of the type 50 have been pre-
pared from aldono lactones (Scheme 13, see also Chapter 3). Other analogues
reported include those derived from D-galactono, D-mannono, 6-deoxy-D-galac-
tono, 6-deoxy-L-galactono and 6-deoxy-L-mannono-lactones. These all give the
R-configuration at the ortho ester site, the first three with O-6 a and the last two
with O-4 .
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c. DMAP (0.2 equiv.), Py, CHyCly, 12 h R" = Ferrocenecarbonyl, R% = H

Scheme 12
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8

Halogeno-sugars

1 Fluoro-sugars

A special issue of Carbohydrate Research devoted to fluoro-sugars has featured
reviews on methods for the synthesis of glycosyl fluorides,' uses of glycosyl
fluorides in glycosidation reactions® and in enzymatic reactions that catalyse
glycosyl transfer,® advances in the synthesis of deoxyfluoro-sugars (focusing on
the use of DAST, XeF, and electrophilic fluorinating reagents),’ the synthesis and
biological activity of fluorinated nucleosides,’ the preparation of '8F-labelled
sugars,® and fluorinated branched sugars,’ the use of fluorinated carbohydrates
in liquid crystal compounds® and the NMR spectra of fluorinated carbohydrate
derivatives.? Another review has described different methodologies for the prep-
aration of selectively fluorinated carbohydrates.!

Some rearrangement reactions have been encountered during the treatment of
3-deoxy-3-C-methyl-3-nitro-hexopyranosides with DAST as exemplified in
Scheme 1.!! 4-Deoxy-4-fluoro analogues of GIcNAc and GalNAc have been
prepared from appropriately protected GIcNAc derivatives using standard
methods.!? A range of deoxyfluoro-n-fructose derivatives has been prepared by
an enzyme-catalysed isomerization of the corresponding D-gluco-substrates,'?
and a number of fluorinated derivatives of the monosaccharide determinants of
Vibrio cholerae have been synthesized."

Five to six degradation products of 6-deoxy-6-fluoro-L-ascorbic acid have
been observed by ’F NMR in a study of the feasibility of using this fluorinated
derivative to identify the degradation products of L-ascorbic acid."” Dihyd-
roxylation of the a-fluoroimide 1 has afforded a mixture of the corresponding
D-xylo- and L-lyxo- derivatives from which 2-deoxy-2-fluoro-p-xylose and -L-
lyxose were prepared.'® Oligosaccharides have been assembled that are com-
posed of up to six 2-deoxy-2-fluoro-sugar units.!” A report on nucleophilic
trifluoromethylation reactions employing TmsCF; additions to carbonyl com-
pounds contains examples with carbohydrate ulose derivatives.'

2 Chloro-, Bromo- and Iodo-sugars. — The preparation of glycosyl halides
and their use in the solid-phase synthesis of oligosaccharides has been reviewed."
A new method for the preparation of glycosyl chlorides involves the treatment of
otherwise protected free sugars with triphosgene in the presence of pyridine.’

Carbohydrate Chemistry, Volume 34
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The varied uses of iodine (and hypervalent iodine) in carbohydrate chemistry
have been reviewed,”! and anhydrous hydrogen iodide (generated from I, and
thioacetic acid) has been employed for the efficient preparation of glycosyl
iodides from glycosyl acetates, and vicinal iodohydrins from epoxides.? The
6-deoxy-6-iodo-galactoside 2 has been prepared as an analogue of an artificial
leaf-opening substance,” while daunomycinone deoxyhalo-glycosides with
sugar moieties of increased lipophilicity have been synthesized and shown to be
active against drug-resistant cancer cell lines.® The branched-chain and chain-
extended iodinated glucose analogues 3-5 have been prepared.”® The use of
w-iodo-a,B-unsaturated compounds prepared from 2-deoxy-D-ribose for the
study of samarium(Il) iodide-mediated reductive carbocyclizations is covered in
Chapter 22, and similar cobalt-catalysed radical cyclizations are noted in Chap-
ter 18.

OH
A
CHyl CH,OH OH
HO 0o o] 0
oH V- ONF OH YuOH OH YwOH
COK HO HO
OH IH,C OH OH
2 3 4 R =CHol
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Amino-sugars

1 Natural Products

The biosynthesis of the macrolactam polyketide glycoside anti-tumour anti-
biotic vicenistatin L (1), including its vicenisamine moiety, has been studied using
heavy atom-labelled precursors.! The bicyclic branched-chain diaminohep-
turonic acid derivative 2, a tyrosyl tRNA synthetase inhibitor of unknown
absolute stereochemistry, has been isolated from a Microsmonospora species
fermentation medium.’

2 Syntheses

Syntheses covered in this section are grouped according to the method used for
introducing the amino-functionality.

Me HO NH,
VP H \O\/Srl-‘
~ a2 N CO,H
MeN@/ ° o /N\X,OH OH
1 (0]

2

OMe
gF
0 y
Polystyrene~/ I ()
3

Scheme 1

2.1 By Epoxide Ring Opening. — A review of work at Novartis on the synthesis
of complex molecules on solid supports included the nucleophilic ring opening of
the immobilized levoglucosan-derived epoxide 3 at C-2 with various nuc-
leophiles, e.g. to give 4 (Scheme 1).> Amphiphilic glucos-6-yl benzodiazepines, e.g.

Carbohydrate Chemistry, Volume 34
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5, have been synthesized by alkylation at N-1 of the benzodiazepine, e.g. with a
5,6-anhydro-p-glucofuranose derivative as electrophile The pyrimidine-sub-
stituted L-ascorbic acid derivative 6 of has been obtained by ring opening
addition to a 5,6-epoxide. A related 4,5-unsaturated analogue was also reported.’

o] X
NH -
i
NH
/N)go OC)HO
CH, o
o —
OR OH BnO 0OBn
HO 6 X=H,F,CF;
OH

5 R=H, CgH;7 etc.

2.2 By Nucleophilic Displacement. — The Amadori compound 7 was syn-
thesized by reaction of 2,3:4,5-di-O-isopropylidene-D-fructopyranose 1-triflate
with the requisite primary amine, followed by acid-catalysed deprotection.®
Syntheses of 2-azido-2-deoxy-a-D-glucopyranosides of myo-inositol, involving
either inversion at C-2 of the corresponding a-mannoside 2-triflate or direct
glycosylation with a pentenyl donor, are further detailed in Chapter 10.”

@]
JJ\015"'31
(o]

@]
O oH (Ijl AI:O CisHaq
Hi OPO
O/ crnn ™1
HO OH

OH 7

The butanediol-linked dimer 9 of a conformationally rigid bridged
aminodeoxysugar is a potential RNA-binder. It was synthesized from D-man-
nose via the 3-acetamido-sugar 8 (Scheme 2), azide displacement with inversion
being used for introduction of the amino-group?® The 3-amino-3,4,6-
trideoxyhexoside 10 was synthesized in 10 steps from methyl 4,6-O-ben-
zylidene-a-D-glucopyranoside. This involved 4,6-dichlorination then de-
halogenation, inversion at C-3 by oxidation-reduction, then azide displacement
with inversion to introduce the 3-amino-group. Amino-sugar nucleotide 10 was
the predicted substrate for a methyltransferase involved in the synthesis of the
desosamine residue in various macrolide antibiotics, and was indeed converted
to 11 by this enzyme.’

The S-amino-sugar 12 was synthesized from D-arabinose using conventional
chemistry, including azide displacement of a tosylate group, and coupled with a
6-thiosugar to give the disaccharide analogue 14 (Scheme 3). While 14 was stable
at low pH, it hydrolysed rapidly at pH >5. Unprotected 5-amino-5-deoxy-D-
arabinose (13) gave the 2-keto-derivative 15 under mild acid conditions via an
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CHgBr

CH, CH,
Q . 0 o o)
il iv-vi
NHAc _— NAc —_— \é/\ NH )
BzO P OMe /\/O OMe (0] o OMe 5

Reagents: i, AgF, Py; ii, NaOH, MeOH; iii,/\/ar, NaH; iv, Grubbs' catalyst; v, Hp, PtOp;
vi, Ba(OH)g, Hgo

Scheme 2
Me R
| H
0 N oH N g
NR HO . HO
i OR! HO lo) VUV
H OH
OH OH OH HO
R'= thymidine-5’-(dihydrogenphosphate) 12 R= COzBu' v
10 R=H 13 R=H 14 NHAc
11 R=Me H
N
HO
OH ©
15
CH,SH
O sEt
Reagents: i, OAc , TsOH; i, Acx0O, Py;
AcO
NHAc
iii, N\aOMe, MeOH; iv, CF3CO,H; v, HzO*

Scheme 3

imine then an enamine. The 2,3,4-tri-O-benzyl ether derivative of 12 was used in
acid-catalysed syntheses of various O- and S-glycosides of the 5-aminodeoxy-
sugar.® The photoaffinity derivatives 16 and 17 related to adenophostin, were
synthesized by acylation of corresponding amino-derivatives and shown to be
biologically effective agonists of D-myo-inositol 1,4,5-triphosphate receptor. The
5-amino-group in 16 was introduced by reaction of a 5-hydroxy-derivative under
Mitsunobu conditions [Ph;P, DEAD, (PhO),PN;].!! Syntheses of 5'-deoxy-5'-
dialkylamino-derivatives of a spiro-cyclic nucleoside inhibitor of HIV-1 reverse
transcriptase are covered in Chapter 19. The disaccharide scaffold 18, based on
tunicamycin and required for further elaboration into bioactive compounds, was
made by glycosylation of a nucleoside derivative followed by introduction of a
6-azido group by displacement of a 6-tosylate group.'?

Sugar analogues of anti-cancer agents cisplatin and carboplatin (e.g. 19) were
synthesized by displacement of a primary iodide or tosylate group with
ethylenediamine, followed by complex formation with platinum(II).” The 6-
amino-2,5-anhydro-p-mannonic acid derivative (20), synthesized via ring closure
of a 1,2-epimino-D-glucitol derivative, was oligomerized into peptidomimetics
up to an octamer."* Syntheses of hybrid peptidomimetics containing both amino
acid and 6-amino-2,5-anhydro-hexonic or 2,5-anhydro-aldaric acid units are
covered in Chapters 16. 1,6-Lactam 21 and an analogue were synthesized by the
route outlined in Scheme 4.7
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R2CH o
CH,OH ¢ %5, R /u\
H
o _N"To 0
CrgHar CHaNHA
O(0 L,NHAC
1
O—CH
(HO),PO 0 OP(OH), 20 U
OH o] OH OH
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o o

16 R' = Ade, R2=NH 18 HO OH
o] (o]
17 R’ =OMHW , H2=OH

CHy NH_ _NH,
o)—o Pt
CH,NHCO,Bu!
O o
o) 0
0 BnO
07& CO,Me

OBn

19 20
o ~ HO NH
v OH
5 T o
o OH
OH 21

CH,0OTs
Reagents: i, NaNa; ii, H3O"; iii, Bry, BaCOs, HyO; iv, Hp, Pd/C

23 By Amadori Reaction. - N?X‘:;Igglfonyl-derivatives of 1- and 6-
aminodeoxy-D-fructose have been synthesized and shown to have good affinities
for the glucose transporter of the protozoan parasite Trypanosoma brucei. 1-
Amino-1-deoxy-D-fructose was prepared by Amadori reaction of D-glucose with
toluidine, then hydrogenoltyic removal of the tolyl group (with H,, PdAO/BaSQOy,).
6-Amino-6-deoxy-D-fructose was prepared by aldolase-catalysed chain-exten-
sion of 3-azido-3-deoxy-D-glyceraldehyde.'®

24 From Azido-sugars. — Samarium diiodide in water has been used to reduce
azido-sugars to their corresponding amines, and the method has been applied in
the synthesis of chito-oligosaccharides.!” A ferric chloride-zinc powder combina-
tion effected similar transformations in two isopropylidene-protected azido-
sugar derivatives.'”® All eight D-hexono-1,5-lactams have been made in connec-
tion with glycosidase inhibition studies, 5-azido-5-deoxy-hexono-1,4-lactone de-
rivatives being the precursors.”” ‘Aminoketalic’ castanospermine analogues 22
(Scheme 5) and their B-L-ido-analogues were separately synthesized and shown
to be present exclusively as a-anomers in aqueous solution and to be only weak
glycosidase inhibitors.®® Sugar urea and thiourea derivatives such as 23 were
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synthesized by Ph;P-induced condensation of the corresponding protected 6-
azido-sugar with various isothiocyanates followed by either hydrolysis (HOAc,
H,0) or thiolysis (H,S, silica gel), respectively, then deprotection.? 2-, 3- and
4-Deoxy-isothiocyanato-sugar derivatives were obtained from the correspond-
ing azides by reduction (H,, P/C) then reaction with thiophosgene.”” Branched
glycopeptidomimetics such as 24 have been synthesized from 6-azido-gluco-
sides.?

CHoXH

HN— o \;Y
4XOH IOY i Y;/ ||| iv
O

22 X= OSY N, O

X=0or NH )
Reagents: i, CS,, DCC; ii, triphosgene, ProNEt; iii, H3O"; iv, Resin(OH")
Scheme 5
X

CHgNH CH2N \/\O-u D_Manp>
Q | \/\NHcozeu

23 X=0o0rS, R Me, B-D-Glcp

25 From Nitro-sugars. — The 2-acetamido-2-deoxy-f-D-galactopyrano-
sylamine 25 was obtained by addition of benzimidazole to a 2-nitro-galactal
derivative (see Chapter 10).%

B-D-GalNAcp—N N N

25

2.6 From Unsaturated Sugars. — cis-1,2-Aminoalcohols were obtained in high
yields (60-83%) by reactions of a variety of sugar allylic alcohols with
arylisocyanates and either iodoxybenzoic acid or 1-hydroxy-1,2-benziodoxol-
3(1H)-one 1-oxide (‘IBX’), the reaction involving intramolecular delivery of the
amino-function. Applied to p-glucal or D-galactal derivatives, e.g. 26, reaction
conditions determined whether 2-amino-1,5-anhydro-2-deoxyhexitols, e.g. 27, or
2-amino-2-deoxy-sugars, e.g. 28, were formed (Scheme 6). In the same way,
4,6-di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-enopyranose yielded the 2,3-
dideoxy-2-amino-sugar 29, after cleavage of the urethane moiety (i, CAN; ii,
NaOH).?* An iodonium ion catalysed conversion of a glycal into an 2-amino-1-
thioglycoside has been employed in the synthesis of a high mannose N-linked
glycopeptide (see Chapter 10).”* A new sulfonium reagent 30, prepared by reac-
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tion of thianthrene-5-oxide with triflic anhydride, has been employed in a
one-pot acetamidoglycosylation of glycal derivatives that involves an acid-
catalysed 1,2-oxazoline ring opening by the nucleophile (ROH) (e.g. Scheme 7).”

CH,0AG CH,0Ac
o0,
OH /, i, i oriii OJLNN
AcO AcO X
26 27 X =H, Ar=CgHs-4-OMe

28 X =OH, Ar=CgH,-4-OMe
Reagents: i, 4-MeOCgH4NCO, DBU; ii, IBX, anhydrous (for X = H); iii, IBX, HyO (for X = OH)

Scheme 6
CH,0Ac Cl)Tf THO"
O OoH St
AcO S
29 30
CHQOBI’I
~
o OR
OBn )t —
BnO /2 (
NHAc
) o]
R=e.g.Bn, Pr, (oBn
BnO OMe
OBn

Reagents: i, 30, AcNHSiMej3, Et,NPh, Amberlyst-15, ROH
Scheme 7

Attempted intramolecular glycosylation with 31 gave mostly the 3-deoxy-3-
pyrimidinyl-D-glucal 32 and only a little of the isomeric 2,3-unsaturated nucleo-
side (Scheme 8).% In a long synthesis of methyl a-L-vancosaminide (34) from
di-O-acetyl-L-rhamnal, the key step involved intramolecular amino-mercuration
of the unsaturated branch-chain sugar 33 (Scheme 9).2 New routes to precursors
of lincosamine (6-amino-6,8-dideoxy-D-erythro-D-galacto-octose) involved in-
tramolecular rearrangement of the allylic trichloroacetimidate 35 or the iso-
thiocyanate 36 (Scheme 10).%°

N=—
CH2—0—<\ /
0 N

i, il
sph OMe

BnO
31

Reagents: i, MeoS—SMe-BF,; ii, NaOH, HO
Scheme 8
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Q ome 1 N i, iii Q oMe iv 2
4({ Me — —_ Me —— 4{Me
HO Yo Megw\n/o =) o HO \pmm)
Me N Me kN NH,
Reagents: i, NaH, MeoNCN; ii, HJ(OCOCF3),; iii, NaBHj; iv, Ba(OH),
Scheme 9
o} CCly

i =~ i /
% T\]; M{H NHCOCl FQCN §W NCS
R R R

Reagent: i, 200°C Scheme 10

Syntheses of amino- and azido-deoxy-sugars by conjugate addition of N-
nucleophiles to unsaturated sugars has been included in a review.’! The an-
thracycline antibiotic acosaminyl-e-iso-rhodomycinone (38) has been construc-
ted using the L-arabino-azide 37 obtained as the major product from L-rhamnal
diacetate on a 100-gram scale (Scheme 11). The daunosaminyl (L-lyxo), ris-
tosaminyl (L-ribo) and epi-daunosaminyl (L-xylo) analogues were also reported. >
Addition of primary or secondary amines to the vinylsulfone 39 gave 2-amino-2-
deoxy-p-glucosides, e.g. 40 (Scheme 12). Addition of primary amines to the
corresponding a-anomer of 39 similarly gave a-glucosides, whereas addition of
secondary amines gave o-glucosides and a-mannosides as major and minor
products, respectively.”® The 2,3-aziridino-1,4-pentonolactone 43 has been syn-
thesized from D-ribono-1,4-lactone (41) via the vinylic triflate 42 (Scheme 13).%

OH O OH COMe
t

E
™

OH O OH O

AcO o . AcO o} HO (o}
Me / 1 L Me —_— Me
A OH
c N3
37

OA Ha
38
Reagents: i, Ho0, A; ii, NaNa, HOAc, H,O
Scheme 11

2.7 From Aldosuloses and Oximes. — a-Aminonitriles such as 44 have been
synthesized from the corresponding keto-sugar derivatives by imine formation
and Ti(OPr),-catalysed reaction with TmsCN.* The sugar amino-acid 45 and its
5-epimer have been synthesized from the corresponding 4-keto-sugar derivatives
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/O
PhCH O oMe
\\ _— I S0PA N
0 2
PhSO,
39 40
X=eg. NHBU/, N N
. \_/
Reagent: i, 100 °C
Scheme 12
CHQOH CHgon CHQOTT
(o) i, il ®) iii 0
o — o — o
HO OH oTf NBn
41 42 43
Reagents: i, TrCl, Py; ii, Tf,0, Py; iii, BnNH;
Scheme 13

by conversion to a-aminonitriles [KCN, (NH4),CO,] then formation and hy-
drolysis of spiro-hydantoins [i, (NH4,COs, EtOH, H,0, reflux; ii, H;O; iii,
OH 1. 4-0-(2-Acetamido-2-deoxy-B-D-talopyranosyl)-D-glucose was syn-
thesized from a known lactose derivative with a single unprotected 2-hydroxy-
group (cf. Vol. 31, Ch. 6, Ref. 6) by an oxidation — oxime formation — LiAlH,
reduction — acetylation sequence that resulted predominantly in inversion at
C-2.%" Reactions of the 2-oximinoglycosyl donor 46 with sugar alcohol acceptors
catalysed by NIS-TfOH, followed by LiAlH, reduction—acetylation, gave pre-
dominantly disaccharides with an a-D-GIcNAc moiety when the glycosylation
reaction was conducted in dichloromethane as solvent, but with a f-D-ManNAc
moiety when acetonitrile was used.®

><g 0

(e}
( (o]
CN Ph
HO,C o
2 OMe OR

N\
HO OH OR
44 R=H, Me etc 45 46 R =COCMe3

2.8 From Chiral Non-carbohydrates. — The 3-amino-3,6-dideoxy-hexose de-
rivative 50 was the major product obtained from aldol condensation of the
tricarbonyliron—diene complex 47 with the (R)-lactaldehyde derivative 48
(Scheme 14). Adduct 49 was the major (45%) of four isomers formed. If decom-
plexation (step iv) preceded reduction (step ii), then the 2-epimer of 50 predomi-
nated.’” N-Acetyl-L-daunosamine and its 5-C-isobutyl analogue (52) were syn-
thesized from the corresponding cyanohydrin derivatives 51 by chain extension
(Scheme 15).* Aziridination of chiral trans-a,B-unsaturated esters such as 53
gave mainly two isomeric 2,3-epimines, e.g. 54 and 55 in the ratio 67:33 (Scheme
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16). The cis-isomeric alkenes gave all four possible isomers.*! The galantinic acid
derivative 56 was obtained from an L-serinal derivative in seven steps including
two chain-extension reactions.*

R
o] R CHO

CHyNHCO,Bu! o OAc

a7 1, BU'OCNH _ii-v_ Bu'O,CNH

CHO OH OAc
OTbdms OTbdms OTbdms

Me 2 Me Me

48 R=----Fe(CO); 49 50

.

Reagents: i, Sn(OTf),, HN NEt; ii, BH3-SMey; iii, Aco0, EtgN; iv, (NH;)2Ce(NOj)s; v, Oy

Scheme 14
4
CN x o
OTms il 5 steps
o — 1—NHA¢ —— R OH
N ! - HO
51 NHAc

o aMeB 52 R =Me or CHyPr'
Reagents: i, = , sonication; ii, NaBH,; iii, AcoO, DMAP
Scheme 15

COLEt COLE
CO,Et z 2

f _ N—COEt  EtO,CN
1
i ’: .
(6] (o] (o]
> ><; >4
53 54

Reagents: i, 4-OoN-CgH4SO,NHCO,Et, CaO (neat)
Scheme 16
(|202H
CH,
o
CH,
OH

55

Bu‘O,CN

CH50H

56
29 From Achiral Non-carbohydrates. — Epoxide 57, available from methyl
sorbate by a chemoenzymatic synthesis (Ono et al., Tetrahedron: Asymmetry,
1996, 7, 2595), was used in the construction of a set of isomeric 3-amino-2,3,6-
trideoxyhexoses. Addition of benzylamine to the a,f-unsaturated acid moiety
before or after opening of the epoxide ring led to the p-acosamine derivative 58
or the lactone 59, respectively (Scheme 17). Lactone 59 has previously been
converted to L-daunosamine and D-acosamine derivatives (Vol. 14, p. 72, ref. 14).
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In a model study towards the synthesis of 4-amino-2,3,6-trideoxyhexoses, the
o,B-unsaturated ester 60 and related derivatives proved excellent substrates for
enantio- and regio-selective Sharpless asymmetric aminohydroxylation (Scheme
18).4

COMe

CHz Me Me
BnNH<'\ " o o
COMe 0 —— {NHBn =0 —= —= (NHBz yOH
( HO HO
58

/

lll—'V

Me
COzMe

CO.Me
?76 NHBn
><0 D= o

NHBZ

Reagents: i, BaNHj; ii, TFOH; iii, BhOH, BF-OEty; iv, AlCl3, m-xylene; v, MesC(OMe),, TsOH. Me,CO

Scheme 17
CH(OMe),
CH(OMe I
7H(OMe). CH, CO,E
CH, i, il
—_— OAc / O  OFEt
= EtO,CN N R
H Phth™?
COgMe COgMe
60 61 eg. R=H, OAc

Reagents: i, Kz0sOx(OH),, (DHQ),AQN, EtOCONH,, Bu'OCI;
ii, AcoO, EtzN, DMAP
Et

N o o
wo ~ < IO
L
N o O
DHQ AQN
Scheme 18

Hetero-Diels—Alder reactions have been used in the construction of amino-
sugars, asymmetry being induced by the use of either a chiral Lewis acid catalyst
or a chiral auxiliary. Thus, the 3-amino-hexuronic acid derivatives 61 were
obtained with high de and ee using a copper(Il) triflate catalyst with a chiral
bisoxazoline ligand.** 4-Amino-4-deoxy-D-erythrose and 4-amino-4,5-
dideoxy-L-lyxose (63), the latter a potent inhibitor of a-L-fucosidase, were ob-

tained from the D-pyroglutamic acid-containing diene 62 (Scheme 19).4
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040 *~CO.Bu! o’A/:) *CO,Bu

N

= i HO:C:O H
S | —d OH
x P N — M
R’ R! HO OH
62 R'=HorMe 63 R'=Hor Me
Reagents: i, R'0,C—N=0 (R? = Bu' when R' = H; R?=Bn when R' = Me; ii, 0sO,, NMNO

Scheme 19

3 Reactions and Derivatives

3.1 Interconversion Reactions. — 2-Acetamido-2-deoxy-D-galactopyranoside
derivatives have been prepared from the corresponding 2-acetamido-2-deoxy-D-
glucopyranosides using either an oxidation-reduction sequence at C-4 or a
nucleophilic displacement of a 4-triflate group.®* The 2-amino-2-deoxy-D-al-
lopyranoside 64 and its D-galacto-isomer were obtained in a ratio of 20:1 from
the corresponding 3,4-ene by a syn-selective dihydroxylation with catalytic OsO,
and quinuclidine-N-oxide as reoxidant.* 3,4-Dihydroxy-L-glutamic acid has
been synthesized from a 2,3-epimino-derivative of D-lyxaro-1,4-lactone.*

The anomers 65, containing the intercalator and carbohydrate moieties of the
endiyne antibiotic neocarzinostatin, were synthesized from 2-amino-2-deoxy-D-
galactose. They were shown to cleave DNA under photoirradiation (365 nm), but
with a different site selectivity from that of neocarzinostatin.’! A multi-gram
synthesis of UDP-N-acetylmuramic acid was made possible by an improved
synthesis of the 1-phosphate precursor.”

The nojirimycin a-trichloroacetimidate 66 was synthesized from a protected
5-amino-5-deoxy-D-glucofuranoside and used as a glycosyl donor to prepare the
corresponding B-thioglycosides, including one with a glucosid-3-yl moiety as an
aglycon. These could be O-deprotected.”

CHoOTbdms HO ) o
O oEt Me
c0|3
NHAc

OH NHCOCCI; OAc

3.2 N-Acyl and N-Carbamoyl Derivatives. — Selective N-deprotection of 2-
methoxycarbonylamino-2-deoxy-D-glucopyranoside derivatives was achieved
by treatment with MeSiCl; and Et;N in dry THF at 60°C and subsequent
hydrolysis. Azido- and N-(2,2,2-trichloroethoxy)carbonyl groups were unaffec-
ted.** Applications of a new N-protecting group, the TDG (thiodiglycoloyl)
group (see 67), have been described. Thus, 2-deoxy-2-thiodiglycoloylamino-D-
glucopyranoside tetraacetate was synthesized by reaction of 2-amino-2-deoxy-D-
glucose with thiodiglycolic anhydride followed by acetylation (with Ac,O, Py).
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Conversion to the p-trichloroacetimidate 67 provided a good B-glycosyl donor.
The TDG group could be cleaved by reaction with MeONa in MeOH followed
by Bu;SnH.* The N-(p-nitrobenzyloxycarbonyl)amino-derivative 68, obtained
in five-steps from 2-amino-2-deoxy-D-galactose, was shown to be a good
glycosyl donor in the construction of a mucin core-2 analogue. The N-protecting
group could be removed under mild conditions (with neutral Na,S,0,).* The N-
(2,2,2-trichloroethoxy)carbonyl, N-phthaloyl and N-acetoxyacetyl derivatives of
1,3,4,6-tetra-0-acetyl-2-amino-2-deoxy-a-D-glucopyranose have been prepared
by N-acylation.”” p-Nitrophenyl 2-deoxy-2-p-nitrobenzamido-p-p-glucopyrano-
side has been prepared in five step from 2-amino-2-deoxy-D-glucose.®

OsCiaHos
CHoOAC CH,OH Y
R2—0 o N_
CqyHzs
OAc OH
B 0. _CCly HO Me
X HN
o NH NH,
o)
67 X=—N S, R'=0Ac, R®=H 69

0
68 X =—NHCOQCH2-—©vN02, R'=H, R?=0Ac

Amphiphilic 2-aminoacylamino-2-deoxy-f-D-glucopyranosylamines such as
69 have been synthesized and shown to have immune stimulatory or immunoad-
juvant activities.”® Syntheses of variously 2-N-acyl derivatives of glyceryl 2-
amino-2-deoxy-p-D-glucopyranosides are covered in Chapter 3.

The set of variously N-acylated 2,3-unsaturated sialic acids 70 was synthesized
to probe the activity of the sialidase of Vibrio cholerae, the causative agent of
cholera.®’ Syntheses of a range of fluorinated analogues of the methyl glycoside of
4-(2,4-dihydroxybutryoyl)amino-2,6-dideoxy-D-mannopyranose, the monosac-
charide determinant of Vibrio cholerae are covered in Chapter 8.

The bis-sugar substituted calix[4]arene 71 could be prepared, but the sugar
moiety of the product could not be deprotected (another analogue was deprotec-
ted, see Chapter 16).5 Radical cyclization of the 4-0-allyl-6-(o-iodobenzamido)-
D-glucoside 72 yielded a macrocycle (in this case 73) in better yield than in a
model study in which the groups involved in the reaction were attached to
3-amino-1-propanol (40 vs. 14%).%

3.3 Urea, Thiourea, Isothiocyanato and Guanidino Derivatives. — The nit-
rosourea derivative 74 was the most potent antitumour compound in a set of
related di- and tri-deoxy-sugars.® Various mono- and di-N- and/or S-acetylated
regioisomers were isolated from acetylation of 5-deoxy-5-N-thioureido-D-
xylofuranose and -D-glucofuranose derivatives.® Methyl 6,7-dideoxy-7-iso-
thiocyanato-heptoses with the a-D-gluco, a-D-manno- or a-D-galacto-
stereochemistry were synthesized from the corresponding 6-iodo-hexosides by
reaction with cyanide, reduction and reaction with thiophosgene.5’ Various
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unprotected amino-sugars and aminoglycoside antibiotics were converted direc-
tly in the presence of water to the corresponding guanadino-analogues by use of
a new N-selective reagent, 'BuO,C-HNC(=NTf)NHCO,Bu'%¢" The products
formed from tobramycin and neomycin had greatly increased anti-HIV activ-
ities.*

3.4 N-Alkyl, N-Alkenyl and N-Glycosyl Derivatives. — Diisopropyl azodicar-
boxylate effected selective N-debenzylation in the presence of O-benzyl groups in
a set of 2-, 3- and 4-benzylaminodeoxy derivatives of isomeric 1,6-anhydro-3-bD-
hexopyranose derivatives.®® The N-trisalkoxybenzyl group 75, was used as a
linker at the 2-position of 2-amino-2-deoxy-D-glucose for solid phase glycosyla-
tions. It is stable to conc. trifluoroacetic acid and a range of Lewis acids, but
cleaved upon treatment with a 19:1 mixture of TFA-H,0.% Copper(Il) com-
plexes formed with amino-sugar-derived f-oxoenamine ligands such as 76 con-
tain elements found in certain metalloenzymes and were shown to catalyse
oxidation of a catechol to an o-quinone with molecular oxygen.” The or-
thogonally protected building block 77 has been used in the construction of
amide-linked glycodendrimers.”

3.5 Lipid A Analogues. — Of a set of eleven new N-acylated L-serine-containing
2-amino-2-deoxy-D-glucose derivatives synthesized as Lipid A analogues and
evaluated as synthetic immunoadjuvants, compound 78 had the greatest
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mitogenicity.”? The Helicobacter pylori Lipid A (79), along with an analogue 80,
was synthesized in 14 steps and 2.2% overall yield from 2-amino-2-deoxy-D-
glucose.”

o
CHQOH
CO Me
CHzN’é\/ ? raon CO-B-Ala-OH
o] o/\r B-Ala-
“H
o\/\ NCO,Bu! OH NHC 14
AcO HO
Ac NHC14,0C14
76 78
0
C =
4 )J\(CHz)mMe
(o] OCq4
C140Cqa=
CH,OH 144 »J\)(H}(CHZ),OMe
O O—CH,
OH [o)
HO fo)
OH I1_OH
HN HO O0-R
© HN OX

NHy
" bR /\/©/
R a-D-GIcNAc-O (0]

79 X = CHaCHoNHy, R =—(CHy)1aMe 81 R =NHAC
80 X =H, R=—(CHyp)iMe

4 Diamino-sugars

The synthesis of the spacer-containing disaccharide fragment 81 of Bordetella
pertussis lipopolysaccharide has been described. Ethyl 4,6-O-benzylidene-1-
thio-B-p-glucopyranoside was subjected to 2-O-tosylation, 2,3-epoxide forma-
tion, azide ring opening, and formation and azide displacement of a 3-triflate to
yield a 2,3-diazido-2,3-dideoxy-B-mannoside derivative. This then participated
as a donor then an acceptor in two consecutive glycosylation reaction to yield 81
after protecting group manipulation.” A panel of 2,4- and 2,3-diacetamido-2,4,6-
and 2,3,6-trideoxy-L-hexopyranosides has been prepared by epoxidation of the
2-acetamido-hex-3-enoside 82 followed by ring opening with azide to give separ-
able mixtures of the azides 83 and 84 (Scheme 20). The stereochemistry at the
carbon atom bearing the unprotected hydroxyl group in either compound could
be inverted by a triflate displacement reaction.” Prop-2-yl D-epi-purpurosamine
(86) was synthesized from the hex-3-enoside 85 by a double triflate displacement
reaction with azide (Scheme 21).7
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Scheme 21

Reductive amination was used to link the 2,4-diamino-sugar and di-
fluorophosphonomethyl-iminoalditol moieties of the disaccharide mimic 87.”
The 2,5-diamino-2,3,5-trideoxy-hexosides 89 were obtained as the major
stereoisomers by Michael additions to the chiral (2S)-hydroxymethyl-dihyd-
ropyridine 88 (derived from D-glucal in 6-steps) followed by reduction (Scheme

22).78
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88 89 X = N3 or NHCH,CO,Me
Reagents: i, NaN; or H;NCH,CO,Me; ii, NaBHy4, pH 8
Scheme 22
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A review of strategies for the design of drugs targeting RNA and RNA-protein
complexes included RNA-binding aminoglycoside antibiotics such as neomycin
B, tobramycin and simplified semisynthetic mimetics of them.” Simplified ana-
logues 90 have been obtained by substitution on neamine, itself obtained
by degradation of Neomycin B.** While these showed little anti-HIV activity,
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coupling of the aromatic hydrocarbon pyrene group to neamine by acylation at
N-6' gave a compound that bound at sub-micromolar levels to RNA from HIV.®
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Miscellaneous Nitrogen-containing Derivatives

1 Glycosylamines and Related Glycosyl-/N-bonded Compounds

1.1 Glycosylamines and Glycosylammonium Salts. — X-Ray crystallography
has shown that N-phenyl-, N-4-chlorophenyl- and N-carboxamido-pD-man-
nosylamine are in the f-pyranosyl form in the solid state, whereas mannose
oxime is in the open chain form.! The conclusion from an examination of the
conformations of various 2,3,4,6-tetra-O-acetyl-N-aryl-D-glucopyanosylamines
in neutral and protonated form was that there was no evidence to support the
existence of a reverse anomeric effect.’

A 27-step synthesis of spicamycin amino-nucleoside (1) from myo-inositol
featured a palladium-catalysed coupling of S5-chloropurine and with a
glycosylamine derivative.> Full details have been published on the products
obtained from reactions of 5,6-diamino-2-methoxy-3-methylpyrimidi N-4(3H)-
one with xylose and with other pentoses in alcohol solutions (cf. Vol. 27, p. 127,
ref. 8).4

(0]
H2N (@] N
CH,OH NS
H%NH N N
N I
OH OH N=/ R
1 2 R =p-D-Ribp 3 X =B-D-Ribf

or B-D-Rib-Acy R'=0Bn, R?=R%=H,
R* = NHCH(CH,OH),

MeHN/—O  o_cp,
4 X=
N o)

MeO

OH
R'=H, R?=Cl, R®=H, R*=Me

The flavin ribosides 2, required asprobes of the pairing properties of flavin-
containing oligonucleotides, were synthesized by elaboration of the correspond-
ing N-(2-nitro-4,5-dimethylphenyl)-riboside triacetates. The O-deprotected
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furanosyl derivative was too unstable to be isolated.’ N-Glycosylations of
imidazo[4,5-d]phenazine, its 2-methyl- and 2-trifluoromethyl-derivatives, and
1,2,3-triazolo[4,5-d Jphenazine have been reported. Further rebeccamycin ana-
logues have been synthesized. The B-D-ribofuranosyl derivative 3 was identified
as the most potent topoisomerase I inhibitor of a set of sugar variants, the
synthesis of which involved base-catalysed reaction of an aglycon (in which R* =
Me) with a perbenzylated aldopyranosyl chloride. These reactions gave pre-
dominantly B-anomersexcept in the case of the D-allose derivative.” Analogue 4,
the antibiotic AT 2433-A1, was obtained by a direct, acid-catalysed condensa-
tion of a free disaccharide with a tetrahydro-precursor of the aglycon, followed
by aromatization. Syntheses of a variety of model compounds and analogues
were also reported.® Michael additions of heterocyclic bases to the 2-nitro-p-
galactal 5 yielded 2-deoxy-2-nitro-B-D-galactosylamine derivatives 6, one being
converted to the 2-acetamido—2-deoxy-f-D-galactosylamine derivative 7
(Scheme 1).°

CH,0H R x
BnO o} _ ( N
I =V
omn )1 e (—( 2 )
2 NO; N

/
NO, e NN B-D-GalNAcp
5 6 X=eg. \ee/ 7
~N"N
—{ where Y=CHorN
L/
Ny
Reagents: i, XH, base, THF; ii, Hy, Raney Ni; iii, Ac;0, py; iv, Hy, Pd(OH),
Scheme 1

Activation of Schiff bases by N-glycosylation has been shown to induce
asymmetric Mannich reactions with O-silyl ketene acetals to give f-amino acid
esters in good yields, as exemplified in Scheme 2. The predominant diastereomer
was favoured by a ratio of 8:1 to 5:4, depending on the reactants. The N-glycosyl
linkage could be cleaved with HCI in MeOH.'° A review of asymmetric hetero-
Diels—Alder reactions involving imines included the use of N-glycosyl-imines."

Et Et oTMS flft Et Et

\
o-R—Br + N::\ + —— B-R—N

Ph  Et OMe COMe

Ph

Reagents: i, AgOTH, 2,6-lutidine R = tetra-O-pivaloyl-D-Glcp-

Scheme 2

Several 4-thio-p-glucofuranosylamine disaccharide derivatives such as 8 (o,
1:3) were obtained by direct condensation of 4-thio-D-glucose with an amino-
sugar.” A review of the application of palladium m-allyl complexes of un-
saturated carbohydrates in fuctionalization at the anomeric centre included the
use of N-nucleophiles to provide unsaturated N-glycosyl derivatives."> Cyclic
1,2-N,0-phosphate derivatives of aldoses feature as intermediates in selective
2-O-phosphorylation reactions (see Chapter 7).
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Glycosylamine derivatives 10 were prepared from the B-glycosyl bromide
derivative 9 of methyl D-arabino-hex-2-ulosonate, either by Hg(CN),-catalysed
condensation with the free amine, or by preparation, reduction, anomerisation
and acylation of the corresponding a-glycosyl azide.' ‘Fused glycosyl-glycines’
such as 11, its sialic acid analogue and 5-epi-hydantocidin (12) have been
prepared for use as synthons for artificial glycopeptides.”® 4-C-Substituted a-L-
lyxofuranose nucleoside analogues such as 13 were obtained from the corre-
sponding 4-C-bromo-D-ribose derivative by displacement with inversion.'® Four
bicyclic glycosylamine derivatives, e.g. 14, were obtained by use of intramolecu-
lar hydrogen abstraction reactions (Scheme 3).!”

CH,0Bn
S : J—O
OH Mo o
: ; X
HO OMe OAcACO COM
e
oo AcO 2
Ph Me
CH,OH 8 9 X=Br
10 X = NHMe, NHAc,\u)\cozEt,\H/kcone
cl
N
N v
CH,0Bn N
2 CHoH & %
o) o N N fs) OAc
COgMe NH
OBn /&
BnO NH, N™ o BzOCH,
OBn HO OH BzO OBz
1 12 13
9
e (PhO)P,_
H N—P(OPh), N
MeO O CH, ) MeO o]
i
Me —_—
MeO OMe MeO OMe
14

Reagents: i, PhI(OAc), or PhIO, I Scheme 3

The preparation, X-ray crystal structure and ab initio calculation of the charge
distribution of N-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-p-D-glucopyranosyl)-
pyridinium chloride have been reported.”® The anomeric N-(2,3,4,6-tetra-O-
acetyl-D-glucopyranosyl)-4-dodecylpyridinium bromides were prepared as
novel cationic surfactants.'” The panel of five substituted-pyridinium salts 15
were synthesized from the peracetylated glycosyl chloride of B-D-N-acetyl-
neuraminic acid and used to probe the mechanisms of enzymatic and non-
enzymatic hydrolysis of neuraminides.® Detailed analysis of the solvolysis of
N-(2-deoxy-a- and B-D-glucopyranosyl)-4-bromoisoquinolinium tetra-
fluoroborate in aqueous alcoholic solvents indicated Sy2-like transition states.
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D-Glucal and 1,6-anhydro-2-deoxy-p-D-glucopyranose were found amongst the
reaction products?! The photohydration of the aglycon of N-(a-D-
glucopyranosyl)-pyridinium chloride is covered in Chapter 22.

o o x
N
B-D-GIcNAcp—H Y

(o}

15 X=H,30Me,3Me,4Me,3,4-Mez 16 X=Y=HorX=0H,Y=HorX=0H, Y =NH,

R
/
R[N
B-o-Galp—N" (CHy)—NH, N ’3

17 n=3,50r 10 [ N—R

H’N NJ
\\/ }:{

AcNH

(o}

=4

Where n=1,2,30r4

18 R= /U\ (CHg)g‘[m NH(CH,)3[OCH;CH,]2(CHy)s N— (CH2)5 B-D-Galp

1.2 Glycosylamides Including N-Glycopeptides. — Glycosylamides were pre-
pared directly in high yield by reaction of glycosyl azides with acyl chlorides and
Ph;P. B-Azides gave B-products, while a-azides gave a,B-mixtures.”

The three N*-(2-acetamido-2-deoxy-B-D-glucopyranosyl)-L-asparagine ana-
logues 16 were synthesized by acylation of the corresponding glycosylamine.?
Amphiphilic 2-acetamido-2-deoxy-B-D-glucopyranosylamide derivatives bear-
ing an amino acid moiety at C-2 and two long chain fatty acyl moieties on the
aglycon have been prepared (see Chapter 9, ref 59 for an example).?*

Polymers bearing N-linked sugar units have been prepared. In studies directed
towards specific drug delivery methods, microspheres have been made from the
polymers obtained by condensation of polylactic acid with the galactosylamide-
amines 17, synthesized from tetra-O-acetyl-B-D-galactopyranosyl isothiocyan-
ate. These microspheres were recognized by galactose-specific lectins.”> The
pentavalent B-D-galactosylamide dendrimers 18 were prepared by a modular
approach using squaric acid coupling reactions. The largest (n = 4) had the
highest affinity for the heat-labile enterotoxin of Escherichia coli*® The Ugi
reaction (which involves one-pot condensation of an amine, an isonitrile, a
carbonyl compound and a carboxylic acid) has been used to append 1-10
N-glycosylamide units to bovine serum albumin (BSA) or horseradish per-
oxidase. For example, condensation of BSA with B-p-glucopyranosylisocyanide,
acetone and Rhodamine B (a carboxylic acid) gave the adduct 19.7

An extensive review (261 references) has been published on the synthesis of
glycopeptides containing carbohydrate and peptide recognition motifs.® N-
Acylation with fluoride 20 wasused to prepare glycosylamino acid derivatives
such as 21, the amino acid moiety then being elaborated into a pentapeptide.”’
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Danishefsky’s glycal iodosulfonimidation-ethanethiolate rearrangement method
has been applied to the total synthesis of the high-mannose N-linked glycopep-
tide 22 (Scheme 4).** N-Glycosylated a-aminooxyacids 23 were obtained by
condensation of the glycosylamine with an L-malic acid derivative’' In a new
synthesis of neoglycopeptides, the amine 25 was synthesized from N-allyl-8-
maltosylamine 24 (Scheme 5) and coupled to a dipeptide (benzyloxycarbonyl-
glutaminyl-glycine) through the acyl transferase action of transglutaminase. The
method was applicable to amines varying in the sugar or spacer moiety.”

CHgan O Hn— Dlpepllde
N
OBn )1 —
HN— Dlpeptlde
o-Man, NHAc NHAc NHAc
R= |3 Man B -GICNAC —=
a-Man
Reagents: i, IDCP, NH,SO,Ph; ii, EtSH, LIHMDS
Scheme 4
(e}
O-N
o) '

J e
RNH CO,H

23 R = B-D-GIc(Ac)s, B-D-GIcNHAC(AC)3, B-lactosyl{Ac);

i, ii NH
RNTNF — H—I}l/\/\s/\/ 2
H

24 Ac 25

R = B-maltosyl
Reagents: i, Ac;O; ii, g~z hv
Scheme 5
Solid phase glycopeptide syntheses continue to be reported. A modified
Staudinger reaction was used to synthesize the polymer-bound pB-
glucuronosylamide 26 from the corresponding f-azide. The leucine moiety was
then converted into a leucine-enkephaline pentapeptide motif** The polymer-
bound -galactosylamine 27, obtained from the corresponding $-azide, was used
as an asymmetric ammonia equivalent in stereoselective Ugi reactions, an
example of one combination from a set of five aldehydes and three isocyanates
being shown in Scheme 6. Diastereomeric ratios ranging of 10:1 to 15:1 were
achieved. A set of D-amino-acid derivatives was obtained following removal of
product from the resin and cleavage of the glycosidic link (CF3CO,H, then HC],
MeOH)* A range of B-glycosylamines were polymer-bound and coupled to
asparagine and glutamine derivatives to give products such 28 and 29, respect-
ively. Following cleavage from the resin (CF;CO;H), these were used in the
construction of glycopeptide libraries.
The synthesis and glycosidase inhibitory properties of several nitrogen-in-the-
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(o]
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O H
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26

OAc
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CHy i N
RO oO ° — >/ NHBU
NHz N pr
OR
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27 R=Piv
Reagents: i, HCOLH, Pr'CHO, Bu'N=C, ZnCl,
Scheme 6
resin
CH,0”
O NHR
OH
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ring glycosylamines have been reported. The 5-amino-5-deoxy-4-C-methyl-D-
ribopyranosylamines 31 were obtained from the known lactam 30 (Scheme 7)
and shown to be potent a-L-fucosidase inhibitors, the trichloro-derivative hav-
ing a K; value of 9 x 107 M.’ In a similar way,the potent B-glucuronidase
inhibitor 32 (K; = 6.5 x 10°® M) and three isomers were obtained in 12 steps
from 5,6-O-isopropylidene-L-galactono-1,4-lactone’’ Siastatin B (33), a sialidase
inhibitor, has been synthesized in 15 steps from a resolved 4,5-dehyd-
ropiperidine-3-carboxylate. Two analogues, the N-trifluorocetate and 5-C-ben-
zyl derivatives, were also reported.®® Natural siastatin B was converted into
compounds 34, which are mimics of known sialidase inhibitors.”

1.3 N-Glycosyl-carbamates, -ureas, -isothiocyanates, -thioureas and Related
Compounds. — N-Glucosyl cyclic carbamates such as 35 were obtained from
silver ion-mediated desulfurization — condensation of peracetylated f-p-
glucopyranosyl isothiocyanate with a-hydroxy-acids. When applied to aliphatic
B-hydroxy-acids, the initially formed cyclic carbamates underwent decarboxyla-
tion. 3-Hydroxybutanoic acid thus gave 36, while salicylic acid gave 37.* The
cyclic carbamates 38, prepared from D-glucose, were employed as chiral auxili-
aries. Thus N-acylation, conversion to a boron enolate and condensation with
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an aldehyde gave diastereomeric mixtures enriched in syn-products such as 39.*

N-Glycosyl-urea derivatives such as 40, required as building blocks for
glycopeptide mimics, were synthesized from the corresponding glycosyl isocyan-
ides, these being available from the corresponding a- or B-glucosyl azides
(Scheme 8). While the a-azide gave a 4:1 mixture of a- and B-isocyanides, no
epimerization occurred in the conversion of the -azide, nor in the formation of
the N-glycosyl-ureas.” The 5',6-cyclo-dihydro-2’-deoxyuridine 41, a major prod-
uct of gamma-irradiation of oxygen-free aqueous solutions of 2'-deoxycytidine,
has been synthesized and incorporated into DNA oligomers.*

CO,Bu' 0
/ H
N CH2NHCOZBu ) N w L
n, VI—Xl N
o)
TbdmsO >< W\
o, ° HO OH
)Q CH,OTbdms 31 R=H F,Cl

30
Reagents: i, NaBHy; ii, BusNF; iii, Tbdms—Cl, Im, DMF; iv, Dess-Martin oxidation; v, Ph3P=CH,;
vi, Swern oxidation; vii, PhthNH, PhaP, DEAD; viii, Hp, Pd/C; ix, NHoNH,, MeOH;
x, Ac0, (CF3CO), or ClsCCOCI; xi, HCI
Scheme 7
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R'O o MeMe
H
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Et
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R'—N; — R'-NC —— R'—

R'=o-or B-D-Glcp(Ac), 40 R2= e.g.~<:>

Reagents: i, Hp, Pd/C; ii, AcOCHO; iii, CBry, PhaP, EtsN; iv, CsHsN — O, Ip; v, H2—NH2
Scheme 8

N—R?2
H
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CH o o
OH OH
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41 22 OH

The synthesis of B-D-glucopyranosyl-thioureas has been reported.* N’-
Glucosylated sugar urea and thiourea derivatives such as 42 were synthesized by
Ph;P-induced condensation of the corresponding protected 6-azido-sugar with
tetra-O-acetyl-B-D-glucopyranosyl isothiocyanate followed by either hydrolysis
(HOAc, H,0) or thiolysis (H,S, silica gel), respectively, then deprotection.”
Acetylation of such doubly substituted thiourea derivatives led to various re-
gioisomeric N- and S-acetylated derivatives.*

Imidazoline-2-thione derivatives such as 43 were synthesized by condensation
of 1-amino-1-deoxy-D-fructose (or its N-alkylated derivatives) with glycosyl
isothiocyanates and converted to dehydration products or spiro-cyclic deriva-
tives such as 44 and 45, respectively, under different acidic conditions.”” The
spiro-thiohydantoin analogues 47 and 48 were synthesized from the photo-
bromination product 46 (Scheme 9), the latter being able to interfere with the
formation of glucose from glycogen in rats.®*

S

. )L
H‘NJLNFIZ NHz
“~CH,OH
oo
Ha
43
HO ZOBz
R'=H,Meetc, R?= OH, R¥=eg. k 7
CHZOH BzO OBz

2 Azido-sugars

2.1 Glycosyl Azides and Triazoles. — Peracetylated 1,2-trans-glycosyl azides
have been synthesized from the corresponding 1-O-acetates using NaN; and
BF;.0OEt,,™ or the corresponding 1-bromides or chlorides using NaNj; in aque-
ous acetone.” The synthesis of 1,2-trans-glycofuranosyl azides from the corre-
sponding peresters with TmsN; and various Lewis acids has been studied.
Variable amounts of the 1,2-cis-isomers were produced, depending upon the
Lewis acid. The best 1,2-trans-selectivity was achieved with TmsNj; and catalytic
SnCL. Poorer selectivity was observed with the corresponding 1,2-cis-glycosyl
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CHQOBZ CHon

i, i 47 X=0 ol s
— N
CONH

0Bz 2 OH \rﬁ

i, ii HO
BzO Br \ 48 X =HH X
OBz HO
46
Reagents: i, NH,SCN; ii, NaOMe; iii, NH;SCN, Sg
Scheme 9

peresters.”? L-Arabino-, b-ribo- and D-xylo-furanosyl azides were prepared by
treatment of reducing pentose derivatives with (PhO),P(O)Cl1 or TsCl and NaN;
under phase-transfer catalysis conditions.”® The O-protected a-D-ribo-, §-D-
arabino- and 2-deoxy-2-fluoro-f-p-arabino-furanosyl azides, all with a 1,2-cis-
stereochemistry, were the predominant products from reaction of the corre-
sponding 1,2-trans-glycofuranosyl halides with NaN; under phase-transfer cata-
lysts  conditions.  3,5-Di-O-(4-methylbenzoyl)-2-deoxy-p-D-erythro-pento-
furanosyl azide was obtained as the major isomer from reaction of the corre-
sponding a-chloride with CsN; in DMSQO.>*

Reaction of B-p-galactopyranosyl azide with chloral and dicyclohexylcar-
bodiimide in 1,2-dichloroethane gave the D-gulopyranosyl product 49 as resuit
of epimerization at C-3, in a one-pot acetalation — epimerization procedure that
is generally applicable to cyclic polyols with three contiguous hydroxyls in a
cis—trans sequence. Thus, D-arabino-, L-fuco-, and D-manno-pyranosyl azides
gave D-lyxo-, L-gulo- and D-altro-products, the reaction being independent of the
presence of the azido-function” Regioisomeric pairs of N-glycosyl-1,2,3-
triazoles such as 50 were obtained by dipolar cycloaddition of the corresponding
azide with 3,3,3-trifluoropropynylbenzene

2.2 Other Azides and Triazoles. — 2-Azido-2-deoxy-a-D-glucopyranosyl in-
ositol derivatives have been synthesized by two approaches: (a) the use of the
conformationally constrained S-pentenyl 2-azido-3-O-benzyl-4,6-0-ben-
zylidene-2-deoxy-B-D-glucoside as a glycosyl donor which has a non-participa-
ting group at C-2; and (b) the use of a 1,2-O-(5-pentenyl orthobenzoate)-p-D-
mannosyl donor, followed by azidation with inversion at C-2 through displace-
ment of a 2-triflate with TmsN; and Bu,NF.” In a similar way, 2,3-diazido-2,3-
dideoxy-p-D-mannopyranosides were synthesized either directly using the corre-
sponding a-mannosyl bromide as donor, or indirectly using a 3-azido-3-deoxy-

CH,OH CHoX

C'CeHﬂN (o] (0] N3 (o]

H R'0

N=N
(A)BDGI’“‘\ R? 2 S OMe
C)4p-D-Gal
Hecl R' H
49 50 R'R%=CF,, Ph 51 X=N3, R'=Ac, R?=Me
(o]

s2 x=0H R'= _J . R?=ccy

|
c-CgHyq
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p-glucopyranosyl donor, and subsequent displacement of a 2-triflate with azide
ion.” The crystalline methyl 3-azido-2,3-dideoxy-a-D-glucopyranoside has been
synthesized from D-glucal triacetate by hydration, Michael addition of azide,
methanolysis, chromatographic fractionation and deacetylation.”

6-Azido-sugar derivatives such as 51 were synthesized conventionally from the
known trichloroethylidene carbamate derivatives such as 52, prepared by a
one-pot acetalation-epimerization procedure from methyl a-pD-mannopyrano-
side (see Section 2.1).* The 2,6-anhydro-5-azido-2-C-hydroxymethyl-L-allohep-
tose derivative 53 has been synthesized from a racemic norbornenone deriva-
tive® 6-Azido-6-deoxy-, and 5,6-diazido-, 5-azido-6-fluoro- and 6-azido-5-
fluoro-5,6-dideoxy-D-fructoses 54 have been prepared by polyol dehydrogenase-
catalysed isomerization of the corresponding D-glucose derivatives.®”

Fleet and co-workers have prepared tetrahydrofuran azido-acids such as 55
and 56 and demonstrated their use as building blocks for peptidomimetics.®***
The synthesis of 1,4-anhydro-3,6-diazido-4-thio-alditol derivatives is detailed in
Chapter 11.%

The thermal cycloaddition of 3-azido-3-deoxy-1,2:5,6-di-O-isopropylidene-o-
D-glucofuranose to Cg has been described.

CH,0H
° HOCH
o
N HO O CO,Me
isio—C OH
Pr'3SIO~ CHzan
OSiEty X
CHO CHpY N3 OTbdms
53 54 X,Y =F, N3, OH 55
AcOCH
o 20 Cl
o}
N3CHa ‘
o. CO.Pr OAc ONO, N=0
v
07<0, 0 o_0
N3 )&
56 57 58

3 Nitro- and Nitroso-sugars

Reviews have covered diastereoselective nitro-aldol reactions for the synthesis of
amino-trideoxyhexoses,”” and anionic conjugate addition reactions of un-
saturated nitro-sugars.® Azidonitration of conformationally constrained D-
glucal derivatives yielded predominantly the D-gluco-isomers such as 57.% The
total synthesis of the antibiotic everninomicin, which contains the nitro-sugar
evernitrose, is covered in Chapter 4.

The a-chloronitroso-sugar 58 was synthesized by reaction of the correspond-
ing oximino-lactone with tert-butyl hypochlorite and used as a dienophile in
asymmetric hetero-Diels—Alder reactions. Adducts were produced as hydrochlo-
ride salts in 93-99% ee with simultaneous solvolytic removal of the auxiliary.”
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The synthesis of 1,4:3,6-dianhydro-D-glucitol 5-nitrate from the 2,5-dinitrate is
covered in Chapter 18.

4 Oximes, Hydroxylamines and Nitrones

The synthesis, properties and applications of hydoxyimino derivatives of pyra-
noses and pyranosides have been reviewed (67 references).” The 2-nitroso-o-D-
xylopyranosyl chloride derivative 59 has been converted to a 1:1 mixture of
N-glycosyl-pyrazole oxime a-60 and its f-anomer. The B-anomer of 60 could be
3-deoxygenated (on treatment NaBH,) or converted to a mixture of the N-B-D-
arabino- and xylo-pyranosyl-pyrazoles (by reaction with CH;CHO then
NaBH,). The a-anomer gave mostly the 3-azide 61 on reaction with sodium
azide (Scheme 10).? Tri-O-acetyl-2-deoxy-2-nitroso-a-D-galactopyranosyl
chloride was similarly converted to anomeric mixtures of the thioglycoside

2-oximes 62.7
Q' —2 o Q (7
NOH

Reagents: i, E\‘N , MeCN; ii, NaNy, EtOH

N

H Scheme 10

CHQOAC CHgOH

NH
©° NHPh
OBn NOH
BnO
NHAc NHAc
62 R =Phor > 0 64

NHBz

An improved synthesis of the oximino-lactone derivative 63 (PUGNAC’) in
five steps from 2-acetamido-2-deoxy-a-D-glucopyranose tetraacetate has been
described, the critical step being a low temperature oxidation of an acyclic aldose
oxime intermediate to a cyclic oximino-lactone with NCS and DBU.” The
D-xylono-1,5-lacatam oxime derivative 64 has been synthesized from an L-serinal
derivative as a potential N-acetylglucosaminyl transferase inhibitor.”

Reduction of 1-nitro-1-alkene derivatives such as 65 provided 2-deoxy-aldose
oximes and their elimination products such as 66 and 67, respectively (Scheme
11). The oxime 66 could be converted into the corresponding free 2-deoxy-sugar,
2-deoxy-aldononitrile and 2-deoxy-aldonic acid.” Radical cyclization of 5-keto-
aldose aldoximes to give aminocyclopentitol derivatives is covered in Chapter
18.

Glycosylamines produced by reaction of unprotected sugars (e.g. LacNAc, Le*
trisaccharide and sialyl-Le* tetrasaccharide) with the photoreactive, carbene-
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OH
N02 (i\’// N~~OH HC//N
= ) CH,
AcO — AcO + =
OAc OAc OAc
OAc OAc OAc
CH,OAc CH,OAc CHo0Ac
65 66 67
Reagents: i, SnCl,.2H,0, EtOH Scheme 11

generating O-substituted hydroxylamine 68 enable chemiluminescence detection
of lectins by photoaffinity labelling.”” Trichostatin D (69) has been isolated as a
new inducer of phenotypic reversion in transformed cells, the f-anomer having
been reported previously (Vol. 12, p. 153—4).7 The glucuronide 70 of Trocade™,
a collagenase inhibitor in Phase III clinical trials, has been obtained by N-
acylation of an O-glucuronosyl-hydroxylamine derivative, synthesized by
glucuronosylation of N-hydroxy-phthalimide.”

A review on nucleophilic additions to glycines has included a section on N-
glycosyl nitrones, e.g. the use of an N-mannofuranosyl nitrone in the synthesis of
chiral amines.*® The chiral nitrone 72 has been synthesized from L-erythrulose (i,
NH,OH; ii, Me,CO, H*), oxidation of the initial adduct 71 appearing to occur
spontaneously. It was used in 1,3-dipolar cycloaddition reactions with ethyl
acrylate and ethyl propiolate to give isoxazolidines e.g. 73.3' 3-Glycosyl-5-
substituted isoxazoles 75 were obtained from 1,3-dipolar cycloaddition reactions
of the nitrile oxide generated in situ from the oxime 74 in the presence of
chloramine-T.%

5  Nitriles, Tetrazoles and Related Compounds

The photo- and thermo-induced ring expansions of 1-cyano-glycosyl azides have
been studied. Under both conditions, both anomers of the p-galactopyranosyl
derivative gave 76.%The 6-cyano-D-galactose derivative 77 reacted with sodium
azide to give the tetrazole 78, which formed isomeric dimers 79 and 80 in DMF at
110°C, and the derivative 81 upon treatment with acetic anhydride (Scheme
12).5

6  Hydrazines, Hydrazones and Related Compounds

The preparation and amphiphilic properties of a new class of surfactants, N-
(fatty acyl)-N'-B-D-glucopyranosyl or p-maltosyl-hydrazines, has been de-
scribed.® 1-Glycosyl-3-methylpyrazol-5-ones such as 82, formed by acid-
catalysed reaction of aldose hydrazones with 2,2,2-trifluoroethyl acetoacetate,
were sensitive to oxidation. Coupling with a diazonium salt prevented degrada-
tion and provided highly coloured adducts such as 83, suitable as derivatives for
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chromatographic analysis. Pyrazolone regioisomers with the sugar bonded to
N-2 were also encountered.® The formation of pentose and hexose hydrazones
on reaction with 2-hydrazino-4-oxo-6-phenyl-pyrimidine and their cyclization
to the weakly antimicrobial derivatives 84, has been described.”” Condensation of
benzamide hydrazone hydroiodide with p-glucose gave the B-pyranosyl hy-
drazine 85, which formed the triazole 86 on acetylation. When applied to
p-galactose and D-arabinose, this condensation-acetylation sequence provided
the corresponding a-galactofuranosyl triazole derivative and the acyclic deriva-
tive 87, respectively.®



10: Miscellaneous Nitrogen-containing Derivatives 149
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The thiosemicarbazone 88 gave the 1,3,4-thiadiazole 89 with FeCl; or the
dihydrothiadiazole 90 on acetylation.® Similar reactions have been reported for
p-galactosyl, D-glucosyl and D-mannosyl thiosemicarbazones.® Tetradentate
metal ion (Cu?*, Pt** and Pd**) complexes of the 1,2-bis(thiosemicarbazone) 91
have been prepared.’! Triazenes such as 92 were obtained by reactions of
B-D-glycopyranosylamines with a diazonium salt.%?

N NHAc
S 2 s
X ? e
R—CH=N—N" “NH s N Y
“TH 2 RT SN Hod
88 89 90

O,
R= EOAc ?\
[0}
o\i\
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The syntheses of the potent glucosidase inhibitor 1-azafagomine (93) and the
related D-lyxo-isomer 96 are covered in Chapter 18.°*** Oxidation of 93 provided
the imines 94 and 95 (Scheme 13), but these were very poor glucosidase inhibi-
tors, suggesting that a half-chair conformation is less important than appropri-
ate protonation for a transition state analogue.” The synthesis of the related
dihydro- and tetrahydro-pyridazinones 98 and 99 from tri-O-acetyl-D-glucal (97)
is shown in Scheme 14. While the D-arabino-configured tetrahydro-pyridazinone
99 (R = H) was a micromolar inhibitor of several glycosidases, N-substituted
analogues and the dihydro-analogues 98 are weak inhibitors.”

CHZOH CH,OH CH20H CHZOH
N
NH —_— OH N—NH»
R M O %
eagent: i, Mn
9 2 Scheme 13
CH,OAc CH20Ac CHZOH 2OH
0 -
(A1} IIl iv
OAc/ —_— OAc OH N R . OH N R
AcO AcO CO,Me

7
9 O R=H, Me etc.

Reagents: i, RuOg, NalQy; ii, MegSiCHNy; iii, RNHNH,; iv, NH3, MeOH, HyxO; v, NaBHacN AcOH
Scheme 14

7 Other Heterocycles

The fused oxazole derivative 100 was synthesized from 3-azido-3-deoxy-1,2:5,6-
di-O-isopropylidene-a-p-allofuranose, the key final step being the reaction of
methyl  3-amino-3-deoxy-5,6-O-isopropylidene-B-p-alloside ~ with  DMF
dimethyl acetal.” The annelated pyranoside 101 was obtained by cyclization of a
branched chain hexosulose derivative, *® and the fused triazole-piperidinoses
such as 102 were made by a radical cyclization of a 3-pyrazolo-6-iodo-sugar
derivative.” The spiro-isoxazoline 103 and related isomers have been syn-
thesized by dipolar cycloadditions of mesitonitrile oxide to 2-deoxy-2-C-methyl-
ene-pentonic acids, themselves available in five steps from D-mannitol.'® Intra-
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molecular dipolar cycloaddition reactions of an allyl group in a C-3 substituent
and a nitrileoxide moiety at C-5 led to 10—12-membered nitrogen and oxygen
heterocycles, such as 104, fused to an isoxazoline.'” p-Lactams such as 105 have
been synthesized by, for example, [2+2]cycloaddition of chlorosulfonyl
isocyanate to the corresponding 3-O-vinyl ether, and converted into the polycyc-
lic derivatives such as 106 by intramolecular alkylation.'*

CH,0H

HO

103 104 X=0or NTs 106

105
(0]
“N
R N2 § O)\N N>_<\\NI
N |
\@ AN U CHy
" e
OH o
OH

OH
CH,0H

CH,OH
107 R=H, Cl, Me 108

Condensation of D-glucose with 1,2-diaminobenzene or its 3-substituted-de-
rivatives, then with hydrazine, provided the pyrazoloquinoxalines 107.1%
Triazolopyrimidopurines such as 108 (and a regioisomer) were obtained by
cycloaddition of an acetylene-substituted heterocycle with a 1-azido-1-deoxy-
alditol derivatives.'™

The thiazoline derivative 109 was obtained as a single isomer by condensation
of the corresponding 1,6-pD-galactodialdehyde diacetal with 2-chloro-2-methyl-
propanal, ammonia and sodium sulfide.'® The multi-step synthesis of 3-trialkyl-
silypyrazole derivatives such as 110 from 5,6-dihydroxy-sugar derivatives has
been described.!%

Fused triazoles such as the D-arabinose-derived 112 were synthesized by
intramolecular condensation of the 7-azide produced by displacement of the 7-
tosylate from unsaturated ester 111 (Scheme 15).} Triazole 114 was synthesized
by intramolecular dipolar cycloaddition of the azido-alkyne 113, derived by



152 Carbohydrate Chemistry

109 110 R=Hor Me

addition of ethynyl dichlorocerium(I1I) to a S-azido-5-deoxy-D-glucofuranose
derivative (Scheme 16), and was shown to be a poor glycosidase inhibitor. The
C-disaccharide mimic 115 was obtained similarly through addition to 113 of a
cerium(IID)-5-C-ethynyl-glycoside derivative '® Vasella and co-workers have
provided a detailed analysis of the glycosidase inhibitory properties of a range of
such heterocycle-fused aza-sugars. Tetrahydroimidazopyridines with hydropho-
bic, flexible substituents at C-2, syntheses of which were described, were very
potent B-glucosidase inhibitors; thus 116 had K; values of 1.2 and 0.11 nM
against the enzymes from almonds and Caldocellum saccharolyticum, respective-
1y.!® Inhibition of these B-glucosidases by a set of 2-amino-2-deoxy-D-glucose
mimics bearing a ring nitrogen atom and a fused unsaturated five membered ring
containing a further zero, one or two nitrogen atoms has been reported. The
inhibitors are bound as their ammonium salts, and the best inhibitors, such as

CO,Me
= N/ N\\ N
" — Bn0)= COM
OB e
n BnO 2
OBn OBn
CH,OTs 112
111
Reagents: i, NaNs, DMF; ii, DBU
Scheme 15
H
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115 R= (OH
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Reagents: i, HC=C—CeCly; ii, A, PhMe; iii, Ho, PA(OH),/C
Scheme 16
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117 and 118, lacked a heteroatom bonded exo to C-1.1° The 2-acetamido-2-
deoxy-D-glucose mimics 119 and 120 were potent inhibitors of bovine kidney
N-acetylglucosaminidase (K; values of 4 uM and 34 nM, respectively).!"! The
isoquinuclidine derivative 121, synthesized from 3-hydroxy-2-pyridone, mimics
a mannopyranoside boat conformation and was an inhibitor of snail f-man-
nosidase (K; = 20 uM).!”? The synthesis of N’ N°®-bridged 6-amino-1,6-
dideoxynojirimycins is covered in Chapter 18.

CH,0H R CH,0H - CHaOH CH,0H
N X N/ ~Y N/ <N N ~ r‘q
on =N OH )™ on = on )=N
HO HO HO HO
OH NH, NHAc NHAc
116 R = CH,CH, 117 X=Y=N 119 120

118 X=CH, Y =CCO,Me

H
N
HO—+ CHz0H
HO OH
121
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Thio-, Seleno- and Telluro-sugars

1 Thiosugars

1.1 Monosaccharides. — 1.1.1 Acyclic Compounds. A new route to 2-
deoxypentose dialkyl dithioacetals 2 involved opening of the L-ascorbic acid-
derived epoxide 1 with lithiated formaldehyde dialkyl dithioacetals. Standard
protecting group manipulations converted 2 (R = Bu') to the 4-mesylate 3.!

SR Bu's._ _sBu
CH2 CHy
OH 0OBn
MsO
>< CH,OTbdps
2 3

1.1.2 Compounds with Sulfur as the Ring Heteroatom. Thietanes 6 and 7 were
formed preferentially on de-S-acetylation of the 6-S-acetyl-6-thio-polymesylates
4 and 5, respectively. The latter transformation proceeded presumably by way of
a 3,4-epoxide.?

CHZSAc
(o)
g h k h o><
g0
OS
/>0
OMs (o]
8

RZ OMe
4 R=M 6 R'=0OMs, R%’=
5R=H 7R'=H, RZ= OH

The natural a-glucosidase inhibitor salacinol (9) (see Vol. 31, p. 163, ref. 29)
and its diastereomer 10 have been synthesized by opening of the cyclic sulfates 8
and its 1,3-cyclic sulfate equivalent, respectively, with 1,4-anhydro-4-thio-D-
arabinitol.’ On treatment with NaN; in DMSO the thiepane 11, readily available
from D-glucitol, underwent direct Sx2 substitution of one of the mesylate groups
by azide, while the other mesylate group was diplaced transannularly by sulfur.
Attack of N3~ on the the resulting bicyclic sulfonium salts afforded a 5:1 mixture
of 1,4-anhydro-4-thio-hexitols 12 and 13.#

An improved protocol for the known ring-closure of 2-deoxy-4-O-sulfonyl-
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R' R?
! s
Ho R3” gt s R
HOCH2 st
OH MsO N; R

MeO OMe R' R?

OH OMs CHoNg
9 R'=0H, R2=R%=H, R*=0S04" 11 12 R'=OMe, R?=H
10 R'=R*=H, R?=OH, R®=0S0;" 13 R'=H, R?=0OMe

pentose dialkyl dithioacetals to furnish 1,4-dithiofuranose derivatives has been
applied to the synthesis of 4'-thionucleoside precursors (e.g. 3—14). The prepara-
tion of 4-thionucleosides from 15 is covered in Chapter 19.!

Introduction of a sulfur substituent at the 5-position of hex-1-enitol 15 with
retention of configuration to give dithiocarbamate 16 was achieved by carrying
out two consecutive Mitsunobu reactions, the second one employing
Zn(SCSNMe,), as nucleophile. Following de-S-protection, NIS-promoted
cyclization gave the hetero-exo-glycal 17.°

TbdmsOCH, g BnOCH, R BnOCH; g
SBu! BnO ,— BnO

OBn OBn OBn

14 15 R=0H 17

16 R = SC(S)NMe,

Glycosylation of 4-substituted-benzenethiols with 1,2,5-tri-O-acetyl-3,6-an-
hydro-3-thio-a,B-D-glucofuranose (19), prepared from D-glucose via the 6-
thioacetate-3-mesylate 18, then deprotection, furnished the new 3,6-anhydro-1,3-
dithio-D-glucofuranoside analogues 20 of the antithrombotic agent beciparcil
(see Vol. 33, Chapter 11, refs. 5-8).° Bicyclic beciparcil analogues 22 with 2,5-
anhydro-1,6-dithio-a-D-gluco-septanoside frameworks were elaborated from
diepoxide 21 in low overall yields by the lengthy reaction sequence outlined in
Scheme 1,” which was also adapted to furnish the 3-azido-3-deoxy analogues of
compounds 22. The 2-azido-2-deoxy-1,5-dithio-B-p-arabinopyranoside ana-
logues 24 were obtained from the known glycal 23, using azidonitration as the
key-step.

CH;SAc
AcO fo)
'
R'O _0
o} S R2
MsO O,
; ) OR!
18 19 R'= Ac, R=0Ac

20 R'=H, H%s@x; X = CN or NO,

5-Thio-L-altrose (27) has been prepared from D-galactose by standard reac-
tions via epoxide 25 and episulfide 26.°° 2,6-Anhydro-2-thio-p-altrose (28),
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?_
o st S B2
AcSCHy CH,OMs fo) 0
MemO - R 1
e MemO — AcO m— R'O
OMem
o} OMem OAc OR!
R'=Ac, R2=0Ac
21 2
22'R'=H, R =s—©—x
X =CN or NO»
Scheme 1
S o
/ S SOX OAc OAc
AcO F st R
OAc HO OAc
23 24 X =CNorNO,
25 R= I:o
26 R=5s
S
HO A Oi 0, CH,OH
o OH OH HO S
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OH OH
27 28 29

formed on acid hydrolysis of its known methyl o-pyranoside, furnished
1,5-anhydro-5-thio-talopyranose (1-deoxythio-talo-nojirimycin 29) on reduction
with NaBH,.!! The sulfonium ion analogue 34 of castanospermine has been
synthesized from ethyl 1,5-dithio-a-D-glucopyranoside by way of dialdose de-
rivative 30 and its Wittig-extension product 31, which was desulfurized at the
anomeric position and reduced to alcohol 32, then converted to bromide 33.
Cyclization took place on exposure of the latter compound to AgClO,.!?

X
R
S S st clo,”
OBn OBn OH
BnO SEt BnO HO
OBn OBn
30 R=CHO 32 X=0H 34
CO,Et 33 X=8Br

31 R:%

A study on the consequences of substitution in the aglycon on the configur-
ational equilibria of neutral or protonated N-aryl 5-thioglucopyranosylamines
35 concluded that there is no evidence in support of a generalized reverse
anomeric effect.®

2,3,4-Tri-O-benzoyl-6-thiolevoglucosan was oxidized to exo-sulfoxide 36 and
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AcO_
CH,OAc X 1
s ° °
OAc ’:""2 "@X 0Bz i
AcO BzO Bz0
Ohc OBZO— OBz
35 X =H, OMe, CFg, NO, 36 X=+g-" g;a ;2 202

36a X =SS0,

sulfone 36a by use of MCPBA and dimethyldioxirane, respectively; Pummerer
rearrangement of compound 36 (NaOAc, Ac,O) furnished the a-acetoxysulfide
37, which gave sulfone 37a on renewed dimethyldioxirane oxidation. All four
compounds failed as glycosyl donors under various activating conditions.!
1,4-Anhydro-6-thiosugar septanoside 39 was formed on acid hydrolysis of 1,2-
0:5,6-0/S-diisopropylidene-B-L-idofuranose 38 and subsequent acetylation.!®

<

o ACO. CH;0Bz
OH o. S Bz0 o
o) OAc BzO
o% SNEt,
OAc 0Bz
38 39 40

1.1.3 Other Monosaccharide Thiosugars. N,N-Dialkyl-S-glycosylsulfenamides,
such as 40, were obtained in a one-pot procedure by treatment of a 1-thiosugar
S-acetate with secondary amines in the presence of NBS or BrCH(CO,Et),. The
reactions are presumed to proceed by way of sulfenyl bromides.!¢

The hexopyranosyl methanethiosulfonates 41 have been generated by reac-
tion of the corresponding glycosyl chlorides with NaSSO,CHj, for use as protein
glycosylation reagents. Related glycomethanesulfonates are referred to in Chap-
ter 3.7 (Thioglycosides of nojirimycin are referred to in Chapter 18).

CH,0Ac CHgOAc __ o .
O_SSOMe N SO Ph o} é -Et
OAc N OH A
/ (en
AcO (o]
R OAc OH

41 R = OAc or NHAc

2-Thioglycosyl pyridine N-oxides, e.g. compound 42, have been prepared as
‘latent’ glycosyl donors from peracetylated 1-thiosugars and 2-bromopyridine-
N-oxide.'* MCPBA oxidation of ethyl 1-thio-B-glycopyranosides gave the corre-
sponding S,-sulfoxides, for example 43, as the major products. The preferred
conformations of the minor R.-epimers under the influence of the exo-anomeric
effect are discussed in Chapter 21.”

1-Thioglycosides, in general, are covered in Chapter 3.

Unprotected D-mannitol was transformed into 2,5-anhydro-1,6-dithio-D-
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glucitol 46 in one step by use of the thio-Mitsunobu conditions (PPh;-DEAD-
AcSH-pyridine). The reaction is believed to proceed via epoxide 44 or phos-
pholane intermediate 45.%° The thio-Mitsunobu reaction has also been applied to
the synthesis of 5'-thioadenosine 48 from commercial 2',3'-O-isopro-
pylideneadenosine via the thioacetate 47. This intermediate was, in addition,
converted to S-adenosyl-L-homocystein analogues 49.2' 8-Aminooctyl 5-S-coni-
feryl-3-thio-o-L-arabinofuranoside (50), synthesized by standard procedures,
was attached to Sepharose as an affinity ligand for feruloyl esterase of Aspergillus
niger.™ Isopropylidene-protected sugar-S-dithiophosphates, such as 51, were
obtained by exposure of the corresponding iodo-deoxy-sugars to (PhO),P(S)Cl.
Their deacetalization by heating in water without added acid is referred to in
Chapter 6, and related O-thionophosphates are covered in Chapter 7.2

X RSCH, o Ade
HO HSCH, o CH,SH
OH HO
OH o 0O
CHxSAc OH x
4 X=—0— 46 47 R=Ac
45 X = —0—PPhy;—0O— 48 R=H
49 R = (CHy)3NH, or (CH3)3COoH
i
CH,SP(OEt),

0. O(CHa)gNH,

OH 0/‘

MeO SCHZ:' :o; ” % \IO (\ o\
i > // )

" 50 51 ]Q

CH,SO3Na
o
OH OC(0)C15Ha1
HO o} OC(0)C1sHa1
OH 52

The synthesis of sulfoquinovosyl diacylglycerols 52, potent inhibitors of DNA
polymerases, by standard methods, starting from 6-S-acetyl-2,3,4-tri-O-benzyl-
6-thio-a-D-glucopyranosyl trichloroacetimidate, has been reported.?*

The BF;-catalysed reactions of tri-O-acetyl-D-glucal with thiophenol have
been reinvestigated. Whereas under anhydrous conditions the expected 2,3-
unsaturated phenyl 1-thioglycopyranosides 53 were formed, an isomeric mixture
of phenyl 2-deoxy-3-phenylthio-1-thiohexopyranosides 54 was obtained in al-
most quantitative yield when traces of water were present. It is proposed that
these products arise from an intermediate enal? The addition products of
TolSCl to tri-O-benzyl-D-galactal formed diastereomeric episulfonium ions on
exposure to SnCl,. These were opened by C-nucleophiles (TmsCN, AllTms, ezc.)
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at the anomeric carbon atoms to give mainly the 2-S-(p-tolyl)-2-thio-B-D-galac-
topyranose derivative 55, accompanied by minor quantities of the o-D-
talopyranose analogue.”

CHQOAc CHQOBn
CHo0Ac O R
O
AcO m— SPh STol
53 55 R =CN, All, etc.

Me OH
56 R'=SPh, RZ=H
57 R'=H, R2=SPh

1,2-Trans- and 1,2-cis-phenyl 1-thioglycosides with a free hydroxyl group at
the 2-positions underwent 1,2-S-migration or ring-contraction, respectively, on
exposure to DAST (e.g. 56—58; 57—59).”

A review of the work at Novartis on the synthesis of complex compounds on
solid supports includes the preparation and use of solid-phase bound thiosugars
derived from levoglucosan.®

A study of the hydrolysis of the cis-methyl ester of 3'-deoxy-3'-thiothymidine
3'-§,5'-0-cyclic(phosphorothiolate) is referred to in Chapter 7.

1.2 Di- and Oligo-saccharides. — Sulfur-containing analogues, namely 4,6-
thietane 61 and 4,6-dithiolane 62, of the tumor-associated T-antigen p-D-Gal-
(1—3)-a0-D-GalNAc have been prepared by exposure of 6-thiocyanate 60 to
MeO~/MeOH and KSCN followed by MeO~/MeOH, respectively.”” A number
of S-linked disaccharides have been prepared by direct alkylation of glycosyl
thiolates with sugar triflates in the presence of a base, the very hindered base 63
being particularly effective.***! The previously reported Pd(0)-catalysed route to
O-linked disaccharides involving coupling of an unsaturated sugar carbonate
with a protected free sugar (see Vol. 32, p. 30. ref. 176) has now been extended to
the synthesis of thiodisaccharides. An example is shown in Scheme 2.%

CH,0Ac CH,SCN

AcO o} e} (S)n o}
NBu'
DAc R MeN 1'3' NE
MsO OAll OAll eN—P—NEt
NMe
OAc NHAc NHAc
60 B-D-Galp 63

oo
N =t
33D
nwon
N -
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CH,OTbdps
0}
CH,OTbdps CH,0Bz
[0} HS o} : —4 Okt
+ OBz — S CHy0Bz
MeOﬁO —4 OFEt OMe 0
0Bz OBz
OMe
OBz

Reagents: i, Pdy(dba)s, dppb, THF
Scheme 2

Per-O-acetylated 1-thiosugars added stereoselectively to the levoglucosan-
derived nitroalkene 64 (see Chapter 14 for synthesis) to furnish thiodisaccharides,
such as 65, after reduction of the nitro group, N-acetylation and de-O-acetyla-
tion.

Sulfur-linked pseudodisaccharides, e.g., compound 66, with an iminosugar
residue as the non-reducing moiety, were obtained by acid-induced displacement
of 1-OH of L-arabino-nojirimycin by 6-thiosugar derivatives.** A new class of
disaccharides having nitrogen in the interglycosidic linkage and 4-thio-Galf as

,Boc

the non-reducing-end moiety is covered in Chapter 10.
? s
o N
R AcO O skt
B0 AcO OAc
R2 OAc AcO
6

C!
64 R\ R% =Xy NO: 6 NH

65 R'=,/ NHA® R2- B.p.Glcps

The all-sulfur-linked, tetrasaccharide 67 was prepared by standard methods
from the B-peracetate (see Vol. 30, p. 68, ref. 100) and conjugated to human serum
albumin for immunostimulation tests.”* The synthesis of a neomycin-acridine
conjugate, the two moieties being linked by an aminoethylthio-bridge from C-5
of the ribofuranose residue is referred to in Chapter 18, and the conformational
behaviour of methyl 4-thio-a-lactoside is covered in Chapter 21.

B-D-Glcp-(1— 38)-B-D-Glep-(1— 38)-p-D-GlepO(CH,):NH,
68
1
1
B-p-Glep 67

2 Seleno- and Telluro-sugars

Opening of epoxide 68 with sodium hydrogen selenide and concomitant
mesylate displacement afforded methyl 2,5-anhydro-2-seleno-a-D-ara-
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binofuranoside (69) and its 3,5-anhydro-3-seleno-a-D-xylofuranoside analogue
70 in equal proportions. The former was used in the synthesis of novel nucleoside
analogues (see Chapter 19). The corresponding telluro compounds were similar-
ly prepared by use of sodium hydrogen telluride.’® The 5-seleno-D-ribopyranose
derivative 71 was formed on Sml,-mediated radical cyclization of 2,3,4-tri-O-
benzyl-5-Se-benzyl-5-seleno-D-ribose.y’

MsOCH; o o) o Se
OMe OMe OMe BnO
e} OH OH 0Bn OBn
68 69 70 ral

DAST-induced 1,2-selenium migration allowed the sterecontrolled construc-
tion of 2-deoxyglycosides, 2-deoxy-1-orthoesters and 2,3-unsaturated 1-orthoes-
ters as illustrated in Scheme 3. Practical application of these reactions is
included in two vast papers describing the total synthesis of everninomycin.

O sePh T ) ey i 0
[}
OTbdms —» PhSe)~F — PhSe OBz —= OTbd
_>M o/\/ ms, /\/OBZ
PmbO § g PmbO (o)
OH “’/ w"

G o 0 o
OTbdms ] :I
PmbOC o PmMbO /—\—1— o

Reagents: i, DAST; ii, Ho”~"%2 SnCly; iii, BusSnH, AIBN; iv, MeO™, MeOH; v, NalO,, then A;
vi, BusNF
Scheme 3
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Deoxy-sugars

The synthesis of 2-deoxyglycosides over 10 years to 1999 has been reviewed' as
have the catalytic mechanisms of several characterized enzymes involved with
reductive C-O bond cleavage.? A cardiac glycoside which contained a 6-deoxy-
D-gulosyl moiety was isolated from Erysimum cheiranthoide.? The two C-glyco-
sides 1 and 2 were isolated as artefacts from the reaction of the O-glycoside
mithramycin under acidic conditions, and they have promise as anti-tumour
agents.* A steroidal pentasaccharide with deoxysugar components is mentioned
in Chapter 4.

R OMe OH

HO Me
LT T
Me OH

OH OH O

A mild one-pot procedure for the synthesis of 2-deoxyaldoses from glycals
involves treatment with NIS in aqueous MeCN followed by reduction with
Na,S,0,° The stereocontrolled construction of 2-deoxy-glycosides and
glycosylidene orthoesters in solution and on solid support was facilitated by a
1,2-selenium migration (Scheme 1). The resulting 2-deoxy-2-selenoglycosyl fluor-
ides were glycosylated, then subjected to a radical deselenation or oxidized at
selenium followed by heat promoted syn-elimination and cyclization to give
2-deoxy-orthoesters.®® The unsaturated 4-deoxy-L-sugar precursor 3 was syn-
thesized from (R)-benzyl glycidyl ether by standard methods.® The 2-, 3-, 4- and
6-deoxy- analogues of 4-nitrophenyl a-D-galactopyranoside were synthesized
and studied as potential substrates for a-galactosidases from several sources."
Similarly the 2'-, 3'- and 4'-deoxy- analogues of octyl a-L-fucopyranosyl-(1—2)-
B-D-galactopyranoside were prepared and tested as acceptors for human blood
group glycosyltransferases."! 4-Nitrophenyl p-D-fucofuranoside has been syn-
thesized and shown not to be a substrate for the exo p-D-galactofuranosidase
from P. fellutanum.'> The 4-deoxy- analogues of GIcNAc¢ and XyINAc have been
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| Odems n jii
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Reagents: i, DAST; ii, ROH, SnCly; iii, Bu3SnH; iv, methyl 2-3-di-O-methyl-§-D- glucopyranosude, SnCly;

v, NalO,4, MeOH, heat Scheme 1
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synthesized and evaluated for their ability to inhibit glycoconjugate biosynth-
esis.”

1,2-Di-0-acetyl-5-0-benzoyl-3-deoxy-L-erythro-pentofuranose, a precursor
for the synthesis of B-L-nucleosides, has been prepared from L-xylose.!* Some O-
acetylated 1,2-dideoxy-1-nitrohex-1-enitols have been converted, using stannous
chloride, into the oximes of the corresponding 2-deoxyhexoses.”* An efficient
synthesis of 2,3,6-trideoxy-4,5-0-isopropylidene-L-threo-hexose from diethyl L-
tartrate via 1,4-dideoxy-1-iodo-2,3-O-isopropylidene-l-threitol has been
achieved,'® and syntheses of 3,6-dideoxy-D-ribo- and -xylo-hexopyranoses in
forms suitable to act as glycosyl donors have been reported.!” A short enzymatic
synthesis of L-fucose has employed sequentially L-fuculose phosphate aldolase,
alkaline phosphatase and L-fucose isomerase.’® A chiral synthesis of 2-deoxy-L-
ribose from the dihydroxyacetone derivative 4 has been outlined (Scheme 2).°
Ring-opening reactions of galactopyranoside 3,4- and 4,6-cyclic sulfates, some of
which generated deoxysugar products, are covered in Chapters 7 and 13.

,D
f N “—OMe oH
HH Hjﬁ/\/ v (NN Mo
=i iv, vi iv
—_— — —_— OH OH
OYO 0.__0 o.__0O

Ph Ph Ph
4

Reagents: i, { 5\‘/0Mei i, BuLi; iii, allyl bromide; iv, NHsHoPOy; v, NaBHy; vi, O3, MesS, then TFA
N

NH, Scheme 2
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Unsaturated Derivatives

1 General

The olefin metathesis reaction as applied to carbohydrate dienes has been
reviewed,' as has the use of titanocene(III) and zirconocene(I1I) chlorides as mild
reagents for generating 1-glycosyl radicals from glycosyl halides, and converting
them into glycals.?

2 Pyranoid Derivatives

2.1 1,2-Unsaturated Compounds and Related Derivatives. — A new method for
the production of glycals from glycosyl halides uses catalytic Cp,TiCl, in the
presence of Mn(0) and TmsCl (Scheme 1) D-Glucal and b-galactal both afforded
the furan diol 1 on exposure to InCl; in acetonitrile.* A new sulfonium reagent
has been used for glycal activation in a one-pot acetamidoglycosylation (Scheme
2). The reaction proceeds via acid-mediated oxazoline ring opening by an alco-
hol’ An alternative approach to aminosugar derivatives from glycals is based on
an o-iodoxybenzoic acid-mediated synthesis from allylic alcohols and aryl
isocyanates (Scheme 3).°

CH,0Ac  CH,0Ac CH,;0Ac CH0Ac
o] o] , 0 o]
OAc OAc - OAc OAc y
AcO o Br AcO o
OAc OAc OAc
CH,0Bn CH,OBn
0 i 0
oBn N —— (OBn p
BnO Cl BnO

Reagents: i, CpoTiCl, Mn, TmsCl, THF, RT

An extensive (re)investigation of the additions of IN;, Br, and Br,/MeOH to
tri-O-acetyl-D-glucal and tri-O-benzyl-D-galactal has been reported. The results
are in keeping with previous knowledge.” The enolone 3 when treated with
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OH
1
CH,OR' CH,0R! oTt TIo”
OR —+ (OR
) L
R%0 R0 ]
R'=R2=R%=Bn NHAC 2

R'=Tips, R?=R%=Bn
R'=All, R?=R%=Bn
R',R? = isopropylidene, R®=Bn

Reagents: i, 2, AcNHSiMe3, EtoNPh, then Amberlyst-15, ROH

Scheme 2
CH,0Ac CH,OAC CH,OAc
o2 i 0 i o2
o) «— (o ) oA
AcO AcO AcO OH
Reagents: i, ArNCO, DBU then o-iodoxybenzoic acid, anhydrous conditions; ii, as for i, wet conditions
Scheme 3

TmsCN afforded prdominantly the conjugate addition product 4. When the
mannosyl acetylene 5, or its a-anomer, was allowed to react with BuLi the glycal
6 was the major product. The same product, but in lower yield, was obtained
from the corresponding glucosyl acetylenes in the same way.’ In an extension of
previous work, the 2,3-unsaturated glycoside 7 has afforded the branched glycal
8 by way of a Pd-catalysed Heck-type reaction.! Treatment of 2-C-formyl-
substituted D-glucal derivatives with organocuprate reagents has produced 2-
deoxy-2-C-formyl-C-glycosides with B-D-manno stereochemistry by 1,4-conju-
gate addition, whereas treatment with organocopper/BF;.OEt; reagents gener-
ated 2,3-unsaturated-2-C-formyl-a-C-glycosides by an Sx2’ reaction.!’ The rela-
tive rates of the base-catalysed rearrangements of 9 and 10 to 11 and 12,
respectively, have been compared and the pyranoid 9 was shown to be much
more reactive than the carbocycle 10.12

22 2,3-Unsaturated Compounds. — The Ferrier rearrangement of tri-O-acetyl-
D-glucal or -galactal with diverse alcohols to the corresponding alkyl hex-2-
enopyranosides can be catalysed by LiBF, in MeCN.” The effects of varying
solvent, temperature and catalyst quantity have been studied for the same
reaction catalysed by FeCl;."* Additionally, Sc(OTf); was found to be an efficient
catalyst for this reaction with various alcohols and phenols; as usual the a-
glycosides predominated.’® O-Acetylated glycals react smoothly with alkyl hy-
droperoxides in the presence of BF;.OEt, or SnCl, to give the corresponding
alkylperoxy a-hex-2-enopyranosides.!® The reaction of TmsCN with tri-O-
acetyl-D-glucal to give the 2,3-unsaturated-hexopyranosyl nitrile proceeds with-
out added catalyst at elevated temperatures.'’
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CH,OH CH,OH CH,OBn CHo0OBn
o 0 L 9 0
/ BnO OBn y —
HO, HO, CN BnO BnO
3 4
CH,OTbdms CHgOdems Ph CH Ph CH
Br
4 OCgH4NO,-p ToISO ToISO
7 8 11 X=
10 X CH2 12 X= CH2

2.3 Other Unsaturated Compounds. — The dienals 13 (with D-xylo-, D-lyxo- and
D-arabino-configurations) have been condensed with the phosphonate 14 to give
the enone adducts 15; the intramolecular Diels—-Alder reactions of these adducts
are mentioned in Chapter 22." Treatment of the unsaturated lactone 16 with the
Tebbe reagent has afforded 17; its conversion into a cyclooctene derivative is
covered in Chapter 18.” Exposure of the cyclic sulfate 18 to base has afforded a
mixture of the exo- and endo-olefins 19 and 20,% and a syn-selective dihydroxyla-
tion of the 3,4-unsaturated pyranoside 21 generated predominantly the D-allo
product.?! Synthesis of the branched-chain 5,6-ene 22 using standard methods,
and its conversion into a cyclitol during the first total synthesis of (—)-tetracyc-
line is mentioned in Chapter 22.

- [¢] 7
| o} '4 /. OMe
“OMe 0B Q
BnO CHO n =X
OBn
BnO, BnO
BnO 0OBn BnO OBn OBn
13 14 15 16 X=0
17 X=CH,
/O CH20803Na CH,OTbdms
0,5—0 /-0 0OBn Na0;SO/—0O OBn O 0OBn O OEt O OEt
OBn OBn OBn
OBn OBn NHCOCC|3 NHCBz
18 19

3 Furanoid Derivatives

Reaction of aldohexofuranose 5,6-diols with TPP/imidazole/I, has afforded the
corresponding 5,6-unsaturated derivatives,” while elimination of HBr from the
6-bromo compound 23, followed by hydroboration, has generated the product
24 with the L-ido configuration (Scheme 4).” Some sugar allyltin derivatives (e.g.
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25) have been prepared and converted into 1,3-dienes (Scheme 5).2* A Refor-
matsky reaction applied to nitrile 26 followed by a diastereoselective reduction,
using either D- or L-tartaric acid in conjunction with NaBH,, has allowed the
synthesis of the L-2-deoxypentonolactones 27 and 28 respectively, from which
the corresponding L-2-deoxypentoses are readily available.”® The synthesis of
isonucleosides with an exocyclic methylene group on the sugar moiety is covered
in Chapter 19, as are C-5' alkynyl-substituted adenosine analogues.

><o CH,Br
(¢} O—i
O i (0] i i
OH _— 0 ———
O (e]
% %
23

Reagents: i, PhsP, NBS; ii, DBU; iii, BHg, H,05, NaOH
Scheme 4

CH,0H

CH20C52M9 CstnBU:;

V - =
N
BnO 0 , BnO o i o
OBn - OBn - OBn
O, O, (o]
£ B I
25

Reagents: i, BuzSnH; ii, ZnCly

Scheme 5
(I)deps Qdeps
/\/\ i i, i o}
CeHi” X"Son — C5H11/W\002Me — K@:O
26 o
=
Y

CsHyy

27 X=0H, Y=H
28 X=H, Y=0H

Reagents: i, BrCH,CO,Me, Zn, TmsCl; ii, NaBH,, D- or L-tartaric acid; iii, BusNF
Scheme 6

4 Acyclic Derivatives

Reduction of acyclic aldose 1-nitro-1-ene derivatives (e.g. 29) with SnCL.2H,0O
has provided an alternative route to 2-deoxy-aldose oximes (e.g. 30). These may
be converted into 2-deoxy-aldoses, -aldononitriles and -aldonic acids.® The
zinc-mediated fragmentation of 6-deoxy-6-iodopyranosides to the correspond-
ing acyclic 5,6-dideoxy-hex-5-enoses can be catalysed by vitamin B;; affording
higher yields under milder conditions.”’” In another study, enose products of this
zinc-mediated reaction were subjected to Wittig reactions, and the resulting
acyclic dienes were converted into cyclitols by olefin metathesis reactions.® A
number of acyclic carbohydrate diene Horner—Wittig reagents have been pre-
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pared which, after reaction with aldehydes, generate trienes which undergo
intramolecular Diels—Alder reactions (e.g. Scheme 7).”

CHNO, H(|3:NOH
CH,
AcO AcO
OAc OAc
OAc OAc
CHyOAc CH,0Ac
29 30

Scheme 7
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Branched-chain Sugars

R
1 Compounds with a C—C:—-C Branch-point
(0]

1.1 Branch at C-2 or C-3. - In new and versatile approaches to the synthesis of
deuterium or tritium labelled branched tetritols, two separate syntheses of
2-C-methyl-p-erythritol (3) have been described starting from dimethyl fumarate
(MeO,CCH=CHCO;Me, 1) and the xylofuranose derivative (5), respectively.'”
In the former, the unsaturated diester 1 was converted into 2, the five-carbon
scaffold of 3, in one pot by ozonolysis of 1 followed by Wittig reaction with
Ph;P=C(Me)CHO and the subsequent borohydride reduction and benzyl pro-
tection of the generated alcohol. The ester 2 was then reduced with DIBAL-H
and subjected to successive Sharpless epoxidation, Payne rearrangement (for
stereoselective epoxide ring-opening) and hydrogenolysis to give 3. Conversion
of 2 into 2-C-branched threitol 4 has also been described.! The latter method
involved conversion of 5§ into 6 by Swern oxidation followed by addition of
MeMgCl and subsequent simple steps to convert 6 into the branched erythritol 3
as described in Scheme 1.2 These methods also provide access to the correspond-
ing isotopically enriched tetritols. Discussion on the use of some of these and
other 2-C-branched erythritol derivatives in the elucidation of the 2-C-methyl-
D-erythritol-4-phosphate pathway for isoprenoid biosynthesis has also been
reported.*” Molybdic acid-catalysed tautomerizations of D-xylulose and D-
ribulose to yield 2-C-(hydroxymethyl)-D-erythrose and 2-C-(hydroxymethyl)-D-
threose respectively have been reported.?

2
Me0,C / ThdpsO ThdpsO
| k ﬂ k Me ﬂ
Me"  “CH,0Bn
2 3 R'=Me, R2
4 R'=0OH, R?= Me )""'

Reagents: i,Bu"yNF, THF; ii, NaH, BnBr, DMSO, 60 °C; iii, aq. TFA, =10 °C; iv, NalOy4, ag. MeOH;
v, NaBH,, PrOH; vi, H,, Pd/C, EtOH
Scheme 1
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Several 3-C-branched bD-allofuranosyl (7) and 3-C-D-psicopyranosyl (8)
derivatives have been obtained from 1,2;5,6-di-O-isopropylidene-a-D-
ribo-hexofuranose-3-ulose and  1,2;4,5-di-O-isopropylidene-B-p-erythro-2-
hexulopyranos-3-ulose respectively by treatment with lithtum dianions of the
respective carboxylic acids.” Synthesis of 3-C-methyl-rhamnose has been re-
ported in connection with the total synthesis of eviminomicin 13,384-1, an
orthosomicin class antibiotic (see also Section 2 and Chapter 4).'°

o] 4 @CL

R O
OH o%( _\ﬁo OH
1 8
R = CHoCO,H, CH(Ph)CO,H, CH,CH=CHCO,H, etc.

Nucleophilic trifluoromethylation reactions of the 3-ulose derivative 9 with
CF;SiMe; and conversion of the products so obtained into nucleoside deriva-
tives have been reported (see also Section 3.2)." Similar reactions of the hex-3-
ulose derivative 10 have been reviewed (see also Vol. 32, Chapter 14, ref. 8 and
Nucleosides Nucleotides, 1998, 17, 2221).!? Reaction of 10 with 2-lithiopyridine
(obtained from 2-chloropyridine, Li and naphthalene) on the other hand has led
to diastereoselective formation of the corresponding 3-(pyrid-2-yl)-derivative.'
Addition of methylcerium (MeLi in the presence of CeCl;) to the 2-deoxy-3-ulose
derivatives 11 has been shown to result in the formation of a 5:1 mixture of threo
and erythro configured products 12." Use of the alkyl cerium reagent is import-
ant as reaction with MeLi was found to lead to the formation of unsaturated
products arising from B-elimination of MeOH (see also J. Org. Chem., 1995, 60,
202). Compound 12 was further converted in several steps into the methyl-
branched sugar axenose (2,6-dideoxy-3-C-methyl-L-xylo-hexose) which occurs
in disaccharides found in the antibiotics axenomycin, dutomycin and poly-
ketomycin.!* Syntheses of epoxides 14 (see also Section 5) and 15 from the
corresponding ulose derivatives 13 and 10, and their reductive ring opening to
generate other functionalized branched-chain sugar derivatives, have been de-
scribed.’>® Thus, treatment of 10, for instance, with an equimolar or excess
amount of Me;SOI in the presence of Bu'OK resulted in the formation of 15 in
high yield. Compound 15 on reductive ring opening in the presence of Li and a
catalytic quantity of 4,4'-di-tert-butylbiphenyl, resulted in the formation of the
corresponding B-oxido organolithium derivative which upon reaction with vari-
ous electrophiles (e.g. H,O, Me;SiCl, PhCHO, etc.) gave the desired branched-
chain sugar derivatives (for structures see Vol. 32, Chapter 14, Scheme 6).'
Application of this methodology to an oxetane derived from 10 has also been
described.!® Use of the 3-C-branched spiroepoxide 16 in the synthesis of the
analogue 18 of the miharamycin sugar moiety has been documented. The syn-
thesis was accomplished by treatment of 16 with LiCN followed by hydrolysis
and spontaneous cyclization to afford the intermediate lactone 17 which upon
stereoselective hydroxylation (MoOs.py, HMPA), reduction (LiAlH,) and cycliz-
ation (DEAD-Ph;P) afforded 18."”
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13 R

e 4&3 e

15 16
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Application of ring-closing metathesis (RCM) to the preparation of enan-
tiomerically pure annulated carbohydrates has been exemplified in the conver-
sion of the branched-chain ald-2-uloside 19 into a series of tricyclic compounds
21 via 20 (see also Vol. 33, Chapter 14, structures 5 and 6 and ref. 5)."® The alcohol
20 was obtained by the addition of the corresponding alkenylmagnesium chlor-
ide [CH,=CH(CH_),MgCl, n = 0, 1, 2 or 3] to 19 and the cis:trans ratio of 20
obtained was found to depend upon the chain length of the alkenyl residue being
added. The RCM was conducted in the presence of the Ru complex
[Cl(CeH,,);P],RuCHPh in benzene. From the addition product obtained from
vinylmagnesium chloride and 19, however, only the cis-addition product under-
went the RCM reaction. The assignment of the structure of 21 (n = 0; obtained
from cis-20, n = 0) was supported by X-ray crystallography (see also Chapter
22).18

O‘-—J. Oj__ HO
k/ ) J\/ o o, 1P °
Ph Ph o o
o) OMe
(o]

o] OMe o)
R O R £)n )
19 R= HMe 20 \ n=01,23 21 \OH 22

A novel disaccharide derivative, amabiose (22), has been isolated from rhi-
zomes of Hemsleya amabilis. Although the structure of this compound has been
reportedly elucidated by chemical and instrumental methods, discrepancies were
noted in the structures depicted and the data described in the text by the authors.
Structure 22 shown here is based on the text data (see also Chapters 3 and 21)."”
The biosynthetic pathways for the macrolactam polyketide glycoside anti-tu-
mour antibiotic vicenistatins 1 and 2 (23, R = A, D-vicenisamine residue, and R
= B, branched-chain sugar D-mycarose residue respectively) have been studied
by feeding experiments with [*C]- and [1,2-®C,]acetate, [1-'*C]propionate,
DL-[2,3,3-°H;]glutamate, D-[6,6-’H,]glucose, L-['*N]glutamate and L-[CH;->C]
methionine. The sugar units appeared to be synthesized by diverse modification
of functional groups of a common intermediate (see also Chapters 3 and 9).°
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Branched-chain sugar spirolactones 26 and 27, potential inhibitors of ATPase,
have been derived in very high yields from isoxazolines 24 and 25, respectively by
treatment with aqueous acetic acid.?! The structure of 26 was confirmed by X-ray
crystallography (see also Chapters 10 and 21).

Me
RO N Me Me
T NNF 0 0 ,}_o COMe Me
| e - OM»_@W
HN HO ! —_
X Mé OH OH on 7N we
B

23 R=AorB A 24

,}_ HO
[e] CO,Me O\=
.0 O\O

(0] Me
HO Me
\'l.:o Me
Me HO o- I<l
Me
Me
25 26 Me 27

1.2 Branch at C-4. — The C-4-branched caryophyllose, a dodecose isolated
from the phytopathogenic bacterium Pseudomonas caryophylli, and its methyl
glycoside 31 have been prepared by two different routes.*?® While the first relied
on the Sml,-promoted coupling of acid chloride 28 with the cyclic ketone 29, the
second utilized reaction of lithiated dithioacetal 30 with 29 (Scheme 2). Synthesis
of 4'-a-C-(2-aminoethyl)thymidine (32)-containing oligodeoxynucleotides
(ODNs) having lipophilic groups at the terminal of the aminoethyl linker of 32
have been reported.® Thermal stabilities of the duplexes formed from these
ODNs and RNA/DNA structures have also been discussed (see also Chapter 19).

OR  OR

Mo i OTbdms \ Me
OR o R = Thdms HO)—O
MGW\ Rz O HO \ (\OR
OR'  OR'

OMe CH, OH
28 R! = Thdms, R = G(O)CI pg0 00MS o
30 R' = Bn, R% = CH(SEN), \ " / Ho
OR / - OH
Me . Me
31 R=MeM

OR OR EtS skt
R=Bn
Reagents: i, Smly, THP, 1t, 10 min; ii, Bu"Li, Bu'ONa, hexane, 0°C, 1h, then 26, THF, =78 °C, 10 min
Scheme 2
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32 R = palmitoyl/oleoyl/cholesteryloxycarbonyl

R
2 Compounds with a C—(:Z—C Branch-point (X=N or S)

X
a,B-Dihydroxy-y-lactones (e.g. D-ribonolactone) have been converted into 2,3-
aziridino-y-lactones via Michael-type addition of benzylamine to a key 3-deoxy-
2-0O-triflyl-pent-2-enonolactone followed by in situ cyclization without affecting
the lactone ring (Scheme 3; see also Chapter 9).* Stereoselective formation of
a-aminonitriles (e.g. 33) from various ulose derivatives (e.g. from 10) and amines
using Ti(I'V) isopropoxide as a Lewis acid followed by TMSCN has been noted
(Scheme 4).% The nitriles so obtained have been further transformed into other
useful compounds (see also Chapter 14). A multi-step synthesis of methyl a-L-
vancosaminide (34) from di-O-acetyl-L-rhamnal has been reported (see also
Chapter 14). On the other hand, glycosyl fluoride derivative 35 of evernitrose, a
branched-chain sugar-constituent of everninomicin, has been used as a glycosyl
donor in an everninomicin assembly (see also Section 1.1).1%%

TrO TrO
- o} (o}
. i, i o iii o
D-Ribonolactone ————— — R
oTt NH

Reagents: i, TrCl, pyridine, 65 °C, 20 h; ii, TfoO, pyridine, CH,Cl,, 78 °C to —25°C, 3 h;
iii, BnHy, DMF, —20 °C, 15 min

Scheme 3
(o) 0 (0]
o] 4 o] & ol o
i, ii CN
o (o] / O (@]
OA( N OA( RHN O
10 S 33
R = H/Me/Oct/Bn
Reagents: i, BnNH,, molecular sieves, PrOH; ii, RNH,, Ti(OPr),, MeOH, then TMSCN

Scheme 4

Michael addition of S-nuclephiles (e.g. the thiolate from 36) to sugar-based
nitroalkenes (e.g. 37) has been found to proceed stereoselectively and has thus
been used to prepare thiodisaccharides (e.g. 38 from 36 and 37 after NaBH,
reduction of the nitro group, acetylation of the amine so obtained and subse-
quent opening of the anhydro ring with acidic MeOH).”
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34 35 36 37 R=HMe 38
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2 Compounds with a C—(IJ—-C Branch-point
H

3.1 Branch at C-2. — Conformationally restricted p- and 1-2,3-dideoxy-2,3-
endo-methylenepentofuranoses (39, made from 1,2;5,6-di-O-isopropylidene-D-
mannitol in nine steps as its silylated derivative, and 40, from L-glucono-y-
lactone in 10 steps) were synthesized and, after coupling with pyrimidine and
purine bases, were tested as substrates for adenosine deaminase. Considerable
difference in the activities of the D- and L-enantiomers was observed (see also
Chapter 19).% Pt-catalysed ring opening of 1,2-cyclopropanated sugar deriva-
tives has been extended. A series of 1,2-cyclopropanoid pyranoid derivatives,
including substituted cyclopropanoid derivatives, have now been used as sub-
strates in conjunction with a number of O-nucleophiles, including sugar alcohols
(e.g. HO, MeOH, AlIOH, Bu'OH, PhOH, methyl 2,3 4-tri-O-benzyl-a-D-
glucopyranoside, etc.), for the ring opening reaction. Yields and the stereochemi-
cal outcomes of the reactions have been found to depend upon the nature of the
cyclopropanoid substrate as well as the nucleophile used for the reaction (see
Vol. 32, Chapter 14, pp. 181-182, reference 43; see also Chapter 3).3!

HO
0 o OH
OH HO

39 40

The evolution of an asymmetric synthesis of the differentially 2,6-anhydro-
octitol ring of the altohyrtins has been described. An intramolecular epoxide ring
opening was the key step in the synthesis, the epoxide itself being obtained via
substrate-controlled epoxidation of the corresponding alkene (Scheme 5; see also
Chapter 2).32

The use of 1,1,2,2-tetraphenyldisilane (41), a recently introduced stable radical-
generating reagent, has been extended to radical cyclization reactions of carbo-
hydrate derivatives. Thus a number of allyl 2-bromo (or phenylseleno)-2-deoxy-
hexosides (e.g. 42) underwent stereoselective 5-exo radical cyclization in the
presence of 41 to give the corresponding cis-fused 5-exo cyclized bicyclic sugars
(e.g. 43 from 42). This reagent resulted in improved yields and better stereocon-
trol, besides being more environmentally friendly, than the conventional
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Reagents: i, Camphorsulfonic acid, CH,Cly
Scheme 5§

reagents, e.g. Sn-based reagents. Bu;SnH-mediated intramolecular radical for-
myl-transfer reactions have, however, been successfully used in the preparation
of certain C-2 formyl carbohydrates (e.g. see Scheme 6).3
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AcO O\ AcO o]
\ Me'
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42 R =Br/SePh
BnO BnO
o] i o]
OBn I — - 0OBn
BnO (o] BnO OBn
" CHO CHO
Ph
a4 H 45

R 1i, By H, AIBN, PhH, 84%
eagents: i, BusSnH, , , o Scheme 6

Michael additions of dimethyl malonate and dibenzoylmethane to conforma-
tionally flexible 3-C-nitro-2-enopyranosides 46 and 47 have been found to take
place exclusively trans to the aglycon generating 48 and 49 respectively. Thus
addition of the nucleophile to the a-glycoside 46 took place with the Michael
acceptor in the °Hs conformation and the B-glycoside 47 reacted in the SH,
conformation. Addition of 2,4-pentanedione and ethyl acetoacetate, on the other
hand, was accompanied by further intramolecular cyclization reaction to yield
bicyclic products 50 and 51 from 46 and 47 respectively.®
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Q OR? AcO— Me
. OMe \ RS OMe fe) \ NO.
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NO, NO, R4 NO,
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46 o-OMe 48 R'=0OMe, R2=R*=H, R®= 51
47 B-OMe 49 R'=R°=H, R?=0OMs, R*=

R = COMe/CO.Et
R = CH(CO,Me)o/CH(COPh),
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3.2 Branch at C-3. — The synthetic methods for preparing C-difluoromethyl-
ene- and C-trifluoromethyl-containing carbohydrates as well as addition of
C-nucleophiles to unsaturated uloses (in particular reactions of levogluco-
senone), sugar lactones and nitrosugars for obtaining branched-chain carbohy-
drates have been reviewed.***” Similarly, cathodically initiated Michael addition
to levoglucosenone has now been extended to the reactions of a series of
2-substituted (substituent groups being, 2-thienyl, 2-furyl-, N-methyl-2-pyrryl-,
phenyl, 9-anthryl and ferrocenyl) 1,3-dinitropropanes to give tricyclic products
containing a fused cyclohexane system. Although most of the structures were
assigned from their NMR spectral data, the ferrocene-derived compound 52
was unambiguously characterized by X-ray crystallography® (see also
http://www.electrosynthesis.com/news/wé6content.html).

(e}
Me Me
o 0 Q
//
O oBu'
0 oBu'
02N N02
R \———_
52 R = ferrocenyl 53 54

The 3-C-branched-chain sugar derivative 54 has been described during the
total synthesis of the antifungal antibiotic sordarin analogue GM222712. It was
obtained by a Sn-mediated radical cyclization of the 2,3-unsaturated a-glycoside
53, derived from tri-O-acetyl-D-glucal ¥ A 3-C-homologated bicyclic glucoside
derivative has also been similarly prepared by a Bu“SnH-mediated radical
process.! Synthesis of protected 3-aminoethyl-3-deoxy-1,2-O-isopropylidene-
a-D-ribo-hexofuranuronic acid has been reported in a symposium on the chemis-
try of nucleic acid components (see also Chapter 16). The C-C bond at the
branch point at C-3 was presumably achieved by a Henry reaction.*?

By use of the protected 3-xylulose-derived dithiane 55 as the key intermediate
3'-deoxy-3-C-formyl-5-methyluridine 56 has been synthesized and has been
applied to the preparation of alternating methylene(methylimino)-linked phos-
phodiester backbone oligonucleotides with 2'-OH and 2'-OMe groups (see also
Chapter 19).* Diastereoselective addition of dialkylphosphonodithioyl radicals
(57) to carbohydrate-based alkenes (e.g. 58) on the other hand has afforded the
corresponding 3-phosphonodithiomethyl-3-deoxyfuranose derivatives (e.g. 59

TbdpsO
e}
TbdpsO
TbdpsO o (o)
Th O (0]
DmtrO o y \\P ] | o} e o)
e}
S o) S/ ~N s o) S/ ~N s
S N\ »
o/ OH

55 56 57 58 59
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from 58) suitable for conversion into interesting nucleoside/nucleotide ana-
logues.* The branched-chain alcohol 60, obtained from 10 by literature
methods, has been converted into the dibromo-derivative 62 through the alkene
intermediate 61, and further into the cyclic phosphinic acid 63 by a double
Arbuzov-type coupling of the dibromide with bistrimethylsilyl phosphonite
(Scheme 7). Compound 63 was then transformed into a cyclic AMP analogue
(see also Chapters 17 and 19).¥

0
>0 0 . N o B o . /t ’/-o?
LH =vii _lx—_-
o o} (o] o=P O%(
HO oY’ B o~y Br oY’ HO
60 62 63

nO
61

Reagents: i, BnBr, BugNI, 50% aq. NaOH; ii, 75% aq. AcOH, 40°C; iii, MsCl, Et3N, CHyCly;
iv, Nal, dimethoxyethane, reflux; v, BHz.SMey. THF; vi, NaOH-H,0,; vii, Hy (60 psi),
Pd-C, EtOAc; viii, PPhg, NBS, pyridine, DMF, ix, (Me3SiO),PH, mesitylene, reflux
Scheme 7

3.3 Branch at C-4 or C-5. — A 4-C-benzyloxymethyl-branched hexosamine
derivative prepared from the corresponding 4-C-exo-methylene compound (lit-
erature methods) has been reported.’* A multi-step synthesis of methylene-
bridged disaccharide derivatives 69 and 70 has been described. The known
allo-configured 3-deoxy-3-(formylmethyl)-furanosyl derivative 64 was subjected
to a Wittig chain-extension with 65 to generate the enone 66 which, in the
presence of Lewis acid, underwent facile cycloaddition reaction. Use of Eu(fod)s
(fod, 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione) as the Lewis acid
was found to result in high cis-selectivity (cis:trans, 99:1) for the cycloaddition.
The cis-cycloadducts (67 and 68) thus obtained were then converted into the
C-linked-disaccharides with the newly formed saccharide residues having corre-
spondingly the p- and L-configurations.”’




184 Carbohydrate Chemistry

R
4  Compounds with a C-(:)—C Branch-point

R
[3,3]-Sigmatropic Claisen rearrangement of D-glyceraldehyde-derived (E)(S)-5-
benzyloxy-1-t-butyldimethylsilanoxy-4-methylpent-3-en-2-0l has been ex-
ploited as a key step in its conversion into the tetrofuranosyl derivative (71)
bearing a hydroxymethyl and a methyl group as 3-C-geminal substituents .*® The
latter was then transformed into 3’-C-methyl-apionucleosides for testing against
HIV and hepatitis B viruses in human cell lines (see also Chapter 19). New
syntheses, involving multi-step seqences, of (+)-L-noviose and some of its ana-
logues and their inhibitory activities on DNA gyrase B have been

documented.”*
0Bn
o]
o

Me
71

R R
l] |
5 Compounds with a C-C-C or C-C-C Branch-point

Reactions of 2-C-formyl-tri-O-benzyl-D-glucal (as well as other glucal deriva-
tives) with the ylides derived from MePh*Ph;Br~ and CH=CHCH,P*Ph;Br~
to give the corresponding C-2-vinyl and C-2-butadienyl derivatives have been
reported. Also, the new glycals generated underwent electrophilic conjugate
addition with alcohols, including sugar-derived alcohols, in the presence of
Ph;P*HBr~ (to give the corresponding O-glycosides, e.g. 72) or with TsOH or
benzotriazole in the absence of a catalyst (to give the corresponding C-1-linked
sulfonyl triazolyl derivative, e.g. 73; see also Chapter 3).* 2-C-Acetoxymethyl
glucal derivatives have been used similarly as starting material for preparing O-
and C-glycosides (see also Chapter 3).* C-Iminodisaccharides on the other hand
have been prepared by a cross-aldol approach (e.g. 76 from 74 and 75, Scheme
8).° Addition of N,H, to the 2-ulose derivative 77 on the other hand has led to
the corresponding branched-chain heterocyclic annulated pyranoside 78 (see
also Chapter 9).*® Isonucleosides bearing an exocyclic methylene group at the
3'-position, prepared from the corresponding nucleoside bases and the sugar

BnO
BnO R e}
o A= OBn

0Bn BnO

N
N

72 R=FE, A, etc. |

73 R=Ts, B, C, etc. N
C =—Nl, Q
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Scheme 8
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derivatives, which in turn were derived from the corresponding 3-ulose deriva-
tives, under Mitsunobu conditions, were shown to be inactive as anti-HIV agents
(see also Chapters 13 and 19). Branched-chain sugar derivatives with exocyclic
methylene groups at the C-4/C-5 positions, also obtained from the correspond-
ing ulose derivatives, have been described as intermediates in the first total
synthesis of (—)-tetracyclin.*® Branched-chain sugars possessing exocyclic di-
fluoromethylene groups have likewise been described in a review on the dia-
stereoselective introduction of fluorinated methyl groups onto carbohydrates.
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Aldosuloses and Other Dicarbonyl Compounds

1 Aldosuloses

Epoxides derived from 2,3,4-tri-O-protected-6-deoxyhex-5-enopyranosides hy-
drolyse spontaneously to give novel protected hexos-5-ulose derivatives. The
products adopt a 1,6-anhydropyranos-5-ulose bicyclic structure in solution.!
Treatment of the 5,6-cyclic sulfate 1 with BuLi has afforded the 6-deoxyhex-5-
ulose derivative 2 following abstraction of H-5.2 Oxidation (RuQO,, NalO,) of
partially O-protected glycosyl H-phosphonates (e.g. 3) gives the corresponding
aldulosyl phosphates (e.g. 4). These were coupled with nucleoside monophos-
phates to give biosynthetically relevant keto derivatives of nucleoside diphos-
phate sugars’ An NBS-mediated hydrolysis of a 2'-deoxy-4'-phenyl-
selenyladenosine derivative has generated the corresponding 2-deoxypentos-4-
ulose.*

_0 Me Me Me
OZS\

o) 0 0 o)

) o oH

@ ?\ 5 ?\

X OMe >< OMe  BzOY“—fOPH)O,H  BzOM—fOPOsH,

0Bz O 0Bz
1 2 3 4

2 Other Dicarbonyl Compounds

The heptodialdose 5 was synthesized from cycloheptatriene by osmylation of its
iron tricarbonyl complex and ozonolysis.* Addition of 1-ethoxyvinyl-lithium to
the lactone 6 and subsequent acid hydrolysis has afforded 1-deoxy-D-erythro-
hex-2,3-diulose (7).6

CHO
OTbdms Me
o} o]
o} ° 1e) o
BnO ;—(& OH
BnO 0 O OH
CHO M CH,0H
5 6 7
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Sugar Acids and Lactones

1 Aldonic Acids, Aldaric Acids, and Their Amides, Lactones and Lactams

2,3-Di-0-galloyl-4-O-(E)-caffeoyl-L-threonic acid and 2-O-galloyl-4-O-(E)-
caffeoyl-L-threonic acid have been isolated from the leaves of Cornus con-
troversa.!

The enantiomerically pure 2,3-unsaturated aldonic lactone 2 was prepared
following Sharpless asymmetric dihydroxylation of 2-vinylfuran to give 1
(Scheme 1).2 The chain-extended aldonolactones 4 and 5 were prepared from the
B-keto ester 3 by use of a diastereoselective reduction with either D- or L-tartaric
acid in conjuction with sodium borohydride (Scheme 2).3 Reaction of Meldrum’s
acid (5a) with p-aldopentoses and hexoses gave 3,6-anhydro-2-deoxy-aldono-
1,4-lactones. For example, D-ribose gave 6 in 41% yield. The isomer with
inverted configuration at C-3 and C-4 was observed as a by-product of the
reaction. Bis-sugar substituted calix[4]arene 7 was prepared by an amide
coupling reaction and found to be highly soluble in chloroform; it formed 1:1
complexes with octyl thioglycosides.’ The thioamides 8 were prepared from
gluconolactone by ring-opening with amines, then acetylation and thionation
with Lawesson’s reagent.’ As shown in Scheme 3, 5-azido-5-deoxyhexono-y-
lactones have been used for the preparation of D-hexono-8-lactams, which were
used in glycosidase inhibition.’

OTbdms
HO }—0

OH
(0] ) ! .
O — O =
97% ee —
1
Reagents: i, TbdmsCl; ii, NBS, H,0; iii, Jones oxid.; iv, NaBH,4, CeCls
Scheme 1
Numerous acyclic amide derivatives were reported this year. Bis-amides 9
were synthesized from L-mannaic acid and found to be potent HIV protease
inhihibitors® The diamide 11, an isomer of a known HIV-1 protease inhibitor,
was synthesized from L-sorbose via L-iditol 10 (Scheme 4). The 4-deoxy analogue
of the product was also produced by a Barton deoxygenation.’
Both diastereomeric N-acetylneuraminic acid-derived nononic acids 12a and
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Reagents: i, D-tartaric acid—NaBH,, THF, 93%; ii, L-tartaric a0|d—NaBH4, THF, 89% iii, TBAF, 85%
Scheme 2
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8 R=Me, Et, Pr, Pr, CgHyq, CgHs, 4-MeOCgH,, 4-BrCgH,

12b have been prepared by reduction with sodium borohydride, acetylation,
separation of the diastereomers and then deacetylation with NaOMe.® The
preparation of 3-amino-3-deoxy-2,4,5,6-tetra-0-methyl-p-altronic acid hydro-
chloride 13 from methyl 3-azido-4,6-0-benzylidene-3-deoxy-a-D-mannopyrano-
side has been achieved in seven steps (1, TFA; 2, Mel/KOH; 3, HCI agq.; 4,
thiolacetic acid/pyridine; 5, DMSO, Ac,0; 6, Mel/KOH; 7, HCI)."! The reac-
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Reagents: i, Me,C(OMe),, CSA, Me,CO; ii, HOAc, HpO; iii, DMTCI, py; iv, BnBr, NaH; v, Cl,CHCO,H,
CHyCly; vi, TEMPO, sodium hypochlorite ag.; vii, N,N-disuccinylimidy! carbonate, py;

viii, L-valine methylamide Scheme 4
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0 o}
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X
TbdmsO OTbdms TbdmsO OTbdms
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Scheme 5

tion of the 5,6-O-isopropylidene-2,3-0-Tbdms lactone 14 with an allyl Grignard
reagent followed by acetylation was reported (Scheme 5). Subsequent ozonolysis
or epoxidation with mCPBA was also performed.!
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2 Ulosonic Acids

The ulosonic acid derivative 15 has been isolated from the marine sponge Mycale
mytilorum; however, the stereochemistry has yet to be determined.”®

A short review (11 pages, 14 references) on the synthesis and evaluation of
mechanism-based inhibitors of Kdo8P synthase has appeared.!® A review on the
alkaline biocatalysis for the direct biosynthesis of N-acetyl-D-neuraminic acid
(Neu5Ac) from N-acetyl-D-glucosamine has also been written.!* The syntheses of
furanose derivatives of 3-deoxy-D-erythro-2-hexulosonic acid and their 3-bromo
and 3-deuterio analogues have been reported.'® 3-Deoxyoctulosonic acid 16 has
been prepared by use of E. coli heptulosonate synthase (Scheme 6)."”

COH COxH
HOCH, oPOZ =0
fo) + 3 —_—
HO o Me CHO HO—
cH=c{
oH CO.H HO — HO—
15 OH —OH
OH —OH
CH,0POs* CH,OPO,%"
16
Scheme 6

A one- and two-dimensional NMR study of the acetic acid-induced lactoniz-
ation of a-N-acetylneuraminyl-(2—3)-lactose showed that the major product 17
involved cyclization to O-2 of the galactose unit, while a minor lactone involved
O-6 of this moiety.!

An enantioselective synthesis of 18 was achieved. This is a deoxy analogue of
naturally occurring 3-deoxy-D-glycero-D-galacto-2-non-2-ulosonic  acid
(KDN).*

b
OH
HO&& 5
o 2 S \w A0 COE
0 o oH OAc
OAc
HRCHN OAc
HO 17 18

A new report of a practical synthesis of Kdn2en that also includes the synthesis
of both 4-amino-4-deoxy analogues has been reported.”® Mimetics of Kdn2en
containing an aliphatic ether, thioether or acetamide in place of the natural C-6
glycerol side-chain have been synthesized from D-glucurono-6,3-lactone?' Ana-
logues of 4-guanidino-Neu5Ac2en (Zanamivir, a potent inhibitor of influenza
virus sialidases) were prepared with carbamate groups at the 7-position. Two
analogues, 7-O-(6-aminohexyl)carbamoyl and 7-O-(heptyl)carbamoyl, were as
active as the parent compound.? 2-Phenylthio- and 2-phenylseleno-glycosides of
N-acetylneuraminic acid were transformed in 92-99% yields to the Neu5Ac2en
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derivatives 19 by treatment with dimethyl(thiomethyl)sulfonium triflate
(DMTST) followed by DBU.? Other analogues, 20, of NeuSAc2en were pre-
pared from the N-acetyl precursor by removal of the acetyl with Ba(OH), and
formation of the amides by standard DCC coupling. These were used to probe
the sialidase of Vibrio cholerae, the causation agent of cholera.?

AcO OAc

HO
ACO-- (e} Y CO,Me HO ’ (o] y COyH
AcHN HO®

OR R HO

19 R = Ac, CH,CN, CH,COBU' 20 R =NHCOCH,OH
NHCOCH,CI
NHCOCH=CH,
NHCOCClg
NHCOEt
NHCOPr
NHCOCF,
NHCOCH,I

Sialic acid and several analogues have been synthesized from D-glucose in 17
steps and 7% overall yield. A salenCo(II)-catalysed hetero-Diels—Alder reaction
and oxidative azidation (CAN/NaN;) of a silyl enol ether were the key steps.?
The synthesis of KDN and other sialic acids using an indium-mediated allylation
was reported (Scheme 7). The method enhanced the stereoselectivity by produc-
ing the threo product 21 only and simplified the purification through simple
precipitation of the indium salt, thus avoiding chromatography.”® Also in the
area of total synthesis, a diasteroselective synthesis of NeuSAc has been re-

ported.”’
OH OH OH COfEt
i OH ii—iv
D-Man + COEt — X — KDN

1
Br OH OH
21
Reagents: i, In, EXOH/HCI; ii, Og; iii, MeyS, iv, OH™ (75% overall yield)
Scheme 7

The synthesis of C-9 modified N-acetylneuraminic acid derivatives was ac-
complished and the products were tested as substrates for NeuSAc aldolase (i.e.
the transformation of NeuSAc back to N-acetylmannosamine). Analogues with
OMe, OMOM and OAc at C-9 proved to be reasonable substrates, while that
with =CHCO,H acted as an inhibitor.”® Fluorinated and hydroxylated C-3
sialyl acids were tested for selective inhibition of neuraminidases and influenza
hemagglutinin. They inhibited sialidase from Clostridium perfringens.”® The syn-
thesis of sialic acid glycosides of 6-nitro-5-deazaflavin derivatives was reported.
However, their anti-tumour activities were similar or weaker than those of the
non-sialylated flavins.*® The synthesis of derivatives 22 was accomplished for use
as molecular probes in elucidating the substrate specificity of human a-1,3-
fucosyltransferase.> Cyclic Sialyl Le* mimetics 23 were prepared and displayed
excellent inhibition for binding with P-selectin. For example, when R = H the
ICs, is 1000 better than that of SiaLe*32 A chemoenzymatic deacetylation using
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lipase OF gave 4-O-acetyl-24 from the 4,7,8,9-tetra-O-acetyl precursor in 79%
yield.?® Modifications of CMP-Neu5Ac 25 were prepared and tested with a-
(2—>6)-sialyltransferase from rat liver. Base modification is not tolerated but
modifications at C-5, C-8 or C-9 are.** Dimerization of alkenyl sialosides 26
using Grubbs’ catalyst gave a range of divalent sialoside derivatives (Scheme 8).”

(@]
OH COsH
OH
OH 0-3)-B-D-Gal-(1—4)-B-D-GlcNAc-(1-3)-B-D-Gal-(1—-4)-D-Glucose
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O o | NN
OH AcHN (e} 1"
HO, SPh oH\ OP~g N/&O
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HO-- 0-7™~COsMe oH/ “co,
AcHN
OAc PB=85% OH
24 25 OHOH
CO,Me CO,Me
AcHN (e} 2 o
OH CO:Me i CO,Me COsMe K
SN K
oH/ N XX XN
26 X=0o0rS
Reagents: i, Cly(PCys),Ru=CHPh; ii, Hp, Pd/C

Scheme 8
3 Uronic Acids

Numerous applications and variations of TEMPO oxidation for the formation
of uronic acid derivatives have been reported. For example, oxidation of propyl
a-L-Rha-(1—+4)-a-D-Gal-(1—2)-a-L-Rha~(1—4)-B-p-Gal using TEMPO/KBr/
NaOCl gave propyl a-L-Rha-(1—4)-a-D-GalA-(1—2)-a-L-Rha-(1—4)-3-D-GalA
for use as a model, anti-ulcer compound.* The use of TEMPO and heterogen-
eous silver salts gave methyl a-D-glucopyranosiduronic acid in 90% from the
corresponding pyranoside.’” Similar TEMPO oxidations that use a platinum
anode® or stoichiometric amounts of sodium hypochlorite and ultrasound®
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were reported, both methods giving methyl a-p-glucopyranosiduronic acid in
over 90% yield. Also reported was the oxidation of sucrose using the
TEMPO/ultrasound method to produce sucrose tricarboxylate.** A further use
of a TEMPO/NaOCI oxidation applied to -cyclodextrin gave the mono- and
di-carboxylates.*! Preparations of glucuronides have been achieved by oxidation
of 6-phenylthio hexopyranosides prepared from 6-hydroxy-D-glucopyranosides
(Scheme 9).*2

cl
SPh Cl—\_-SPh O=~_-OMe
-§-0 0 o-3-_1_ |0 O o-§-| _", 40 o o-i-
HQO’éS/ : §H20 | = énzo ;
OR' OR' OR'
Reagents: i, SO,Cl,,Py; ii, HgCls (10 equiv.), Py, MeOH/H,0O
Scheme 9

Uronic ester 27 was synthesized in 99% ee and good yield in a bisoxazoline
Cu(OTf), catalysed hetero Diels—Alder reaction (Scheme 10).*’ L-Iduronyl ester
28 (Scheme 11) has been used for combinatorial work on GAGs.* The syntheses
of protected a-pD-GalU-(1—4)-a-D-GalU~(1—+4)-0-pD-GalU derivatives, such as
29,4 and a-D-GalU-(1—2)-a-L-Rha-(1—4)-a-D-GalU are referred to in Chapter
4.% The synthesis of the C-1-C-6 fragment of macrolide antibiotics, carbonalide
B, has been reported using a Wolff-rearrangement of a-diazoketones derived
from furanuronic acids 30 (Scheme 12).¥
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HO,C fo) MeO,CCH, 0 AA
R i-ii R —_— N
— — CO,Et
;—\fo wo MeOQCW\/ 2
1 1
R! OA( R' 0-3( OH OH

30 R=OMe, R'=H
R=0Bn, R'=H
R=H, R'=0Bn
Reagents: i, (COCl)y; ii, CHoNy; iii, PhnCOOAg, EtgN, MeOH
Scheme 12

5 Ascorbic Acids

Reaction of ascorbic acid with S-nitrosothiols (RSNO) at low ascorbate con-
centration gives NO + RSSR.*® Upon irradiation with UV light, 5,6-O-iso-
propylidene-L-ascorbic acid reduces quinones efficiently and rapidly to the
corresponding hydroquinones rather than undergoing Paterno—Buchi oxetane
formation.”” Derivatives 31 were prepared from 5,6-di-O-acetyl-2,3-di-O-ben-
zylascorbic acid by nucleophilic attack (with concurrent elimination of HOAc) of
silylated bases. The products displayed modest anti-tumour activity.*® Deriva-
tive 32 was also prepared and shown to possess stronger anti-oxidant activity
than a combination of vitamins E and C.*! Selective protection to give 3-ethers 33
of ascorbic acid has been reported. In one method, reaction of ascorbic acid with
alkyl mesylates and NaHCO; in DMF gave 70-88% yields of 33, where R =
(CHy).Me and n = 4-16. Alternatively, treatment of ascorbic acid under
Mitsunobu conditions (DEAD, Ph;P then ROH) produced the ethers in
63-77% yields (R = Me, Pr, octyl, allyl and Bn).”® Finally, the Michael adducts
of acrolein and ascorbic acid have been prepared (Scheme 13) and shown to be
mild inhibitors of Ser/Thr protein phosphatases.>
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Inorganic Derivatives

1 Carbon-bonded Phosphorus Derivatives

A comprehensive review of carbohydrate complexes of platinum-group metals
includes examples in which the sugar is C-linked to a phosphorus and thence to
the metal.! A series of phosphonate analogues of glycosyl 1-phosphates was
obtained by addition of LiCH,P(O)(OMe), to aldonolactones followed by
Et;SiH-TmsOT{ reduction.? Some C-glycosyl phosphate and phosphonate ana-
logues of N-acetylglucosamine 1-phosphate have been prepared using standard
methods,’ and difluoromethylphosphonate derivatives of iminoalditols are men-
tioned in Chapter 10. The a-fluorophosphonates 1 were prepared as substrate
mimics for glucose 6-phosphate dehydrogenase by way of base-induced addition
of diethyl phosphite to a 7-aldehydo-6-deoxyheptopyranose derivative and
treatment of the products with DAST followed by deprotection.* Similarly the
mannose 6-phosphate analogues 2 and 3 were prepared by addition of lithiated
methyl diethylphosphonate to a 6-aldehydomannopyranose derivative.’ The
‘phostone’ 4 has been prepared from L-fucose as a potential fucosidase inhibitor,’
and the synthesis and use of some new sugar-derived phosphine ligands (e.g. 5
and 6) for asymmetric hydrogenation has been described.”®

F
P(O)(ONH,), PO3Na, PO3Na,
0 Hoz EHO Q0
OH OH 0 o} W: o HOR
HO OH HO y~OH OHHO»OH  HO OH
OH HO HO OH
1 2 3 4

Some approaches to the synthesis of 2- and 3-phosphonomethyl derivatives of
D-arabinose are covered in Chapter 14, and the generation of a dialkyl phos-
phonodithioyl radical from 7 and its addition to carbohydrate alkenes has
allowed the synthesis of other C-phosphonomethyl-substituted sugar derivatives
(Scheme 1).° The phosphinic acid analogue 8 of cyclic AMP has been prepared,'’
and the olefin metathesis reaction, with a newer Grubbs catalyst, has been used
to synthesize some carbohydrate cyclic phosphonates, e.g. 9.
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2 Other Carbon-bonded Derivatives

The arsenomethionine-based diastereomers 10 have been isolated from brown
algae and separated.’ The vinylstannane 11 has been converted into a chromium
carbene enolate which was trapped with electrophiles to give chromium pyra-
nosylidenes 12 with predominantly the D-manno configuration (Scheme 2)."* A
glycosylidene carbene derived from 13 inserts into a boron-alkyl bond of 14 to
give glycosylborinates 15 with low stereoselectivity. These products are stable to
base, acid and thermal conditions but are readily oxidized to yield the corre-
sponding ketoses.'* Some planar chiral ferrocene dicarboxylic acids have been
resolved after esterification with a sugar diol.”®

3 Oxygen-bonded Derivatives
O0-Bonded carbohydrate complexes of platinum-group metals have been com-

prehensively reviewed,' as has the dibutyltin-mediated selective derivatization of
compounds with three or more hydroxy groups.'® An intermolecular migration
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of the dibutyltin groups has been observed with dibutylstannylene derivatives of
pairs of sugar diols which contributes to the regioselectivity of substitution
reactions.” The dimeric dibutylchlorostannyl derivative 16 has been character-
ized as an intermediate that results from treating methyl 4,6-O-benzylidene-a-D-
glucopyranoside with Bu,SnO/BzCl."

Ph
AN 0
1

Buzs\n -0

\  BzO
MeO SnBu2 OMe
OBz

%

(0]
OA—Ph
16

Complexes of D-glucose, D-mannose, D-galactose, D-arabinose, D-ribose, D-
xylose, maltose and lactose with Pr(III) and Nd(III) have been synthesized and
characterized. All monosaccharides formed nine-coordinate [M(sacch)s;])*~
complexes.'” The complexes MCls.myo-inositol.9H,O (M = Pr, Nd or Sm) have
been analysed by IR spectroscopy and the results suggest they have similar
structures. That for M = Pr has been solved by X-ray crystallography.” Ten and
seven complexes of D-gulonic acid with W(VI) and Mo(VI) respectively in
aqueous solution have been identified. The nature of the complexes depended on
pH and concentration.?’ A [Co(III)(phen),(sucrose)]** complex forms with little
apparent perturbation of the sucrose conformation. The sucrose acts as a biden-
tate ligand possibly through O-2 (Glc) and O-1 (Fru).”? Complexes of VO?* and
different saccharides were obtained as sodium salts from aqueous solutions and
were characterized by spectroscopic methods.”® A series of Ce(IIl) complexes
with seven monosaccharides and two disaccharides have been synthesized and
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characterized.?* The kinetics and relative rates of reduction of Cr(VI) by both a-
and B-p-glucopyranose [to Cr(III) and p-gluconic acid] have been studied.?

High enantiomeric excesses and regioselectivities have been achieved in the
Rh-catalysed hydroformylation of vinyl arenes using a chiral diphosphite de-
rived from D-glucofuranose as a catalyst ligand.?® Use of a D-glucose Schiff base
ligand has allowed the synthesis of Cu(ll) aggregates which assemble in a
network containing hydrophobic helical channels.”

4 Nitrogen-bonded Derivatives

Tetradentate Cu, Pt and Pd complexes of the 1,2-bis(thiosemicarbazone) derived
from 3-deoxy-D-erythro-hexos-2-ulose have been prepared,® and some sugar
analogues of cisplatin which incorporate a mono-N-sugar-substituted ethylene
diamine unit have been synthesized.”
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Alditols and Cyclitols

1 Alditols and Derivatives

1.1 Alditols and Amino-alditols. - A preparation of the tetritol (C;—Cs) frag-
ment, 1, of the macrolactone (+)-aspicilin, featured the desymmetrization of
meso-erythritol through the formation and subsequent base-promoted dia-
stereoselective acetal fission of a C,-symmetric bis-sulfoxide intemediate,
(Scheme 1, 2—3).!

2-C-Methyl-p-erythritol 4-phosphate (4), a key isoprenoid precursor in the
mevalonate-independent pathway leading to isopentenyl diphosphate, has been
synthesized in eight steps from 1,2-O-isopropylidene-a-D-xylofuranose in such a
way as to facilitate the incorporation of '*C or 3H radiolabels.? Syntheses of the
non-phosphorylated derivative, 5, and its L-threitol diastereomer, 6, from D-
glucose and D-galactose respectively, have also been reported.’

3p-(5'-p-Ribityl)cholestane (7), a putative biological precursor for fossil 3-
alkylsteranes, has been synthesized from cholestanone by the stepwise and
stereoselective construction and subsequent reductive opening of a 33-(5'-deoxy-
5’-yl-D-ribono-1,4-lactone) substituent.*

5-Deoxy-5-seleno-p-arabino-, D-ribo- and D-xylo-selenoformates 8, 9 and 10
have been prepared from D-arabinose and known 2,3,4-tri-O-benzyl-D-ribose
and -D-xylose diethyl dithioacetals, respectively.’ The thermolysis of these com-
pounds to afford 1,5-anhydro-5-deoxy-5-seleno-D-pentitols is covered in Chap-
ter 11.

The efficient reduction of unprotected 5-bromo-5-deoxy-D-ribono-, -p-ara-
binono- and -D-xylono-1,4-lactones to the corresponding 1-bromo-1-deoxypen-
titols using sodium borohydride in ethanol has been reported. Displacement of
bromide by azide, either prior, or subsequent to the reduction, leads to the
1-azido-1-deoxy-L-ribo-, -D-lyxo- and -L-xylo-pentitols which can be further
reduced to the 1-amino-1-deoxypentitols by hydrogenation.

The Cr(VI) oxidation of D-glucitol and -mannitol has been studied. Oxidation
occurred selectively at the primary hydroxyl groups to afford the corresponding
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aldonic acids as the only products; a S-membered Cr(V) chelate ring involving
the primary hydroxyl is implicated.”

The hydrogenation of p-fructose to produce mixtures of D-glucitol and
-mannitol has been carried out at atmospheric pressure on Ru/C catalysts and
found to occur preferentially through the furanose form since interconversion
between the furanose (a- and B-) tautomers is faster than interconversion be-
tween the corresponding pyranose forms.? In parallel studies using Pd or Pt
catalysts the D-glucitol:D-mannitol selectivity could be modified somewhat by
doping the catalyst with tin.® The single-step conversion of sucrose to D-glucitol
and D-mannitol by simultaneous hydrolysis and hydrogenation at high pressure
(5 Mpa, 130-140 °C) has also been reported. Yields in excess of 99% and a 4:1
D-glucitol:D-mannitol selectivity were claimed.’

The reaction of aldoses and their derivatives with dimethyl (diazo-
methyl)phosphonate, generated by in-situ methanolysis of dimethyl (1-diazo-2-
oxopropyl)phosphonate, gives rise to 1,2-dideoxy-ald-1-ynitol derivatives in
moderate to high yield (48—84%).° Eight examples, including the conversion of
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2,3:5,6-di-O-isopropylidene-pD-mannose to an acetylenic alditol in 84% yield
(Scheme 2) are given, and from these results it appears that greater yields are
obtained in those cases in which the hydroxyl groups are protected (11 vs. 12).

RO RO
RO
Ao 0 i OH H
11 RA=2"CMe, 84%
Reagents: i, N,C"PO(OMe), 12 R=H 48%
Scheme 2

The regiospecific [3 + 2] 1,3-dipolar cycloaddition of 2-amino-1,3-thiazolium-
4-olates (2-aminothioisomiinchnones) to methyl propiolate to form pyridone
derivatives has been investigated. In this study a dipolarophile, 13, was tethered
to 1-amino-1-deoxy-D-glucitol pentaacetate and formed pyridone 14 upon 1,3-
dipolar cycloaddition to but-2-yndioic acid dimethyl ester."!

Glycosylated ‘polyethylenimines’ (PEIs) are typically synthesized by reductive
amination of a di- or oligosaccharide in the presence of commercially available
high molecular weight polyethylenimine using highly toxic sodium cyano-
borohydride. The combination of titanium(IV) isopropoxide and sodium
borohydride has been shown to be a safe and efficient substitute, and maltose
and lactose have been converted to the corresponding glycosylated PEIs, 15 and
16, in good yield by this means.!?

Isomeric glucosylated amino-alditol derivatives, 17, derived from reaction of
2-amino-2-deoxy-mannit-6-yl and -glucit-6-yl a-D-glucopyranosides with
methyl methacrylate, were co-polymerized and the physical properties of the
resulting polymers were examined in water.!

Sugar-substituted ligand 18 was prepared from 1-amino-1-deoxy-p-glucitol
by reaction with salicylaldehyde in methanol. This Schiff base has been shown to
form chiral tetranuclear aggregates with Cu(II) which organize themselves, via
intermolecular H-bonding, into 3-D networks containing hydrophobic helical
channels." In the search for ee/de enhancement in organozinc addition reactions
with aldehydes, chiral ligands 19 and 20 (the latter derived from the former) were
prepared by standard methods from D-mannitol. Yields and ee’s ranging from
62-97% and 43—-92% respectively were recorded.”

A range of C,-symmetric cyclic 1,6- and 2,5-diamino-hexitols have been pre-
pared as potential glycosidase inhibitors. Reaction of guanidine with the known
bis-epoxides, 1,2:5,6-dianhydro-3,4-O-isopropylidene-D-mannitol and -L-idito],
yields 21 and 22 respectively. The 2,5-diamino compounds 23 and 24 were
derived from thiourea 25 by reaction with various amines, including methyl
6-amino-6-deoxy-a-D-glucopyranoside, in the presence of mercuric chloride.!®

1.2 Anhydro-alditols. — The solvent-free thermal dehydration of tetritols on
zeolites has been studied.”” At temperatures in excess of 250°C a mixture of
products is obtained arising predominantly from intramolecular dehydra-
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tion/cyclization, but also from isomerization and intermolecular dehydration
(dimerization). Heatlng erythritol, for example, on 3 A molecular sieves to 290 °C
under argon for six hours produced 1,4-anhydro-p-erythritol in 68% yield.

4,5-Anhydro-2-deoxy-pentitol 26 was synthesized in four steps from 5-ben-
zyloxy-pent-2-en-1-ol as an intermediate in the synthesis of a y-amino-g-hydroxy
acid component of the cyclic depsipeptide, hapalosin.'®

cl
4
CH,0Bn N—< :@[
cl

MomO:‘

1,4-Anhydro-2-0-p-toluenesulfonyl- and 1,4-anhydro-3-deoxy-2-0-p-tol-
uenesulfonyl-p-ribitols, derived conventionally from D-ribose and D-lyxose de-
rivatives respectively, have been coupled with substituted benzimidazoles by Sy
displacement of the tosyl groups to build the benzimidazole 2'-isonucleosides
27.8

In a rapid synthesis of authentic standards for the reductive-cleavage method
of polysaccharide structural analysis, the eight positional isomers of partially

27 R=0OHorH
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methylated and benzoylated (or acetylated) 1,5-anhydroribitol have been pre-
pared simultaneously from 1,5-anhydroribitol by sequential methylation and
benzoylation and isolated in pure form by HPLC. The acetates were obtained
subsequently by debenzoylation of the pure isomers and acetylation.

OH
i—9R= OHR1 0
OHHO OH R
i—R=H R'=0H HO
R
IlI
ﬁ > ﬁOHH2N>

NVOH

Reagents: i, Hy, Pd/C (58%); ii, NaBH, (60%), iii, HONH,, EtOH (66%); iv, Hp, Pd/C, MeOH;
v, HCI (72% 2 steps) Scheme 3

1,5-Anhydro-p-glucitol and -D-mannitol can be obtained by stereoselective
reduction of 1,5-anhydro-D-fructose as depicted in Scheme 3. Reaction with
hydroxylamine in ethanol affords oxime 28 which undergoes stereoselective
catalytic hydrogenation to produce 1,5-anhydro-2-amino-2-deoxy-D-mannitol
(29), which in this case was isolated as its hydrochloride salt in high yield.”!
Alternatively, 1,5-anhydro-D-glucitol and -b-mannitol can be derived from the
corresponding acetylated glycosyl bromides under nickel(II) catalysed radical
conditions (Scheme 4).2 Further, if this reaction is carried out in the presence of
acrylate acceptors, C-glycosides are formed in good yield with high stereoselec-
tivity (> 95% a-anomer, see Chapter 3).

OAc OAc
o i (0]
OAc R —_— OAcR

AcO Br AcO

R R
R=H,R'=0Ac
R=0Ac, R'=

Reagents: i, Nittmc)o(BF4)2 (20 mol%), Mn, PPhyoH, THF, A
Scheme 4

2,5-Anhydro-p-glucitol, 2,5-anhydro-p-mannitol and their 6-phosphate and
1,6-diphosphate derivatives have been prepared from protected D-mannose and
D-glucose using methods developed with 2H-labelling in mind.? 2,3,4,6-Tetra-O-
benzyl-D-mannopyranose has been elaborated into both anhydro-alditols as
shown in Scheme 5. Interestingly, the anhydro-alditols are formed by displace-
ment of a 5-O-triflate by the benzyloxy substituent at C-3. 2H-labelling at
C-1/C-6 can be effected by substituting sodium borodeuteride in the reduction
step. 2,5-Anhydro-D-glucitol was also synthesized from 2,3,4,6-tetra-O-benzyl-D-
glucopyranose using analogous chemistry; to obtain the desired gluco-configur-
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ation in the product, the aldehydic precursor was epimerized using triethylamine
in DMF prior to sodium borohydride reduction. If deuterium oxide is added to
this epimerization mixture, ’H incorporation occurs at C-5 by proton ex-
change.” A study of C,-symmetric peptidomimetics as potential HIV inhibitors?
describes the synthesis of peptide derivatives of 1,6-diamino-2,5-anhydro-1,6-
dideoxy-p-iditol and -p-mannitol from 2,5-anhydro-3,4-di-O-benzyl-D-iditol®
and -D-mannitol,* respectively.

Three methods for the synthesis of 1,4:3,6-dianhydro-p-glucitol 5-nitrate from
the 2,5-dinitrate have been reported. Mono-denitration was effected enzymati-
cally, by catalytic hydrogenation and by treatment with sodium borohydride
and cobalt phthalocyanine.?

The di-O-alkylations of 1,4:3,6-dianhydro-p-glucitol, -mannitol and -iditol
were reportedly facile under microwave irradiation in the presence of phase
transfer catalysts. Yields in excess of 90% were routinely achieved after a
reaction time of only a few minutes, and the method was found to be compatible
with a wide range of alkylating agents.”’

OBn OBn
o _ OH ) o - HO— o o
OBnBnO OH ', [0BnOBn ! <®\: it~V BnO
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BnO BnO
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OBnOBN ii-v BnO

—_—

- OBn

OBn
Reagents: i, PhaP=CH,.HBr, BuLi; ii, Tf,O; iii, OsO4; iv, NalOy4; v, NaBH,;
Vi, Pph3, DEAD, 02N05H4N02, Et3N
Scheme 5

BnO

Whereas common methods for synthesizing glycosyl cyanides produce 1,2-
trans-products, a new method based on the selective (radical) reduction of the
nitro group of 2,6-anhydro-1-deoxy-1-nitro-hexitols and -heptitols (glycosyl
nitromethanes) provides ready access to 1,2-cis-glycosyl cyanides; oximes are
generated in 84-97% yield upon treatment with tributyltin hydride-ABCN
(1,1"-azobis[cyclohexanecarbonitrile]) in refluxing benzene, and these are effec-
tively dehydrated to afford the corresponding nitriles.”® Numerous examples are
reported including the use of such substrates as the peracetylated glycosyl
nitromethanes with §-p-Galp, B-D-Xylp, $-D-GlcpNAc, a-bD-Ribf and B-L-Rhap
configurations.

Designed as a novel IP; receptor ligand, 3,7-anhydro-2-deoxy-D-glycero-D-
ido-octitol 1,5,6-trisphosphate has been synthesized using a vinyl transfer strat-
egy that hinges on susbtituent-induced conformational constraints (Scheme 6).
The use of bulky tert-butyldimethylsilyl protecting groups in the D-glucose
substrate causes a conformational inversion allowing the successful radical
cyclization of a temporary 2-O-vinylsilyl tether. Hydrogen peroxide oxidation
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Scheme 6
affords the anhydro-octitol intermediate 30 bearing a stereoselectively (o) intro-
duced C; unit.

1.3 Monomeric Cyclic Imino-alditols. — As sugar mimetics able to competitive-
ly and selectively inhibit glycosidases and glycosyltransferases, polyhyd-
roxylated pyrrolidine and piperidine alkaloids and their synthetic analogues
have again been the focus of considerable attention and a number of reviews of
the literature in this area have appeared. The preparation of polyhydroxy
pyrrolidines, piperidines and azepanes (imino-pentitols, -hexitols and -heptitols)
from D-mannitol and their functionalization to yield non-peptide mimics of
somatostatin and sandostatin has been covered.*® A number of reports have been
published which consider the biological activities of imino-alditols as anti-
infectives,” glycosidase inhibitors*? and as inhibitors of glycolipid biosynthesis.”
The stereoselective synthesis of piperidines has been the subject of a recent
review,>* and a report on the use of anionic conjugate addition reactions for the
preparation of substituted mono- and di-saccharides includes examples of aza-
sugars such as 1-deoxynojirimycin.**

For convenience, the syntheses of cyclic imino-alditols are now categorized
broadly according to whether they stem from carbohydrate or non-carbohy-
drate sources. Compounds derived from carbohydrate sources are further cat-
egorized according to their method of synthesis.

1.3.1 Cyclization by Displacement of Leaving Groups in Carbohydrate Substra-
tes by Amines. The synthesis of 1,2,4-trideoxy-1,4-imino-D-erythro-pentitol (31)
has been achieved in eight steps, in 42% overall yield, from 2,5-di-O-p-tol-
uenesulfonyl-D-ribono-1,4-lactone according to Scheme 7. The correct
stereochemistry in the product was achieved by epimerization at C-4 in a
5-O-tosylated 2-deoxy lactone intermediate; base action on the lactone produced
a 4,5-epoxide of an open-chain carboxylate derivative which subsequently ring-
closed by intramolecular attack of the carboxylate anion on the epoxide to
produce the diastereomeric lactone.*

D-Arabinose has been used as starting material for an eight step preparation of
1,4-dideoxy-1,4-imino-L-xylitol. Ring closure was effected by a double displace-
ment of the mesylate groups in the intermediate 2,3,5-tri-O-benzyl-1,4-di-O-
methanesulfonyl-p-arabinitol with benzylamine.’

Galacto-isofagomine analogue 32, a modest inhibitor of B-galactosidase, was
also synthesized from D-arabinose in 12 steps via chain extension at C-2 and
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Reagents: i, NHoNH,, Bry, dioxane; ii, aq. KOH then conc. HCI; i, AcyO, cat. HCIO,; iv, LIAIH;
v, MsCl, py; vi, BnNH; vii, Hy, Pd/C
Scheme 7

reaction of the advanced intermediate dimesylate illustrated in Scheme 8 with
hydrazine, followed by acid deprotection.*®

In enantiospecific syntheses, (+)- (34) and (—)-1-azafagomine have been
prepared from 2,3,5-tri-O-benzyl-D- and -L-xylose respectively (e.g. as depicted in
Scheme 9 for the D-xylose). As a consequence of these syntheses, the glucosidase
activity of (+)-1-azafagomine was found to be entirely due to the (—)-enan-
tiomer. A more direct route to 34, requiring a double displacement of the
mesylate groups in 33 with hydrazine, was attempted. However, N-amino-1,4-
dideoxy-1,4-imino-L-arabinitol 35 was the only product isolated.*

‘[(')is(OMS
O OTbs
Reagents: i, NHoNHy.H,0; i, H+
areTe Scheme 8
NH.
§ N
i, i, iii iv, v, Vi, vu HO™ ™ “NH BnO/“
OBn BO L/ 5 7
HO v
Bn \ BnO  0Bn
OBn OH 35
R = N(Ac)NHBoc 34
(33 R = OMs)

Reagents: i, NaBH3CN, BocNHHN,; ii, AcoO; iii, MsCl; iv, TFA; v, Diisopropylethylamine, MeNO,;
vi, Hp, Pd/C, HCI, EtOH; vii, aq. HCI, 100 °C

Scheme 9

1,4-Dideoxy-1,4-imino-L-xylitol and 1,5-dideoxy-1,5-imino-L-iditol have been
synthesized in roughly 50% yield from the common intermediate, 2-azido-2-
deoxy-L-idonate derivative 36, derived from L-gulonolactone. The key step in the
transformation involves iodine-promoted one-pot cyclization (by displacement
of a mesylate group) and is followed by selective removal of the 9-phenylfiuoren-
9-yl and isopropylidene groups (Scheme 10).9

A rapid route to N-substituted trihydroxypiperidines (1,5-dideoxy-1,5-imino-
pentitols) by nucleophilic opening of bis-epoxides derived from p- and L-ara-
binitol, D-xylitol and related compounds has been reported. The 3-0-benzyl-bis-
epoxides, generated by tosylation of the primary hydroxyl groups followed by
treatment with sodium hydride and benzyl bromide, were treated with primary
amines to yield piperidine/pyrrolidine mixtures, whose composition was found
to be dependent on the nature of the alditol precursor, the amine and the reaction
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conditions used. For example, the bis-epoxide derived from D-arabinitol was
treated with 12 equivalents of benzylamine in the presence of 6 equivalents of
60% perchloric acid to afford a 3:1 mixture of isomeric piperidine:pyrrolidine.*!
In a similar vein, the ring-opening of bis-cyclic sulfates by allylamine has resulted
in the heterocyclization of various alditols. bis-Cyclic sulfates were prepared
from erythritol and a range of pentitols and hexitols by treating the terminal
vicinal hydroxyl pairs with thiocarbonyldiimidazole followed by sodium per-
iodate and catalytic ruthenium(III) chloride. In this way N-allyl-imino-eryth-
ritol, -pentitols and -hexitols were produced in moderate yield.*? Various isomers
of 2,5-di(hydroxymethyl)-3,4-dihydroxypyrrolidine (DMDP or 2,5-dideoxy-2,5-
imino-hexitols) have been analogously synthesized from different stereoisomers
of bis-epoxides and cyclic sulfates derived from hexoses.*

The well known, D-mannitol-derived bis-aziridine 37 has been used to prepare
6-amino-6-deoxy-2,5-imino-D-glucitol and -1,5-imino-p-mannitol derivatives 38
and 39 as potential glycosidase inhibitors. Treatment of 37 with acetic acid, or
alternatively allyl alcohol in the presence of an ytterbium catalyst, afforded
mono-0-acetylated or -allylated glucitol/mannitol mixtures in 2:1 and 1:2 ratios
respectively.*

A novel synthesis of chiral N-hydroxypyrrolidines, namely 1,4-dideoxy-1,4-
imino-p-galacto-, -gluco- and -talo-hexitols, involving the reductive cyclization
(with inversion of stereochemistry at C-4) of the oxime derivatives of protected
D-gluco-, -galacto-, and -manno-pyranoses respectively, has been reported. E/Z-
Benzyloximes were produced by treating the O-benzoyl protected hemiacetals
with benzylhydroxylamine hydrochloride, and these were subsequently
mesylated at O-5 and reductively cyclized by treatment with dimethylphenyl-
silane in trifluoroacetic acid. A mechanistic cascade of neighbouring group
participation was proposed (Scheme 11). Conversely, reductive cyclization of the
oxime derived from the 6-deoxy L-rhamnose furnished a piperidine (1,5,6-
trideoxy-1,5-imino-D-gulo-hexitol) as the only product.®

En route to a Sialyl Lewis X analogue containing 1,4,5,6-tetradeoxy-1,4-
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imino-D-ido-hexitol in place of an N-acetylgalactosamine residue (see also Sec-
tion 1.5), the aforementioned imino-hexitol was synthesized in a protected form
using the method of Bernotas (see Vol. 24, p. 198, ref. 36) which involves an
intramolecular displacement by nitrogen under Mitsunobu conditions.*

Full details of the synthesis of 6-azido-1,6-dideoxynojirimycin 41 (see Vol 28,
p- 227, ref. 52) from 1-amino-1-deoxy-D-glucitol via the intermediate azido sugar
40 have been reported together with its conversion to various analogues 42 of
DNJ, and the bicyclic iminosugars castanospermine and kifunensine.”’
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o< >

6] S OH
Ph or -g ) or -

Reagents: i, NaH; ii, Nu; iii, H* resin; iv, PhsP, DEAD

Scheme 12
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1-Deoxymannojirimycin analogues 43 have been prepared from 1-amino-1-
deoxy-D-glucitol according to Scheme 12. Various functionalities were incorpor-
ated at C-6 (in the product) by treating the aziridine precursor with a range of
nucleophiles prior to ring-closure by intramolecular displacement of triphenyl-
phospine oxide by nitrogen under Mitsunobu conditions.”

Bis-epoxides derived from D-glucitol and L-iditol have been used to create
1,6-dideoxy-1,6-imino-D-gluco- and -L-ido-hexitols (polyhydroxy azepanes) 44
by their reaction with various primary amines in dioxane at 100 °C followed by
appropriate deprotection. These azepanes were found to be modest inhibitors of
almond B-glucosidase and moderate inhibitors of various cancer cells.”

The synthesis of 2,5-dideoxy-2,5-imino-D-altro-hexitols 45 and 3,6-dideoxy-
3,6-imino-D-glycero-L-altro-heptitols 46 from 2,3,5-tri-O-benzyl-D-lyxose has
been reported. Chain extension was achieved using Wittig chemistry while
nitrogen was introduced by azide displacement of a mesylate group. Reduction
of the azide under Staudinger conditions proceeded with concomitant ring-
closure by intramolecular ring-opening of an epoxide. The imino-hexitols 45
were obtained from 4,5,7-tri-O-benzylated 46 by lead tetraacetate-mediated
cleavage of the a-diol followed by Pd/C catalysed hydrogenation.®
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1.3.2  Cyclization by Reductive Amination of Carbohydrate Substrates. Various
l-amino derivatives of 2,5-dideoxy-2,5-imino-D-mannitol (47) have been pre-
pared in excellent yields in two steps from 5-azido-5-deoxy-D-glucofuranose.
Reaction of this material with amines in the presence of acetic acid results in a
1-amino-fructopyranose intermediate via an Amadori rearrangement and cata-
lytic hydrogenation of this ketose using Pearlman’s catalyst yields the imino-
mannitols by simultaneous reduction of the azido group and cyclization by
reductive amination. 1-N-Acylated derivatives 48 proved to be very strong
inhibitors of B-glucosidase from Agrobacterium sp.*!

A new procedure for the preparation of deoxynojirimycin analogues bearing
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lipophilic substituents at C-1 has been reported starting from 1,2,3,4,6-penta-
benzyl-a/B-D-glucosylamine. Stereoselective introduction of an allylic append-
age at C-1 was achieved by reaction with allylmagnesium bromide. Subsequent
pyridinium chlorochromate oxidation at C-5 and reductive amination using
sodium triacetoxyborohydride in acetic acid afforded the a-allylic DNJ ana-
logue (49 R* = All) with very high diastereoselectivity. Simple transformations of
the allyl group provided access to propyl (50) and methyl ketone (49
R! = C(O)Me) derivatives.>

Trihydroxyazepanes 51-54 have been synthesized as potential glycosidase
inhibitors from 6-azido-3,6-dideoxy-D-gluco-, -D-manno-, -D-galacto- and -L-
galacto-pyranoses respectively by Pd/C-catalysed hydrogenation in methanol,*
while tetrahydroxyazepanes 55 and 56 were generated from D- and L-chiro-
inositol, respectively, utilizing a strategy involving isopropylidene protection of
the cis-vicinal hydroxyls, periodate cleavage of the remaining trans-diol and
double reductive amination of the product using aminodiphenylmethane and
sodium cyanoborohydride.>

1.3.3 Cyclization by Addition of Amines to Multiple Bonds of Carbohydrate
Substrates. A versatile unsaturated aldehydic intermediate derived from D-ribose
has been used to synthesize a number of potential glycosidase inhibitors (Scheme
13). Addition of hydroxylamine and then bromine to the enal resulted in the
formation of nitrone 57 with 66% diastereoselectivity, and this in turn was
readily transformed into various imino-alditols (e.g. 58-60) by nucleophilic
attack followed by reduction. A number of these compounds proved to be good
inhibitors of a-L-fucosidases.”
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Reagents: i, hv, 1,4-dicyanonapthalene, PrOH; ii, 9-BBN then NaOH, H,0y; iii, HCI, MeOH;
v, pd(OH)g/C, H2 Scheme 14

A novel route to (+ )-isofagomine from D-tartaric acid has been reported. In
the presence of 1,4-dicyanonapthalene and light an a-trimethylsilylmethylamine
radical cation is generated in an advanced alkynitol intermediate (Scheme 14).
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This radical cation adds intramolecularly to the terminal triple bond to produce
ring-closed 61 which is subsequently hydroborated and reduced. Enantiomeric
(—)-isofagomine may be obtained if the alkynitol derived from L-tartrate is
substituted.*

1-Deoxymannojirimycin has been synthesized with excellent diastereoselec-
tivity in a process based upon a palladium(II)-catalysed cyclization of an allylic
alcohol 62 derived from D-mannitol.”” C-6 Homologues of 1-deoxynojirimycin
and 1-deoxy-L-idonojirimycin (1,5,6-trideoxy-1,5-imino-D-gluco- and -L-ido-
heptitols) have also been prepared using palladium chemistry. In these reports
the protected aminohex-1-enitol 63, derived from methyl a-p-glucopyranoside,
was amino-carbonylated in the presence of palladium(II) chloride to afford a
mixture of cyclized products whose composition was dependent upon the reac-
tion conditions utilized. Two of these products, 64 and 65, were reductively
transformed into the DNJ and 1-deoxy-L-idonojirimycin homolgues respective-
ly.550

A new, shorter synthesis of miglitol [ N-(2-hydroxyethyl)-1-deoxynojirimycin ]
and its conversion to lipophilic prodrugs by coupling with cholesterol deriva-
tives have been reported. Miglitol was synthesized from methyl 2,3,4-tri-O-
benzyl-6-bromo-6-deoxy-a-p-glucopyranoside via mercuric trifluoroacetate/
potassium bromide mediated intramolecular addition of a benzyloxyethylamino
group to the terminal double bond in the advanced intermediate, 6-(ben-
zyloxyethylamino)-3,4,5-tri-O-benzyl-1,2,6-trideoxy-L-xylo-hex-1-enitol.
Chromatographic separation of the desired D-gluco- from the undesired L-ido-
bromomercuric imino-hexitol followed by coupling with cholesterol hemisucci-
nate and deprotective hydrogenolysis afforded the lipophilic conjugate 66.°

As general approach to dideoxy- and trideoxy-iminoalditols, the synthesis of
1,5-dideoxy- and 1,5,6-trideoxy-1,5-imino-D-glucitol and -galactitol from B-D-
glycosides has been reported. Chromium trioxide oxidation of per-O-acetylated
methyl $-p-gluco- and -galactosides to give S5-ulosonic acid esters, followed by
amination using hydroxylamine yields the (E/Z)-oximes which in turn cyclize to
form aldurono-lactams (67—68) under the conditions of catalytic hydrogena-
tion. Borane reduction and final deprotection gives rise to the trideoxyimino-
alditols. Interestingly, reductive cleavage of the acetoxy group at C-6 was ob-
served during the hydrogenation step and afforded the 6-deoxy-lactam. If, how-
ever, the primary hydroxyl is unprotected and the ester group converted into an
acyl hydrazide prior to hydrogenation by reaction with hydrazine, no such
deoxygenation was observed.®!

In a search for new glycosidase inhibitors an imino-exo-glycal, N-ben-
zyloxycarbonyl-1,2,5-trideoxy-2,5-imino-D-arabino-hex-1-enitol (69) has been
prepared from 2,3,5-tri-O-benzyl-p-arabinose. Wittig methylenation followed by
a double Mitsunobu process, the second using phthalimide, generated (after
deprotection) a 5-amino-hex-1-enitol with overall retention of configuration at
C-5. This was protected as a carbamate and cyclized using N-iodosuccinimide
followed by DBU.¢
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1.3.4 Modification of Azasugars. Boron trifluoride-promoted reaction of allyl
trimethylsilane with 2,3-0-isopropylidene protected pyrrolidine sugar analogues
has been shown to proceed with 2,3-trans-stereoselectivity to exclusively produce
2-allyl C-glycoside analogues in moderate to high yields (47-92%). As an
example, 1,2-O-isopropylidene protected 4-amino-4-deoxy-L-arabinose deriva-
tive 70 was converted to the imino-arabinitol 71 in 60% yield and with 100%
B-selectivity. The substitution was found to occur from the exo-face of the
bicyclic aminal derivatives only, and the resulting 1,2-trans-stereoselectivity was
independent of the configuration of the substituents in the ring.s

5-O-tert-Butyldimethylsilyl-1,4-dideoxy-1,4-imino-2,3-O-isopropylidene-D-
ribitol has been used to prepare the ‘Immucillins’, aza-C-nucleoside analogues
that are potent inhibitors of purine nucleoside phosphorylases. The inosine
analogue 72 for example, bearing a 9-deazapurine, has a K; of 0.07 nM against
the human enzyme, and was synthesized by the addition of lithiated acetonitrile
to C-1 of an imine intermediate derived from the ribitol precursor with subse-
quent step-wise construction of the deazapurine substituent using conventional
chemistry. 5'-Deoxy-, 5'-deoxy-5'-fluoro- and 2'-deoxy deazainosine analogues
of 72, as well as the corresponding azasugar analogues of guanosine, were also
prepared.*

1,5-Dideoxy-1,5-imino-D-erythro-pentulose hydrate 74 was produced as an
Amadori product during the mild acid (pH > 5) hydrolysis of sulfur-linked
pseudo-disaccharide 73 which has an iminosugar at the non-reducing end.%* The
synthesis of 73 is covered in Chapters 9 and 11.

O-Acetylated and non-acetylated N-(3'-iodobenzyl)- and N-(3'-iodo-2'-
propenyl)-deoxynojirimycin derivatives, along with their corresponding *I-
labelled analogues, were prepared for brain uptake studies in rats by simple
treatment of 1-deoxynojirimycin with the appropriate alkylating agent.%
Glycopeptidomimetic nojirimycinyl C-(L)-serine 76 was prepared with high dia-
stereoselectivity from known a-C-allyl nojirimycin 75 by simple transformation
of the allyl group. Ozonolysis followed by chain-extension using a
Wittig—Horner reaction with a glycine-derived phosphonate and final hydro-
genolysis/hydrogenation afforded the product as a diastereoisomeric mixture
with an L/D ratio of 6:1.9
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1.3.5 Other Carbohydrate-based Methods. N-Hydroxy-1,4-dideoxy-1,4-imino-
arabinitol, 77, has been prepared in nine steps from (+)-3-O-benzylglyceral-
dehyde. A transketolase mediated reaction was used to establish a pentulose
(5-0-benzyl-D-xylulose) with correct absolute stereochemistry, and a 1,2-oxazine
was the unexpected product of the acid-catalysed reaction of an aldehydic
intermediate with triethylorthoformate (Scheme 15). Reduction of this oxazine
with sodium cyanoborohydride in acetic acid, did not effect cleavage of the N-O
bond, and yielded the N-hydroxypyrrolidine as a single diastereoisomer.®®
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Scheme 16
An unusual stereospecific ring contraction has been observed upon attempted
substitution of 4-O-activated pentono-1,5-lactams with cyanide. The reaction of
4-0O-methanesulfonyl-2,3-0-isopropylidene-D-ribo- or -D-lyxo-1,5-lactams with
tetrabutylammonium cyanide gave 4-amino-5-C-cyano-4,5-dideoxy-2,3-0-iso-
propylidene-L-lyxo- or -L-ribo-1,4-lactams respectively (Scheme 16), instead of
the expected products of simple Sy displacement of mesylate by cyanide. Reduc-
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tion and deprotection afforded the corresponding 6-amino-1,4,5,6-tetradeoxy-
1,4-imino-L-lyxo- and -L-ribo-hexitols, of which the latter was found to be a
moderate inhibitor of a-L-fucosidase.”’

1-Deoxynojirimycin (DNJ) and 1-deoxygalactostatin were reportedly pre-
pared from trans-alkoxyaminocyclopentitols 78, albeit in poor yield, by reduc-
tive ring expansion using lithium aluminium hydride in THF to afford the
per-O-benzyl derivatives as minor (<30%) products, followed by hydrogenolytic
debenzylation in ethanolic HCL’® The syntheses of 78 from D-glucose and
-galactose are covered in Section 2.1.

As exemplifications of a new route to polyhydroxypiperidines, the 6-amino-1-
deoxynojirimycin (DNJ) analogues 79 and 80 were synthesized as shown in
Scheme 17 from a xylo-pentadialdose (obtained by the action of periodate on
1,2-O-isopropylidene-B-D-glucofuranose) by a novel condensative cyclization
with (R)-(+)-phenylglycinol and potassium cyanide in the presence of zinc
bromide to afford the thermodynamically more stable diastereoisomeric bicycles
illustrated (45% and 5-15% respectively). Catalytic hydrogenation of these
compounds resulted in the simultaneous reduction of the cyano group and
hydrogenolysis of the chiral appendage.”
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Reagents: i, (R)-(+)-phenylglycinol, H,O, KCN, citric acid buffer; ii, ZnBrp, MeOH;
iii, Hp, Pd/C, 10 bar, EtOH, HCI
Scheme 17

1.3.6 Syntheses from Non-Carbohydrate Sources. The Birch reduction of an
N-protected 2-carboxymethyl substituted pyrrole and subsequent quench with
an appropriate electrophile (e.g. methyl 2,3,4-tri-O-benzyl-6-deoxy-6-iodo-a-D-
glucopyranoside) affords a simple route to N-protected 2,2-disubstituted dihyd-
ropyrroles 81. These can be further elaborated into the corresponding 4-sub-
stituted imino-ribitols 82 in good overall yield by a simple strategy of reduction,
acetylation, syn-dihydroxylation and deprotection.”

A [5-'*C]-labelled analogue of 1,4-dideoxy-1,4-imino-D-arabinitol, a potent
o-glucosidase inhibitor, was conveniently prepared in a one-pot synthesis by
YC-cyanosilylation of (3R,4R)-3,4-dibenzoyloxy-3,4-dihydro-2H-pyrrole 83
using an inexpensive mixture of potassium cyanide and chlorotrimethylsilane.
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An epimeric mixture of 2-cyanopyrrolidines resulted and upon separation of the
desired isomer, the arabinitol derivative was produced by acid hydrolysis and
borane-dimethyl sulfide reduction of the so-formed carboxylic acid.”

Two total syntheses of pyrrolidine alkaloids have been reported. (—)-
Codonopsinine (85), an imino-pentitol which exhibits antibiotic and hypotensive
activity, has been synthesized in seven steps in 16% overall yield from dihyd-
ropyrrole 847 The enantioselective synthesis of the potent antifungal agent
(+)-preussin (87) has also been achieved from L-phenylalanine derivative 86. The
pyrrolidine skeleton was established by hydrogenolysis of an intermediate
oxazoline and subsequent diastereoselective reductive cyclization of the result-
ant aminoketone using Pearlman’s catalyst.”
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Two syntheses of iminoalditols from chiral 1,2-oxazines by catalytic reduction
have appeared. A novel asymmetric hetero-Diels—Alder reaction of a 1-p-tolyl-
sulfinyl-1,3-diene with benzyl nitrosoformate provides access to 89, an optically
pure 1,4-imino-L-ribitol derivative. The cycloaddition yields 1,2-oxazine 88 with
complete regio- and diastero-selectivity, and in a very neat single synthetic step, a
dihydroxylated derivative of this adduct is converted into an enatiomerically
pure pyrrolidine by reduction under Pd/C. This ‘reduction’ encompasses hydro-
genolysis of the benzyl group to yield a carbamic acid, decarboxylation, hydro-
genolysis of the N—O bond, cleavage of the sulfonyl auxiliary with concomitant
formation of an unstable aminoaldehyde, cyclization and final hydrogenation of
the resulting imine.” Full details of the conversion of chiral 1,2-oxazines (e.g. 90),
derived from hetero-Diels—Alder cycloaddition of an a-chloronitroso-D-man-
nofuranosyl derivative with sorbaldehyde dimethyl acetal (see Vol. 31, p. 229, ref.
50) into 1,2,5-trideoxy-2,5-imino-D-alditols such as 91 have also been reported.
Compound 91 is a potent a-D-galactosidase and a-L-fucosidase inhibitor with K;
values of 9 and 5 pM respectively.”

Several papers which detail the syntheses of isofagomine, its stereosiomers and
various 3-susbstituted analogues by heterocycle modification have appeared.
(+)-Isofagomine (92) and its (3,4-) stereoisomers (5-hydroxymethyl-3,4-dihyd-
roxypiperidines) have been prepared in short syntheses from arecoline. Osmyla-
tion or epoxidation and hydrolytic ring-opening (mCPBA or methyltri-
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fluoromethyldioxirane/perchloric acid) carried out on the tetrahydropyridine
intermediate 93 provided access to the four stereoisomers.” Piperidinone 94 has
been used as a precursor to 3-substituted isofagomine analogues. A series of
twelve 3,4,5-trisubstituted piperidines were synthesized via three key intermedi-
ates as depicted in Scheme 18. The free acids 95 were obtained by acid treatment,
while the 3-deoxy-3-hydroxymethyl derivatives 96 were obtained by lithium
borohydride reduction prior to acid treatment. Reaction of the free acids with
diphenylphosphoryl azide produced highly reactive isocyanides, via Curtius
rearrangement of the initially formed acyl azides, which underwent spontaneous
intramolecular reaction to produce the cyclic carbamates 97. Hydrolyses of these
carbamates in refluxing HCI gave the corresponding 3-amino-isofagomine de-
rivatives 98.” In a succeeding report 3-deoxy- and 3-C-hydroxymethyl-
isofagomines 99 and 100, respectively, were also synthesized from 94.%° The
cyclopentenoid building block 101, accessed from the fragmentation of a norbor-
nyl derivative, has been elaborated into isofagomine analogues 102 and 103 by

OH
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R' R2 A
92 R'=OH,R%?=H 93
99 R'=R%= H
100 R'= OH, R? = CH,OH
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R =Sem, R?= OH, R*=CO,Et, R'=R®=H 96 R'= CH,OH
R =Sem, R?=OH, R® = CO,Et, R"=R*=H 96 R'=CH,0OH

Reagents: i, LDA, 2-(trimethylsilyl)ethoxymethyl chloride (SemCl); ii, Hp, Pd/C
Scheme 18
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oxidative cleavage of the double bond followed by a strategy incorporating a
double displacement of a dimesylate with p-toluenesulfonamide (—102) or a
double reductive amination with benzylamine and sodium cyanoborohydride
(—103)% The same building block 101 was also transformed into altro- and
galacto-deoxynojirimycin analogues 104 and 105, respectively, using similar
methodology. The glycosidase inhibitory activity of the latter compounds was
reported to be moderate-strong.®?

1.3.7 Natural Products. Four new broussonetines, M, O, P and Q (106-109),
pyrrolidine alkaloids with B-glycosidase inhibitory properties, have been iso-
lated from branches of Broussoneta kazinoki®

6-C-Butyl-DMDP (dihydroxymethyl dihydroxy pyrrolidine) derivative 110,
with an ICs of 68 um against almond f-glucosidase, and a-1-C-ethyl-fagomine
111, with an ICs of 29 um against bovine liver B-galactosidase, were isolated
from Adenophora triphylla sp., along with four known imino-sugars (DMDP,
p-AB1, DNJ and DMJ)#

Five new homonojirimycin derivatives (112-116), including two glucosylated
pseudo-disaccharides (113 and 115, see also Section 1.5), and deoxygalac-
tonojirimycin derivative 117 have been extracted from the roots of Adenophora

sp.85
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110 112 Ra H, R2 115 117
113 R®=OH,R%= BDGIcp
114 R?=R%=H

115 R?=H, R® = -0-Glcp

14 Fused-ring and Bicyclic Azasugars. — Four new polyhydroxypyr-
rolizidines, the Hyacinthacines A;, A,, A; and B; (118-121 respectively) were
isolated from the bulbs of Muscari armeniacum, and their structures elucidated

Bis-aziridine 37 (see Section 1.3.1), derived from D-mannitol, was converted
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into oxazolidinone 122 by treatment with dilithium nickel tetrabromide followed
by silver nitrate in DMF at elevated temperature.*

5-Isoxazolidinone 124 was synthesized from dehydroamino acid 123, which
has a pentose sugar moiety at its side-chain, by displacement of the terminal
mesylate by hydroxylamine with spontaneous cyclization by intramolecular
Michael-like addition. Interestingly, when a tetrose-derived dehydroamino acid
was substituted, no cyclization was observed.*’

Improved syntheses of (+)-lentiginosine (125) and (7R)-7-hydroxylen-
tiginosine (126), inhibitors of amyloglucosidases, have been reported. In multi-
step syntheses based upon a 1,3-dipolar cycloaddition of a pyrrolidine N-oxide
derived from L-tartaric acid to 3-buten-1-ol, 125 and 126 were prepared in 25%
and 37% overall yields from a common indolizidine intermediate. The enan-
tiomers of these compounds could be similarly prepared using D-tartaric acid as
a starting material.®

Castanospermine analogues 127 and 128 have been synthesized in many steps
from a chirally unresolved pyrrolidinone ¥
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A new strategy has been reported for the preparation of fused azole-
piperidinoses 129 using an unprecedented 6-exo-trig cyclization of radical pre-
cursors derived from 3+(1,2,3-triazol-1-yl)- and -(1,2,4-triazol-1-yl)-substituted
3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-glucofuranoses by treatment with
tris(trimethylsilyl)silane in toluene (Scheme 19).%

Bicyclic polyhydroxylated isoquinuclidines with conformations that mimic
the boat-form of pyranosides have been prepared in multiple steps from an
achiral pyridinone. These compounds proved to be strong and selective inhibi-
tors of snail B-mannosidase (130 R =H, K;20 um; R=Bn, K; 0.17 pm).”!

1.5 Azasugar-containing Di- and Tri-saccharides. — A number of glycosylated
iminoalditols have been isolated from plant extracts. Glycosylated homo-
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Scheme 19

nojirimycin 131 has been isolated from the plant Lobelia sessilifolia,”® while 113
and 115 were found in the roots of Adenophora sp.®> Broussonetine 109 was
isolated from branches of Broussonetia kazinoki®*(see Section 1.3.3).

The N-linked pseudo-disaccharide 132 has been prepared from imino-p-altro-
hexitol 45 (Section 1.3.1) and this compound was found to be a potent inhibitor
of B-galactosidase (K; 3.3 pm).’
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OH OH HO HO,
CHZOH HO HO HO

ZI

NHAc OHOH OH
131 R= p -D-Glop 133 R = 6-yl-B-D-Galp
134 R = 5-y1-p-D-Ribf
O
o OHC— Boc o

0 L, Ho/ [l OH

(o] + — H

o_ 0O N

0OBn >< OH HO

Reagents: i, BuLi, (MesSi)NH; ii, LIAIH,; iii, PA(OH),/C, Hy; iv, TFA
Scheme 20

Wittig condensation of N-benzyl-2,3,5-tri-O-benzyl-1,4-dideoxy-1-formyl-1,4-
imino-L-lyxo-and -L-xylo-pentitols with protected p-galactopyranose-6- or D-
ribofuranose-5-phosphoranes gave rise to the pyrrolidine-based (1—+6)- and
(1—5)-aza-C-disaccharides 133 (L-lyxo) and 134 (L-xylo) respectively after hy-
drogenation and deprotection.®® The (1—3)-aza-C-disaccharide 135, on the other
hand, was synthesized as shown in Scheme 20 using a cross-aldol reaction
between a 6-formyl-iminoribitol and an anhydro-keto sugar derived from
isolevoglucosenone.” In a novel approach to disaccharide analogues of this type,
stereoselective cycloaddition reactions between functionalized cyclic nitrones
and sugar alkenes have also been successfully employed. Exemplified in Scheme
21, a nitrone derived in two steps from 2,3-O-isopropylidene-D-lyxose underwent
a 1,3-dipolar cycloaddition with a protected a-D-manno- or -galacto-hept-6-
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enopyranose to form an isoxazolidine cycloadduct which was reductively
cleaved and deoxygenated to produce aza-C-disaccharides 136.

In the synthesis of a Sialyl Lewis X analogue, 1,4,5,6-tetradeoxy-1,4-imino-D-
ido-hexitol (for synthesis see Section 1.3.1) was a-L-fucosylated at the less hin-
dered (C-2) hydroxyl, then B-D-galactosylated at O-3 to produce a non-sulfated
precursor to the pseudo-trisaccharide 137.4

/O— -
N* (o]
fOXO\> + PgO OPg —
HO
Pgo OPg
Pg = protecting group
Scheme 21

2 Cyclitols and Derivatives. — A review on the application of the Pd(II)-
catalysed Ferrier (II) carbocyclization in the synthesis of B-glucosidase inhibi-
tors, cyclophellitol, all the diastereoisomers of inositol, and D-myo-inositol phos-
phates has been published.”®

2.1 Cyclopentane Derivatives. — Carbapentafuranoses have been prepared in
high yield from a variety of O-protected hexopyranosides, including a-D-gluco-,
B-D-allo-, a-D-manno- and a-D-galacto-pyranosides, via cobalt-catalysed oxy-
genative radical cyclization of 6-iodo-hex-1-enitol derivatives. For example, 138,
derived from methyl 2,3,4-tri-O-benzyl-6-deoxy-6-iodo-a-D-glucopyranoside,
was cyclized with very high diastereoselectivity to the cyclitol 139 using a
catalytic Co(salen) complex in the presence of air (Scheme 22)% The same
iodo-glucoside starting material has also been used to make the bicycle 140. Zinc
reduction followed by reaction with a hydrazine carboxylate is thought to afford
the transient species 141, the product of a prototropic shift, which cyclizes to the
bicycle spontaneously under the reaction conditions.”®

Ring-closing olefin metathesis has been used to effect cyclitol formation. The
carba-B-p-arabinofuranose 143'° and carba-p- and -o-D-arabinofuranosides
144'°! were synthesized by ring-closing metathesis of hept-1,6-dienitols derived
from D-arabinose (142, P = Pmb) and D-mannose (142, P = Mom) respectively,
by employing Schrock’s catalyst followed by stereoselective hydrogenation of
the resulting cyclopentene.

The syntheses of carba-B-D-xylofuranose and -xylofuranosylamine have been
reported starting from 2,3-O-isopropylidene-D-glyceraldehyde and either 2-
[(tert-butyldimethylsilyl)oxylfuran or N-(tert-butoxycarbonyl)-2-[(tert-butyl-
dimethylsilyl)oxy]-1 H-pyrrole respectively. The key reactions in the syntheses
(depicted in Scheme 23) are the highly stereoselective boron trifluoride promoted
nucleophilic addition of the furan or pyrrole to the aldehyde, and later, the
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diastereoselective cycloaldolization reaction that generates the cyclopentane
ring in the form of a bicyclic lactone or lactam. This methodology was also used
with slight modification to produce a carba-pyranose and -pyranosylamine (see
Section 2.4).1%

The synthesis and base-mediated intramolecular alkylation/cyclization of 6-
deoxy-6-i0do-2,3:4,5-di-O-isopropylidene-D-glucose leading to the polyfun-
ctionalised cyclopentane 145 has been reported. The reduction and acetylation
of this compound to generate a 4a-carba-a-D-arabinofuranoside derivative was
also described.!®

The stereoselective construction of polyoxygenated carbocycles from carbo-
hydrate templates using a samarium(II) iodide-promoted reductive coupling has
been studied. The configuration of the hydroxy groups in the template (e.g.
octa-6-enopyranuronate 146) determines the stereo-outcome to a large extent
(Scheme 24).'* Carbocycles 147 (66% plus 21% epimer at*) and 148 (95% plus
5% di-epimer at*) were produced as the major diastereoisomeric components in
one-step samarium(I1) iodide-promoted and palladium(0)-catalysed ring con-
tractions of methyl 2,3,4-tri-O-benzyl-6,7-dideoxy-a-D-gluco-hept-6-enopyrano-
side and methyl 2-O-benzyl-6,7-dideoxy-3,4-O-isopropylidene-B-p-galacto-hept-
6-ynopyranoside respectively.!®
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The 4-amino-5-(hydroxymethyl)cyclopentane-1,2,3-triol 149 was prepared in
five steps from 2,3,4,6-tetra-O-benzyl-D-glucose for glycosidase inihibition stu-
dies. The results suggested that the hydrochloride salt of 149 acts in the enzyme
active site as an analogue of a protonated (at the glycosidic oxygen) B-gluco-
side.' Related aminocyclitols 150 have also been prepared, one of which
(X = OMe) was found to be a potent a-mannosidase inhibitor.!”” The synthesis
of alkoxyaminocyclitols 78, 152 and 153 by stannyl radical addition of sugar
(D-glucose or -galactose) derived oxime ethers 151 has been reported. The ratio of
these diastereoisomeric compounds formed was found to vary with the substitu-
ent R. Both gluco- and galacto-derived cyclitols 78 were observed to undergo
reductive ring-expansion to afford DNJ or 1-deoxygalactostatin respectively (see
Section 1.3.5).™
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Carbocyclic nucleoside precursor 154 was synthesized in 36% overall yield
from an N-hydroxy-p-alanine derivative by a reaction pathway involving oxida-
tion, hetero-Diels—Alder cycloadditon of the nitroso intermediate to cyclopen-
tadiene to give a chiral 1,2-oxazine, syn-dihydroxylation, and reductive cleavage.
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The enantiomer of 154 can be made by using the corresponding L-alanine
derivative as the chiral auxiliary. Compound 154 is also a precursor to the
antiviral carbocyclic nucleoside, neplanocin A, and the antitumour agent, 5'-
noraristeromycin.!

Three deoxy-analogues of mannostatin A have been synthesized conven-
tionally from known precursors. 1-Deoxy- and 3-deoxymannostatin A were
produced from precursor 155, while a 2-deoxy-analogue was elaborated from
156. These compounds displayed weak or no inhibition of a-mannosidase.'”

The preparation of optically pure carbocycles from bicylic lactam templates
has been described in a review looking at the use of chiral bicyclic lactams in
auxiliary-based asymmetric reactions.!'

2.2 Inositols and Related Compounds. — Labelled myo-[1-*C]-inositol was
synthesized from D-[6-1*C]-glucose for the purpose of investigating the biosyn-
thetic pathway for myo-inositol in the protozoan parasite, Leishmania do-
novani.'"!

The formation of (+)-1,2-ethylidene-myo-inositol as a significant (33%) and
previously unreported product of the orthoformylation of myo-inositol, using
triethyl orthoformate and p-toluenesulfonic acid in DMSO, has been described
and a mechanism proposed.''? The migration of a benzoyl protecting group from
the 4-position in 4-0O-benzoyl-myo-inositol 1,3,5-orthoformate, the kinetic prod-
uct of benzoylation using sodium hydride in DMF, to the thermodynamically
favoured 2-position has also been reported. This novel 1(axial)—3(equatorial)
intramolecular acyl migration occurs in the presence of excess sodium hydride.!*?
The usefulness of the 1,3,5-orthoformate as a synthetic intermediate was demon-
strated by the synthesis of myo-inositol 4,6-carbonate which was made effectively
on a gram-scale in three steps by a sequence of regioselective tert-butyldimethyl-
silylation at O-2, reaction with carbonyldiimidazole to form the cyclic 4,6-
carbonate and final deprotection by treatment with aqueous TFA. This com-
pound readily forms complexes with cations.'

Three myo-inositol derivatives, (4)-3,6-di-O-valproyl-1,2:4,5-di-O-iso-
propylidene-myo-, (4)-3,6-di-O-valproyl-4,5-O-isopropylidene-myo- and (+)-
3,6-di-O-valproyl-myo-inositol have been prepared as valproic acid (2-propyl-
pentanoic acid) prodrugs for anticonvulsant studies. The last compound, result-
ing from acid hydrolysis of either of the first, was found to exhibit an anticonvul-
sant activity four times higher than that reported for valproic acid.'"®

An interesting and novel transformation was observed during the attempted
fluorination of D-1,2-O-isopropylidene-3,4,5-tri-O-benzyl-myo-inositol using
diethylaminosulfur trifluoride (DAST). The bicyclic anhydro-inositol 157 was
isolated in 94% yield, presumably the result of fluoride-induced debenzylative
intramolecular anhydride formation as depicted in Scheme 25.!16

Ferulic acids isolated from rice bran have been coupled to partially protected
myo-inositols by standard means to produce seven different feruloyl-myo-in-
ositols, e.g. 158. These feruloyl-inositols were subsequently tested for antioxida-
tion and anticarcinogenesis activity with the result that 158 was the most active
compound of the group.!V
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As a development in the field of solution phase polymer-supported organic
synthesis, ‘xanthate transfer technology’ has been used to prepare polymer-
bound protected sugar derivatives which are soluble in organic solvents. For
example, protected D-chiro-inositol 159 was elaborated into polystyrene bound
160 by radical polymerisation with 15 equivalents of styrene in the presence of 12
mol% lauroyl peroxide.!®

Cyclization of known 2,6-di-O-benzyl-L-arabino-aldohexos-5-ulose with DBU
afforded the inosose 161 in 60% yield by intramolecular aldol condensation.
Hydrogenolytic removal of the O-benzyl groups followed by stereoselective
reduction with sodium borohydride produced epi-inositol in high yield.'*®
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The syntheses of neo- and allo-inositol, conduritol E and the patented con-
duritol herbicide MK 7607 (162) have been reported from non-carbohydrate
sources. neo-Inositol was efficiently synthesized from bromobenzene in a six step
process that made use, inter alia, of an enzymatic syn-dihydroxylation with
toluene dioxygenase.'?* On the other hand, allo-inositol and the conduritols were
all made from 163 which was itself prepared by the fragmentation (C-1/C-7 bond
scission) of a 7-norbornanone derivative with methoxide in methanol. Precursor
163 was also used to prepare a range of carba-sugars (see Section 2.4).!%!

The diene 164 was prepared from D-galactitol via Tebbe methylenation of the
corresponding dialdehyde and subsequently subjected to ring-closing metathesis
in the presence of Grubbs’ (ruthenium) catalyst. Conduritol A derivative 165 was
produced in 90% yield, and the methodology was equally successful in generat-
ing the isomeric conduritols E and F by reaction of the dienes derived from
D-mannitol and -glucitol respectively.!*? (—)-Conduritols E (166) and F (167)
have also been synthesized by Ramberg—Béicklund reaction of the C-2-epimeric
sulfones derived from 1,6-thio-D-mannitol and -glucitol (Scheme 26). 1,4-Di-O-
methyl-(+ )-conduritol B (168) was obtained analogously from the correspond-
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ing L-iditol derivative.'”® Conduritol F has been extracted as a natural product
along with its 3-O- and 4-O-B-D-glucosides from the leaves of Cynanchum
liukiuense. The regioisomeric 2-O-glucoside was found in a related species.!?

Hitherto unreported (—)-conduramine E (170) was synthesized from 169 in ca.
50% overall yield as outlined in Scheme 27. Enzyme (esterase) induced mono-
deacetylation was followed by Mitsunobu-type inversion with an N-nucleophile
in the presence of acetic acid. endo-Cyclization with concomitant epoxide-open-
ing produced a urethane bearing the correct stereochemistry at the four chiral
centres. Base treatment revealed the (—)-conduramine [for (+)-conduramine E
see Vol. 29, p. 240].'»

In the interest of devising simple routes to starting materials commonly used
in synthesis from sustainable resources, catechol has been made chemo-
enzymatically in two steps from glucose in reasonable yield. 2-Deoxy-scyllo-
inosose (171) was formed by incubation of D-glucose with recombinant 2-deoxy-
scyllo-inosose synthase and a hexokinase, and this material was reductively
dehydrated to catechol by treatment with HI in acetic acid.!*
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2.3 Inositol Phosphates and Derivatives. — A mixture of all possible myo-in-
ositol monophosphates was obtained by lyophilizing a solution of myo-inositol
and inorganic phosphate and heating the residue in a sealed tube at 66 °C for six
days. The resulting mixture was separated by anion-exchange chromatography
into four fractions containing 2-, 5-, racemic 1- plus 3-, and racemic 4- plus
6-phoshpates in the ratio 3:1.5:1:3.'” The first polyethylene glycol-linked dimers
of myo-inositol 1,4,5-trisphosphate 172 have been prepared for use as multivalent
ligands for inositol 1,4,5-trisphosphate receptors in the endoplasmic reticulum,'?
and the first total syntheses of myo-inositol 1,2,3,4- and 1,2,3,6-tetrakisphos-
phates from p-benzoquinone have been completed, taking advantage of the
C,-symmetry of conduritol B intermediates.'” The dephosphorylation pathway
of the hexakisphosphate of myo-inositol (phytic acid) by phytases from wheat
bran of Triticum aestivum has also been examined."*°
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Following the trend of recent years attention has again been directed towards
the synthesis of phosphatidylinositol and inositolphosphoglycan derivatives. A
synthesis of 1-O-phosphatidyl-pD-myo-inositols amenable to large scale produc-
tion has been reported. It involves the treatment of a mixture of 2,3,4,5,6-penta-
0-benzyl-D-myo-inositol and a diacylglycerophosphoric acid with 2,4,6-triiso-
propylbenzenesulfonyl chloride in pyridine followed by catalytic (Pd/C) hydro-
genolysis.'"*! The phosphatidyl-myo-inositols 173 were prepared and studied as
substrates for phosphatidylinositol 3-kinase. Only those with short chain fatty
acids, that are perhaps able to mimic the folded natural arachadonic acid group
at this position, were phosphorylated at the 3-hydroxyl by ATP. Surprisingly,
the enzyme could accept either the natural or unnatural sn-epimer.’*> The
syntheses of 1-0-(1,2-di-O-pentadecanoyl-L-phosphatidyl)-D-myo-inositol 3- and
S-phosphates and 3,5-bisphosphate from (% )-2,4-di-O-benzyl-myo-inositol
1,3,5-orthoformate'* and (+)-4,6-di-O-benzyl-3,5-di-O-(4-methoxybenzyl)-myo-
inositol'** by resolution with (1R)-(+)-camphor dimethylacetal have been de-
scribed. In an investigation of signalling pathways by another group, the same
S-phosphate was made by the selective phosphorylation of 3,4-O-(tetraiso-
propyldisilox-1,3-diyl)-6-O-levulinoyl-pD-myo-inositol 5-(dibenzyl phosphate) at
O-1.% A resin-bound fluorescently labelled derivative 174 was also prepared in
this study for use in affinity chromatography.
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173 R= CO(CHZ),,Me.n 0.2,6,10,14,16 174 R = CO(CH2)sNHCO(CHp)sNH NO,

Lengthy (>20 step) syntheses of 1-0-(1,2-di-O-pentadecanoylphosphatidyl)-D-
myo-inositol 3,4- and 4,5-bisphosphates and 3,4,5-trisphosphate starting from
L~(—)-quebrachitol have also been reported.'*

The myo-inositol acceptor 1-0-allyl-2,3,4,5-tetra-O-benzyl-D-myo-inositol was
synthesized from meso-2,5-di-O-benzoyl-myo-inositol for use in the total syn-
thesis of a heptaose mimetic, a GPI anchor compound of 7. brucei (see Vol. 32,
p.71. ref. 156). The inositol was desymmetrized using the bis(spiroketal) protected
intermediate 175 to enable the stepwise glycosylation at O-6 and attachment of a
phosphoglyceride moiety at O-1. Cleavage of the ‘dispoke’ was effected by
oxidizing the thiophenyl substituents with mCPBA and then treating the prod-
uct disulfone with lithium hexamethyldisilazide in THF.*’ In a similar synthesis
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of a pseudohexasaccharide IPG, a myo-inositol building block was again pre-
pared with a view to regioselective glycosylation at O-6 and phosphorylation at
O-1 (see also Chapter 4). Of interest was the use of a boron—tin exchange reaction
to achieve a key selective acylation: the 1-O-(—)-menthoxycarbonyl derivative
176 was prepared from myo-inositol according to Scheme 28 to overcome the
insolubility problem of myo-inositol in most organic solvents.'*

A myo-inositol-containing IPG pseudopentasaccharide bearing the conserved
linear structure of GPI anchors was synthesized for intracellular signalling
studies. The structure of this IPG is detailed in Chapter 4; the key building blocks
were a mannotriosyl donor and an inositol-containing O-6-glucosylated
pseudodisaccharide acceptor with the C-1 and C-2 hydroxyls accessible for
cyclo-phosphorylation.'® Similarly the myo-inositol phosphoglycan fragments
177 found in Leishmania parasites have been synthesized by coupling an inositol-
containing disaccharide with a mannobiosyl donor.!“

The antigenic core of the glycoconjugate lipoarabinomannan (LAM) from
Mycobacterium tuberculosis, 2,6-dimannosyl-myo-inositol 1-phosphate, was syn-
thesized by stepwise regioselective mannosylation at the free C-2- and then at the
C-6-hydroxyl in 178. Removal of the 1-acetate provided for phosphorylation at
the correct site.'*!

New preparative syntheses of 6-0-(2-amino-2-deoxy-a-D-glucopyranosyl)-D-
chiro-inositol 1-phosphate and a 1,2-cyclic phosphate derivative have been
reported. Differential protection was achieved by initially locking the four equa-
torial hydroxyls of D-chiro-inositol as cyclic Tipds ethers and then generating a
cis-epoxide from the two remaining trans-diaxial hydroxyls under Mitsunobu
conditions. Lewis acid catalysed trans-diaxial opening with allyl alcohol allowed
for selective protection at O-1 and 0-6.'#

3-(Hydroxymethyl)-bearing phosphatidylinositol ether lipid analogues 179
(X = P) and carbonate surrogates (X = C) block the phosphatidylinositol 3-
kinase (PI3-K) enzyme and inhibit cancer cell growth. Chain extension was
effected by (Swern) oxidation at C-3, subsequent Wittig methylenation and
hydroboration using 9-BBN to afford a separable C-3-epimeric mixture of
(hydroxymethyl)inositols.'”® In another lengthy synthesis from L-(—)-queb-
rachitol (ca. 20 steps) the 3,4-dideoxy variant 180 of 179 (X =P) was made with
the incorporation of two Barton deoxygenation reactions. This dideoxy ana-
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logue was found to be 18-fold more potent than its (mono) 3-deoxy counterpart
in the inhibition of PI3-K.1*

OH OPO3H,
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OR
1
177 R= H‘O—FI‘—-)G)-a-D-Manp-U—)3)-(1-D-Manp-(1—)4)-a-D-GIcp-NH2
OH
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178 179 R =CH,OH, R' = H, R? = OH, X = P(OH)

R = H, R' = CH,OH, R? = OH, X = P(OH)

R =CH,OH,R'=H,R?=0OH, X=C

R=H,R'=CH,0H, R?=0H, X=C
180 R =CH,0H, R'= R?=H, X = P(OH)

2.4 Carba-sugars. — Carba-furanoses and carba-furanosides are covered in
Section 2.1. The first direct transformation of 1-S-, -Se- and -C-hex-5-enopyrano-
sides into carbocycles with retention of the aglycon has been reported. Phenyl
2,3,4-tri-O-benzyl-6-deoxy-1-thio- and -1-seleno-p-D-gluco-hex-5-enopyrano-
sides were converted into the corresponding cyclitols 181 in over 80% yield by
treatment with five equivalents of triisobutylaluminium (TIBAL) in toluene at
50°C. The 2,4,6-trimethoxypheny! B-C-glycoside gave, on the other hand, a
mixture of 182 and 183 in a 1.5:1 ratio under identical conditions.!*> Applying the
same chemistry to an a-C-(2-furanyl)-glycoside afforded the cyclitol 184 and this
was elaborated further into methyl 5a-carba-p-p-idopyranoside by methylation,
ozonolytic cleavage of the furan moiety and subsequent reduction of the result-
ing ester group with concomitant O-debenzylation. The enantiomeric 5a-
carba-B-L-idopyranoside was obtained via a different route from methyl 2,3,4-
tri-O-benzyl-6-deoxy-p-p-gluco-hex-5-enopyranoside by reaction with iso-
propoxytitanium(IV) chloride and subsequent elaboration of the resulting car-
bocycle 185. TIBAL-promoted rearrangement followed by oxidation of the
newly formed secondary hydroxyl was a reaction motif used in the generation of
the 5'a-carba-disaccharide 186'% as well as (1—4) ether-linked di- and tri-
saccharide mimetics 188 from unsaturated thioglycoside di- and tri-saccharide
precursors 187.147148

2,5-Di-0O-benzyl-3,4-O-isopropylidene-D-mannitol was ring closed to afford a
9:1 cis/trans mixture of 189 in high yield by (Swern) oxidation and radical
cyclization of the dialdehyde using samarium iodide in tert-butanol. The cis-
diastereoisomer was selectively converted into a cis-cyclic sulfate which under-
went cleavage upon treatment with potassium tert-butoxide to afford a cyclo-
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187 n=0,1;X=0,Y =CH,
hexanone derivative. Further development of this intermediate, as shown in
Scheme 29, allowed the production of either a 5a-carba-L-galactose (>9:1 L-/D-)
or a 5a-carba-L-fucopyranose derivative.'*

OBn OBn OBn
>< = OH i i XO\ iii, iv >< \ /,
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o-. 0OBn OH
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BnO HO
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= R = Thdms
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Reagents: i, Swem; ii, Smly, BU'OH; iii, SOCI,, NEts; iv, NalQ,, RuCls; v, Bu'OK then H,SOy; vi, Wittig.
Scheme 29

The pseudo-sugars 6a-carba-o- (191) and -p-D-fructopyranose (192) have been
prepared in six steps from an enzymatically resolved homochiral cyclohexane-
triol building block via a common olefinic intermediate 190 by varying the
dihydroxylation strategy (osmium tetroxide vs. m-CPBA respectively).!*® An-
other non-carbohydrate based route to 5a-carba-sugars has been reported which
utilizes a 7-norbornanone-derived cyclohexenoid intermediate. The preparation
of carba-a- and -B-galacto-, -a-talo- and -a-fucopyranose derivatives were de-
scribed.!*!

D-Glyceraldehyde has been used as a starting material for the synthesis of
pseudo B-D-gulopyranose and -gulopyranosylamine. As detailed in section 2.1
the method shown in Scheme 23 for the synthesis of carba-B-D-xylofuranose and
-xylofuranosylamine was modified by the omission of a C-C cleavage to result in
the formation of the above cyclohexane derivatives.!?

The pseudo-sugars Sa-carba-a-DL-fucopyranosylamine and -galacto-
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pyranosylamine were made as racemates from known 2,3,4,6-tetra-QO-acetyl-5a-
carba-a-L-glucopyranosyl bromide by standard methods; the amino group was
introduced via azide displacement of the bromide, inversion at C-4 was effected
by displacement of a mesylate group and deoxygenation at C-6 (in the case of the
former) by treatment of a 6-iodo intermediate with tributyltin hydride. The
former carba-sugar was found to be a strong inhibitor of bovine kidney a-
fucosidase.!*

New syntheses of (+)-valienamine (193) and (+ )-valiolamine (194), pseudo-
aminosugars found in valiolamycins, acarbose and trestatines, have been de-
scribed starting from a derivative of D-xylono-1,4-lactone in twelve or more
steps,’*® and using much the same methodology the same group has reported the
first total synthesis of pyralomycin 1c¢ (195) from an L-arabinono-1,4-lactone
derivative."* The synthesis of an a-hydroxymethyl-substituted a,B-unsaturated
cyclohexenone intermediate common to all these compounds (with the exception
of the stereochemistry of the hydroxyl groups) has been previously described in
Vol. 32, p. 357. A preparation of carba-sugars from sugar lactones via spiro
aldonic acid orthoesters has been reported. The cyclitol derivative 196, a versa-
tile synthon for the synthesis of valiolamine and related compounds, was syn-
thesized in high overall yield (70% over 4 steps) from 2,3,4,6-tetra-O-benzyl-D-
glucono-1,5-lactone according to Scheme 30. Enol ether formation from the
sugar ortho ester with trimethylaluminium and the zinc chloride-promoted
intramolecular aldol cyclization were the key steps in the synthesis.'> Identical
methodology used on the corresponding D-mannono-1,5-lactone gave rise to 197
as the major product (together with 9% of the C-5 epimer) and reduction of this
cyclohexanone with sodium borohydride produced a roughly 1:1 mixture of the
‘anomeric’ 5-hydroxy-carba-sugars.'

190 191 R= CHZOH R'= 193 X = NH, 194

192 R=OH,R'= CHZOH
195 X =Cl
N
"‘m\

A difluorinated carba-sugar 198 has been synthesized as a potent1a1 herbicide
in 22% overall yield from D-ribose. The key step is an intramolecular 1,3-dipolar
nitrone cycloaddition to generate an isoxazolidine as shown in Scheme 31.%
Another cycloadditon strategy has been used to generate 1,4-glycosidically
linked ‘mono-carba-disaccharides’. A dieneophilic aglycon underwent stereo-
specific Diels—Alder cycloaddition to maleic anhydride and the resulting cyclo-
adduct 199 was elaborated into a Sa-carba-a-L-idopyranose unit to form the
pseudo-disaccharide 200.'*

In addition to three known gabosines, three new gabosines (L, N and O:
201-203 respectively) have been detected as secondary metabolites of Streptomy-

ces strains.!®
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2.5 Aminoglycoside Antibiotics. — In a single study fourteen different amino-
glycosides of the kanamycin/gentamycin, neomycin and astromycin classes were
acetylated with aminoglycoside acetyltransferases from Actinomycete sp. in or-
der to determine the degree of activity retained after acetylation.'®® The acetyla-
tion of istamycin and miconomycin antiobiotics at the 6'-methylamino group by
a novel aminoglycoside 6’-acetyltransferase from Actinomycete sp. was also
reported.!®! See also Chapter 20.

Neamine analogues have been prepared in several studies in order to explore
their potential as small molecule antitumour and anti-HIV agents, as well as
bacterial enzyme inhibitors. 5-0-Alkylated neamines with polyamine functional-
ity in the side-chain have been synthesized from 5-O-allylated precursors and
these were found to exhibit high binding affinity for oncogene fusion proteins.’®?
The acylation of neamines at N-6’ with aromatic units was carried out to explore
the effect of these substituents on the interaction of neamine aminoglycosides
with HIV RNA. Pyrene substituents were found to impart the most effective level
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of binding (sub-micromolar) amongst those groups studied.!®* The tethering of a
neamine aminoglycoside to an adenosine residue by the incorporation of a 6- or
7-carbon (methylene) spacer between O-3’ and O-5"(of the ribofuranose moiety)
resulted in high binding affinities for bacterial 3’-phosphotransferases. These
enzymes are known to inactivate aminoglycoside antibiotics, and their inhibition
would serve to depress bacterial resistance to this class of compounds.'*

Various analogues of neomycin B have also been synthesized in an effort to
develop inhibitors of viral RNA. Compounds 204 and 205 were made from
neamine, again via a 5-O-allylated precursor. Oxidative cleavage and reduction
of the resulting aldehyde with sodium borohydride gave the acceptor 206 which
was then glycosylated with the appropriately protected glycosyl donors (see also
Chapter 3). Neither 204 nor 205 were found to be effective as anti-HIV agents.'®
Two analogues of neomycin B, each lacking one of the 2,6-diamino-sugars were
prepared for binding studies by ribofuranosylation (at O-5) of a 4-0-amino-
glycosyl inositol ‘disaccharide’ obtained from paromomycin, and by the coup-
ling of a cyclitol derivative (at O-5) with an appropriate 3-O-diaminoglycosyl-
ribofuranosyl acetate.!® The neomycin-acridine conjugate 208 was found to be a
potent inhibitor of Rev-Rev Response Element (RRE) binding. Synthesized from
neomycin B in 5 steps according to Scheme 32, this compound has definite
anti-HIV potential.'s’
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Kanamycin A has also received some attention. Three analogues 207 each
containing a 6-amino-6-deoxyglycofuranose moiety have been prepared by
coupling with appropriate glycosyl chlorides and fluorides. All three com-
pounds, however, were inactive in antibacterial screens.'®®

A new guanidinylation reagent, N,N-di-Boc-N'-triflylguanidine, has been
used to efficiently convert multiamine-containing aminoglycoside antibiotics
into fully guanidinylated analogues in the presence of water under mild condi-
tions. ‘Guanidinylglycoside’ analogues of kanamycin A and B, paromomycin,
tobramycin and neomycin B were prepared in this way; the last two were found
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Scheme 32

to possess HIV inhibitory activities 100-fold greater than their parent amino-
glycosides.'® The chemistry of the guanidinylation reaction is covered in more
detail in Chapters 9 and 10.

2.6 Quinic Acid Derivatives. — Two quinic acid derivatives have been isolated
from natural sources. 1,3-Di-O-trans-feruoylquinic acid (209) was extracted from
the roots of the grass Brachiaria'™ and 3,5-dicaffeoyl-muco-quinic acid (210) was
isolated from aerial parts of the Korean culinary vegetable Aster scaber. The
latter exhibited potent inhibition of HIV-1 integrase (ICspof 7 ugmL~").!"!

Quinic acid has been used as a starting material in the preparation of various
enzyme inhibitors. Compounds 211 were made in multi-step syntheses as puta-
tive inositol monophosphatase inhibitors.'”? The phosphitamidites 212-214 were
also made in lengthy reaction sequences from quinic acid and subsequently
coupled to a 5'-O-unprotected cytidine derivative. Oxidation at phosphorus
followed by deprotection gave e.g. phosphate diester 215 from 214. These donor
substrate analogues proved to be good inhibitors of a-(2—6)-sialyl transferases
(K;1074—107%).1"

The vicinal diol 216, prepared in 10 steps from quinic acid, was elaborated into
N-alkylated 2-epi-valienamines 217 in variable (16—98%) yield by reaction with
Viehe’s salt followed by Pd(0)-catalysed coupling with a range of primary (e.g.
R! = H; R? = Et, Bu, Hept, Oct, cyclohexyl, Bn) and secondary amines (e.g.
R! = R? = Bu, cyclohexyl, ‘Pr).!™ Carbocyclic influenza neuraminidase inhibi-
tors 219 (n=3-8) with a cyclic amine side-chain have also been prepared via
Pd(0)-catalysed coupling of acetate 218 with the corresponding cyclic amines.!”

The use of pentafunctional quinic acid as a polyoxygenated scaffold for
combinatorial synthesis has also been described.!”

2.7 Other Cyclitol Derivatives. — The distribution of products in the gas-phase
acid-induced ring-opening with methanol, as well as condensed phase meth-
anolysis, of cyclohexene oxides (e.g. 220) bearing remote O-functionality has
been studied. Products and ratios varied widely depending on the reaction phase,
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the acid and in the case of gas-phase reaction, on the pressure used.!”

Several polycyclic cyclitol derivatives have been reported. The decalinic com-
pound 221 was synthesized from 3,4,6-tri-0-acetyl-D-glucal. As shown in Scheme
33, intramolecular Diels—Alder cycloaddition of the triene set up a tricyclic
hex-5-enopyranoside derivative which underwent Ferrier rearrangent with mer-
curic sulfate and aqueous sulfuric acid to afford 221.7® Exhaustive osmylation of
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tricyclic diene 222 was observed to give rise exclusively to the exo-hydroxylation
product 223 in 66% yield. This compound was elaborated further to give, for
example, the decahydronaphthalene-1,2,3,4,5,6,7,8-octaol 224 which proved to
be a selective and potent a-glucosidase inhibitor.'”

D-Glucose-derived radical precursors 225 and 226 have been subjected to
carbocyclization reactions to yield cyclic polyol derivatives in enantiomerically
pure form. They underwent 6-exo-trig and 7-exo-dig radical cyclizations upon
treatment with tributyltin hydride and AIBN to give the cyclo-hexitol and
-heptitols, 227 and 228 respectively, in moderate yields.'®

Diastereoisomeric ‘cyclooctanic carba-sugars’ have been prepared in thirteen
steps from D-glucose. The key step in the synthesis was a TIBAL-promoted
Claisen rearrangement of the intermediate 2,6-anhydro-3,4,5-tri-O-benzyl-1,7,8-
trideoxy-D-gluco-oct-1,7-dienitol (Scheme 34) which created the cyclooctene
ring. Hydroboration of the double bond with borane-THF followed by chain
extension by oxidation, methylenation and a second hydroboration, gave rise to
a separable mixture of cyclooctano carba-sugars with D-glycero-D-ido- and
L-glycero-D-ido-configurations.'®!
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Nucleosides

1 General

A review has discussed selective biocatalytic modifications of conventional
nucleosides, carbocyclic nucleosides and C-nucleosides, including such topics as
selective acylation of nucleosides, regioselective deacylation, and enzymic resol-
ution of precursors of carbocyclic and C-nucleosides.' The enzymatic synthesis
of antiviral nucleosides has also been reviewed, in Chinese.2 A survey has been
given of synthetic approaches to nucleosides in the unnatural L-series, and their
potential use as antiviral and anticancer agents.?

A review on the synthesis of deuterionucleosides discusses the synthesis of
deuteriated sugars, particularly ribose and 2-deoxyribose, prior to attachment of
the base, and also deuteriation at the nucleoside level. Both single-site and
multiple-site deuteriation is covered.*

An account from Wengel’s laboratory covers the synthesis of bicyclic nucleo-
sides and their use in conformational restriction of resultant oligonucleotides.
Structural types such as 3'-C, 5'-C-linked bicyclic nucleosides, as in bicyclo-
DNA, and 2'-0,4'-C-linked systems, as in ‘Locked Nucleic Acid’ (LNA) are
reviewed to the end of 1999.°

De Clercq has reviewed the use of guanosine analogues as anti-herpes agents.
Although mostly acyclonucleosides are covered, there are discussions of various
types of carbocyclic nucleoside analogues, from cyclopropanes to cyclohexenyl
compounds.® A review has also appeared covering the synthesis of coenzyme A
analogues and derivatives, and their applications as mechanistic probes of
enzymes utilizing CoA esters.’

2 Synthesis

The synthesis of nucleoside analogues with high B-selectivity from
glycofuranosyl chlorides has been reported. Thus, for example, reaction of the
stable crystalline 1 with the appropriate base and KOBu' in DMSO gave the
B-nucleoside 2 almost entirely. The use of DMSO seems to be essential, and it
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was speculated that an intermediate sulfonium species is involved. Although the
process was not applied to B-D-ribofuranosyl nucleosides, several other cases
were reported, such as the synthesis of 3in 71% yield and with 32:1 B-selectivity.?

OBn

OBn
N
0._0 l
Me>< Me >< ><
1 2 3

The D-erythrofuranosyl benzimidazole 4, various related 2-substituted ana-
logues and some compounds additionally halogenated at C-4 have been pre-
pared by base-sugar coupling. The enantiomer of 4 was also made, since the
analogous L-ribofuranosyl compound has anti-HCMYV activity. Some of the
novel compounds also proved effective against HCMV.?

The ribavirin analogue 5 has been prepared by conventional coupling using
the silylated base, and was converted to its 5'-triphosphate for use in studies of an
engineered protein kinase that does not use ATP as phosphate donor.® In
connection with studies of compounds with Type 1 cytokine-inducing activity,
the L-enantiomer 6 of ribivirin has been prepared from L-ribose; the 2’-deoxy-
compound was made from 6 by deoxygenation, and the 5'-deoxy-L-ribo-com-
pound, L-xylo-ribavirin and its 3'-deoxy-derivative were also all made by base—
sugar condensation, with 6 displaying best potency.!! The pyrimidinone 7 was
prepared conventionally, for use in further chemistry (Section 13).!* Standard
coupling (silylated base, ribofuranosyl acetate, TmsOTf) was used to prepare 8,
convertible on ammonolysis to the 2-thiocytosine derivative 9. Similar methods
were used to make pyranosyl compounds such as 11 (Ar = Ph, p-tolyl, 2-
naphthyl; p-galacto- and p-xylo-compounds also made),”* but when condensa-
tions between salts of the bases and acetylated glycosyl bromides were used, the
major products were bis-glycosylated compounds of type 10, produced together
with the normal nucleoside derivatives. However, ammonolysis of 10 produced
products of type 11 in high yield.*!*

Standard coupling was used to prepare the 1-deazaadenosine derivative 12,
convertible to compounds of type 13, used in studies of adenosine receptor
binding."* Various pyrrolo[2,3-d]pyrimidinone nucleosides have been prepared
and evaluated for their ability to enhance Type 2 and suppress Type 1 cytokines
in human T cells.' The pyrido[2,3-d]pyrimidine nucleoside 14 has been pre-
pared by base-sugar condensation; the 2'-deoxy-species was made by
deoxygenation, the arabinofuranosyl analogue by a redox sequence on a deriva-
tive of 14, and the xylofuranosyl compound by base-sugar condensation. The
compounds were studied for anticancer activity, 14 being the best proliferation
inhibitor, but the xylo-compound had selective activity against cancer cells.!’
1-Deazaguanosine (15) has been prepared by modification of AICA riboside.!®

The trisubstituted indole nucleosides 16 (X = Cl, Br) have been made as
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analogues of TCRB, and similar 2'-deoxy- and 2’,3’-didehydro-2',3'-dideoxy-
compounds were also described, all having less activity against HCMV than
does TCRB." There has been a further report on ‘stretched’ tricyclic nucleosides
related to TCRB, of type 17 (X = CH, Y = NHPr', NHcyclopropyl, SBn, SH, Cl)
(see Vol. 32, p. 257), together with a range of similar analogues 17 (X = N) and
the N3-ribosylated species (see also Vol. 33, p. 276-277).%
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Reaction of 1-amino-1-deoxy-D-fructose or its N-substituted derivatives with
peracylated glycosyl isothiocyanates has led to condensation products of type
18. In the case of the ribofuranosyl compound subsequent treatment with acidic
resin in ethanol gave the spironucleosides 19.2!

The L-arabinofuranosyl nucleoside 20 has been prepared from L-arabinose.
Also reported were the 2’-deoxycompound (L-BVDU), and both 2’-deoxy-2'-
fluoro-epimers.?
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1,2-Epoxides were used as intermediates in the chemistry outlined in Scheme 1
for the formation of the differentially-protected p-D-xylofuranosylthymine 23
from the known tosylate 21 via the D-lyxo-isomer 22.%

BI"IOCHZ ACOCH2 ACOCH2 Thy
0 OH WV o v, vi o
OBn 0Bn TsO 7~ OH Bn
OTs H
21 22 23 ©

Reagents: i, NaOH, MeOH; ii, TsCl, py; iii, AcOH, Ac,0, HySOy; iv, NHg, ether; v, KOBU;
vi, (Tms),Thy, CH,Cly

Scheme 1

Cyclization of a D-glucopyranosylhydrazine derivative was used to prepare
the 1,2,4-triazole nucleoside 24, and the analogous a-D-galactofuranosyl com-
pound was synthesized similarly.? A range of 1-B-D-xylopyranosyl derivatives of
2-substituted-5-fluorouracils have been prepared by phase transfer catalysis or
Koenigs—Knorr reactions.?

3 Anhydro- and Cyclo-nucleosides

Treatment of 9-(B-D-arabinofuranosyl)adenine (ara-A) with TPP and DEAD led
in high yield to the pD-lyxo-epoxide 25, whilst a similar reaction on adenosine
gave the 2/,3'-O-triphenylphosphorane®* The anhydronucleoside 26, in which
the furanose ring is restricted to a 2'-endo- (S-type) conformation, has been
prepared by cyclization of a 1'-tosylate, and a 2,1’-anhydronucleoside, presumed
to be an intermediate, could be isolated at shorter reaction times. The cytosine
analogue of 26 was also made, and both products were devoid of anti-HIV
activity in MT-4 cells.”

The 6,5-anhydronucleoside 27 was obtained by reaction of 2,3-O-iso-
propylidene-D-ribofuranosylamine with 3-isothiocyanatopropanal, and on
treatment with aqueous acetic acid, 27 was converted to the 6,2'-anhydro-system
28. Crystal structures were reported for both 27 and 28.%

The use of 1,1’-sulfonyldiimidazole has been advocated for the synthesis of

i NH
CHp—0" N s CH28H
HOCH, HOCHz  (jra o) S
o._fude © - N A NH
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anhydronucleosides, as for example in the preparation of the 2,3'-anhydrocom-
pound 29 from 2'-deoxy-5'-0-Tbdms-uridine in over 90% yield.” Compounds of
type 30 (R = Pr, CH,Pr’, CH,CH,Pr’) have been obtained by base-catalysed
cyclization of 3'-mesylates.** When the 2,3’-anhydrothymidine derivative 31 was
treated in DMF at 150 °C with either O,0-diethylphosphate or O,0-diethylphos-
phorothioate anions, the isomeric N3-nucleoside 32 was obtained. It was
speculated that the reaction proceeds by nucleophilic attack at C-1" of 31,
followed by recyclization. The structures of both 31 and 32 were determined by
X-ray methods.”!

The key step in a synthesis of cyclo-5,6-dihydro-2'-deoxyuridine, a major
product of gamma irradiation of deoxygenated aqueous solutions of
deoxycytidine, is the cyclization of aldehyde 33 using Bu;SnH and AIBN, to give
34 of stereochemistry as indicated. The method was previously used for the
thymidine analogue (J. Chem. Soc., Perkin Trans. 1, 1999, 1257). Both the uridine
and thymidine analogues were incorporated into oligodeoxynucleotides, where
they acted as blocks for DNA polymerases.®

A number of examples of the use of anhydronucleosides as intermediates in
syntheses of other types of analogue can be found elsewhere in this chapter.
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4 Deoxynucleosides

There has been a thorough account of work in Rizzo’s laboratory concerning the
synthesis of deoxynucleosides by deoxygenation using photoinduced electron
transfer, with carbazole derivatives as photosensitizers. In addition to the photo-
lysis of 2'-m-{trifluoromethyl)benzoates to produce B-2'-deoxynucleosides (see
Vol. 30, p. 272-273), the method has been employed for the selective removal of
benzoyloxy groups, as in the formation of the a-2’-deoxysystems 36 (B = Ura,
Thy, N-AcGua) by photolysis of esters 35 in aqueous isopropanol in the presence
of 3,6-dimethyl-9-ethylcarbazole and magnesium perchlorate, and for the syn-
thesis of 3’-deoxy compounds 38 (B = Ura, Thy, Ade, N-AcGua) from precur-
sors 37 under the same conditions. 2’,3-Dideoxynucleosides 40 (B = Ura, Thy,
Hx) are also accessible by photolysis of the triesters 39 [Ar = m-(tri-
fluoromethyl)phenyl].*
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An alternative to Barton-McCombie deoxygenation, restricted to cases with
an electronegative group, particularly fluorine, B- to the radical centre, involves
the thermolysis of xanthates in diglyme, as in the conversion of 41 to 42. The
reaction was thought to involve adventitious peroxides in the solvent, since their
removal slowed the process considerably. Diglyme was found to be the hydrogen
donor* A synthesis of 2'-deoxy-2-fluoroadenosine, a potential prodrug for
2-fluoroadenine, involves deoxygenation by reduction of the 2'-thiocar-
bonylimidazolide with (Tms);SiH as hydrogen donor.*

CH,0Bz CH,0Bz BzOCH, BzOCH,
0 ) o B 0B
BzO) —» R
B B
OAc OAc 0Bz OAc OAc
35 36 37 38
Ar Ar
o =<o o =<o " OMe N Ob:‘e
o_B o B 0 N 0 N
. F . F
OYO o\{/o o\n,snne
AT 39 A 40 S a1 42

A chemo-enzymatic approach has been used for the synthesis of thymidine
specifically labelled with 1*C in the deoxyribose unit. Labels could be specifically
placed at C-1' or C-2’ starting from acetaldehyde labelled at C-1 or C-2 respect-
ively, doubly-labelled acetate gave thymidine labelled at C-3’ and C-4’, whilst *C
at C-5' had its origin in [*C]diazomethane.’® [sugar-'*Cs;JThymidine, addition-
ally labelled stereoselectively with deuterium at C-2’ and C-5', has been prepared
from [*C6]glucose, via a selectively deuteriated ribose derivative prepared by
stereocontrolled reductions. The labelled sugar unit could then be transferred to
other bases using purine and pyrimidine nucleoside phosphorylases.’’

Standard base-sugar linking procedures have been used to make the benz-
imidazole nucleoside 43, converted to the cross-linked bisnucleoside 44,* the
pyrroles 45 (R = H, CONH,), which were made into triphosphates which
exhibited a preference for incorporation into oligonucleotides with Klenow
polymerase in place of either A or C,*® and the pyrazoles 46 (X = OMe, NH,) and
their 2’,3’-dideoxy-analogues.®°

6-Methylpurine-2'-deoxyribonucleoside has been prepared by deoxygena-
tion,*’ and, since the L-ribonucleoside has anti-HCMYV activity, the L-2-
deoxycompound 47 and some related amines have been made, again using
radical deoxygenation, and 47 was found to be active.”? The enantiomer of 47,
and other related compounds such as the 2’-deoxyanalogue 48 of TCRB, have
also been prepared, using either base-sugar coupling or exchange of 5,6-
dichloroimidazole with the base of 2'-deoxyuridine, catalysed by N-
deoxyribofuranosyl transferase.*’ The 2'-deoxyanalogue 49 of tricyribine, made
by base—sugar coupling, has been reported, along with the 3’- and 5'-deoxycom-
pounds, prepared from toyocamycin. The 2',3'-ribo-epoxide, the 2'3'-
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dideoxycompound and d4 systems were also made from triciribine itself, all these
analogues being less effective as antivirals or antiproliferatives.*

In connection with the synthesis of an RNA nonamer in both enantiomeric
forms, in addition to the required L-ribonucleosides, L-2'-deoxythymidine was
also prepared, to act as an anchoring derivative in the synthesis, from L-xylose.*’
The B-L-compound 50 (X = OH) has also been prepared from L-xylose, and was
converted into the fluoro- and azido-analogues 50, (X = F, N;).*

5’-Deoxy-5-fluorocytidine has been prepared by base-sugar coupling, and
used to make an orally-available prodrug of 5-fluorouracil.’ The 5-iodotuber-
cidin analogues 51 (R = Me, vinyl, Et), and some related species, have been
synthesized as potential adenosine kinase inhibitors,”® and the same group have
also reported related 4-N-aryl-5-aryl-pyrrolo[ 2,3-d]pyrimidines.”

H2N /N_N/Me I NHQ
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X HO OH
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In the area of 2',3’-didehydro-2',3’-dideoxycompounds(d4 systems), a previous
method for their synthesis from 5'-protected 2',3’-di-O-mesyl-nucleosides by
treatment with arylselenyl anions (Vol. 31, p. 272) has now been modified by the
use of bis(4-perfluorohexylphenyl) diselenide and sodium borohydride, which
permits the use of the diselenide in catalytic quantities, and also its ready
recovery. The method was used for the synthesis of d4-uridine.*® Analogues of
d4T with potential linker arms at C-5, for attachment of either a fluorescent tag
or a non-nucleoside reverse transcriptase inhibitor, have been prepared either
from 5-(hydroxymethyl)uridine’® or from the 2,2"-anhydronucleoside of 5-
(methoxycarbonylmethyl)uridine (Vol. 28, p. 265-266).2 Addition of iodine at
C-2' and C-3' of protected pyrimidine nucleosides under Arbuzov reaction
conditions has led to a new route to d4 systems,” and d4-uridine has been
prepared from 2’-deoxyuridine using elimination from the 3',5'-dimesylate.>
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5  Halogenonucleosides

As part of an issue of Carbohydrate Research devoted to reviewing the whole
area of fluorinated sugars, Pankiewicz has discussed nucleosides fluorinated in
the sugar moiety, covering both synthesis and biological activity.”> Another
review has also covered recent strategies for the synthesis of fluoronucleosides,
with some consideration of structure-activity relationships.*

Syntheses of the 2’-deoxy-2’-fluoronucleosides 52 have been carried out using
the condensation of silylated 2,6-dichloropurine with 1,3,5-tri-O-benzoyl-2-
deoxy-2-fluoro-a-D-arabinofuranose as a key step. Conformations of the nucleo-
sides were analysed using the PSEUROT program, and they were incorporated
into oligodeoxynucleotides which had practically the same affinity to both
complementary DNA and RNA as did the parent unmodified systems.”” The
same sugar precursor was used in a synthesis of the fluorinated analogue 53 of
TCRB, and the 3'-deoxy-3'-fluorocompound 54 was prepared from TCRB itself,
through tritylation to give mostly the 2',5'-di-O-trityl compound, thus permitting
introduction of fluorine at C-3’ with inversion of configuration. The analogues
55 (X = Br, NHPr) were made by a sequence involving enzymic sugar exchange
between 2'-deoxy-2'-fluorouridine and 5,6-dichlorobenzimidazole. All these
compounds had less antiviral activity and more toxicity than TCRB.*® A method
for the synthesis of 2',3’-dideoxy-2'- or 3'-fluoronucleosides such as 42 was
mentioned earlier,** and some 3’-amino-2',3'-dideoxy-2’-fluoronucleosides are
referred to in the next section. 2',3’-Dideoxy- 3'-fluoro-L-ribonucleosides 56 (B =
Cyt, Ura, Ade, Gua) have been prepared from D-glucitol, which was converted to
methyl L-xylofuranoside, which was deoxygenated at C-2 prior to the introduc-
tion of fluorine at C-3 with inversion, and base-sugar coupling.”® Other workers
have also described the guanosine analogue (56, B = Gua) by a similar sequence,
but with base—sugar coupling to an L-xylose derivative as an early stage.
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A procedure for the conversion of uridine to 5'-chloro-5'-deoxyuridine with-
out the need for protection of O-2’ or O-3’ involves the treatment of the
nucleoside with N-chlorodiisopropylamine and TPP, followed by hydrolysis of
the resultant 5'-chlorinated 2’,3’-O-triphenylphosphorane.®!

6  Nucleosides with Nitrogen-substituted Sugars

Treatment of iodocompounds such as 57, made from furanoid glycals (Vol. 31, p.
269-270), with Bu,SnO gives rise to anhydronucleosides such as 58 (Scheme 2),
treatment of which with azide ion gave the 2'-azido-2'-deoxynucleoside 59. A
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better yield of 59 could be obtained by hydrolysis of 58 to the p-lyxonucleoside,
followed by conversion to a triflate and azide displacement.®
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Scheme 2

A similar displacement of a 2'-triflate was used in the synthesis of amides such
as 60, related to a known inhibitor of trypanosomal glyceraldehyde-3-phosphate
dehydrogenase, from ara-A.% 2’-Amino-2'-deoxyuridine has been linked through
an amide to a coumarin; the resultant derivative was incorporated into oligo-
nucleotides to act as a fluorescence energy donor to DNA.%
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The nucleosides 61 were formed with good B- stereoselectivity by condensa-
tion between the silylated bases and the a-glycosyl bromide. Conversion to
cyclonucleosides 62 (Scheme 3) was followed by conversion to the arabino-
configured 3’-amino-2'-fluoro-systems 63 (B = Ura, Thy, Cyt). These were
incorporated into oligonucleotides linked by phosphoramidate bonds, and these
were found to have high binding affinity to complementary nucleic acids (al-
though not as high as for the corresponding 2'-ribo-fluoro-phosphoramidates;
see Nucleic Acids Res., 1996, 24, 2966), as well as greater acid stability than the
non-fluorinated phosphoramidate-linked oligomers.®* The same group has also
reported the synthesis of the building block 64, made by base—sugar coupling,
and a similar 2’-deoxycompound, made from AZT using chemical base ex-
change. These were incorporated into phosphoramidate-linked oligomers, which
showed a considerable increase in stability for complexes with RNA or DNA,
relative to adenosine-containing counterparts.*

AZT was used as a precursor to prepare a compound in which fluorescein was
linked to the amino group of 3'-amino-3'-deoxythymidine through a thioamide,
a link resistant to enzymic degradation, and a spacer. The product was converted
to its 5'-triphosphate for use as a chain terminator for DNA dye-terminator
sequencing.’’ 3'-Amino-3'-deoxythymidine has been joined in hybrid structures,
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in which the two components are linked by urea units, to erythromycin (via its
9-amino-derivative) and azithromycin.® AZT has also been converted to the
aminodiacid 65, and a similar structure was prepared from 5'-amino-5'-
deoxythymidine. These were incorporated into oligonucleotides at terminal
positions, in an effort to preorganize high-affinity metal-binding sites.* Conju-
gates of nucleoside and non-nucleoside reverse transcriptase inhibitors have
been prepared. These include species in which AZT is linked through spacers to
the NNRTI via N°, or via a side-chain replacing the methyl group, and com-
pounds involving ddC were also made. Some of the conjugates displayed anti-
HIV activity, but no synergistic effects were found.”

The L-enantiomer of 3'-azido-2',3’-dideoxyguanosine has been prepared from
L-xylose, but no significant antiviral activity was observed.®

Uridine has been converted in seven steps into 5'-amino-3',5'-dideoxyuridine
(66), related to the 4',5'-unsaturated structure found in the mureidomycin anti-
biotics.” Some 5'-Amino-5'-deoxy-5-iodo-pyrrolopyrimidine nucleosides such
as 67 (X = Cl, NH;) have been prepared by sodium salt glycosylation pro-
cedures, and shown to be powerful adenosine kinase inhibitors.*®
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In connection with the synthesis of glucosamine-based oligonucleotide ana-
logues (see Vol. 31, p. 293-295), a study was made of the regioselectivity of
glycosylation of guanine derivatives with the acylated glucosamine 68. Use of
2-N-acetyl-6-O-diphenylcarbamoylguanine, which has been used with high N-9
selectivity in other cases, gave a mixture of regioisomers, and indeed only the N-7
isomer under some conditions. Use of 2-N-acetyl-6-O-benzylguanine, however,
gave only the N-9 substituted product 69 in moderate yield.”? Addition reactions
of N-heterocycles to the nitrogalactal 70 proceeded stereoselectively to give, after
further manipulation, B-p-galactosaminyl nucleosides such as 71.” Reaction of
silylated thymine with di-O-acetyl-L-rhamnal gave a 2’-enopyranosyl nucleoside
which could be converted to the AZT analogue 72.7

7 Thio- and Seleno-nucleosides

The 1’-phenylselenyl derivative 73 was obtained, but with only low dia-
stereoselectivity, by reaction of the enolate with PhSeCl. Treatment of 73 with
NaBH, in the presence of CeCl; gave stereoselective reduction to alcohol 74.”
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Opening of 2,2"-anhydrouridine with 2-(Tms)ethanethiol gave the thioether
75, which could be converted to the methyldisulfide 76 by reaction with
dimethyl(methylthio)sulfonium tetrafluoroborate.’® §-Hexyl-2'-thiouridine has
been synthesized, again by opening of a 2,2’-anhydro-system, and was incorpor-
ated into oligodeoxyribonucleotides, which had decreased duplex stability with
both complementary RNA and DNA.” In an extension of earlier work (Vol. 33,
p. 283), the B-D-ribo-thioglycoside 77 was converted under Mitsunobu condi-
tions in the presence of 3-benzoylthymine into the a-D-arabinofuranosyl nucleo-
side 78 with good stereocontrol, whilst the a-p-arabino-compound 79 gave the
-p-ribonucleoside 80, again in good yield. Phenylselenyl glycosides behaved
similarly.”

Reaction of a thiol with 5-0-Dmtr-2,3’-anhydrothymidine was used to pre-
pare S-(2-aminoethyl)-3'-thiothymidine, which was converted to its 5'-triphos-
phate and coupled to an oxazine dye (see also ref. 67 above).”
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A review has been given of the synthesis and biological activity of 4'-thio-
nucleosides, which also embraces oxathiolane analogues.* The 4’-thio-analogue
81 of ara-C has been prepared by base—sugar condensation, using a 4'-thio-
arabinofuranose building block previously used to make related purines (Vol. 32,
p- 270), and was evaluated against human tumours, with ara-C proving generally
more cytotoxic.®' A range of 2'-deoxy-2'-fluorocompounds of type 82, with both
purine and pyrimidine bases, have been prepared by base—sugar condensations
in which significant amounts of the a-anomers were also formed. In the py-
rimidine series, a number of the 4'-thionucleosides showed potent anti-HSV
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activity, and the cytosine and S5-fluorocytosine derivatives had potent anti-
tumour activity.® The (4-thio-L-arabinofuranosyl)-5-halopyrimidines83 (X = F,
Cl, Br) have been prepared from a sugar unit accessible from D-xylose.®
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ifi, BugSnH, AIBN; iv, BBrs, DCM, -78 °C
Scheme 4

The method of Scheme 4 has been developed for the synthesis of 2'-deoxy-4'-
thionucleosides. In the conversion of thioglycoside 84 to 85, a thiofuranoid
1,2-glycal was formed as an intermediate, and could be isolated, although the
one-pot procedure, which gives good stereocontrol, was superior.®* The same
procedure could be applied to the formation of 8 (R = H, Et), although
stereocontrol was poor, and a comparable amount of the alternative 1,2-trans-
isomer was obtained.#® The products 87 (X = Cl, N3) could be obtained from
86, with 2,2"-anhydronucleosides as intermediates®* An alternative route to
2'-deoxy-4'-thionucleosides developed in the same laboratory involves the syn-
thesis of thioglycoside 88 from L-ascorbic acid (ascorbate carbons numbered) in
a procedure (see Chapter 11) which compares favourably with an alternative
approach to a similar compound (see Vol. 25, p. 138), and then linkage with the
base with little stereocontrol. The B-anomer of 89 has good antiherpes activity.*
Some 4’-thio-C-nucleosides are mentioned in Section 10, and a 4'-thionucleoside
antibiotic in Section 12.
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§'-Acetylthio-2',3'-O-isopropylideneadenosine has been made from iso-
propylideneadenosine by a Mitsunobu reaction, giving a route to 5'-
thioadenosine, and various S-alkylated derivatives such as the S-adenosyl-
methionine analogues 90 (R = NH,, CO,H).*’

The nucleosides 91 have been prepared by coupling of the silylated bases with
the methyl glycoside of the selenoanhydrofuranoside (Chapter 11), in the pres-
ence of TmsOT.%
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8  Nucleosides with Branched-chain Sugars

The 2'-deoxy-2’-methylene nucleoside 92 has been prepared using a Wittig
reaction, and a number of other 4-amino-5-oxo-pyrido[2,3-d]pyrimidine
ribonucleosides with chain branches at C-2', C-3' and C-4’ were also reported.!’
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Rhodium-catalysed carbenoid insertion has been used to make fused y-lac-
tones, as in the conversion of diazoesters of type 93 into products 94 (R = H,
COMe, CO,;Me), in which the indicated exo-isomer strongly predominated.®
When the readily-accessible uridine derivative 95 is treated as indicated in
Scheme 5, the lactone 96 is obtained, and this can be used to make nucleosides 97
containing other bases, either purines or pyrimidines.”
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Reagents: i, (Tms)oNH, (NH4)2SOy; i, base, HMDS, TmsCl, TmsOTf, MeCN
Scheme 5

The antitumour agent 2'-deoxy-2’-methylenecytidine has been conjugated
(through the 4-amino-group) with folic acid, since the cell-surface folate receptor
is overexpressed in some tumours and is therefore a target for drug delivery.”
Pyrimidine 2’-deoxynucleosides chain-branched at C-2' have been prepared as
outlined in Scheme 6. Slow addition of Bu;SnH and AIBN to 98 led to the
formation of the product with a 2-hydroxyethyl group at C-2' by rearrangement
of the initially-formed radical prior to H-abstraction, but the yield was only
moderate? A paper discussing 2'-deoxy-2'-substituted-1',2’-unsaturated
uridines is mentioned in the next section.

A route to 2',3'-dideoxy-2'-trifluoromethylpyrimidine nucleosides involves the
synthesis of the lactone 99, and its separable cis-isomer, from isopropylidene-D-
glyceraldehyde, which provides C-3 to C-5. Reduction of 99 and glycosylation
gave, with moderate stereoselectivity, the nucleosides 100 (B = Ura, Thy, Cyt),
and the cis-isomer of 99 could also be converted to 1’,2'-trans-nucleosides.”> An
alternative route to 100 (B = Ura) proceeds through the difluoromethylene
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compound 101, prepared using a Wittig-type reaction. Treatment of 101 with
TBAF leads to the trifluoromethyl alkene 102, and a mechanism was proposed in
which loss of ethylene from the Sem protecting group was followed by intra-
molecular delivery of fluoride to the difluoromethylene unit. Reduction and
deprotection of 102 gave 100 (B = Ura). Similar chemistry starting from a
3'-keto-nucleoside gave the isomeric nucleoside 103 (B = Ura).** An alternative
route to 3'-deoxy-3'-trifluoromethylpyrimidine nucleosides has also been de-
scribed, with the sugar unit 104, made from D-xylose (Chapter 14) as an inter-
mediate. This was converted to nucleosides 105, and conventional radical
deoxygenation was used to make the 2'-deoxycompounds 103 (B = Thy, Cyt).
Elimination applied to a 2'-O-mesyl derivative was also used to give access to the
alkene 106.
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2',3'-endo-Methylene nucleosides 107, involving all the main nucleobases, have
been prepared in a stereoselective manner from isopropylidene-p-glyceral-
dehyde. The bases were introduced with stereocontrol using an a-glycosyl
chloride. The enantiomers 108 were also made using similar chemistry, starting
from L-gulono-y-lactone.*®
A review on HIV-1 specific reverse transcriptase inhibitors has appeared, with
special emphasis on TSAO-T (109) and related compounds.”” Some new ana-
logues of TSAO-T and its N3-methyl derivative have been reported, with ethers
and esters replacing the Tbdms group at O-5, and also with aminogroups at
C-5', and some of the ethers and amines had moderate activity.”®

A route to the 3'-carboxymethyl-3'-deoxyribonucleosides 110 (X = N,
ODmtr) has been reported, in which the sugar unit is prepared from di-
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isopropylidene-o-D-glucofuranose, and the base is attached at a late stage.”® A
synthesis has been described in detail of the amide 111, together with its X-ray
structure and that of the corresponding 5'-O-Tbdps carboxylic acid.'® Epoxy-
compounds of type 112 (X = NH,, NHOH, NHNH,) have been prepared
through Darzens reactions on 3’-ketonucleosides. Ring opening of one such
compound gave the chlorohydrin 113, and a similar reaction occurred with azide
ion. Treatment of 112 (X = NHNH,, Ura series) with DBU in methanol gave the
reduction product 114, a mechanism for the reaction being proposed.'® The
triphosphate of 3'-(2-aminoethyl)-3'-deoxythymidine and a similar compound
with a longer spacer arm have been prepared, and linked through their amino-
groups to an oxazine derivative, but these compounds failed as terminators in
DNA sequencing.!”? 3'-Deoxy-3'-hydroxymethyl-L-ribonucleosides of the main
nucleobases have been prepared from L-xylose, but they did not show significant
antiviral activity.!®
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The epoxide 115, made from (S)-glycidol, gave, on treatment with lithium
hexamethyldisilazide, the furanoid glycal 116. This could be converted
stereoselectively into nucleoside analogues of type 117, involving all the main
nucleobases, by a sequence involving reductive removal of the sulfone, formation
of an a-epoxide, and coupling of this with the appropriate base. In the py-
rimidine series, related compounds in which the secondary alcohol was replaced
with retention of configuration by fluoride and azide, or inverted, were made via
anhydronucleoside intermediates, and the 2'-deoxycompound (B = Ura) was
made by convertional radical deoxygenation.!™ Both anomers of 118 were made,
as racemates, by base—‘sugar’ linkage.!”” The C-vinyl compound 119 was con-
verted, by hydroxylation, base-catalysed cyclization, coupling to silylated
thymine, and debenzylation, into the tricyclic nucleoside 120.!% A range of
nucleosides 121 have been prepared by base—sugar coupling, with the quaternary
carbon being established by chirality transfer using a Claisen rearrangement of
an intermediate derived from isopropylidene-D-glyceraldehyde.!”” Radical cycl-
ization of 122 gave the 3'-methylene nucleoside 123, as well as the product 124 of
1,6-H transfer derived from the other diastereoisomer of 122.1% Some references
mentioning 3’-branched nucleosides are discussed in Section 14 below.

Some new 3'- and 4'-C-branched compounds have been made and incorpor-
ated into oligonucleotides 125 (X = H, OMe) and 126 (X = F, OMe). The
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presence of units 126 increased affinity towards complementary RNA and DNA,
whilst the systems 125 led to duplexes of unchanged or lower stability.!” A report
from Matsuda’s laboratory has described the preparation of 4'a-C-(2-
aminoethyl)thymidine and its incorporation into oligodeoxynucleotides which
were significantly resistant to snake venom phosphodiesterase and endonuc-
lease.!’® Compounds in which the aminoethyl group is linked to a lipophilic
group such as a fatty acid have also been made and incorporated into
oligodeoxynucleotides, with a view to increasing membrane permeability.!!!
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There has been a further report (see Vol. 33, p. 292) on the preparation of
4’-C-alkynyl-2’-deoxynucleosides 127, including cases with both purine and
pyrimidine bases, and, in the pyrimidine series, arabinofuranosyl nucleosides
were also prepared through anhydronucleoside intermediates. Some of these
compounds had good anti-HIV activity.!!?

Interest continues in conformationally-locked bicyclic nucleosides and their
oligomers. A report from Wengel’s laboratory describes details of the synthesis of
the a-L-LNA (locked nucleic acid) nucleoside 129, in which a key step is the
treatment of ditosylate 128 with NaOH in aqueous ethanol to establish the
bicycle, a reaction thought to involve a 2,2’-anhydronucleoside as an intermedi-
ate. Also reported is the similar conversion of 130 into the a-L-xylo-LNA
nucleoside 131.'"* The effect on RNA binding of the incorporation of these two
compounds, and the previously-prepared 3-D-xylo-isomer and LNA nucleoside
itself, into oligonucleotides has been studied; the behaviour of the other four
stereoisomers of LNA, enantiomeric with those synthesized, was also studied
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indirectly by using ent-RNA, derived from L-ribonucleosides. Increased binding
efficiencies towards RNA, as compared to the DNA reference, was found for six
of the eight stereoisomeric LNAs, and particularly strong binding was found for
LNA itself and a-L-LNA, the oligomer of 129.!"* Full details have been given of
the synthesis of the abasic LNA monomer 132 (Vol. 33, p. 292), and the synthesis
of the ring-cleaved analogues 133 (X = OH, H) were made by adaption of earlier
chemistry. On incorporation into oligomers, 132 had similar effects to a normal
abasic nucleoside, whereas the monocyclic species 133 caused destabilization of
duplexes.'"” The structures of LNA:RNA duplexes have been studied by NMR; it
was found that the introduction of three modified units induces major conforma-
tional changes in the remaining unmodified units in the DNA strand, changing
all except the terminal ones to N-type conformations, and leading to speculation
as to how to tune an LNA:RNA duplex so that it would become a substrate for
RNAse H.''¢

Imanishi and co-workers have shown that one LNA modification in a py-
rimidine deoxyoligonucleotide could promote triplex formation with a DNA
duplex in a highly sequence-selective manner.!'” A further synthesis of the
2'-0-,4'-C-methylene analogue of AZT has been reported (see Vol. 33, p.
292-293), and the oa-L-xylo-compound 134 was also prepared, using a
trimesylate analogous to 130 as precursor. Neither compound displayed anti-
HIV activity.""® Some related C-nucleosides are mentioned in Section 10.
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9  Nucleosides of Unsaturated Sugars and Dialdoses

As in earlier volumes, 2’,3’-didehydro-2’,3'-dideoxynucleosides (d4 compounds)
are discussed with their saturated counterparts in Section 4.

There has been a full account of the synthesis of the 2’-stannylated alkene 135
(X = SnBu;) by base-induced stannyl migration from C-6 (see Vol. 32, p. 275),
and the application of this compound to the preparation of the alkenyl halides
135 (X = Cl, Br, I), and products with carbon substituents at C-2’ through Stille
couplings.!”® Reaction of di-O-acetyl-L-rhamnal with silylated thymine gave the
2’-enopyranosyl nucleoside by allylic rearrangement, as a mixture of anomers.”
A paper discussing a glycal substituted at C-3 with a nucleobase is mentioned in
Chapter 10, and a 3'-ene derived from thymidine is mentioned in Section 17.

The bromoalkene 136 is produced stereoselectively when the corresponding
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gem-dibromide is reduced with dimethyl phosphite and triethylamine.!” The
doubly-homologated dibromoalkene 137 has been prepared by coupling aden-
ine to a sugar unit prepared (Chapter 2) from di-isopropylideneglucose. Treat-
ment of 137 with BuLi gave the corresponding 6’-alkyne, and the gem-bromo-
fluoride was also reported. The effect of these compounds on S-adenosyl-
homocysteine hydrolase was studied, with time- and concentration-dependent
inactivation being observed, as well as partial reduction of the enzyme-bound
NAD™.1! Some related alkynyl nucleosides are mentioned in Section 17.

In further investigations of transglycosidic tethers for conformational restric-
tion of pyrimidine nucleosides, it has been found that 6-formyluridine-5'-car-
boxaldehyde exists in aqueous solution as the bis-hydrate 138, whereas the
isopropylidene derivative of 6-formyluridine-5'-carboxaldehyde formed the
bridged spiro-fused system 139 (X = OH), the structure of which has been
previously confirmed by X-ray crystallography (Vol. 29, p. 335). The iso-
propylidene derivative of 6-(hydroxymethyljuridine-5'-carboxaldehyde also
cyclized to give 139 (X = H), whilst once again the compound without the
isopropylidene group showed no tendency to form a transannular link.'*?
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10 C-Nucleosides

The oxadiazole 140, related to ribavirin, has been prepared by cyclization of a
known sugar-protected amidoxime.'? The 4'-thio-analogues 141 (X = O, S) of
furanfurin and thiophenfurin (Vol. 29, p. 283), themselves analogues of ribavirin,
have been prepared by condensation between the heterocycles, as their ethyl
esters, with O-protected derivatives of 4'-thioribofuranosyl acetate. The
thiophene compound (‘thiophenthiofurin’) had cytotoxicity towards cancer cell
lines, but less so than thiophenfurin.'* A previously-known 2,5-anhydroglucose
derivative 142 has been converted to the pyrazole 143, and some related com-
pounds.’” Some pyrazole iso-C-nucleosides are mentioned in Chapter 2. Various
3-cyano-2-(8-D-ribofuranosyl)-1,5-benzodiazepines have been prepared by a
novel ring transformation of 5-(tri-O-benzoyl-B-D-ribofuranosyl)isoxazole-4-
carbaldehyde.'*



266 Carbohydrate Chemistry

CONH, N

~

M ’
conn,  HOCHz X D MsOCH, O_0 HOCHZHN =
,o\( 2 s 0 S CONH,
N IN MsO, p—y
B-D-Rib-f OH OH OH OH NHBz
140 141 142 143

A range of 2'-deoxypyrimidinyl-C-nucleosides 144 have been prepared by
parallel synthesis from acetylenic ketones and amidines; the anomers could be
obtained as separated isomers, although anomerization had occurred during the
pyrimidine-forming step.'”” The pyrimidinyl C-nucleoside 145 has been prepared
using Pd-catalysed coupling of 2-amino-5-iodopyrimidine to a furanoid glycal as
a key step. It was incorporated into oligonucleotides, as was a related pyridine
C-nucleoside, for use in studies of base-triplet formation involving C-G and
G-C base pairs.'®

The 1,2,3-triazole 146, and the a-anomer, have been prepared by cyclization of
acylic precursors.'?

Conformationally-locked C-nucleosides such as 147 have been reported from
Imanishi’s laboratory. These were prepared by formation of the C-1'-O bond in
Mitsunobu reactions, the necessary diols being formed by stereoselective addi-
tion of Grignard derivatives of the heterocycles to an aldehyde. Use of lithiated
heterocycles gave substantially more of the other epimers of the diols, thus
permitting access to the a-anomers after Mitsunobu reaction.!® The oxazole 147
and the compound without the phenyl group were incorporated into oligonuc-
leotides, and the triplex-forming ability of the these towards a purine sequence of
duplex DNA was studied.’!
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The aza-C-nucleosides 149 (X = H, NH,) are potent inhibitors of purine
nucleoside phosphorylase. These compounds, termed ‘immucillins’, have been
prepared from the acetonitrile derivative 148, which could itself be made by
addition of lithiated acetonitrile to the cyclic imine. Various 5'-deoxy-, 5'-deoxy-
5'-fluoro-, and 2'-deoxy-analogues were also prepared.!*

11 Carbocyclic Nucleosides
A review has appeared covering the chemistry of carbocyclic nucleosides pub-

lished over the period 1994—1998, discussing compounds with ring sizes from
three to six, and also bicyclic systems.!*



19: Nucleosides 267

w ©
TbdmsOCH, N NH
H_ CHCN HOCH, i a
H N/ X
. N
—_—
o_0
Me” "Me OH OH
148 149

A report has discussed at length work carried out in Trost’s laboratory on the
synthesis of carbocyclic nucleosides such as carbovir (150) and abacavir (151)
from cis-3,5-dibenzoyloxycyclopent-2-ene, using Pd(0)-catalysed introduction of
the nucleobase and a precursor of the hydroxymethyl group, and introducing
asymmetry by the use of chiral ligands on palladium (see Vol. 26, p. 247). The
work was extended to the synthesis of 2',3’-dihydroxylated compounds, includ-
ing (—)-aristeromycin and (—)-neplanocin A (see Vol. 31, p. 261)."* In an
alternative approach to the same compounds, the syn-aldol product 152 was
converted using Grubbs’ catalyst into the cyclopentene 153, and Pd(0) chemistry
was again used to attach the base units in syntheses of carbovir (150) and
abacavir (151).'* A similar approach using olefin metathesis was also used in a
synthesis of carbocyclic ribavirin (154) but, due to a low yield in the step in which
the base (as its ethyl ester) was linked to a 1',2"-epoxide, a more linear sequence in
which the heterocycle was assembled stepwise, and with enantiopure 2-aza-
bicyclo[2.2.1]hept-5-en-3-one as starting material, proved more satisfactory.
Linkage of the intact base unit to a different carbocyclic synthon gave a route to
the N%linked analogue of 154.1%
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Enantiopure 2-azabicyclo[2.2.1]hept-5-en-3-one has also been used as start-
ing material in an efficient synthesis of abacavir (151), amenable to large-scale
production.” Carbocyclic 5'-norcytidine (156), which showed activity against
the Epstein—Barr virus, has been prepared, with the alkene 155 as the immediate
precursor. The enantiomers of both of these compounds were also described.!*
The uridine analogues of 155 and 156, and their enantiomers, have also been
prepared, using Pd(0)-catalysed coupling of the sodium salt of uracil with enan-
tiopure allylic acetates.”*® A paper describing a route to either enantiomer of a
hydroxylated cyclopentylamine useful for making carbocyclic nucleosides is
mentioned in Chapter 18. Racemic homocarbovir (157) has been prepared from
norbornadiene,'*!*! and the analogue 158 of carbovir, and the related abacavir
derivative, have also been synthesized as racemates, starting from cyclopenta-
diene.'*?
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(—)-Carvone was used as a precursor for the synthesis of the cyclohexene 159,
and this was used to make the cyclohexenyl nucleoside analogue 160. The same
chiral precursor was also manipulated to give the enantiomers of 159 and 160.
Both enantiomers of 160 showed potent antiherpetic activity. Molecular
modelling of the binding of both compounds to the active site of HSV-1
thymidine kinase was carried out, and a model for the binding of both enan-
tiomers was proposed.'** An analogue of carbocyclic 2’-deoxyuridine, conforma-
tionally-restricted due to a 6,6'-oxido-link (Vol. 32, p. 278), has now been
reported in optically-active form, in the L-series.!*

An intermediate prepared from isopropylidene-D-glyceraldehyde via a Claisen
rearrangement and previously used for the synthesis of some branched-chain
fluorinated nucleosides (Vol. 32, p. 272-273), has now been used to make a
fluorinated cyclopentane unit, to which was linked 6-chloropurine, thus leading
to carbocyclic 2',3'-dideoxy-4'-fluoro-L-adenosine (161).!** The same synthetic
sequence could be modified to generate, via a metathesis step, an enantiomeric
cyclopentane unit, and hence the enantiomer of 161, and equivalent structures
with the other nucleobases.'*

There has been a further report on the synthesis of racemic 2',3’-dideoxy-2',3'-
methanoadenosine (see Vol. 33, p. 297).14 4 -Hydroxymethyl-carbocyclic nucleo-
sides 162 (B == Ade, Thy) have been made as racemates, along with their
3'-epimers,'®® and the compounds 163 (B = Ade, Hx) have been described.'*
References to the carbocyclic analogues of oxanosine and oxetanocin are men-
tioned in the next section.
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12  Nucleoside Antibiotics

Oxanosine (164, X = O) has been converted into its 2'-deoxy-, 2',3'-dideoxy- and
2',3’-didehydro-2',3’-dideoxy-analogues, and into its 5'-monophosphate, by con-
ventional manipulations. The carbocyclic analogue 164 (X = CH,) of oxanosine
was also prepared from (—)-2-azabicyclo[2.2.1]hept-5-en-3-one, and, by vari-
ations on this route, the 2',3’-dideoxy- and 2’,3’-didehydro-2',3'-dideoxy-com-
pounds were synthesized.!® Derivatives of bredinin (165) have been prepared, in
which the antibiotic is deoxygenated, phosphorylated or carbamoylated at O-5'.
To make these it was necessary to carry out a photochemical ring opening of the
isopropylidene derivative of bredinin, giving 166, on which the modifications
could be performed, followed by reformation of the imidazole ring."*!

A synthesis has been reported of phosmidosine A (167), the N-acylphos-
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piioramidate being assembled by reaction of a 5'-phosphoramidite of 8-
oxoadenosine with prolinamide, protected at the ring nitrogen with the base-
labile 4,4’ ,4"-tris(benzoyloxy)trityl group, followed by oxidation at phosphorus
and deprotection under non-acidic conditions.'*?

The glycosylated uridine 168 has been prepared, using Crich’s procedure for
making B-mannosides (Vol. 30, p. 18). This compound is an analogue of tu-
nicamycin, in which the disaccharide mimics the undecose tunicamine in the
antibiotic, and which is capable of orthogonal derivatization on the L-mannose
unit at positions corresponding to further units of the tunicamycin structure,
with a view to producing analogues with more selective bioactivity. The ana-
logue 169, incorporating a fatty acid chain similar to that in tunicamycin, was
made from 168.'%
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Ribosylation of isopropylideneuridine and subsequent manipulations led to
the synthesis of 170 (R = H), which constitutes a part-structure of the
liposidomycin class of antibiotics. The two isomers of 170 (R = CH,OH) were
also prepared in synthetic sequences that involved ribosylation of p-allofuranose
and L-talofuranose derivatives at O-5, with introduction of uracil at a late stage.
Molecular modelling was carried out of both liposidomycins and tunicamycin
with the UDP-N-acetylmuramic acid-pentapeptide that is the substrate for the
enzyme (translocase) in bacterial cell wall biosynthesis that the antibiotics in-
hibit, and, in accordance with the predictions, only the S-isomer of 170 (R =
CH,OH) was a good inhibitor.'*

A number of nikkomycin analogues of type 171 have been prepared by
acylation of uracil polyoxin C with aminoacid units, using N-hydroxysuc-
cinimidyl esters as intermediates. The best inhibitory activity against fungal
chitin synthase was found for cases in which the aminoacid was an S-arylmethyl
derivative of L-cysteine or penicillamine.'®

The final stages in the biosynthesis of the peptidyl-nucleoside antifungal agent
blasticidin S, produced by Streptomyces griseochromogenes, have been eluci-
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dated. The organism exports blasticidin S in the form of an N-leucyl derivative as
a self-protective mechanism. !
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A new synthesis of the inositol 1,4,5-trisphosphate receptor agonist adeno-
phostin A (172) has been reported, in which a suitably-protected adenosine is
linked to a glucosyl 1-phosphite in an a-selective coupling, and where the
manipulation between the coupled product and the final target 172 was mini-
mized."”"!*® The method was also applied to the synthesis of analogues in which
the glucose bisphosphate unit is replaced by either a D-mannose bisphosphate or
a D-xylose bisphosphate.!® A synthetic approach in which attachment of the
base is a late step was used to make the adenophostin analogues with the adenine
unit replaced by either an imidazole ring or purine itself (i.e. lacking the 6-amino-
group). This latter analogue had similar potency to adenophostin A, whilst the
imidazole derivative was approximately equipotent with inositol 1,4,5-trisphos-
phate.'” A similar synthetic approach has been used to prepare the 5’-amino-5'-
deoxy-analogue of adenophostin A, which was then linked as an amide to a
benzophenone derivative to give an adenophostin derivative with an attached
photoaffinity label. Another photoaffinity derivative was also prepared, in which
the benzophenone was linked via a tether as an aglycone replacing the adenine
unit.'®

Staurosporine (173) has been converted to the 4',5'-alkene via amine oxide
pyrolysis; the alkene was hydroxylated, and also subjected to hydrobora-
tion—oxidation to give regioselectively the 5'-a-alcohol. Various other subse-
quent manipulations at the 4'- and 5'-positions were also reported.'”! 4'-N-
Methyl-5'-hydroxystaurosporine and 5'-hydroxystaurosporine are new in-
dolocarbazoles that have been isolated from a marine Micromonospora strain.'*

In the area of carbocyclic nucleoside antibiotics, a full account of syntheses of
(—)-aristeromycin and (—)-neplanocin A (see Vol. 31, p. 261) was mentioned
above.!* The known intermediate 174, prepared from D-ribose, has been used for
the first synthesis of neplanocin C (175), a minor component of the neplanocin
family. The diastereomeric epoxide was also obtained.!®® In efforts to prepare
prodrugs, the oxetanocin analogue 176, an antiviral agent (lobucavir), has been
selectively aminoacylated with L-valine on either of the hydroxymethyl groups
using enzymic methods.'* A synthesis of the cyclohexenyl nucleoside antibiotic
pyralomycin lc is mentioned in Chapter 18.

An inhibitor of seryl t-RNA synthetase, SB-217452, isolated from a Strepto-
myces species, has been identified as the 4'-thionucleoside 177. The nucleoside
moiety seems to be identical to one obtained as an enzymic cleavage product of
albomycin 82 (Vol. 18, p. 182).!%

A paper on the total synthesis of spicamycin aminonucleoside is mentioned in
Chapter 10.
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13  Nucleoside Phosphates and Phosphonates

13.1 Nucleoside Mono- and Di-phosphates, Related Phosphonates and Other
Analogues. — The reagent 178 has been developed for the phosphorylation of the
3’- or 5-hydroxy-groups of otherwise-protected deoxynucleosides. The reagent
incorporates a Dmtr group to help monitor the progress of phosphorylation, and
the nucleoside phosphate is produced by treatment of the initial phosphodiester
with NaOH in pyridine—ethanol, which can be done during work-up of the
reaction.!¢®

A route has been developed for the synthesis of ribonucleoside 2'-phosphates
179, which could be incorporated into oligonucleotides. The ¢t-butyl esters could
be removed under mild acidic conditions without cleavage of internucleotidic
links.'¢

The mesylate 180, the synthesis of which from the tertiary alcohol required the
preparation of the sulfinate followed by oxidation, gave 181 on treatment with
TBAF, by an unusual phosphonate-to-phosphate rearrangement of unknown
mechanism.'%
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Triesters of type 182 (n = 2-5) have been prepared from the nucleoside
3'-H-phosphonate, via the cyclic phosphites. Methods were also developed for
making H-phosphonates and phosphodiesters involving just one of the hydroxy-
groups of the diols.'®

A report from Stec’s laboratory describes the preparation and separation of
the diastereoisomers of triethylammonium 5'-O-Tbdms-thymidine 3'-O-meth-
anephosphonothioate, and their reaction with p-nitrophenylsulfenyl chloride to
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give the disulfide 183. Treatment of 183 with TPP gave the pyrophosphonate
derivative 184, whereas the use of TPP in the presence of excess p-nitrophenyl-
sulfenyl chloride gave the methanephosphonodithioate 185 in a stereospecific
manner.'”” S-Phenyl methanephosphonothioates 186, the diastereomers of
which can be separated, have been prepared by reaction of the protected nucleo-
sides with methanephosphonyl dichloride, followed by thiophenol. They could
be used for the preparation of methanephosphonyl dinucleotides, but the pro-
cedure did not prove to be optimal.'”! Procedures have been developed for the
conversion of nucleoside 3'-H-phosphonate monoesters into H-phos-
phonothioates 187 (X = O) or H-phosphonodithioates 187 (X = S) by reaction
of aryl diesters of bis(aryl) phosphites respectively with 1,1,1,3,3,3,-hexamethyl-
disilathiane.!”
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2'-Deoxynucleoside 3'-C-phosphonates 188 have been prepared by reaction of
3'-ketonucleosides with tris(Tms) phosphite. Some of the chemistry of these
geminal hydroxyphosphonates was also explored.'” 3'-Methylene-H-phosphon-
ates 189 [X = H, OMe, F, O(CH,),OMe], and also 5'-O-Dmtr species of use for
oligonucleotide synthesis by the H-phosphonate method, have been prepared by
reaction of iodomethylene compounds with bis(trimethylsilyoxy)phosphine.'’

GMP has been prepared from guanosine by an enzymic method,'” and an
improved synthesis of guanosine 5-monothiophosphate from 2',3'-O-iso-
propylideneguanosine, which avoids the need for chromatography, has been
described.!™ The pyrimidinone 7 has been converted into the 5'-phosphate 190,
for use in studies of covalently-linked base pairs.!? Nucleotide libraries of type
191 (X = O, S) have been assembled using solid-phase techniques.'” The
uridine-derived 5'-oxyphosphorane 191a has been prepared from the 5'-phos-
phite and o-chloranil.'

A range of deoxyadenosine bisphosphates with modified ribose units have
been prepared and evaluated as ligands at the P2Y; receptor. The modications
included deoxy-compounds, carbocyclic analogues, anhydrohexitol nucleosides,
and morpholino-compounds.!” Improved routes have been reported to the
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3',5’-bisphosphates of 4-thiouridine, 6-thioinosine and 6-thioguanosine, for use
as donor molecules in RNA ligation.!®

An extensive paper from Sekine’s laboratory has discussed the synthesis of
aminoacylamido-derivatives of AMP (192), analogues of aminoacyl adenylates.
The syntheses, which were successfully completed using a number of a-amino
acids, used as a key step the reaction of 5'-O-phosphoramidite derivatives of
adenosine with the amides of the suitably-protected amino acid.'®! The applica-
tion of similar chemistry in the synthesis of phosmidosine was mentioned
above.!*?

2'-0~(5-0-Phosphoryl-g-p-ribofuranosyl)adenosine has been prepared from a
previously-described ribosylated adenosine (Vol. 31, p. 296).!8

There have been further reports on potential prodrugs of AZT and its mono-
phosphate. Phosphoramidates 193 (X = Y = O) have been prepared using
H-phosphonate chemistry,'® and both phosphoramidothioates 193(X = S,Y =
O) and phosphoramidodithioates 193 (X = Y = S), with phenylalanine and
tryptophan as amino acids, have been synthesized using 1,3,2-oxathia- or -
dithia-phospholane chemistry.!* S-Acyl-2-thioethyl aryl phosphotriester deriva-
tives of AZT have been prepared as mononucleotide prodrugs. They acted as
such in thymidine kinase-deficient cells, and it was proposed that activation
involves successive esterase and phosphodiesterase hydrolysis.’*> H-Phosphon-
ate diesters 194 have been prepared; esters of primary or secondary alcohols were
degraded in serum or phosphate buffer to give AZT, whereas esters of tertiary
alcohols gave AZT-5"-hydrogen phosphonate. Similar findings were reported for
ddA and d4T.'%
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The novel 5-fluoro-2'-deoxyuridine phosphoramidate prodrug 195 has been
prepared, along with the compound with only one bromoethyl group. The
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mechanism of conversion of 195 to FAUMP was thought to be via aziridinium
species, after initial hydrolysis of the N-hydroxybenzotriazolyl ester.!’®” The
mechanism of hydrolysis of some related thymidine-derived phosphoramidates
was investigated, with aziridinium intermediates being involved in the case of
N-(2-bromoethyl) compounds, whilst a piperidino-group on phosphorus was
hydrolysed by an endogenous phosphoramidase.!® Some 5'-phosphodiesters of
1-(B-p-arabinofuranosyl)-2-thiocytosine and a long-chain alkanol were syn-
thesized and evaluated in vivo as antitumour agents, with some compounds
showing promising properties.'*’

5’-Vinylphosphonates of cytosine, uracil and ara-C have been prepared by
Wittig reactions, and intermediates in these syntheses were hydroxylated using
AD-mix-a to give the product 196 and the related derivatives of uridine and
cytosine.'*® Geminal hydroxyphosphonates 197 (R = Me or H, and with all four
nucleobases) have been prepared by addition of dimethyl phosphite or tris-Tms
phosphite to 5-aldehydes. Similar products were obtained from 2',3'-O-iso-
propylidene ribonucleosides, except in the case of adenosine. NMR studies
indicated that the major diastereoisomer formed in each case had 5-R-
stereochemistry, and in some cases this was produced in up to 90% d.e.””!

The 5'-(P*-boranodiphosphate) analogues 198 of ADP and GDP have been
prepared, by reaction of 2',3'-di-O-acetyl-5'-phosphoramidites with the borane
complex of Hiinig’s base, followed by deacetylation and coupling with phos-
phate. The diastereoisomers were separable by RP-HPLC. The products, more
lipophilic than the diphosphates and resistant to nucleases, could have applica-
tion in boron neutron-capture therapy.'
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13.2 Cyclic Monophosphates and Their Analogues. — A new preparative route to
cyclic phosphorothioates of type 199 involves the reaction of 5-0-Dmtr-nucleo-
sides with diphenyl H-phosphonate in the presence of pyridine, followed by
treatment of the resultant cyclic H-phosphonates with sulfur and final deprotec-
tion with acetic acid. The method was used with all four ribonucleobases, and
gave the products as 1:1 mixtures of diastereoisomers.'”*

The phosphinic acid analogue 200 of cyclic AMP has been prepared by linking
adenine to a cyclic methyl phosphinate derived from di-O-isopropylidene-
glucose (Chapter 17)."** Thymidine cyclic 3',5'-phosphorofiuoridate and its sulfur
analogue (201, X = O or S), as 1:1 mixtures of diastereomers, have been prepared
by oxidation or sulfurization of the cyclic phosphorofluoridite.'”> 7-Deoxypac-
litaxel has been linked to cyclic AMP as a phosphotriester; the product showed
enhanced cytotoxicity against human cancer cells.'®
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13.3 Nucleoside Triphosphates and Their Analogues. — A review has been given
of the most useful methods for the synthesis of nucleoside triphosphates.'’ 5'-
Triphosphates of 8-(alkylthio)adenosines have been prepared as inhibitors of
nucleoside triphosphate diphosphohydrolase,'”® and the triphosphates 202 and
that derived from 2,2’-anhydrouridine have been made as agonists for P2X,-
purinoceptors, but they showed lesser potencies than the parent nucleosides.'”
Derivatives of ATP, UTP and CTP have been prepared in which methyl ketone
groups are attached via spacers to the base units, in order to permit interaction
with fluorescent probes after enzymic incorporation into oligonucleotides. The
triphosphate was assembed by Eckstein’s procedure, in which a 2',3’-0O-iso-
propylidene nucleoside is treated sequentially with salicyl phosphorochloridite,
pyrophosphate and an oxidant.”®

Reduction of ATP to the 2'-deoxy-compound has been carried out on a
preparative scale using recombinant Lactobacillus leichmannii ribonucleotide
triphosphate reductase.”!
The 3’-0-phosphonomethyl compound 203 has been prepared by alkylation of
O-3' of thymidine, and was converted into the triphosphate analogue 204 by
reaction with tributylammonium pyrophosphate, previously activated by car-
bonyldiimidazole. Initial reaction of 203 with carbonyldiimidazole led to the
formation of a ‘dimeric’ pyrophosphonate of 203. Similar chemistry was also
carried out on a-thymidine, and the substrate properties of the products 203 and
its a-anomer towards DNA polymerases were studied.”
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13.4 Nucleoside Mono- and Di-phosphosugars and Their Analogues. — A syn-
thesis of UDP-GIcNAc from UMP and GlcNAc has been developed which uses
an engineered mutant.”® The analogue 205 of UDP-Gal has been prepared as a
potential transferase inhibitor; the synthesis involved the formation of a C-
hydroxymethyl compound via the reaction of tetra-O-benzyl methyl galactoside
with propargyl trimethylsilane and BF;, followed by ozonolyis and reduction.
Similar analogues of UDP-GIcNAc¢ and UDP-GalNAc were also described
A range of analogues of CMP-NeuNAc have been reported from Schmidt’s
laboratory. These include compounds in which the cytosine unit is replaced by a
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methoxy group or a C-linked resorcinol unit, and cases where the sialic acid
moiety is modified in the N-acyl group, is replaced by a KDN unit, or modified at
C-8 and C-9. All were made by reaction of sialyl phosphites with ribosyl
phosphates, using phosphate—phosphate exchange. The compounds with the
cytosine unit replaced were not substrates for o(2-6)-sialyltransferase, whereas
the modifications at the 5-,8- and 9-position of the neuraminic acid residue were
tolerated.” The S-linked analogue of CMP-NeuNAc has been prepared; in the
key step, a cytidine-5-phosphoamidite reacted with a sialyl thiol. The product
was a substrate for a-(2-3) sialyltransferase 2
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Three fluorinated sugar nucleotide analogues have been reported. L-Galactose
was used to prepare GDP-6-deoxy-6-fluoro-p-L-fucose ,and the glycosyl phos-
phate 206, prepared from the glycal using Selectfluor and dibenzyl phosphate,
was used to make the a-anomer 207 of GDP-2-deoxy-2-fluoro-L-fucose, the
pyrophosphate link being constructed chemically. A similar procedure was used
to synthesize UDP-2-deoxy-2-fluoro-a-pD-galactose, the fluorinated glycosyl
phosphate being coupled enzymically to the UMP unit. The effects of the
compounds on fucosyltransferases and sialyltransferases were studied, with
which in general they acted as competitive inhibitors and formed tight complexes
with the enzymes.2”

In a route to biosynthetically-significant nucleotides of ketosugars, oxidation
of partially-protected glycosyl H-phosphonates such as 208 (Scheme 7) with
RuO, gives ulosyl phosphates in good yield, and these can then be converted
conventionally to nucleoside diphosphosugars such as 209.2% TDP-3,6-
Dideoxy-f-L-arabino-hexopyranose (TDP-f-L-ascarylose) has been produced
from TDP-3-deoxy-a-D-glucose by the rhamnose-synthesizing enzyme system

isolated from Salmonella entericum LT2.2%
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Reagents: i, RuO,, NalOy4, CH,Cly/H,0; i, dTMP-morpholidate, MeCN; iii, LiOH aq.
Scheme 7

The stereochemistry of the ADP-heptose which acts as the glycosyl donor for
the heptose sugar units in bacterial lipopolysaccharides has previously been
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undefined, with regard to both anomeric configuration and side-chain
stereochemistry. The synthesis of both anomers of ADP-L-glycero-D-manno-
heptose, and of the D-glycero-isomer, has now been accomplished. Evaluation in
an in vitro system in which two Kdo residues and one heptose were transferred
sequentially to a synthetic lipid A analogue showed that ADP-L-glycero-f-D-
manno-heptose (210) is the natural sugar donor for the heptosyltransferases from
E. coli, although the D-glycero-B-p-manno- isomer was also accepted at a con-
siderably slower rate.'

The CDP-derivative 211 of 2-C-methyl-D-erythrito, an intermediate in the
non-mevalonate pathway to isoprenoids, has been synthesized from 2-C-
methyl-p-erythritol-4-phosphate and CTP, using the transferase which produces
211 naturally.?! Enzymatic routes have also been used to produce 211 with
multiple specific *C-labels, and also 2-*C-labelled material '

The boranodiphosphate analogue 212 of ADP-glucose has been synthesized,
in a procedure in which a 5'-phosphoramidite of adenosine was treated with a
borane-amine complex, and the product then deprotected and coupled with

a-D-glucopyranose-1-phosphate.?®
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13.5 Small Oligonucleotides and Their Analogues. — 13.5.1 3'—5'-Linked systems;
methodology and modified internucleotidic links. New protecting groups have
been developed for the internucleosidic phosphate links in oligonucleotide syn-
thesis. The phosphoramidite 213, containing the 2-[(1-naphthyl)carbamoyloxy]
ethyl (NCE) group has been used in conventional solid-phase synthesis, and the
NCE group could be removed from the assembled phosphate or phos-
phorothioate oligonucleotide using aqueous ammonia.?'* Other workers have
studied a number of B-(heteroaryl)ethyl groups, such as in 214, where a broad
range of sensitivity towards base could be achieved depending on the nature of
the heteroaromatic unit.2?"> Phosphoramidites containing the 2-cyano-1-t-
butylethyl protecting group have also been used for oligonucleotide synthesis.?!®
Phosphoramidites of 6-methyluridine and 5,6-dimethyluridine have been made
and used to incorporate the bases site-selectively into oligonucleotides.?!’
Ring-closing metathesis was applied to the phosphotriester 215 to give the
conformationally restricted dinucleotide 216, as a mixture of all four dia-
stereomers.”’® There has been a fuller report on the synthesis and properties of a
uridylyl-(3' —»5’)-thymidine dinucleotide with a link between O-2’ of the uridine
and the methyl group of the thymine base, designed to mimic the hydrogen-
bonded situation in certain tRNAs (Vol. 32, p. 286—287). The unit was incorpor-
ated into oligonucleotides, where a bending of the structure was demon-
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strated by physical measurements.?'® The same group has also prepared the
cyclic phosphate 217, in which the ribose ring has a 3'-endo-geometry, and
incorporated it into into oligonucleotides at the 5'-terminal site.?”® This work was
extended to the synthesis of the dinucleotide 218, the isomers of which, separated
by chromatography, were assigned absolute configurations by CD and com-
putational methods. Detailed conformational studies were carried out, the ‘top’
ribose unit adopting a 2'-endo-geometry and the ‘lower” one a 3’-endo-conforma-
tion. The analogous P=S species was also studied.?”!
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In continuation of work in Just’s laboratory on the diastereoselective synthesis
of dinucleoside phosphorothioates, the chlorophosphoramidite 219 (for the
synthesis of the aminoalcohol see Chapter 14) was converted as indicated in
Scheme 8 into the Sp-isomer 220, in a 6:1 ratio with the diastereomer, and this
ratio could be improved by the use of a more hindered base in step ii.>*?> The
auxiliary 221, derived from L-tryptophan, has also been used. When 221 was
treated sequentially with 5-O-Tbdms-thymidine, 3’-0-Tbdms-thymidine and
Beaucage’s reagent, a phosphorothioate triester was produced. The auxiliary
could be removed as the aminomethyl compound by treatment with ammonia,
to give the Rp-isomer of 220, in 40:1 excess.?

The influence of diastereomeric ratios of deoxyribonucleoside phos-
phoramidites on the synthesis of phosphorothioate oligonucleotides has been
investigated. Almost diastereomerically-pure phosphoramidites were found to
give an almost equal mixture of diastereomers of a monophosphorothioate
decamer.” A facile synthetic route to dimeric phosphorothioate building blocks
222 has been developed. Dinucleoside phosphite triesters were obtained in a
one-pot procedure by sequential coupling to PCl; of protected nucleosides with
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free 5'- and 3'-hydroxy groups, followed by cyanoethanol. Subsequent sulfuriz-
ation gave the products 2222 Diastereomeric S-methyl compounds 223 have
been made by reaction of the dinucleoside phosphorothioates with Mel and
pyridine 2
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There has been a fuller account of the preparation of 3'-thiouridine dinucleo-
tide 224 (Vol. 30, p. 280-281), and a detailed study was made of its stability in
acid and base. It was less stable in acid than the parent dinucleotide, and the
initial product of treatment either with acid or at pH 10 was 3'-thiouridine
2',3'-cyclic phosphorothioate.’

A previously-reported bicyclic 3'-aminonucleoside has now been converted to
the dinucleotide building block 225, which caused a reduction in 7, values when
incorporated into oligonucleotides.””® There has been an extended and expanded
account of the preparation of dideoxynucleoside boranophosphates through the
intermediacy of H-phosphonate diesters. The conversion of these to the
boranophosphates proceeds with retention of configuration.??

Workers at Isis Pharmaceuticals have developed methods for the synthesis of
chimeric oligonucleotides containing blocks of phosphodiester, phos-
phorothioate and phosphoramidate internucleosidic links. H-Phosphonate
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methodology was used, and methods were developed for conversion of a block of
H-phosphonate diester links into the required final internucleosidic links with-
out affecting those of other types already in place. The installation of PO groups
in the presence of PS and PN units required oxidation with trithylamine in
CCly/pyridine/water.2*
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An improved procedure has been developed for the preparation of vinylphos-
phonate-linked dinucleotide analogues such as 226. The method involves the
coupling of an H-phosphonate diester at O-3' of the ‘top’ nucleoside with a
B-bromovinyl! derivative of thymidine, using palladium catalysis. Optimization
studies were carried out, and under the best conditions, yields were high.?*!

The L-enantiomers of deoxycytidine and deoxyguanosine have been incorpor-
ated into the middle of a decadeoxynucleotide, and the effects on the conforma-
tion were studied.?*

A number of references to the incorporation of modified nucleosides into
oligonucleotides are given elsewhere in this chapter, and some relevant chemistry
of protecting groups in discussed in Section 15. A reference to altritol nucleic
acids is mentioned in Section 16.

13.5.2 5'—5'-Linked systems. Treatment of inosine 5-methylenephosphonate
with Im;PO gave the [bis(inosine-5')]-tetraphosphate analogue 227, with two
methylene replacements, together with the [bis(inosine-5')]-pentaphosphate
analogue.

An improved route has been developed for the synthesis of the carbocyclic
analogue 228 of cyclic IDP-ribose (see Vol. 32, p. 289). In the new approach, the
intramolecular formation of the pyrophosphate link was carried out efficiently
using an S-phenyl phosphorothiate at O-5' of the ribose unit, activated by iodine,
and there was no need to install a bromine atom at C-8 of the hypoxanthine in
order to bias the conformation in favour of cyclization.”* This strategy of
conformational restriction was used in chemistry en route to cyclic ADP-carbo-
cyclic ribose, in which the pyrophosphoryl macrocycle was formed, but final
deprotection was not reported.”?* Some chemistry directed towards the synthesis
of cyclic IDP-glucose has been described, but the pyrophosphate link was not
established.”¢
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14  Oligonucleotide Analogues with Phosphorus-free Linkages

In the area of amide replacements, Robins’s group have reported the synthesis of
the active ester 229 and its reaction with the amine 230 (Scheme 9) to give the
trinucleotide analogue 231, capable of further extension using 229 after reduc-
tion of the azide to an amine. This iterative procedure was used to produce a
pentanucleotide analogue, and alternatively coupling of two dimeric units was
used to make a tetramer with a 3'-terminal hydroxy group.?” Other workers
have reported the synthesis of C-T dinucleotide analogue with the same amide
replacement and its incorporation at the cleavage position of a hammerhead
ribozyme substrate. The analogue had high affinity for the ribozyme but did not
undergo hydrolysis.*® A similar U-G dinucleotide analogue has also been made,
the amide bond being introduced by reaction of a 5'-amino-5'-deoxyguanosine
with a 2',3’-butyrolactone on the uridine unit. This unit was incorporated into a
hammerhead ribozyme to give a catalytically active species which was stable to

RNase A degradation.?®
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The thymidine dimers 232 (R = Me, Bn), with O-alkylhydroxamate links, have
been prepared’* When the O-methyl compound was incorporated into
oligonucleotides, only minor changes in 7}, values were observed for duplexes
with either complementary RNA or DNA, but significant decreases were found
using the O-benzyl species. The very similar N-benzyloxycarbamate 233 has also
been synthesized, and up to three replacement linkages were incorporated into a
thymidine 16-mer, from which the benzy! groups could be removed by hydro-
genolysis. The oligomers with N-benzyloxy groups showed significant decreases
in T,, values for duplexes with poly-dA, but the decrease in stability was less for
the N-hydroxy-species. The presence of the N-hydroxycarbamate links increased
stability of the oligonucleotides towards nuclease S1, and the oligomers formed
Fe(IIT) complexes.?*! The bicyclic aminonucleoside which was used in the forma-
tion of 225 has also been combined with a thymidine unit to give a carbamate-
linked dinucleotide analogue, incorporation of which into oligonucleotides
caused significant decreases in duplex stability.”®
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Workers at Novartis have prepared structures 234 (B = Thy, Cyt, Ade) from
D-hydroxyproline, and have assembled them into amide-linked oligonucleotide
analogues by conventional solid-state peptide synthesis. A homopyrimidine
oligomer bound to complementary RNA with significant affinity, whilst no
binding was observed with complementary DNA.**?

A new approach to 3’-deoxy-3'-C-formylribonucleosides involves (Scheme 10)
the synthesis of 235 from D-xylose; stereoselective reduction with LiAlH, to give
the saturated dithiane was followed by attachment of the base and liberation of
the aldehyde 236. This was converted as indicated into the methylene(methyl-
imino)-linked dimer 237, with 2'-hydroxy and methoxy groups. This was used to
make oligonucleotides with alternating phosphodiester and methylene(methyl-
imino) links, which showed good increases in T, against RNA complements.?*

The formacetal-linked dimer 238 was prepared, using the 3'-methylthiomethyl
ether as an intermediate, and activating it for coupling using NBS. Photolysis of
238 gave the analogue 239 of a DNA photodecomposition product. This ana-
logue was incorporated into oligonucleotides for comparison with the phos-
phate-linked material.**
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15  Ethers, Esters and Acetals of Nucleosides

15.1 Ethers. — A large-scale synthesis of 2'-O-methyluridine has been reported,
involving the formation of the 2,2'-anhydronucleoside and its subsequent ring-
opening with magnesium methoxide. The method could also be applied to the
synthesis of other 2'-O-alkyluridines.?** Several improved procedures have been
described for making 2'-O-methyl-adenosine and -guanosine, and some N-acyl
derivatives. These include the preparation of 2’-O-methyladenosine by trans-
glycosylation of a 2’-0-methylcytidine derivative, itself accessible via an anhydro-
nucleoside, and the selective 2'-O-methylation of 2-amino-6-chloropurine ribo-
side followed by base modification. Also, 3',5-Tipds-2,6-diaminopurine riboside
can be methylated at O-2', followed by modification of the base, and selective
2'-O-methylation of 1-benzylinosine could be accomplished using trimethylsul-
fonium hydroxide.?

Reaction of N-benzyloxymethyl-5-methyluridine with cyclic sulfates gave the
2'-0-alkylated compounds 240 (n =2, 3), in a ca. 3:1 ratio with the 3'-regioisomer.
The sulfate could then be displaced with dimethylamine to give after further
manipulation the intermediates 241 (n = 2, 3), and similar (methylthio)alkyl
ethers could be made using methanethiol.>*’ The 3-(dimethylamino)propyl com-
pound 241 (n = 3) has been incorporated into oligonucleotides, which showed
very high nuclease resistance, as did the previously prepared 3-aminopropyl
systems, and maintained high binding affinity to target RNA when a few of the
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modifications were dispersed throughout the oligonucleotide.?*® The same team,
from Isis Pharmaceuticals, have also made the related species 242 (R = Me, Et)
via the intermediacy of a 2'-0-(2-hydroxyethyl)-nucleoside and the N-alkoxy-
phthalimide derived from it by Mitsunobu reaction. Again, these modifications,
when introduced into oligonucleotides, gave high binding affinity to comple-
mentary RNA (but not DNA) and good nuclease stability.”* Other workers have
prepared 2'-O-methoxycarbonylmethyl- and 2’-0-(2,3-dibenzoyloxypropyl)-de-
rivatives of nucleosides by alkylation of 3',5'-Tipds derivatives, and these were
used to make oligonucleotides with carboxymethyl, 2,3-dihydroxypropyl and
2-oxoethyl ethers at 0-2'.2°
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The bisubstrate inhibitors 243 of catechol-O-methyltransferase have been
prepared by base-sugar coupling, after attachment of the aminoethyl spacer to a
ribose derivative. The adenosine analogue was ten times more effective than the
compound in which the nucleoside unit was replaced by a methyl group.' In
somewhat similar fashion, O-3' of the aminoglycoside antibiotic neamine has
been linked to O-5" of adenosine by chains of between five and eight methylene
units, in order to make bisubstrate inhibitors for aminoglycoside 3'-phospho-
transferase, an enzyme which phosphorylates the antibiotic using ATP and thus
conveys bacterial resistance. The six- and seven-carbon tethers proved most
effective 2

The 3-bromopropyl-substituted nucleoside phosphoramidite 244 has been
prepared, with a view to its incorporation into oligonucleotides which would
permit post-synthetic functionalization of the sugar moiety on the solid support
by reaction with appropriate nucleophiles.?*

Ceric ammonium nitrate on silica gel has been used for the rapid cleavage of
trityl, Mmtr and Dmtr ethers from primary alcohol groups of nucleoside and
nucleotide derivatives. Primary Tbdms and Tips ethers were also cleaved, the
silica gel adding considerably to the catalytic activity.>* The selective hydrolysis
of a Tbdms protecting group at O-5' of multisilylated nucleosides has been
carried out in high yields using a mixture of TFA, water and THF in the
proportions 1:1:4, at 0 °C.?** The same method also liberates the 5’-hydroxyl
group selectively when it is applied to 3',5'-Tipds-protected nucleosides, with 245
being produced in 95% yield.?

152 Esters. — A Pseudomonas lipase deposited on ceramic particles or on
diatomite can acetylate 2’-deoxynucleosides regioselectively at O-3' by acetyl
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transfer from various O-acetyl-aldoximes or -ketoximes.”>” Amano A lipase will
selectively remove the three O-acetyl groups from 4-N-acetyl-2',3’,5'-tri-O-
acetylcytidine, whereas Burkholderia cepacia esterase will remove selectively the
5'-0-acetyl group from the same substrate.?*

The ester 246 has been prepared as a potential bioreductively-activated
prodrug of 5-fluoro-2'-deoxyuridine (FUDR). It was resistant to human serum
esterases due to the steric hindrance of the a-methyl groups, but chemical
reduction led to rapid release of FUDR by intramolecular aminolysis.?®

When the ester 247 was treated with lauroyl peroxide in the presence of 15
equivalents of styrene, the polymer 248 was obtained. This was soluble in many
common organic solvents but which could be precipitated with methanol, mak-
ing the technique potentially useful for parallel synthesis.?®® 5'-0-Methacryloyl-
uridine and -adenosine have been polymerized onto a silica support, using Cu(I)
mediated radical polymerization, under conditions favouring products of nar-
row polydispersity.”!
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Analogues 249 (X = H, OH) of UDP-GIcNAc have been prepared as potential
inhibitors of chitin synthetases. The synthetic route involved a C-allyl derivative
of GlcNAc, which was elaborated by ozonolysis, Wittig reaction and coupling
with the nucleoside, followed by hydrogenation or hydroxylation as appropriate.
The corresponding amides were also prepared from 5'-amino-5'-deoxyuridine 2?

Lipophilic amino acid methyl esters and methylamides have been coupled to
O-5" of AZT by carbamate links. The products showed anti-HIV activity, but
this was not due to carbamate hydrolysis or to direct inhibition of reverse
transcriptase, and the mechanism of action may be one not previously observed
with nucleoside antivirals.?

Adenosine has been converted regioselectively to its 2'-tosylate in 90% yield
by treatment with TsCl and Et;N in acetonitrile, in the presence of sub-
stoichiometric amounts of organotin reagents such as Bu,SnCl, or Bu,SnO.2%
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15.3 Acetals. — In continuation of work on protecting groups suitable for use at
0O-2’' during oligoribonucleotide synthesis, Reese and co-workers have studied
the properties of a range of 1-aryl-4-alkoxypiperidin-4-yl groups, leading to the
development of the 1-(4-chlorophenyl)-4-ethoxypiperidin-4-yl (Cpep) group (as
in 250). This group has greater stability at pH 0.5 and greater lability at pH 3.75
than a number of alternatives such as the previously-used Ctmp and Fpmp
groups.?®

The 2'-0-(3-bromopropoxy)methyl group has been introduced at O-2’ of
ribonucleosides, permitting post-synthetic functionalization of the sugar units of
oligonucleotides on the solid support by nucleophilic substitution.?”

Ribonucleoside 2'- and 4'-O-methylthiomethyl derivatives have been syn-
thesized directly from selectively protected nucleosides by reaction with
DMSO-Ac,0-AcOH mixtures.?®

To study the structural requirements of the binding of aminoglycosides to
nucleic acids, the conjugate 251, related to the naturally-occurring nucleoside J,
has been prepared and incorporated into oligonucleotides. This led to stabiliz-
ation of duplexes, which was most marked with complementary RNA .2

CHZNHQ le)
§—o—CH o PTCH
20 B OH | /Ng
HOCH
HO 5.\ o
NH,
0 0
EtO OH
250 251

16  Other Types of Nucleoside Analogue

A review has been given of the synthesis and biological activity of isonucleosides,
analogues in which the heterocyclic base occupies a non-anomeric position.?
There have been reports on the synthesis of isonucleosides of type 252, with R =
H>*? or CH,OH.?” Isonucleosides related to bioactive benzimidazole nucleo-
sides have been prepared, including 253, made by displacement of a tosylate with
2-bromo-5,6-dichlorobenzimidazole under phase-transfer conditions, followed
by reaction with isopropylamine. The 3'- and 5'-deoxy-analogues of 253 were
also reported.?”” Chain-extended compounds 254 have been synthesized from
D-glucose, the base (Ade, Ura, 5-fluoro-Ura, Thy) being introduced by reaction
with an epoxide at a late stage.””” The species 255 (B = Ade, Ura, 5-fluoro-Ura,
Thy) have also been prepared; again the base was introduced by reaction with an
epoxide, itself prepared from D-glucosamine through the intermediacy of 2,5-
anhydro-D-mannitol.?”> Compounds enantiomeric with 255 have been reported
previously from the same laboratory (Vol. 31, p. 128). Isonucleosides 256 (B =
e.g. Ade, 8-aza-Ade, Cyt) with an exocyclic methylene group have been prepared,
using a keto-sugar derived from D-xylose as an intermediate, and introducing the
nucleobases using Mitsunobu reactions. The compounds did not have signifi-
cant anti-HIV activity.?” The iso-C-nucleosides 257 (R = Ph, Me) have been
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synthesized, again using D-xylose as precursor, and the 3'-epimers were also
produced.””

There has been a further report on altritol nucleic acids (ANA, 258) (see Vol.
33, p. 316), which notes that they are superior to the corresponding DNA, RNA
or hexitol nucleic acids (as 258, but lacking the hydroxy groups) in supporting
efficient non-enzymatic template-directed synthesis of complementary RNAs
from nucleoside 5'-phosphoro-2-methylimidazolides.?
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Further reports have appeared concerning dioxolane and oxathiolane nucleo-
side analogues. Compounds of these types, in both enantiomeric series, have
been reported with 5-(2-halovinyljuracils as bases, and the dioxolanes in the
L-series showed potent anti-VZV activity.”? Dioxolane analogues with 5-aza-
cytosine and 6-azathymine as base have been prepared in both enantiomeric
series, and as o- and p-anomers. The compound 259 of the L-series showed
significant activity against HBV, whilst the enantiomer of 259 has potent anti-
HIV activity.?”” Similar oxathiolanes in the L-series, with 6-azacytosine, 5-aza-
cytosine, and various 3-deazapyrimidines as base, have been prepared by chemi-
cal transglycosylation of 3-TC.?’® Racemic oxaselenolanes 260 have been made,
along with the a-anomers. The enantiomers of 260 were separated by chiral
HPLC. Anti-HIV and anti-HBV activity was found for the cytidine and 5-
fluorocytidine analogues, and this was greatest for the (—)-isomers, as in the case
for 3-TC, but activities were significantly less than for 3-TC.2”” New prodrugs for
3-TC have been reported, in which polyaminated sidearms are attached at either
0O-5' or N-4, or both positions, with a view to using the polyamine transport
system for incorporation of the drug. Some compounds reported had good
antiviral activity.”® The dioxolane and oxathiolane derivatives 261 (X = O, S; R
= H, Me) have been prepared, along with the trans-isomers, but did not show
significant antiviral activity.?®'
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The isoxazolidine 262 was the major isomer formed by cycloaddition of vinyl

acetate with a nitrone derived from isopropylidene-p-glyceraldehyde. Further
chemistry then led to the L-nucleoside analogue 263. Reaction of the same
nitrone with 1-vinylthymine also gave diastereoselectively a cis-disubstituted
isoxazolidine which could be converted to the same enantiomer 263.%? An
alternative route to 263 and its uracil analogue involves the BF;-catalysed
reaction of the nitrone with the Tbdms ketene acetal of methyl acetate, which
proceeds with the same facial selectivity as the cycloadditions.”®* In a comprehen-
sive paper, the use of serine-derived starting materials has led to the synthesis of
isoxazolidinyl analogues of the polyoxins. Thus, for example, the
isoxazolidinone 264 was prepared stereoselectively through Michael addition of
N-benzylhydroxylamine to an enoate derived from D-serine, and could be con-
verted to the nucleoside analogues 265. Additions of silyl ketene acetals to
nitrones, and cycloadditions of nitrones with vinyl acetate, were also used to
make oxazolidines, and appropriate choice of protecting groups and chirality of
serine permitted access to all possible stereochemistries.”*
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A series of papers from Vasella’s laboratory has discussed the synthesis of
oligonucleotide analogues that possess a ‘nucleobase-including’ backbone, with
the 3',5'-phosphodiester link replaced by an acetylenic link between C-5 of the
ribose and C-6 of uridine or C-8 of adenosine. The bis-uridine 266 was made
using Sonogashira coupling of a C-5-alkyne with a 6-iodouridine.?®® The 8-
iodoadenosine derivative 267 was prepared by addition of Tms-acetylide to a
C-5' aldehyde.® Other workers have reported a stereocontrolled route to a
similar non-iodinated adenosine derivative through diastereoselective reduction
of a ribofuranosyl acetylenic ketone, followed by introduction of the adenine
unit.?®” A bis-adenine unit was made by Sonogashira coupling,® and an aden-
osine tetramer 268 was obtained by coupling an iodinated dimer with an
ethynylated dimer.”®

3'-0-Thiocarbamoylthymidine has been converted into various species with
heterocycles joined to thymidine through an ether link.”?° Water-soluble C-
linked nucleoside-porphyrins have been made by reaction of 2',3'-O-iso-
propylideneuridine-5'-carboxaldehyde with pyrrole to give a dipyrromethane,
which was treated with p-fluorobenzaldehyde to give after oxidation a porphyrin
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with uridine units at opposite meso-positions, into which Pd(II) could be in-
serted. The Pd(II) metalloporphyrin was an efficient reagent for selective cleav-
age of double-stranded DNA in visible light.”!
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Nucleoside analogues 269 (B = Ade, Gua, Thy) have been made as ra-
cemates.”? The antiviral activity of synadenol has led to the synthesis of the
related cyclopropanes 270 and its E-isomer, which did not have useful antiviral
activity.”® The cyclobutane 271, and its E-isomer, and the cyclohexenes 272 and
273 have also been described.”* Various pyrimidine nucleosides of type 274 have
been made (for related purines, see Vol. 32, p. 297), and the BVDU analogue
shown had the best anti-VZV activity.®®® The cyclopropanes 275, involving all
five main nucleobases, have been made in chiral form, the Ade and Gua com-
pounds having moderate anti-HIV activity.”® The bicyclo[2.1.1]hexane nucleo-
side analogues 276 have been reported,”®” and cyclopentane nucleoside ana-
logues such as 277 have been made from the iridoids geniposide and aucubin.?*®
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17 Reactions

The reactions of some 5'-protected pyrimidine ribonucleosides with phosphoryl
chloride and pyridine in dichloromethane, followed by reaction with excess of an
alcohol, have been studied. It was claimed that the first step of this procedure led
to a mixture of the 2’- and 3'-phosphorodichloridates (e.g. 278 and its regio-
isomer). Since the rate of the subsequent alcoholysis to give a mixture of the 2'-
and 3'-phosphotriesters was considerably faster that the corresponding cases
using 2'-deoxynucleosides, it was thought that the adjacent cis vicinal hydroxyl
group was involved in hydrogen bonding to the P=0 unit, thereby accelerating
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the displacements of chloride by electrophilic catalysis.””” Other workers, how-
ever, have reinterpreted the NMR data on which this theory was based, and have
concluded that the intermediates in this reaction sequence are the two dia-
stereomers of the cyclic phosphorochloridates such as 279.3%

The hydrolysis of the the 3’-thioinosine derivative 280 has been studied over a
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wide acidity range. At pH >3, only hydroxide ion catalysed isomerization to the
2-phosphotriester is observed, whereas under more acidic conditions hydrolysis
to the 2’-monomethylphosphate and 3'-S-monomethylphosphorothiolate com-
peted. The latter was the only product to accumulate in very acidic solutions, and
mechanisms were discussed.*®! Uridylyl-(3',5')-8-carbomethoxyaminoadenosine
has been synthesized, and its transesterification to uridine 2’,3'-cyclic phosphate
has been studied in the presence and absence of Zn?* ions. The carboxylate in the
vicinity of the phosphodiester bond accelerated the cleavage in the presence of
Zn(I1) ions, but not when the metal was not present.**?

In connection with mechanisms for the alkaline hydrolysis of DNA, the
kinetics of hydrolysis of thymidine 3’-phosphodiesters with alcohols such as
2,2 2-trichloroethanol, and also of thymidinyl-(3’'-5)-thymidine, have been
studied. With the trifluoroethyl phosphate, the 3',5-cyclic phosphate is an inter-
mediate in alkaline hydrolysis, but this was not the case with the dinucleotide.
Studies using density functional theory calculations were also reported . *

The hydrolysis of the cyclic phosphorothiolate 281 has been studied between
pH —2 and pH 7.6. Below pH 2, the products 282 and 283 were obtained with
283 predominating, whereas between pH 2 and pH S, the cyclic phos-
phorothiolate 282 was the main product. Above pH 5, 283 and 284 were
obtained, with the latter predominating by 2:1. Mechanisms were discussed, with
the uncatalysed reaction to give 282 occurring through attack of water on the
methyl group, with C-O bond cleavage >
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Radicals generated by reaction of cytidine with the sulfate radical-anion in
aqueous solution have been characterized by EPR spectroscopy. Radicals were
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generated either in situ in a continuous-flow system, or the sulfate anion radical
was generated in the presence of 2-methyl-2-nitrosopropane. In the continuous-
flow system, the sugar radical 285 was observed, but the intensity of this
decreased in the presence of phosphate dianion, with a base radical of indetermi-
nate structure being formed. In the spin-trapping experiments the persistent
radical 286 was detected in the absence of phosphate, but with phosphate
dianions present, spin-trapped radicals on the base were observed. The results
were interpreted in terms of competition between reaction of the intermediate
base radical-cation with phosphate dianion and radical transfer to the sugar.*®
The radical 287 was made by photolysis of a benzylcarbonyl precursor. Its
radical recombination and hydrogen abstracting characteristics suggested that it
could abstract a hydrogen atom from deoxyribose and thus transfer radical
character to the sugar of a neighbouring nucleotide in DNA.** A model com-
pound has been used to study the effects of thiiyl radicals on nucleosides, of
relevance to radical damage to DNA. The work supported the proposal that
thiiyl radicals can add at C-6 to pyrimidine nucleosides.’”” An investigation has
been made of the mechanism of direct strand cleavage induced by anaerobic
irradiation of DNA containing 5-bromouracil. An oligonucleotide fragment
containing 2-(adenin-9-yl)furan at the 3'-terminus was found as a major photo-
product.*®
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Photolysis of 1-(2-deoxyribosyl)-7-nitroindole was presumed to give the
diradical 288, and hence, by radical recombination and fragmentation, the
observed photoproducts 2-deoxyribonolactone and 7-nitrosoindole. When the
7-nitroindole nucleoside was incorporated into oligodeoxynucleotides, proto-
lysis led to the formation of abasic positions.*®

When oligonucleotide chains incorporating the 4'-C-pivaloylthymidine unit
289 are irradiated in the absence of radical traps, the cation-radical 290 (Scheme
11) is produced, which is capable of undergoing reduction by electron transfer
from a nearby guanosine unit to give 291, which on enzymic digestion gives the
3'-ene 292. Variation of the nucleotide sequence demonstrated a strong distance
dependence of the electron transfer rate, which was more efficient with 8-
oxoguanosine as electron donor. The enol ether 292 was independently syn-
thesized using reductive elimination from a 4'-phenylselenyl thymidine deriva-
tive to install the double bond.*!?

The degradation of hexopyranosyl cytosine nucleosides in buffers of acid,
neutral and alkaline pH has been followed by HPLC. The compounds were
found to degrade by hydrolysis to cytosine and/or deamination to the corre-
sponding uracil nucleosides.*"!
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Enzymes in Mono- and Oligo-saccharide
Chemistry

1 General

Chapters 3 and 4 contain many references to the use of enzymes in the synthesis
of glycosides, and di- and higher saccharides.

Specific reviews have described both the traditional method of enzymatic
glycosylation and some novel approaches which were designed to improve the
efficiency of reactions involving poorly water soluble alcohols,' and the enzy-
matic synthesis of oligosaccharides on a preparative scale (greater than milli-
gram quantities).” Several general reviews on recent developments in enzyme-
catalysed syntheses of carbohydrates have appeared.>® Those that directly relate
to specific subjects are detailed in the appropriate following sections.

2  Enzymes in Synthesis

2.1 Aldolases and Ketolases. — Kajimoto has reviewed aldolase-catalysed syn-
thesis of various azasugars (45 refs.) using fructose-1,6-diphosphate-aldolase and
other dihydroxyacetone phosphate (DHAP)-dependent aldolases in the key
step.5 A recent review of enzymatic preparations of monosacccharides, oligosac-
charides and related compounds based on aldolases has been published.” Pro-
tecting group-free chemoenzymatic syntheses of the tetrahydroxylated pyr-
rolizidines australine (1) and 7-epialexine (2) have been achieved by fructose
1,6-diphosphate aldolase-catalysed reaction of dihydroxyacetone phosphate
with appropriate aldehydes.? Similar procedures involving coupling of DHAP
with w-phosphonylated a-hydroxyaldehydes have been used to prepare a set of
unnatural w-phosphonic sugars 3 (Scheme 1).

Short syntheses of L-fucose analogues have been achieved (3 enzymatic steps)
by aldol condensation of DHAP with various a-hydroxyaldehyde derivatives
(using L-fuculose phosphate aldolase), followed by phosphate hydrolysis (alka-
line phosphatase) and subsequent ketol isomerization (L-fucose isomerase).!’
Selective *C-labelling of thymidine in all positions of the 2'-deoxyribose ring has
been achieved using an aldolase-catalysed reaction with appropriately C-
labelied DHAP/acetaldehyde substrates. The labelled sugar was then converted
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Scheme 1

to the O-protected ribosyl chloride prior to addition of the thymidine nuc-
leobase.!! N-Hydroxypyrrolidine derivatives 6 has also been prepared (on a 2—3
g scale) by an E. coli. transketolase-mediated reaction of (+)-3-O-benzyl glyceral-
dehydes 4 with hydroxypyruvate to set up the required stereochemistry on the
triol building block 5 (Scheme 2).'2

5 (30%)
Reagents: i, Transketolase, TPP, hydroxypyruvate, pH 7.0 5

Scheme 2

2.2 Glycosidases. — Several reviews on the enzymatic preparation of glycosides
and oligosaccharides using glycosidase-catalysed trans-glycosidation reactions
have appeared.'*"!” Another review discusses the inulase-catalysed mass produc-
tion of difructose anhydrides 7 and 8."® The a-glucosidase-catalysed reaction of
maltose and glycerol has been shown to give a mixture of the three glyceryl
a-D-glucoside regio-isomers.”” A hydrolytically inactive E358A mutant of an
Agrobacterium sp. B-glucan hydrolase has been used to construct §-1,4-linked
di-, tri- and tetrasaccharides 9 with a C-glycoside at the ‘reducing’ terminal end
using a-D-glucopyranosyl fluoride donor and various B-C-glucosides as the
‘reducing’ end acceptor molecules.® A new B-glucosidase from Thai rosewood
has been shown to catalyse the synthesis of di- and tri-saccharides from glucose.
The major di-saccharide product was gentiobiose, whilst starting from a mixture
of p-fucose and D-glucose the main product obtained was B-pD-Fuc-(1—6)-D-
Glc?' A partially purified B-glucosidase from Trichoderma viride cellulase
catalyses 1,6-transglycosylation reactions with cellobiose, laminaribiose and
gentiobiose, but with poor yields.?? Glycoside synthesis from aqueous starch
solution and hydroxylbenzyl alcohols (0, m and p), using amyloglucosidase from
Rhizopus sp., has been shown to yield hydroxybenzyl a-glucosides.”? There have
been two reports on the synthesis of novel hetero-branched $-cyclodextrins by
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the reverse action of Aerobacter aerogenes pullulanase on B-cyclodextrin and
various tri-/tetra-saccharides.?**

A comparative study of transglycosylation reactions using various newly
cloned a-galactosidases from B. stearothermophilus, Therus. brockianus, Strepto-
coccus mutans and E. coli. has been carried out and all displayed the capacity for
regioselective synthesis of a-(1—=6)-disaccharides using a p-nitrophenyl B-D-
galactopyranoside as donor.? The B-gluco-/galacto-sides of cis- and trans-2-p-
methoxybenzyl cyclohexanol have been made using almond B-glucosidase and
B-galactosidase from E. coli, respectively.?’ Transglycosylation of lactose using
Streptococcus thermophilus led to 3'-B-D-galactopyranosyl-lactose as the major
product (16%), which was isolated on a 1 g scale.”® The transglycosylating
properties of a B-galactosidase from Aspergillus aculeatus have been character-
ized using lactose as a substrate, and its activities towards exopolysaccharides
from Lactococcus lactis have been studied.”

Cycloinulo-oligosaccharide fructanotransferase (CFTase)-catalysed decom-
position of inulin in the presence of D-mannose and p-sorbose acceptors has been
used to obtain inulotriosyl derivatives 10 and 11 on a preparative scale.
Transfructosylation of 2-mercaptoethanol using sucrose and B-fructosidases
gives the S-glycoside product after long reaction times (20 h), whereas the
O-glycoside accumulates during shorter reaction times and then decays suggest-
ing that the thioglycoside is relatively resistant to the hydrolytic action of the
fructofuranosides.*' The formation and retention of cyclomaltodextrins inside
starch granules has been achieved by reaction of cyclomaltodextrin glucanosyl-
transferase with solid granules.*> There are also two reports on the use of
cyclomaltodextrin-glucanosyltransferase in the preparation of pyridoxine -
glycosides, 12 and 13, from pyridoxin (vitamin B6) and maltodextrin 333

A bovine testes $-galactosidase has shown a surprising lack of regiospecificity
in B-galactosylation of chito-oligosaccharides giving an equimolar ratio of ter-
minal §-(1—4) and B-(1—3) galactosylated products.®> The enzymatic synthesis
of N-acetyl-lactosamine has been investigated with a variety of galactose donors,
cosolvents and B-galactosidases.3® Pig liver B-galactosidase has been used in
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B-(1—6)-disaccharide syntheses with p-nitrophenyl galactoside derivatives as
donors and p-nitrophenyl glycosides of Gal, GalNAc and Glc as acceptors to
obtain, for example, p-Gal-(1—6)-0-Gal-OPNP and B-Gal-(1—6)-B-GlcNAc-
OPNP. With B-p-galactosidase from Bacillus circulans the respective (1—3)-
linked disaccharides were obtained.”” Both enzymes displayed a higher activity
for a-glycoside acceptors. Regiospecific transglycosidic syntheses of B-Gal-
(1-4)-GlcNAc and a-NeuAc-(2—3)-B-Gal-(1—4)-GlcNAc have been re-
ported.”® Galactosylation of 2-mercaptoethanol using B-galactosides from Peni-
cillium multicolour or Aspergillus lorysae has been shown to give thioglycoside 14
as the major product (Scheme 3).%°

CH,OH CH,OH

D-Galactose i (e} o}
+ - . OH + OH
HSCH,CHo0H
OH OH
14 major product 15 minor product
Reagents: i, B-galactosidases from various sources
Scheme 3

B-p-Glc, a- and B-D-Man and B-Lac have been transferred from various
donors to methanol and various glycosides and glycosyl fluorides by use of a
crude filtrate from Thermoascus aurantiacus.*® Synthesis of a-(1—2) and a-(1—3)
linked disaccharides of mannofuranose using the reverse hydrolysis activity of
partially purified a-mannosidases from almond meal (Prunus amygdalus) and
limpets (Patella rulgatal) has been reported.*! Penicillium multicolour o-L-
fucosidase has been used to prepare a variety of 1,3-linked fucose-containing
disaccharides.”? Fucosylated epitopes such as Le* and Lac(NAc), have been
prepared enzymatically.® Sugar oxazoline donors have been used in the
chitinase-catalysed synthesis of GicNAc-containing oligosaccharides.* Incuba-
tion of Trichoderma reesei cellulase with xyloglycan or cellulose donors in an
aqueous solution of various acceptor alcohols gave high yields of alkyl f-
glycosides.”

Concentrated plasticised glass mixtures of acceptors and donors have been
shown to enable the glycosidase-catalysed syntheses of a functionally diverse
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range of O-glycosides such as 16 and 17 at rates up to an order of magnitude
greater than for dilute systems.* There have been several reports on the sialidase-
catalysed synthesis of a-sialylated oligosaccharides using a-NeuNAcOPNP as
the donor.** Notably, various terminally sialylated di- and trisaccharides have
been prepared by combination of sialidase-catalysed transglycosylation with
polyethylene glycol w-monomethyl ether-based glycoside acceptors.®

0. __0

CH,OH
o o/\<\o CH,OH OH
OH o O
OH
OH
OH OH
16 OH 17

A novel thermophilic glycosynthase which effects branching glycosylation has
been obtained by mutagenesis (D387G) of the active site nucleophile of a
glycosidase from Sulfolobus solfataricus, and by use of a-hexosyl fluoride donors
and o- or p-nitrophenyl hexoside acceptors various di-, tri- and tetra-saccharides
have been prepared.”® Another glycosynthase has been derived from Agrobac-
terium sp. B-glucosidase in a similar manner.” The synthesis of -(1—>4)-oligosac-
charides using a glycosynthase derived from Humicola insolens, a-lactosyl fluor-
ide and a variety of acceptors has been studied.*

2.3 Glycosyltransferases. — Three different transferases have been used in the
chemoenzymatic synthesis of ‘bisecting-type’ deca- and dodeca-oligosaccharides
of the bisecting-N-glycans.>** Dendritic polyethylene glycols have been used as
soluble supports for acceptor substrates. For reactions which fail to reach
completion the partially substituted support is recycled after simple dialysis, and
treated with fresh enzymes and donors to improve the yields.>® A range of
Sa-carba-sugars, including both anomers of 5a-carba-nD-GlcNAc 18 (Scheme 4),
have been tested as acceptors for B-(1—4)-galactosyl transferase-catalysed reac-
tions with UDP-Gal as donor.** Isomers 18, which give 19, are the best acceptors
of the compounds studied.

CH,OH
H
CH,0H CH,OH ©
i OH] o @)
OH
NHAc OH
18 19
Reagents: i, UDP-Gal, galactosyl B-(1,4)-transferase
Scheme 4

L-Glycosylamine derivatives 20 and 21 act as acceptor substrates for bovine
B-(1—4)-galactosyltransferase which, surprisingly, catalyses transfer to the 3-
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hydroxyl groups.”” The two human blood group A and B glycosyltransferases
utilize UDP-GalNAc and UDP-GIcNAc donors, respectively. A hybrid enzyme
has been constructed that can utilize both these donors.® A synthetic tri-
lactosamine has been further elaborated to sialyl-trimeric-Le* by enzymatic
addition of the sialyl and fucose units.”® Fucosyltransferase V only added two
fucose units to the sialyl-tri-lactosamine precursor, whereas fucosyltransferase
VI either completed the fucosylation or was used alone to put on all three fucose
units. a-(1—3)-Fucosyltransferase has also been used to transfer L-galactose
moieties in the synthesis of a dimeric sialyl Le* analogue.*

OH OH

o) 0
k HO '< 1 HO>)
NHAc HO’ NHAc
OH OH
20 21

Recombinant hexa-histidine-tagged human a~(1—3/4) fucosyltransferase ITI
immobilized on nickel-agarose, exhibits marked stability which has been ex-
ploited in the synthesis of Le* and Le* trisaccharides with the enzyme still
retaining 50% activity after a 10 day incubation at 37 °C.%! Fucosyltransferase I1I
has also been used to prepare glycal derivatives of SiaLe*.5? Studies of a 2,3-
sialyltransferase (v-ST3Gal I), obtained from myxoma virus infected RK13 cells,
have revealed its unique substrate specificity amongst previously characterized
sialyltransferases.5® In addition to catalysing sialyl transfer from CMP-NeuAc to
type I, IT and III acceptors, this viral enzyme also transfers sialic acid to the
fucosylated acceptors Le* and Le*. UDP-Glucuronyltransferases from ovine®
and human liver microsomes® have been used to prepare lysergol B-b-glucuron-
ide and 3-O-benzylmorphine-6-glucuronide, respectively. An intein-mediated
protein ligation strategy has been used to incorporate glycopeptides 22 at the
C-terminus of proteins, and the GIcNAc unit of the ligation product 23 served as
a substrate for subsequent p(1—4)-galactosyltransferase- catalysed modification

(Scheme 5).%¢
oHOH
H
- on o} N NH
CH,0OH H CH20HO o (IDO "
. HO 2!
o (o} N\[]/\/NH i on 0O NHAC
HO 0 COH ; ;
NHAc OH 23
22 UDP-Gal ubppP
Reagents: i, Galactosyl p-(1,4)-fransferase
Scheme 5

2.4 Lipases and Acyl Transferases. — A recent review of synthetic applications
of enzymes in organic solvents details examples of lipases and proteases ex-
ploited in the chemoenzymatic O-substitution of sugar derivatives.*’ Lipase from
Humicola lanuginosa, together with various vinyl esters, has been used for specific
and high yielding (70-90%) 6-0-acylation of the non-reducing-terminal glucose
moieties of maltose, maltotriose and dodecyl a,B-maltosides.®® A mixture of
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1,3,4-trideoxy-5,6:7,8-di-O-isopropylidene-f-p-manno- and gluco-non-5-ulo-5,9-
pyranose [(R,S)-24] have been separated by stereoselective acylation using vinyl
acetate and Chirazyme® L-2 to give the manno-acetate 25 (Scheme 6).

(0]

O\Q)< i o. )< Annn
9 - g + T
Do P OH
Af/ OH Af/o OAc
(R,S)-24 25 26

Reagents: i, Vinyl acetate, Chirazyme® L-2
Scheme 6

Lipase from Candida antartactica has been used in the preparation of various
acylated maltooligosaccharides,® ascorbic acids,”! disaccharides™ and human
milk trisaccharides™ and also for the regioselective 1,6-co-polymerization of
D-glucitol and di-vinyl sebacate.” A novel aminoglycoside 6’-acetyltransferase
from Actinomycete sp. has been used for the acetylation of a large selection of
aminoglycoside antibiotics.”>’® A Pseudomonas lipase on ceramic particles and
on diatomite has been used to regioselectively acylate nucleosides and 2'-
deoxynucleosides at O-3’ by transfer from various O-acetyl aldehyde or ketone
oximes in 70-90% yields.”

Chitin deacetylase has been used in the synthesis of partially and fully N-
deacetylated 4-methyl umberlliferyl chitobiose derivatives as fluorogenic sub-
strates for chitinase.’”® Conversely, the reverse acylating action of chitin
deacetylase has been used to prepare a partially N-acetylated chitosamine
tetramer.” The preparation of a 4-O-acetyl sialic acid derivative by a lipase
OF-catalysed deacetylation of the peracetylated precursor has been reported.®

Regioselectively protected cytidine derivatives have been prepared from the
peracetylated nucleoside using lipase and esterase reactions.?! There have been
reports on the use of bacterial proteases for the selective acylation of sucrose to
produce a variety of different acyl® and acrylate esters.®® 8-Aminooctyl 5-S-
coniferyl-5-thio-a-L-arabinofuranoside (27) attached to sepharose proved to be a
selective affinity ligand for feruloyl esterase A4. niger.

(¢] O\/\/\/\/\NH2
OH
MeO
o
HO 27
2.5 Sulfotransferases. — A recent study of keratan sulfate Gal-6-sulfotrans-
ferase (KSGal6ST) has demonstrated its ability to sulfate O-6 of the Gal residue
of NeuAc-(2—3)-g-Gal-(1—-4)-GIcNAc (3'SLN), fetuin oligosaccharides and

their desialylated derivatives.** The relative sulfation rate of some of the com-
pounds was much higher than for keratan sulfate.

2.6 Coupled, Multi-Enzymatic and Whole Cell-based Syntheses. — A recent re-
view discusses preparations of antiviral nucleosides by the sequential use of
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nucleoside phosphorylase and N-deoxyribosyltransferase enzymes.®® A detailed
review of the integration between the enzymatic epimerization of GIcNAc to
nNAc and the NeuSAc aldolase-catalysed bio-transformation to Neu5Ac has
been reported.” Wong has reviewed complex carbohydrate synthesis tools that
are accessible to glycobiologists, with particular focus on enzymatic and com-
puter based one-pot approaches for the preparation of complex carbohy-
drates/glycoconjugates.®®

The tetra-saccharide p-p-Gal-(1—+4)-p-D-GlcNAc-(1—3)-B-D-Gal-(1—4)-Glc
has been made by three methods of increasing efficiency: (i) conventional organic
synthesis, using a lactose acceptor (30%); (ii) similarly with an MPEG-supported
lactose acceptor (53%); (iii) enzymatically (96%)%° A sequential one-pot syn-
thesis of UDP-2-deoxy-2-fluoro-p-galactose from D-galactal using selectfluor-
ide, galactokinase and galactose-1-phosphate uridyltransferase has been re-
ported.”” The five per-O-acetylated disaccharide glycones of 28-32, structurally
related to the glycans of vertebrate mucins, have been evaluated for their ability
to prime oligosaccharide synthesis, inhibit glycoprotein synthesis and alter
adhesion to E-selectin expressed in endothelial cells. All these compounds served
as substrates for the enzymic synthesis of oligosaccharides.’!

28 Gal-B-(1-4)-GlcNAc--OR
29 GlcNAc-p-(1-3)-Gal-B-OR

30 Gal-B-(1-3)-GalNAc-a-OR R:‘a
31 GlcNAc-B-(1-3)-GalNAc-B-OR

32 GIcNAC-B-(1-6)-GalNAC-B-OR

A preparative synthesis of GDP-f-L-fucose from GDP-D-mannose using re-
combinant enzymes from enterobacterial sources has been achieved.”” The enzy-
matic conversion of D-glucose to nucleotides by the stepwise addition of sequen-
tial enzymes in the glycolytic and pentose phosphate pathway has been used for
the preparation of ?H- and "*C-labelled RNA.** TDP-3,6-dideoxy-B-L-arabino-
hexopyranose has been produced on a 200 mg scale from TDP-3-deoxy-o-D-
glucose by the L-rhamnose synthesizing system isolated from Salmonella en-
tericum LT2%* Various *C-labelled 4-O-diphosphocytidyl-2-C-methyl-D-eryth-
ritols have been prepared from sodium pyruvate and labelled D-glucose in a
one-pot procedure by use of a mixture of five recombinant enzymes from the
nonmevalonate isoprenoid pathway.”® The uptake of a 12-azidododecyl B-lacto-
side primer for sialylation by B16 melanoma cells resulted in the 3'-glycosylation
product which is a glycoside of ganglioside GM3.%

A one-pot, two-step enzymatic *C-labelling method for the preparation of
sialic acid analogues 35 has been developed (Scheme 7). Multi-enzyme ap-
proaches have been used to prepare bisecting-type oligosaccharides from bisect-
ing-N-glycan saccharides.® The lipophilic benzyloxycarbonylaminoaniline
group has been used to derivatize reducing oligosaccharides, to give products
such as 36 following N-acetylation, which can be further elaborated by multi-
step enzymatic glycosylation. The lipophilic moiety enables facile purification by
C18 reverse phase chromatography after each reaction.”® The UDP-2- and
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3-fluorogalactopyranose sugar nucleotides have been prepared from 2- and
3-deoxy-2- and 3-fluoro-D-galactose using a one-pot cocktail of nine commercial
enzymes.”® Both these compounds were used as mechanistic probes for UDP-
Galp-mutase.

Starting from UDP-Glc, a variety of a-D-Gal-(1—4)-$-D-Gal derivatives have
been prepared using a UDP-Glc-4-epimerase-o-1,3-Gal-transferase fusion en-
zyme. The fusion protein enhanced reaction rates by 300% compared to the
same reactions carried out with equivalent amounts of the two separate en-
zymes.'® A one-pot route to ketoses, such as 38, from glycerol and pyrophos-
phate, via their phosphorylated precursors 37 has been developed using phytase
(Scheme 8).1

Glycopeptides derived from P-selectin glycoprotein PSGL-1 have been pre-
pared from peptidic disaccharide precursors using the appropriate glycosyl
transferases.'®> Manipulation of the biosynthetic machinery in Streptomyces
venezuelae, which normally produces macrolides containing D-desosamine, has
resulted in L-rhamnose being appended instead.!”® A GlcNAc kinase gene (yqgR)
from Bacillus subtilis has been added to a yeast-based reaction system to improve
the whole cell synthesis of UDP-GIcNAc.'™
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3  Enzyme Mechanisms

A review of glycosidase mechanisms has recently appeared, which primarily
deals with the hydrolytic mechanisms of B-glucosidases.'®® Two other review
papers cover a broad range of novel enzymatic mechanisms in carbohydrate
metabolism such as epimerase reactions, 1,2-carbonyl rearrangements (e.g. with
D-xylose isomerase), C—O bond cleavage reactions (excluding glycosidases), C-C
bond formation in branched chain sugars and reactions involved in the forma-
tion/rearrangement of hexose skeletons (e.g. DHQ synthase).'%'" A review of
mechanism-based inhibitors of Kdo8P synthase has also appeared (see Chapter
16).108

Photoreactive aryl glycosides bearing an azido, a diazonium salt or a diazirine
substituted aryl group as the photoprobe have been developed to study the sugar
binding site of melbiose permease.!® All possible monomethyl ethers of p-nit-
rophenyl a-p-gluco-, a-D-galacto and a-D-mannopyranosides have been made
and used to evaluate the hydrolytic activities of various glycosidases. Mortierella
vinacea a-galactosidase and almond and jack bean a-mannosidases were found
to hydrolyse the glycosidic bonds of the respective 6-O-methyl ether derivatives
whereas the other monomethyl ethers were unreactive.'” The substrate proper-
ties of the 2-, 3-, 4- and 6-deoxy-a-D-galactopyranosides of p-nitrophenol have
been studied with a-galactosidases from several sources. The 3-, 4- and 6-
hydroxyl groups were essential for some of the enzymes, and the 2-deoxy-
glycoside was a substrate for all the enzymes studied.'!! 5-Deoxy-5-fluoro-a-D-
galactosyl fluoride has been prepared and used to trap an intermediate of green
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coffee bean a-galactosidase reaction in order to identify the catalytic aspartate
nucleophile.!'? The glycosidase-catalysed hydrolysis of isoquinolinium salts 39
and 40 have been studied.!”® Both are enzyme substrates, but 39 binds more
tightly to the enzyme than does the 2-deoxy compound 40, and the enzyme-
catalysed hydrolysis rate of the former is 10* times higher. The authors concluded
that the interaction of the 2-OH group with the a-glucosidase generates a
relative transition state stabilization of about 23.5 kY mol 1.

CH,0H 0
NH
o \(L
OH 2\, HO o nSo
N/
! H)“:! T
S 27 oH

39 R=0H 41 n=0-2
40 R=H

1-O-(p-Hydroxybenzoyl) B-galactose was synthesized to examine the hy-
drolytic activity of the B-galactosyl ester linkage by p-galactosidases. Of particu-
lar interest, the enzyme from Penicillium multicolor hydrolysed this substrate in
the presence of '*O-labelled water to liberate galactose containing '®O suggesting
that C-O bond cleavage occurs at the anomeric carbon rather than the ester
carbonyl carbon centre.'* A computational method has been presented for
predicting the alcohols which can be glucosylated with B-glucosidases.!'* Experi-
ments with p-nitrophenyl §-b-fucofuranoside have shown it not to be a substrate
for the exo-B-D-galactofuranosidase from P. fellutanum which indicates that the
C-6 hydroxyl group is essential for activity.!'s 'H NMR spectroscopy has been
used to investigate the transfer of sialic acid from donor to acceptor molecules
using trans-sialidase from T. cruzi!'’ A separate study of this enzyme by 'H
NMR has shown that its stereoselectivity is identical to that of bacterial, viral
and mammalian sialidases, suggesting a similar active-site architechture.!!® The
action pattern of human salivary amylase (HSA) has been examined by HPLC
analysis of the product pattern and cleavage frequency of model maltooligosac-
charides of dp 4-8."° Results suggest the binding region in HSA is longer than
the five subsites usually considered in the literature, and imply differences
between the 3D structures of HSA and porcine pancreatic a-amylase. The 2/, 3/
and 4-modified deoxy and O-methylfucopyranose derivatives of a-L-Fucp-
(1—2)-B-p-Galp-1-0-octyl have been made as acceptor analogues for the human
blood group A and B Gal- and GalNAc-transferases. Experiments with all these
compounds have shown that the 2'-OH is an essential feature for recognition by
these enzymes.'” Both enantiomers of 1,2-anhydro-myo-inositol have been pre-
pared and assessed as glycosidase inhibitors. The 1-D-isomer was shown to be
active against p-glucosidase but neither isomer was active against a-glucosidase
or B-galactosidase.'” A series of C-4’ branched deoxynucleotides 41 have been
prepared and incorporated into oligodeoxynucletides the resistance of which to
snake venom phosphodiesterase and DNAase is notably increased by the modi-
fications.!?

NMR studies have shown that the conformation of D-gluco-dihydroacarbose
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bound in the active site of glucoamylase resembles that found in the crystal
structure rather than the unbound solution conformation.!” Both a-fluorophos-
phonate analogues of glucose 6-phosphate have been made and studied as
substrate mimics for glucose 6-phosphate dehydrogenase. Surprisingly, the
keat/ K value of the 7(S)-diastereomer is an order of magnitude greater than that
of the 7(R)-diastereomer, which is explained in the context of the known phos-
phate binding pocket of this enzyme.'**

4 Other Enzymatic Modifications

An extensive review on the chemoenzymatic radiolabelling of gangliosides has
been reported.!” Tritium labelling has been achieved by C-6 oxidation of the
galactose moieties using galactose oxidase [EC 1.1.3.9] followed by chemical
reduction of the aldehyde products with tritium-labelled sodium borohydride.
The selective biocatalytic modifications of conventional, carbocyclic and C-
nucleosides have also been reviewed.'”* L-Rhamnose isomerase of Pseudomonas
sp. LL172 immobilized on Chitopearl beads has been used to produce L-talose
and D-gulose from L-tagatose and D-sorbose, respectively.'”” Eleven synthetic
D-glucuronans have been epimerized to varying extents with Azobacter vinelandii
poly-B-D-mannuronic acid C-5-epimerase to give copolymers of D-glucuronic
acid and L-iduronic acid with different viscocities, acid susceptibilities and
capacity to form calcium-gels which were compared with those of the un-
epimerized D-glucuronans.!”® An enzyme involved in the biosynthesis of the
4-epivancosamine substituents of a vancomycin group antibiotic has been ex-
pressed and its role as a TDP-4-keto-6-deoxyglucose-3,5-epimerase has been
demonstrated.'” The stereo-/regio-specific syntheses of Gal-f-(1—+3)-GicNAc
derivatives using the p-1,3-galactosyl-N-acetylhexosamine phosphorylase en-
zyme from Bifidobacterium bifidum DSM 20083, which catalyses the reversible
phosphorolytic cleavage of B-(1->3)-galactooligosaccharides, have been re-
ported.'® The preparation of 2’-deoxyribonucleosides with identically *H/"*C-
labelled sugar residues has been achieved by the enzymatic transglycosylation
reactions of purine/pyrimidine nucleoside phosphorylases with isotopically
labelled thymine (the preparation of which is described in Chapter 19)."!
Sucrose phosphorylase from Leuconstroc mesentroides has been used for the
enzymatic transglucosylation from sucrose to 4-hydroxy-3(2H)-furanone deriva-
tives in the preparation of potential antioxidant compounds 42 and 43.*? A

CH,0H
OHO
0
OH (o]
OH /
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42 R'=Me, RZ=Et
43 R'=Et, R?®=Me
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procedure for the preparation of GMP using guanosine-inosine kinase from
Exiguobacterium acetylicum coupled with ATP regeneration has been re-
ported.’** A range of fluoro- and/or azido-derivatives of D-fructose have been
prepared by the polyol dehydrogenase catalysed isomerization of the corre-
sponding D-glucose substrates.!*

An efficient double oxidation of D-xylose to D-glycero-aldopentos-2,3-diulose
(2,3-diketo-D-xylose, 45) has been achieved (80% yield) using pyranose dehyd-
rogenase from the mushroom Agaricus bisporus (Scheme 9)."** The gram scale
2’-deoxygenation of ATP has been achieved using a recombinant ribonucleoside
triphosphate reductase from Lactobacillus leichmannii.'*

0 i 0 i 0
OH OH @NOH @WOH
OH f * OH f \ HO

BQ HQ (0] BQ HQ (o] (¢]
OH
BQ = p-benzoquinone 4“4 45
HQ = hydroquinone
Reagents: i, Pyranose dehydrogenase
genis:h By yerog Scheme 9

5 Miscellaneous

A potential two-step process to convert D-glucose to catechol (48) via D-glucose-
6-phosphate (46) has been developed. This comprises a one-pot incubation of the
sugar with hexokinase and recombinant 2-deoxy-scyllo-inosose synthase, fol-
lowed by chemical reductive dehydration of the resulting 2-deoxy-scyllo-inosose
47 with hydrogen iodide (Scheme 10)."*’

CH,OH CH,OPO3H,

o . o ) 0 OH OH
OH OH — » (OH OH — L ©i

OH OH OH OH
OH OH OH
46 47 (68%) 48 (59%)
Reagents: i, Hexokinase; ii, 2-deoxy-scyllo-inosose synthase; iii, HI, HOAc
Scheme 10

Various phosphorylated pentose derivatives (e.g. D-arabinose 5-phosphate,
49) have been condensed with mono-deuterated (Z) and (E)-phosphoenol-
pyruvates in the presence of E. coli 3-deoxy-D-arabino-heptulosonate 7-phos-
phate (DAH 7-P) synthase. The products were in complete agreement with the
observed facial selectivity of DAH 7-P synthase with its native substrates
(Scheme 11).'%®

Ho. OPO4H,
0 T H o H(OH) W e
HO),P ’>__< - 2 : -0
(HO), \O/\,/‘\(§O —_— HO COH
: He CO,H
OH OH Hz
49 50 OH

Reagents: i, DAH 7-P synthase
Scheme 11
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A nonmevalonate pathway intermediate, 4-(cytidine 5'-diphospho)-2-C-
methyl-p-erythritol is transformed to its 2-phospho-derivative in the presence of
ATP by a novel E. coli enzyme, 4-(cytidine 5’-diphospho)-2-C-methyl-D-eryth-
ritol kinase.!*® The same authors report the enzymatic conversion of this product
to 2-C-methyl-p-erythritol 2,4-cyclodiphosphate using a cyclodiphosphate syn-
thase isolated from the same source.'® Waldmann et al. have reported the use of
the tetra-O-acetyl gluco-/galactopyranosyl oxycarbonyl unit as an N-terminal
peptide protecting group. o/ Mixtures of the resulting carbohydrate-derived
urethanes, e.g. 51, are readily cleaved in a one-pot procedure involving enzymatic
deacetylation followed by glycosidase-catalysed glycosidic bond fragmentation
(Scheme 12).!#!

CH,0Ac
0 H i, ii
OAc 0. _N—Ala-Gly-OBu' HoN—Ala-Gly-OBu’
+
OAc \ﬂ/ Glucose
OAc o
51
Reagents: i, Lipase WG, 5% MeOH, pH 6.0; ii, /B glucosidase
Scheme 12

Various dermatan sulfate derived di-, tetra-, hexa-, octa-, deca- and dodeca-
saccharide mixtures have been prepared and purified (on a semi-preparative
scale) by controlled depolymerization of dermatan sulfate using chondroitin
ABC lyase."? The pathways of InsPs hydrolysis by phytase from wheat bran of
Triticum aestivum have recently been established.!®?

An improved ( x 10) method for assaying a-glucosidases has been developed
using aryl B-maltosides as substrates with f-glucosidase as an auxiliary en-
zyme.'*
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Structural and Quantitative Analytical and
Separatory Methods

1 Computational Methods

An extensive review on structures, configurations and dynamics of bioactive
oligosaccharides included a section on computational studies.'

Improvements in the quantum mechanical calculations of the potential energy
surfaces of D-aldohexoses and D-ketohexoses have been reported.? The relative
reactivities of the free hydroxyl groups in the partially protected methyl 4,6-0-
benzylidene-a- and B-hexopyranosides 1 (D-allo-, D-galacto-, D-gluco- and D-
manno-configuration) have been explored by conducting experiments with the
molecular modelling program STR3DI.EXE and its molecular mechanics mod-
ule QVBMM.?

Conformational energy maps for the furanosyl and pyranosyl rings of ribose
and 2-deoxyribose in solution, generated with the MM 3 force field, indicated the
presence of several tautomers in multiple conformations for both compounds.*
The preferred conformations and energy pseudorotational barriers of 2-deoxy-
B-D-ribofuranosylamine in protonated and unprotonated form have been estab-
lished by use of ab initio molecular orbital and density functional theory calcula-
tions.> Three-, two- and one-bond 'H-*C spin coupling constants in anhyd-
rodeoxythymidines have been determined both by ab initio calculations and by
NMR experiments.® Modelling experiments have been undertaken to compare
the conformations of the seven-membered ring aza-sugars 2 (see Chapter 18 for
synthesis), with those of DNJ and isofagamine.’

Further monosaccharide pyranosyl compounds to have been investigated by
use of computational techniques were the anticancer agent etoposide in CD;0D,
dry CDCl; and wet CDCl,? and a series of ellagitannin models with axial
chirality in the hexahydroxydiphenoyl moieties, such as compound 3.°

Modifications have been made to the AMBER force field to improve the
correlations between calculated and observed molecular properties of a-linked
saccharides;'° these led to refinements in solvation studies on maltose, a-, B- and
y-cyclodextrin and two larger cyclodextrins (DP 10 and 21).!! A molecular
dynamics simulation investigation of the solvation patterns of the model disac-
charide 4 in aqueous DMSO defined regions in which competition exists

Carbohydrate Chemistry, Volume 34
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between the solvents, whereas other parts of the molecule were preferentially
solvated by one solvent.!?

a-D-Manp-(1—3)-$-D-GlcpOMe
4

The decisive role of the exo-anomeric effect in the conformational behaviour
of interglycosidic linkages has been demonstrated by molecular dynamics and
molecular mechanics studies on the preferred solution conformations of eight
C-linked p-glucosyl disaccharides,” of the C-linked disaccharide 5 together with
its natural O-linked equivalent 6, and of the two isomeric hydroxymethylene-
linked analogues of sialyl-a-(2—3)-D-galactose.!

a-X-D-Manp-(1<1)-§-D-Galp
5X=CH,
6X=0

The preferred solution conformations of a number of glycosyl myo- and
chiro-inositols, e.g. compounds 7 and 8, that are potential mimics of the putative
inositolphosphoglycan mediators (IPGs), have been examined by computational
methods as well as NMR spectroscopy.'®

OR2
éﬁ«m
s
H‘ = B-D-GlcpNH,, R?=Hor
R' = B-D-GlcpNH;*, R?R? = N "
/ o

2 Spectroscopy

The Pr(II) and Nd(III) complexes of three pentoses, three hexoses and two
disaccharides were characterized by various spectral and analytical techniques
including FT IR, C NMR, solution absorption and solid-state diffused reflec-
tance spectroscopy, magnetic susceptibility and CD measurements, as well as
cyclic voltammetry and thermal analysis.!”
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2.1 NMR Spectroscopy. — Several extensive reviews on the use of 'H and “C
NMR spectroscopy in the carbohydrate field have been published. One address-
ing the general problem of structural assignments of complex carbohydrates
covered traditional as well as new NMR techniques including computer-assisted
evaluation of spectra,'® another one focussed on blood-group oligosaccharides,
Lewis X, sialyl Lewis X, fragments of glycosaminoglycans and structural
oligosaccharide mimetics.' A third one dealt with the use of stable isotopes (**C,
’H) in conjunction with NMR spectroscopy in the evaluation of carbohydrate
structure, conformation and reactivity.'” An essay entitled ‘NMR of Carbohy-
drates, Lipids and Membranes’ highlights the application of contemporary
NMR techniques to solving microbiological, industrio-pharmaceutical and bio-
medical problems.” In a review on recent advances in the O-sialylation of
saccharides the NMR criteria for the anomeric assignment of sialosides are
summarized.”!

2.1.1 Technique. Mixtures of sugars with the same molecular weight (e.g. D-
arabinose and D-ribose), as well as tautomeric forms of a single sugar (e.g.
a-D-ribofuranose, f-D-ribofuranose, a-b-ribopyranose and B-b-ribopyranose)
have been distinguished by diffusion-ordered NMR spectroscopy (DOSY) in the
presence of lanthanide cations. This significant development is based on the
different diffusion rates of complexed and non-complexed species.”> A new,
one-dimensional *C NMR approach for determining the configuration of O-
methyl substituents in glycosides by use of non-refocussed INEPT experiments
associated with numerical methods has been reported.?

New procedures for suppressing the interfering methylene signals of protect-
ing groups, such as those of benzyl ethers and cyclohexylidene acetals, in 2D
NMR spectra of oligosaccharides, and for eliminating spin diffusion effects
from NOE measurements® have been established. A new strategy to overcome
resonance overlap involving 3D-TOCSY and transfer-NOE experiments has
been employed for the unambiguous identification of bioactive ligands in prod-
uct mixtures; as an example, a library of fifteen mono-, di-, and tri-saccharides
was successfully screened for compounds that bind specifically to Aleuria auran-
tia agglutinin.?

The active site of KDO 8-phosphate synthase complexed to its natural sub-
strate and to an inhibitor has been identified by use of rotational-echo double-
resonance (REDOR) solid state NMR spectroscopy.”’

2.1.2 Conformational and Structural Analysis. Detailed 'H NMR spectroscopic
studies of hydrogen bonding in selected monosaccharides and inositols,” as well
as in selected di- and oligo-saccharides (cellobiose, lactose, N,N’-diacetyl-
chitobiose, agarose, etc.),”® in CDCl; and DMSO-ds revealed that discrimina-
tions can be made between intra- and inter-molecular hydrogen bonds, between
weak and strong intramolecular hydrogen bonds and between hydroxyl groups
acting as donors and acceptors. Simple formulae or rules for approximating
8(OH) of fully solvated secondary hydroxyl groups of monosaccharides in
DMSO have been developed. Restricted conformational freedom associated
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with persistent C(3)-OH ---- O-C(5') bonds was detected in a number of disac-
charides, for example in cellobiose (9), lactose and N,N’-diacetylchitobiose.

By use of similar techniques, inter-residue hydrogen bonding has also been
observed in disaccharides 10 and 11,% but in the case of the Lewis b tetrasacchar-
ide derivative 12 no evidence was found for persistent hydrogen bonds participa-
ting in the structural stabilization.*!

B-D-GlcpNAc-(1—4)-3-bD-GlcpNAc B-p-Galp-(1—+3)-a-pD-GalpNAc-OMe
10 11
a-L-Fucp

1

{

6

a-L-Fucp-(1-2)--D-Galp-(1—3)--D-GlcpNAc-O(CH,),NHCOCHCH,

12

A study on intramolecular hydrogen bonding in N-(2-amino-2-deoxy-f-D-
glucopyranosyl)-N'-carbamoyl-L-dipeptidylester focussed mainly on the confor-
mations of the peptide moieties.*?

2.1.2.1 Monosaccharides. Erythro-Hexo-2,5-diulose has been shown by 'H
NMR spectroscopy to exist as a mixture of the acyclic and the four pyranose
forms in DMSO. In water, three furanose forms and four hydrated pyranose
forms were also present.**

A variety of NMR spectroscopic methods have been applied to structural and
conformational analyses of the following furanose systems: sugar gem-dimethyl
substituted alkenyl ethers, e.g. a-D-xylofuranose derivatives 13 (see Chapter 5 for
synthesis),** the diastereomeric 6-chloro-6-deoxy-1,2-0O-isopropylidene-o-D-
gulofuranose cyclic 3,5-piperididlomonophosphates 14, several 4'-thionucleo-
sides,* 6-formyl- and 6-(hydroxymethyl)-uridine 5'-carboxaldehydes 15 and 16,
respectively, and their 2’,3'-O-isopropylidene derivatives,”” two *C-2H double-
labelled 2’-deoxynucleosides complexed to deoxycytidine kinase,”® and various
nucleoside 5'-triphosphates (AZTTP, dTTP and dATP) bound to HIV-RT in the
ground state, i.e., prior to the conformational changes to form catalytic com-
plexes.” Three-, two- and one-bond "H-"*C spin coupling constants in anhyd-
rodeoxythymidines  (2,3-anhydro- and  2,5-anhydro-1-(2’-deoxy-B-D-
furanosyl)thymine) have been determined both by NMR experiments and by ab
initio calculations.®

The H-C(1)-C(2)-H torsion angles of a- and -p-glucopyranose and of methyl
a-D-glucopyranoside in the crystal as well as in solution have been calculated on
the basis of double-quantum heteronuclear local field NMR experiments using
[1,2-2C;]-p-glucopyranose and methyl [1,3-33C,]-a-D-glucopyranoside.®
Mono- and di-fatty acid esters of a-D-glucopyranose have been characterized on
the basis of the substituent-induced chemical shift effects on the carbonyl carbon
atoms.*!

The chiralities at sulfur in epimeric sulfenyl glycosides, obtained by mCPBA
oxidation of the corresponding ethyl 1-thio-B-glycopyranosides, were readily
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determined from NMR spectral data, since under the influence of the exo-
anomeric effect the minor R,-isomers, such as 17, assume the preferred conforma-
tion shown, giving rise to very large (=170 Hz) differences in the chemical shifts of
Hpm~S and Hpm-R-“'2

Further monosaccharide pyranosyl compounds to have been investigated by
NMR spectroscopic methods included a-and B-b-idopyranose,”® methyl 2,6:3,4-
dianhydro-a-p-altropyranoside (18)," methyl D-glucopyranuronate derivatives
19, ellagic acid derivatives of D-xylose and D-glucose,* the anticancer agent
etoposide in CD;0D, dry CDCl; and wet CDCls2 the major and minor confor-
mational isomers (owing to restricted rotation about the amide bond) of the rare
alkaloid casimiroedine (20) and its peracetate,’’” and the diacylmannosyleryth-
ritols 21.%8

0 H P
RCH N
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0 ? OHC O:\/N 7
o) o
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Cl OH OH
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HO X o)
OH Y OH OH
OH OH

22 X=0, Y=SorX=CHy, Y=0o0rX=CH, Y=NH

2.1.2.2 Disaccharides. Full 'H and ""C NMR assignments for thirteen
glucosylated or galactosylated N-acetylhexosaminitols have been recorded to
aid the structural analysis of oligosaccharide alditols related to O-linked proto-
zoan glycans.® Four 2,3,4-trideuterio-a-L-fucose-containing disaccharides have
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been synthesized to minimize overlap of "H NMR signals and facilitate confor-
mational analysis in saturation transfer difference- (STD-) as well as bioaffinity-
NMR studies.

NMR spectroscopic investigations have also been undertaken with the follow-
ing disaccharides: crystalline sucrose moieties,” neocarrabiose and nine of its
sulfated and/or pyruvylated derivatives,’? a series of non-ionizable lactose ana-
logues 22,** cellobiose and five disaccharides containing B-D-glucopyranoside
linked to a 6-deoxy- or 2,6-dideoxy-sugar, with the aim of rationalizing the
substrate specificities of cardenolide glucohydrolases,** various uridine diphos-
phoglucose salts,”> and UDPG.%

Some of the above studies included molecular mechanics and/or molecular
dynamics calculations, and the computational studies on the conformational
behaviour of C-linked disaccharides and of a number of glycosyl myo- and
chiro-inositols referred to above (Refs. 14-16) were supplemented by NMR
experiments.

2.1.2.3 Oligosaccharides and Complex Carbohydrates. The lactonization of a-
N-acetylneuraminyl-(2—3)-lactose has been studied by NMR and FAB mass
spectroscopy.”’

A series of per-O-acetylated cellooligomers have been examined by CP/MAS
BC NMR spectroscopy to obtain a structural model for cellulose triacetate in the
solid state.® Molecular modelling experiments with trisaccharides 23 and 24
indicated that the (1—6)-a-linked side chains did not interfere significantly with
the stereochemistry of the a-(1—3) backbone of (1—3)-a-D-glucans.”

a-D-Glcp
1
!
3
a-D-Glcp-(1—6)-a-D-Glcp a-D-Glep-(1—6)-a-D-Glcp-(1—+3)-0-p-Glep
23 24

It has been suggested on the basis of NMR NOE experiments that the
conformation of D-gluco-dihydroacarbose bound in the active site of
glucoamylase resembles that of the unbound inhibitor in the crystalline state
rather than that in solution.®® Conformational effects observed in a NMR
ROESY/molecular dynamics simulation study on MansGlcNAc; and its conju-
gate with a pentapeptide indicated that the oligosaccharide stabilized the peptide
in solution and the peptide influenced the oligosaccharide conformation.®!

In addition, the following oligosaccharides and complex carbohydrates have
been investigated: the tetrasaccharide 25 and its close analogues 26,% a synthetic
octasaccharide fragment of the O-specific polysaccharide of Shigella dysenteriae
type 1, the ganglioside headgroups GM1, GM2, 6-GM2 and GM4,* and
several analogues of the nucleoside antibiotic adenophostin A.%°

Computational solvation studies of cyclodextrins are referred to in Part 1.1.1
above (Ref. 9).

2.1.3 NMR of Nuclei Other Than 'H and P*C. A review article containing “F
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a-NeuAc
2
i
3
Hex-(1—+4)-8-p-Galp-(1—4)-B-p-GlcpNAc-O(CH,);NH,
25 Hex = B-D-GalpNAc 26 Hex = 8-D-GlcpNAc or B-p-Galp

NMR spectral data of fluorinated carbohydrates (8- and J-data on ca. 130
compounds and including Jrr values of many more) has been published.® A new
method for the simultaneous detection of different glycosidase activities in crude
culture filtrates involved addition of a mixture of glycosyl fluorides (a-pD-ManpF,
B-D-ManpF, a-D-GlcpF, B-D-GlcpF, §-D-GalpF, p-CellF, -p-LacF) to the crude
culture filtrates and observation of the changes in the concentrations of individ-
ual fluorides by ?’F NMR spectroscopy.®’

?H NMR spectroscopy, in addition to 'H and *C methods, has been used in an
analysis of octa-O-decanoylthio-B,B-trehalose in the solid state,®® and in the
elucidation of the three-dimensional structures of various oligosaccharides con-
taining 2-deoxysugar residues.”®

Borate esters of furanoid cis-1,2-diols were shown by combined !B NMR, B3C
NMR and X-ray studies to form bis(diolato)borate anions, such as 27.° !'B
NMR experiments have also been employed to investigate complexes between
sugar-based bolaamphiphiles, such as the glucuronamide derivative 28, and the
aromatic boronate 29.”

Glycosylmanganese pentacarbonyl complexes have been characterized on the
basis of 'H-, *C- and ¥*Mn-NMR spectral data,”” and ten tungstate and seven
molybdate complexes of D-gulonic acid in aqueous solutions have been identified
by multinuclear NMR studies (‘H, 1*C, 0O, *Mo, 1**W).”

2.2 IR Spectroscopy. — The FT IR spectra of galactaric acid and its K*, NH,",
Ca’*, Ba’*and La’* salts have been recorded and interpreted.” The mid-IR
spectra of some trivalent lanthanide complexes of inositols, e.g. PrCl;-myo-
inositol - 9H,O, were consistent with their crystal structures.” The FT IR spectra
for the 2:1 1-0-a-p-glucopyranosyl-D-mannitol/ethanol adduct supported the
X-ray crystallographic results referred to in Part 3.1 below.”

Hydrogen bonding in polycrystalline ribitol, xylitol, D-arabinitol, methyl a-D-
manno-, methyl a-D-gluco- and methyl f-p-galacto-pyranoside has been studied
by IR spectroscopy at 20-300 °K.”’

The Raman spectra in the region 20-4000 cm ~' of D-glucose and D-fructose in
the crystalline state and in the amorphous state with varying water contents, as
well as in solution with various sugar concentrations have been recorded. The
Raman spectra of the amorphous sugars were found to be very similar to those of
their aqueous solutions.™
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2.3 Mass Spectrometry. — A review on the use of mass spectrometry for ident-
ifying flavonoid glycosides has been published.”

The malonitrile derivatives of oligosaccharides, which were developed for the
separation and detection of multi-component oligosaccharide mixtures by nega-
tive ion electrospray MS, have now been detected by positive MALDI at
considerably lower concentrations, even without prior purification.* The lacton-
ization of a-N-acetylneuraminyl-(2—3)-lactose has been studied by FAB MS
and NMR specroscopy.”’” The O-isopropylidene and O-benzylidene acetals of
several 2,6-anhydro-1-deoxy-1-nitroalditols (B-D-glycopyranosylnitromethanes)
were studied by EI MS. Distinct differences in the fragmentation patterns of
stereoisomers were observed.®! Negative ion FAB MS gave a simple, abundant
and informative fragmentation pattern for ziracin, one of the everninomycin
class of oligosaccharide antibiotics.®
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A method for determining the ee of organic amine salts, such as 1-naph-
thylethylamine hydrochloride, by FAB MS relied on the differential complexa-
tion of the R- and S-enantiomers with a deuterium-labelled/unlabelled podand
pair comprising the labelled LL-compound ‘Gal2deg-d,,’ (30) and its unlabelled
pD-counterpart®® For investigating the site-specific glycosylation in glyco-
proteins, a strategy based on peptide mass fingerprinting using MALDI-TOF
MS, following sequential digestion by a protease and a glycan-specific endo-
glycosidase, has been developed.®

24 Other Spectroscopic Methods. — A review (62 refs.) on the elucidation of
structures of both natural and unnatural oligomers and polymers, and in par-
ticular N-acetylneuraminic acid-containing oligo- and poly-saccharides fo-
cussed on the use of circular dichroism.** Improvements in the calculational
version of the MOLROT model for describing the optical rotation of simple
saccharides have been illustrated by the excellent agreement between observed
and calculated values. For example, 309 and 307 deg cm ™! dmol~}, respectively,
were the figures for the optical rotation of methyl a-D-glucopyranoside.®® The
influence of alkali chlorides and related chlorides (LiCl, NaCl, KCl, CsCl, NH,Cl
and Me;NCl) on the rate of the benzoic acid-catalysed mutarotation of N-(p-
chlorophenyl)-p-p-glucopyranosylamine in methanol has been investigated.®’

The formation of cyclic esters of boronic acid derivative 31 with monosacchar-
ide diols in aqueous solution causes a large visible colour change from purple to
red suitable for use in a diagnostic test paper for glucose in body fluids.®® The
binding events of (salen)-Co(II) complexes with monosaccharides can be
monitored by CD-spectral changes (see Tetrahedron, 1999, 55, 9455), and the
prochiral (salen)-Co(II) complex 32, bearing two boronic acid groups, has now
been proposed for use in sugar ‘chirality’ sensing at visible wavelengths.® The use
of sugar borate complexes for UV-detection in HPLC is referred to in Part 3.1.2
below.

An ESR-spectrometric study showed that the anomeric radical formed on
treatment of acetobromomaltose with Bu;SnH at ambient temperature under-
goes (2—1)-acetyl migration at elevated temperatures, giving rise to a second
radical species 33.°

3 Other Analytical Methods

3.1 X-Ray Crystallography. — No listing of published crystallographic ana-
lyses has been prepared this year. Readers are referred to electronic searching
methods.

The crystal structures of four mannose-derivatives which might exist as either
open-chain Schiffs bases or as glycosylamines showed that the hydroxylamine
derivative is the oxime 34, whereas the semicarbazide, aniline- and p-chloroani-
line-derivatives are the p-glycosylamines 35.!

X-Ray diffraction has been used to determine the molecular and crystal
structure of 1-O-(a-D-galactopyranosyl)-myo-inositol dihydrate,’” and to con-
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OH OH
OH HO
CH,OH OH
34 35 R = NHCONH,, Ph or pCl-CgHy4

firm that 1-0-a-D-glucopyranosyl-D-mannitol crystallizes from ethanol as a 2:1
substrate solvent adduct, the structure being held together by a complex system
of hydrogen bonds.” X-Ray analysis, in addition to DSC and thermogravimetric
measurements, has been employed in a study of the thermotropic properties of
crystalline long-chain-alkyl a-D-glucopyranosides and their hydrates.”

3.2 Physical Measurements. — The use of aryl boronic acid derivatives as sugar
sensors is referred to in Part 2.4 above.

Partial solubility parameters for mannitol, sucrose and lactose in a wide
variety of solvents have been extracted from solubility measurements by use of a
modified, extended Hansen method. The solubilities were determined by use of
evaporative light scattering detection HPLC.> The viscosities of glucose, glucitol
and maltitol have been measured over eleven orders of magnitude by using
capillary tube-, falling spheres-, as well as penetro-viscometers.”> The adiabatic
compressibilities, apparent molar compressibilities and solvation numbers of
fructose and maltose have been calculated from measurements of their ultrasonic
velocities in water and in 0.5 M NH,CI solution at various temperatures.’® In
addition to X-ray analysis, DSC and thermogravimetric measurements have
been used in a study of the thermotropic properties of crystalline long-chain-
alkyl a-D-glucopyranosides and their hydrates.”®

The gelation abilities of four configurational diol sugar isomers, namely
methyl 4,6-0-benzylidene-a-D-gluco-, allo- altro- and ido-pyranoside, in several
organic solvents have been tested in an attempt to find rules for predicting the
gelation abilities of hydrogen bond-based gelators.”

4  Separatory Methods

A review article on dehydroascorbic acid (72 refs.) covered, in addition to its
chemistry, many methods for its separation and analysis.”®

4.1 Chromatography. — Reviews of chromatographic methods (HPLC, GLC,
capillary electrophoresis) for the quantitative determination of aminoglycoside
antibiotics” and of sugars, amino acids and carboxylic acids in foods (175 refs.)!®
have been published.

4.1.1 Gas-Liquid Chromatography. Selectively substituted y-cyclodextrins, e.g.
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the octakis-(2-O-methyl-6-O-Tbdms)-derivative, have been introduced as sta-
tionary phases in capillary GC.1*!

GLC determination of reducing end sugar residues in oligo- and poly-sacchar-
ides following reduction, hydrolysis and acetylation has been recommended as
an alternative to colorimetric and 'H NMR methods.!? The iridoid glycosides
catalpol and aucubin have been quantified by use of a fast micellar electrokinetic
capillary chromatographic method.'”

4.1.2 High-pressure Liquid Chromatography. A simple and highly sensitive ion-
exchange HPLC method with UV-detection for measuring small quantities
(<100 pmol) of monosaccharides (Ara, Xyl, Glc, Gal, Man, Fuc, Rha) from pectic
polysaccharides has been reported. The sugars were converted to their borate
complexes and visualized by addition of ethanolamine to the mobile phase which
gave intense absorption at 310 nm.'* Reverse-phase HPLC analysis of the
enantiomers of the B-adrenergic blocker atendol has been achieved after coup-
ling via the hydroxyl group of the chiral centre with tetra-O-acetyl-p-D-
glucopyranosyl isothiocyanate.'®

HPLC quantification of 2’-deoxyuridine in deproteinated human plasma has
been used to follow the effect of administering drugs which inhibit thymidylate
synthase.!® HPLC has also been applied to the quantitative determination of
ascorbic acid in food, using monosodium L-glutamate!®” or disodium guanosine-
5-monophosphate'® in the mobile phase, of sugar alcohols (xylitol, D-glucitol,
p-mannitol, maltitol) in confectioneries, after p-nitrobenzylation,'® and of
carbohydrates in drinks, using a modified amino column and evaporative light
scattering detection.!’® An HPLC method for determining the partial solubility
parameters for mannitol, sucrose and lactose in a variety of solvents is referred to
above (Ref. 94).

4.1.3 Column Chromatography. Alditols and free sugars have been determined
by high pH anion-exchange chromatography with pulsed amperometric detec-
tion."! Analysis of lectin-oligosaccharide interactions by frontal affinity
chromatography has been improved by incorporating contemporary LC tech-
niques.''? Brain neuro-chemicals, including ascorbic acid, have been monitored
continuously in vivo by microdialysis coupled with LC.!"* LC has also been used
to determine ascorbic acid and dehydroascorbic acid in fruit and vegetables !¢
and inositol in infant formula and clinical products.'’®

4.2 FElectrophoresis. — A review on the use of chiral glycosidic surfactants for
the separation of enantiomers by capillary electrophoresis has been published.!!¢

A considerable increase in the reliability of identifying compounds by capillary
electrophoresis has been achieved by a reduction in the standard deviation of
migration times of various compounds, including tetramethylrhodamine-label-
led oligosaccharides, from >3% to <0.04%.""

Free sugars have been determined without derivatization by high performance
capillary electrophoresis with refractometric detection.!® Complex carbohy-
drates, such as O-glycosylated amino acids and glycopeptides, in urine have been
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investigated by off-line capillary electrophoresis/electrospray ionization tandem
mass spectroscopy.!’?

Capillary electrophoresis has been applied to the analysis of enzymically
glucosylated flavonoids'® and of monosaccharides from glycosaminoglycans,'*!
using UV detection and indirect laser-induced fluorescence detection, respective-
ly, and the separation of the cyanogenic glycosides amygdalin and prunasin from
their isomers has been achieved by a micellar capillary electrophoresis method.'?

Analysis of carbohydrates in delignified wood and pulp involved enzymic
hydrolysis (cellulase, hemicellulase), derivatization of the free sugars with ethyl
p-aminobenzoate and capillary zone electrophoresis. All reducing sugars, i.e.
neutral monosaccharides as well as uronic acids, were quantified in a single
analytical run, and 4-deoxy-§-L-threo-hex-4-enopyranosyluronic acid present in
the pulps was also detected.'?
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Carbohydrates in Chiral Organic Synthesis

1 Carbocyclic Compounds

The iodides 2 (R = Bz, Tbdps, R’ = H) can be prepared from di-O-iso-
propylidene-a-D-glucofuranose (sugar carbons numbered) by a sequence involv-
ing deoxygenation at C-3 and introduction of iodine with inversion of configur-
ation. Reductive cyclization (Scheme 1) of the diols 2 (R’ = H) gave predomi-
nantly the lactones 1 (R = Bz, Tbdps), whereas similar reactions on the
bis(triethylsilyl) ethers gave mostly products 3 of alternative stereochemistry.!
The product 3 (R = Tbdps), which was produced with slightly better stereoselec-
tivity (75% of the isomer indicated) than was the corresponding benzoate, was
subsequently used to prepare 4-(RS)-Fy-isoprostane methyl ester (4).2 There has
been a fuller account of an earlier report (Vol. 32, p. 353) on related cyclizations
of w-iodo-enoates such as 5, derived from 2-deoxy-D-ribose; use of Sml; to
induce reaction gave a high yield of the all-cis-meso-compound 6, whereas
reactions using Bu;SnH were much less diastereoselective.’

OH
" CHOR OR’ ESI0  CH,OR  HO

[}
! \ CH,OR
. - (3 1
N R'=H X COMe H SIEt,
EtsSiO

1
o e

1 o) 2 3 COQMe
Reagents: i, BusSnH, Et3B, O, xylene, reflux
9 8 3 2 Xy Scheme 1
CH2COZBU'
HOH2
/ coBu' Q BnO" = HO
HO 5 OH 8

The cyclopentene 7 can be prepared from 2,3,5-tri-O-benzyl-p-ara-
binofuranose (sugar carbons numbered) in five steps and high overall yield (Vol.
33, p. 241; see also Org. Lett., 1999, 1, 1463). This intermediate has been used to
prepare (—)-pentenomycin (8) in a further five steps, the first of which was a
hydroboration—oxidation which occurred with 2:1 regioselectivity in the desired
sense.*

A Claisen rearrangement was a key step in the preparation of 9 from di-O-
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isopropylidene-D-glucose (Vol. 21, p. 142). This compound was used (Scheme 2)
to prepare the methyl uronate 10, with introduction of the methoxy group at C-5
by displacement of a mesylate, and hence the cyclopentene 11. This was elabor-
ated in further chemistry to 12, which represents the cyclopentene carboxylic
acid present as a substructure of the macrolide-macrolactam viridenomycin.?

Me O COMe OMe
51O
w0 COzEt 3. -COMe i P|v0 H _ TodmsO OTbdms
c>H2 He
MeO,C
Meogo o0¢ HQOBn
Odems demsOHgC O_(‘Me 12

1
Reagents: i, KHMDS i, PivCl, py
Scheme 2

Some time ago, the conversion of 9 into the spirocyclic cyclopentenone 13 was
reported (Vol. 22, p. 150). An investigation has now been made into the conjugate
additions of organocopper reagents to 13, which give predominantly the epimers
14 (R = Me, n-Bu, i-Pr, vinyl), although in some cases this selectivity could be
reversed under particular conditions. Compound 9 can also be converted into
the allylic alcohol 15 (J. Carbohydr. Chem., 1993, 12, 1187), and orthoester
Claisen rearrangement of this gives the isomer 16 with high diastereoselectivity.5

Me o Me o
Moo M0 MO e
M&O— o ME 0 o © 0 © 0
Ol Me oM
o ol Me o ol Me te N te °
Me R Me CH,OH HC  Co,Et
13 14 15 16
CHoOAC CHyOAC
(@) ; @]
N\ N\ Tms
~CoxCO
P \\ 2(CO)s o

O
\ Tms }_l{
17 \ 18

When the biscobalthexacarbonyl complex 17, prepared from 2-acetoxy-3,4,6-
tri-O-acetyl-p-glucal, was treated with NMNO, a Pauson—-Khand reaction oc-
curred to give the fused cyclopentenone 18 in virtually quantitative yield. Treat-
ment of 17 with triflic acid caused epimerization at C-1, and the stereoisomer
also underwent Pauson—Khand cyclization efficiently.’

The D-manno-epoxide 19 has been converted (Scheme 3) into the enynes 20
(n =0, 1, 2, sugar carbons numbered), and these were used to prepare the vitamin
D; analogues 21, of which the two shortest-chain compounds had high affinity
for the vitamin D receptor.?

In a synthesis of the CD ring unit of paclitaxel, the cyclohexenone 22 was
prepared from triacetyl-D-glucal by a four-step sequence involving Ferrier car-
bocyclization (sugar carbons indicated), and was then converted as outlined in
Scheme 3 into the CD unit 23.°
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‘
.

OH

—CH,

0 = f j/ 6
F‘h4< > \%\/‘(/ ' Br| 1 | CHy
o —= —
0N fOMe  Toamso™ Y “OTbams " HO OH
(0] OTbdms [e] OH
2k ~t)

Reagents: i, (PhgP)4Pd (cat.). Et3N, toluene, reflux; ii, TBAF
Scheme 3

In an approach to polycyclic compounds by tin-mediated radical cyclizations,
the dienyne 24 was treated (Scheme 5) with Bu;SnH to give a mixture of the fused
cyclohexene 25 and the cyclopentane 26. A number of other similar sequences
were investigated at different oxidation levels.'?

O Me OBn OBn
BnO BnO Me Me
- s i i - i N N
B —— —_— —
1
0 HOH,C OHC™ “XpY%
o AcC)I,‘Z3
Reagents: i, MeLi; ii, PCC, Mol. sieves; iii, vinyl-Li, CUCN, —78 °C, then CH,0, THF

Scheme 4
CH,OTbdms CH,0Tbdms
CH,OTbdms
0
|
0 OW
H H,SnB
\\” i 2 CH,SnBujs
24
Reagents: i, BugSnH Scheme 5

In an interesting approach to bicyclo[4.3.0] systems, Wadsworth-Emmons
reaction between the diene-aldehyde 27 (Vol. 28, p. 8; see also Section 6) and
phosphonate 28 was followed by cycloaddition at room temperature to give 29
(Scheme 6) in high yield as a single stereoisomer. Similar products, with the same
stereochemistry at the newly-created chiral centres, were obtained from diene-
aldehydes of D-lyxo- and L-arabino- configurations, implying that stereocontrol
was derived from the chirality of 28. In support of this, a product 30 of opposite
stereochemistry at the ring junction was obtained from 27 and a phosphonate,
derived from isopropylidene-D-glyceraldehyde, of opposite chirality a-to the
carbonyl group.!! In an accompanying study, reactions of diene-phosphonates
with sugar aldehydes were used to give cis-decalins, as in the example in Scheme
7, and again different stereochemistries in the diene component were inves-
tigated. Most of these reactions occurred with good stereoselectivity, which for
diene-phosphonates of D-lyxo- and L-arabino-configuration was determined pri-
marily by the configuration of the diene-phosphonate, whereas for the p-xylo-
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P(OMe)z
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BnO- T ¥0
[ . 0
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Reagents. i, KZCO:.,, 18-C-6, toluene, r.t.
Scheme 6
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Reagents: i, KoCOj3, 18-C-6, toluene, r.t.
Scheme 7

diene, the chirality of the aldehyde was dominant.!> An alternative route to a
cis-decalin from a sugar (Scheme 8) involves the synthesis of 31 by intramolecular
Diels—Alder reaction, the required precursor being made from tri-O-acetyl-D-
glucal and the diene-alcohol. Subsequent formation of a 5,6-ene 32 and Ferrier
cyclization gave the cis-decalin 33, an advanced intermediate for the synthesis of
the hexahydronaphthalene portion of the mevinic acids.!

CH,OPiv

MomO - ~O MomO - H

Reagents: i, HgSOy4, HySOy,, dioxane-Hy0, ii, NapCO5, DBU, THF-MeOH
Scheme 8

The first enantioselective total synthesis of (-)-tetracycline (41) has been re-
ported. The glucosamine derivative 34 was converted into the branched alkene
35 in a sequence in which the benzyloxymethyl unit was introduced using a
Wittig-hydroboration sequence, and the 5-alkene by selenoxide elimination.
Since the enone produced from 36 by elimination did not undergo the desired
cycloaddition, an epimerization step was employed prior to elimination to give
37. Diels—Alder reaction and subsequent oxidation then gave the decalin deriva-
tive 38. Annelation totetracycle 40 was followed by a multistep sequence to give
()-tetracycline (41).

There have been several reports of the use of ring-closing metathesis applied to
sugar-derived compounds for the preparation of cycloheptene and cyclooctene
derivatives. The mannose-derived dienes 42 (R = H, Ac) were converted in high
yields to the carbocycles 43 using Grubbs’ ruthenium-based catalyst, and the
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CH,OH CHy

Co) BnO O i BnOH,C " i BnOH.C.
OBn f— ]
HO OMe OMe
NHCbz NHCbz NHCbz NHCbz
36 37
i v, v
NHCbZ
OBn
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CH2
OMeOH O OH OBn OH OBn

40

OMe O
39

Reagents: i, HgCly; ii, DBU, toluene; iii, MsCl; iv, 1-TmsO-butadiene; v, Jones' reagent; vi, 39, LDA
Scheme 9

C-1 epimers (sugar numbering, R = Ac, Bn) were similarly cyclized.!'>!¢ The
presence of the isopropylidene ring is not essential, as evidenced, for example, by
the conversion of 44 to 45 in 90% yield.'* Others have reported similar results
with dienes derived from D-galactose, leading to cycloheptenes and also to
cyclooctenes, as in the case of the conversion of 46 (sugar carbons numbered)
into 47 in 93% vyield.!” The fused cyclopentane 48 was one of a number of
compounds made (with an alkene originally present between the two asterisked
positions) by olefin metathesis carried out on sugars derivatives doubly-bran-
ched at C-2 and C-3 (see Chapter 14). On treatment with zinc 48 gave rise to the
cyclohexanone 49 by fragmentation followed by a pinacol-type rearrangement.'®

\ OR OR \
- \ OAc OAc \
o o AcO- OAc
OAc
Me AcO OAc
aMe Me a3Me 44 45
=
B 1~.OAc
OAc — i‘ OAc
Me [e) OAc
Me%.o Me
46 47

2 y-and §-Lactones

A review article has described routes to small, general-purpose chiral synthons
from carbohydrates, including the preparation of D-erythronolactone and L-
threonolactone from D-isoascorbic and L-ascorbic acids respectively, and the
synthesis of lactone 50 and its enantiomer from disaccharides and L-arabinose
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respectively. The application of these units in synthesis was also discussed.”
3,5-Di-0-benzyl-D-xylose was used to make the lactone 51, an immediate precur-
sor of (+)-muricatacin.”

OTbdms CH,0OBn

H
2 H 0 Aa O
L D T
0 : ==
0 o
HO S OH H o O
50 51 53

52

Diacetone-p-glucose can be converted by conventional manipulations into 52,
and this was used to synthesize the (SR)-Hagen’s gland lactones 53 (R = n-C,Hs,
n-C¢Hy3), the bicyclic system being established in one step by reaction of 52 with
ethoxycarbonylmethylene triphenylphosphorane The same group has also
described an alternative route (Scheme 10), in which the alkenyl diol 54, prepared
from D-mannose (sugar carbons numbered), was converted by oxidative cycliz-
ation to the bicyclic hemiacetal 55, which could be further manipulated to give
the lactones 53 and the (55)-epimers 56 (R = n-C,H,, n-C¢H,3).2

6 H OBn R o H
I o N OBn 'O "3
OHHO —_— —_ 53 +
HO H O o

0 ‘H OH
54 55 56
Reagents: i, PdCl,, CuCl, DMF-H 0, Oy, r.t., 24h, 84%
Scheme 10
5CH(2)OH o o o
O—I: HO O><Me i n-C;H,5 |
+ e
\(Me n-CzHs5 0 Me Me 0.
O Me ><
Y Me O
' CH,OPmb CH,OPmb
57
Reagents: i, THF, reflux, then SiOy,; i, DDQ; iii, TSOH, H,O-acetone
Scheme 11

(-)-Syringolide 2 (58), a bacterial signal molecule that elicits active defence in
resistant plants, has been made (Scheme 11) from the protected ketose 57, itself
prepared from D-arabinose (sugar carbons numbered) in nine steps.”® This se-
quence can be considerably shortened by use of a chemo-enzymatic approach, in
which 57 was made in three steps by condensation of dihydroxyacetone phos-
phate with O-Pmb-glycolaldehyde, catalysed by fructose 1,6-diphosphate al-
dolase, followed by action of phosphatase and formation of the isopropylidene
derivative.?

New formal enantioselective syntheses of (4 )-avenaciolide and (+)-
isoavenaciolide (the enantiomers of the natural fungal metabolites) have been
reported. Ring contraction of the triflate 59 (see Vol. 29, p. 199) gave the
hemiacetal 60 (Scheme 12). Reaction of this with s#-octylmagnesium bromide
gave a mixture of two separable diols in 3:1 ratio, and oxidation of the major one
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under Jefford’s conditions gave the lactone 61 in good yield. Further oxidation
using Grieco’s method then gave the bis-lactone 62, which is convertible by
established methods to (+)-avenaciolide (the a-methylene-lactone). The minor
diol could be converted similarly to (+)-isoavenaciolide, although in this case
Grieco oxidation of the C-6 epimer of 61 gave a different product, explained on
conformational grounds, and a two-step hydrolysis-PCC sequence was therefore
used.”

O—CH, H O H
Ph O i o] i, i O, v e
ot — O --OMe — O -OMe —> O 0
OMe ! r it
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iv, mMCPBA, BF3.Et,0, CH,Clyp
Scheme 12
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There have been further reports from Marquez’ laboratory on the synthesis of
conformationally-restricted analogues of diacylglycerol. The spirolactone 63
(Scheme 13) was made by addition of an organometallic to a 3-ketone derived
from L-xylose, and was converted via the lactone 64 into analogues such as 65,
some of these protein kinase C ligands having potent antitumour activity.?® A
previously-reported intermediate (Vol. 30, p. 358—-9) has been converted into
analogues of type 66, in which the lactone carbonyl corresponds to the sn-1
carbonyl of diacylglycerol, in contrast to earlier analogues in which the lactone
mimicked the sn-2 position. However, these new lactones proved less effective
than the earlier analogues as protein kinase C ligands.”

Treatment of the 1,6-anhydromannose derivative 67 as indicated in Scheme 14
gave the product 68 of radical addition to the oxime ether, and 68 was then
convertible to the a-methylene-y-lactone 69, which can be considered as a
potential intermediate in a synthesis of tetrodotoxin. Interestingly, the O-
silylated form of 67 did not undergo cyclization satisfactorily. A number of
related radical annulations were also reported (see Section 4 for one case).®

The epoxide 70, derived from D-mannitol, has been converted into the -
lactone 71 via the key intermediates shown in Scheme 15. This compound is the
dihydro-derivative of (+)-boranolide, the corresponding a,B-unsaturated lac-
tone, and this work constitutes a formal synthesis of the natural product.”® The
enal 72, derived from tri-O-acetyl-D-glucal, has been converted in a multistep
process into the unsaturated lactone 73, an analogue of the a,pB-unsaturated
lactone portion of a number of natural products.®
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In a route to bergenin-related natural products, the trans-fused tricyclic struc-
ture 74 was prepared by intramolecular C-glycosylation (Chapter 3), followed by
isomerization of the initially-formed cis-fused system by BF;.Et,O. Exchange of
the benzyl ethers for O-acetyl groups and oxidation with catalytic RuO, then
gave the triacetate 75 of tri-O-methylbergenin.*

3 Macrolides and Their Constituent Segments

The stereostructure of mueggelone, an inhibitor of fish development, has been
determined by synthesis. The building block 76 (Scheme 16), made from D-
arabinose by known methods, was converted into the allylic alcohol 77 (sugar
carbons numbered) and its epimer at the secondary alcohol centre, the appropri-
ate chirality at that position being introduced by CBS reduction. Since it was
known that mueggelone was a trans-epoxide, 77 and its epimer were converted
into all four possible diastereomers by appropriate deprotection and epoxide
formations 78. It was shown by NMR and optical rotation measurements that
mueggelone was the isomer of stereochemistry 72

The diazoketone 79 was made from the furanuronic acid, and on Wolff
rearrangement in the presence of methanol it gave the ester 80, which represents
the C-1 to C-6 fragment of carbonolide B.*
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A sugar-based synthesis of the C29-C44 fragment of the spongipyran macro-
lides has been reported. The iodide 81, derived from p-glucal (see Vol. 26, p. 127
and 150), was converted into the sulfone 82 as outlined in Scheme 17. This was
then coupled via its anion to aldehyde 83, prepared from simple aliphatic
precursors by asymmetric aldol condensations, followed by reductive desul-
fonylation. The major product 84 had the indicated stereochemistry at C-38 and
C-39 (macrolide numbering), and a minor product (4:1 ratio) was the epimer at
C-38. The natural products have the configuration of this minor product, but the
stereochemistry at C-38 of 84 could be inverted cleanly by an oxidation-reduc-
tion sequence.**

4 Other Oxygen Heterocycles

Di-O-isopropylidene-D-glucose can be converted into 85 by known procedures,
and this has been used to prepare the lactone 86, thus providing a new formal
synthesis of (-)-trans-kumausyne (87).2' In a synthetic approach to the
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laurenynes, secondary metabolites of red algae, 88, derived from a-D-glucono-
6,3-lactone, was converted by [2,3]-Wittig rearrangement into the alkenol 89,
produced exclusively as the Z-isomer. Further elaboration led to the synthesis of
dienyne 90.* The 5-lipoxygenase inhibitor CMI-977 (91) has been prepared from
D-mannitol in 13 steps.*
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In a route to partially hydroxylated 2,5-disubstituted bis-tetrahydrofurans,
related to annonaceous acetogenins, the glucose-derived lactone 92 (Scheme 18)
was converted by routine operations into aldehyde 93. On reaction with 3-
butenylmagnesium bromide the major product formed (3:1 ratio) was the epimer
94, which was cyclised to give 95 as a mixture of epimers at the new centre of
chirality. Similar chemistry was also carried out on the epimer of 94.%
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In an approach to the olivil type of lignan (Scheme 19), the erythro-aldol
product 96 was produced as a 1:1 mixture with the threo-isomer by reaction
between piperonal and a lactone derived from D-xylose. Manipulation of 96 gave
the diol 97 (sugar carbons numbered), which underwent acid-catalysed cycliz-
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ation to give the tetrahydrofuran 98. Interestingly, similar processing of the
threo- aldol adduct also gave the same product 98, which was converted to the
lignan 99.* The same workers have also reported the stereoselective formation of
the threo-product 100 from piperonal and a lactone made from L-arabinose, and
this was converted to the lignan isomer 101, where again the sugar carbons are
indicated.”
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A tetrahydrofuran ring has been annelated onto a sugar by means of the
radical cyclization of 102 which gave 103 on treatment with triphenylstannane
and triethylborane.®

Two sugar-based syntheses of the novel neuroexcitotoxic amino acid (-)-
dysiherbaine have been reported. In the first of these (Scheme 20), the epoxyal-
cohol 104 was prepared from di-O-acetyl-L-xylal by reaction with allyltrimethyl-
silane and TiCl, (Vol. 23, p. 40), followed by hydrolysis and hydroxyl-directed
epoxidation. Further transformations via the key intermediates shown led to
(-)-dysiherbaine (105), although the exocyclic chiral centre was not introduced
stereoselectively.”’ In another approach (Scheme 21), the dianhydrohexose 106
was converted to 107, the initial benzylation proceeding with epoxide migration.
Further chemistry led to alkenyl iodide 108. This was subjected to palladium-
catalysed coupling with a unit derived from L-alanine, but the further steps that
led to (-)-dysiherbaine (105) did not permit stereoselective establishment of the
chirality at C-4. However the C-4 epimer which thus became accessible also

possessed bioactivity, although at a lower level !
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When the diazospecies 109, prepared by diazo transfer fron mesyl azide, was
treated with Rhy(OAc), in benzene under reflux, the two products 110 and 111
were formed in a ratio of 38:62. Use of the corresponding Pmb ether gave only
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the product of type 111, whereas the 3-O-allyl ether gave just the analogue of 110.
The epimeric benzyl ether 112 gave, under the same conditions, the product 113
of formal carbenoid C-H insertion. Possible mechanisms and rationalizations of
these findings were discussed.*
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An interesting rearrangement to form a oxabicyclo[3.3.1]-system has been
observed (Scheme 22). When the S-hexityl-4-nitrocyclohexene 114 was treated
with NaOMe, the deacetylated nitronate salt was formed, and this on reacetyla-
tion gave the cyclic nitronate 115. A similar observation was made for the
D-manno-analogue of 114. When 115 was treated with catalytic NaOMe in
methanol, the product was found to be the bicyclic oxime 116, whereas the
D-arabino-analogue of 115 (from the D-manno-analogue of 114) did not rear-
range. A mechanistic rationale was proposed.®

Reaction of the alkenyl carbene complex 117, derived from tetra-O-benzyl-
aldehydo-D-ribose, with cyclohexene oxide in the presence of [Cp,TiCl], gave the
oxa-trans-decalin complex 118, together with a smaller proportion of the epimer
at the asterisked carbon. This work was extended to the use of sugar epoxide 119
and the carbene complex 120 to give the dioxabicyclo-system 121.%

This last product is structurally similar to the polyether antibiotics, and a
review has appeared, arranged chronologically, covering strategy and develop-
ment of methodology for the total synthesis of polyether ionophore antibiotics.
This includes carbohydrate-based syntheses as well as other approaches.® An
interesting route to fused tetrahydropyran systems, indicated in Scheme 23, uses
Hg(IT)-catalysed transetherification-cyclization to establish the trans-fused ring
system of 122, but the same method could also be used to make the cis-fused
analogue of 122.%

In a route to the ABC-ring system of brevetoxin B, the known intermediate
123, derived from 2-deoxy-D-ribose (sugar carbons indicated), was converted
(Scheme 24) into 124. This was elaborated into 125, the A-ring being made by
alkene metathesis, and the C-ring was closed by reductive cyclization to give
126.4" In an approach to the IJK-ring portion of the same target, intermediate
124 could be converted into 127 (Scheme 25: deoxyribose numbers shown),
which was manipulated into 128, the I ring being established using a 6-endo-
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epoxide cyclization. Further chemistry led to 129, in which the side chain on the
K-ring was introduced by reaction of an allyl silane with an a-acetoxy-com-
pound.®

The FGH-ring system of the polyether toxin gambierol has been made as
outlined in Scheme 26. Intermediate 130 was prepared from 2-deoxy-D-ribose in
nine steps (sugar carbons numbered). Exocyclic alkene 131 was subjected to
stereoselective hydroboration followed by a B-alkyl Suzuki coupling with enol
phosphate 132, also made from 2-deoxy-D-ribose, to give 133, which was further
transformed to the FGH tricycle 134.%
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Reagents: i, 9-BBN, then 132, Pd(0)
Scheme 26

In a new stereoselective total synthesis of zaragozic acid A, a key step was the
[1,2]-Wittig rearrangement of the acetal 135 (Scheme 27), derived from L-
arabinonolactone, to give the product 136, having two contiguous quaternary
chiral centres, with high diastereoselectivity. This was then transformed, using
further ingenious chemistry, into the lactone 137 and hence the late intermediate
138.%

The tricycle 139 (Scheme 28) has been previously prepared by intramolecular
cyclization of a nitrile oxide with an allyl ether, and this compound has now been
converted to 140, and hence, by intramolecular nitrone cyclization, into the
tetracycle 141, containng an oxepinopyran ring system. A related cyclization of a
nitrile oxide derived from 140 was also described, as were similar transform-
ations from previously-reported cycloadducts with seven-membered rings (Vol.
28, p. 363), to give oxepinooxepanes.’!

S5 Nitrogen and Sulfur Heterocycles

In a new formal synthesis of (+)-thienamycin (Scheme 29), the 6-deoxy-
glucosamine derivative 142 underwent base-catalysed rearrangement (see Vol.
16, p. 149), followed by oxidation, to give the separable isomers of 143. Both of
these could be transformed, by sequences involving base-catalysed epimeriz-
ation, into the same all-trans-lactone 144. Formation of a B-lactam and then
oxidation by lead tetraacetate gave 145 (original sugar carbons indicated), which
is an intermediate in a previous route to thienamycin.”
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Also in the B-lactam area, [2 + 2]-cycloaddition of chlorosulfonyl isocyanate
with a xylose-derived allenyl ether was used to make the adduct 146 with
reasonable stereocontrol. Acidic detritylation, followed by sulfonylation and
base-induced cyclization then gave the fused B-lactam 147. The presence of the
gem-dimethyl group was necessary to give good yields in the initial cycloaddi-
tion.”® Others have used ketene-imine cycloadditions to give f-lactams such as
148, which was converted to the simple a-alkoxy-f-lactam 149 by oxidative
degradation of the sugar. This paper also describes the use of B-lactams pro-
duced in this way to make polyhydroxy amino acids, including more details of a
synthesis of (-)-polyoxamic acid (see Vol. 27, p. 114), and the conversion of the
adduct 150, derived from isopropylidene-D-glyceraldehyde, into the lactone 151
on acid treatment.’* A paper describing a B-lactam derived from a 3-amino-3-
deoxyaldonic acid, and its subsequent polymerization, is mentioned in Chapter
16.

In an interesting approach to enantiopure hydroxylated piperidines (Scheme
30), the meso-compound 152, made from 1,2-O-isopropylidene-o-D-
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glucopyranose by periodate cleavage followed by acid hydrolysis, was converted
as indicated into the two bicycles 153 and 154, with the former predominating
(ca. 4:1). In both of these products, the cyano-group occupies an axial position,
trans- to the nitrogen lone pair. These were converted into the deoxynojirimycin
analogues 155 and 156 by reduction-hydrogenolysis.”> When 5-bromo-5-deoxy-
D-xylose (157) was treated with 3-amino-1-propanol, the bicyclic compounds 158
and 159 were obtained. The isomer 158 was produced about twenty times faster,
but 159 was the more stable isomer. It was determined that N-alkylations of
diastereomeric tetrahydro-1,3-oxazines were the rate-determining steps, and the
selective formation of 158 was ascribed to the operation of an anomeric effect
that favours the transition state for axial alkylation.’
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Some simpler analogues of the bacterial tyrosyl tRNA synthetase inhibitor
SB-219383 have been prepared. Reaction of the nitrone 160, prepared from
L-arabinose by intramolecular alkylation of an oxime, with the anion of
Ph,C =NCH,CO,Et gave the separable isomers of 161. These were converted to
162 and its diastereoisomer, and compounds with opposite chirality in the
piperidine ring were made from D-arabinose. Compound 162 had much greater
bioactivity than the other three isomers, also displaying selectivity for the
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bacterial enzyme over the mammalian one, and it thus seems likely that SB-
219383 has the stereostructure shown in 163.
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A number of papers have dealt with sugar-based syntheses of hydroxylated
pyrrolizidine alkaloids. The glycosylamine formed from tri-O-benzyl-p-ara-
binofuranose and p-methoxy-benzylamine was treated with but-3-enylmag-
nesium bromide, followed by oxidative degradation using PCC to give the
lactam 164. This was convertible in a further nine steps to 7-deoxyalexine (165,
sugar carbons numbered).® The same starting material was subsequently used
by the same group in a somewhat similar appoach to (+)-alexine (166) itself.”
Tri-O-benzyl-L-xylofuranose was used to make the azido-alkene 167 (Scheme
31), which was then converted (ozonolysis, Wittig reaction and oxidation with
mCPBA) into the azido-epoxide 168 as a 2:1 mixture of two isomers. On ring
closure and deprotection as indicated, both (+)-australine (169) and (-)-7-epi-
alexine (170) were obtained.®’ A further synthesis of (+)-australine has also been
reported, proceeding from isopropylidene-D-glyceraldehyde via anhydropentitol
intermediates, and using olefin metathesis to establish an eight-membered nitro-
gen-containing ring, followed by transannular ring closure to the pyrrolizidine. !

A chemoenzymatic route to 7-epi-alexine (170) (Scheme 32) involves the
formation of aldehyde 171 from non-sugar precursors, and its coupling with
dihydroxyacetone phosphate using fructose 1,6-diphosphate aldolase to give,
after acid phosphatase treatment, the ketose 172. This was converted to 7-epi-
alexine (170) as indicated, and related methods were also used to prepare
(+)-australine (169) and 3-epi-australine (173).%2

Reaction of ethyl 2-nitrosoacrylate, produced in situ, with alkene 174 gave the
cycloadduct 175 (Scheme 33). Reduction of this with cyanoborohydride, fol-
lowed by epimerization to the more favoured isomer 176, was followed by Raney
nickel reduction of the N-O bond and subsequent condensations and reductions
to give the pyrrolizidine 177.%
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An account of a lecture by Jager incorporates some new work in this area,
including the synthesis of the cycloadduct 178 by cycloaddition of a glucose-
derived nitrone with ethyl acrylate (sugar numbers indicated), and its subsequent
conversion to the pyrrolizidine 179.%

A review has discussed synthetic methods for the synthesis of the indolizidine
swainsonine and its analogues, covering sugar-based methods as well as other
approaches.®®> When the azido-nitrile 180, prepared from L-sorbose with an
inversion of configuration at C-4 (Vol. 33, p. 396), was treated firstly with
aqueous TFA and then with Pd-C in methanol, the indolizidinone 181 was
obtained.*
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In a route to polyhydroxylated quinolizidines, condensation between the silyl
enol ether 182 and aldehyde 183 (Scheme 34) gave the aldol product 184 with
high diatereoselectivity. Conditions were also found to obtain diastereoselective
condensations between the enantiomer of 183 and either 182 or its precursor
ketone to give stereoisomers of 184. Both 182 and 183 were obtained from furan.
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Subsequent manipulation (including reduction of the ketone, selenoxide elimin-
ation, hydroxylation, Baeyer—Villiger oxidation, and a ring contraction of the
product) gave 185, which gave the quinolizidine 186 on reduction and hydrolysis.
Two stereoisomers of 186 were made similarly from stereoisomers of 184.

Four novel isomeric cyclic thiosulfinates, the zeylanoxides, have been isolated
from the tropical weed Sphenoclea zeylanica. The structures and absolute
stereochemistry of these compounds, which are plant growth inhibitors, have
been determined by synthesis from the enantiomers of glucose. Use of L-glucose
as outlined in Scheme 35 gave a mixture, separable by HPLC, of zeylanoxide A
(187, a-sulfoxide), epi-zeylanoxide A (187, B-sulfoxide), zeylanoxide B (188, o-
sulfoxide), and epi-zeylanoxide B (188, B-sulfoxide), with optical rotations in
good agreement with those of the natural products.®®
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6 Acyclic Compounds

An improved method has been described for the conversion of D-arabinose into
the aldehyde 189 (sugar carbons indicated), which was then used in a synthesis of
a biotinylated 5S-HETE for use in affinity chromatography.%

A full account has been given of the conversion of L-erythulose derivatives 190
into their di-cyclohexylboron enolates and reaction of these with aldehydes to
give products of type 191, of 2,4-syn-, 4,5-syn-stereochemistry (Vol. 33, p. 10).
These compounds can be used, by treatment with periodic acid followed by
diazomethane, to make mono-protected dihydroxyesters 192.

The vinyl epoxide 193 can be made from N-benzoyl-D-glucosamine in six steps
and 38% overall yield (Synth. Commun., 1997, 27, 4255), and this has now been
used for the synthesis of the sphingadienine-type glucocerebrosides 194.
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Methods were developed to make the 8,9-alkene stereoselectively with either cis-
or trans-geometry, prior to glucosylation using tetra-O-benzoyl-o-D-
glucopyranosyl bromide and AgOT{.™

There has been a further report (see Vol. 28, p. 8 for earlier) on the preparation
of conjugated dienes of trans-configuration by treatment of sugar-derived allyl
stannanes with ZnCl,. Thus, for example, stannane 195 gave diene-aldehyde 196,
and 197 gave 198.”

The C-5 to C-13 fragment 199 of the cytotoxic marine natural product
myriaporone 4 has been synthesized from D-glucose, with C-5 to C-8 of myr-
iaporone 4, and the one-carbon branch at C-8, being derived from C-6 to C-2 of
the sugar, and a C-9 aldehyde being coupled with an iodoalkene corresponding
to C-10 to C-13.7

. CH,OSiRy O OH O OH
OHC._3 2 o) 2
W\COZMe Me. O — 5 4 R — MeOJl\‘)\R’
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189 190 Me 191 192
o]
Ph )kr(CHz)mMe
J=N HN
o LA — ' OH 8
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193 194
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OMe
™o o
5 8 = 13
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7  Carbohydrates as Chiral Auxiliaries and Catalysts

7.1  Carbohydrate-derived Auxiliaries. — Reaction of the fructose-derived acryl-
ate 200 with cyclopentadiene in the presence of Et,AlCl, followed by discon-
nection of the auxiliary by reduction, gave the cycloadduct 201 in high ee. Use of
the same auxiliary in an intramolecular Diels—Alder reaction catalysed by
Et,AIClI gave, after reductive disconnection with LiAlH,, the bicycle 202.7 It has
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previously been shown that 203 can be produced with high endo-selectivity and
90% de by reaction of cyclopentadiene and the isomannide-derived acrylate,
catalysed by EtAICL (Vol. 30, p. 390-1). It has now been found that higher
diastereoselectivities can be obtained if the benzyl group is converted into an n®
arene chromium carbonyl complex prior to cycloaddition, and a de of 99% was
obtained using the Cr(CO),[ P(OEt),] complex, again with EtAICl, as Lewis acid

catalyst.”
ﬂbﬁ(o H
/?\/ CH,OH ) Q
0O H
050 Me o7
X 0
ST | as
CH,OH H
Me Me 200 201 202 203

High levels of diastereoselectivity can be achieved in conjugate radical addi-
tions of the type shown in Scheme 36, particularly when the group R’ is bulky,
and where the protecting group R is an acyloxy or bulky silyl group. In the case
where R = Pivand R’ = Pr, the product was obtained in 84% yield, and with a
de of 86%.

Two new glucose-derived oxazolidinones have been prepared, and converted
to N-acyl derivatives of type 204 (R = Me or Piv). The dialkylboron enolates
derived from 204 underwent aldol reactions to give syn-products 205, with
diastereomeric ratios between 8:1 and 16:1.”7 The same group has also made the
oxazolidinone 206 from D-xylose. When this was treated with Mukaiyama’s
reagent (2-chloro-1-methylpyridinium iodide) in the presence of an imine, a
Staudinger ketene-imine cyclization occurred to give a f-lactam such as 207, the
structure of which was confirmed by X-ray crystallography, in >98% de.”

In a synthesis of a potent selective inhibitor of Factor Xa, modified
Ugi  four-component  condensation  between  tetra-O-pivaloyl-§-D-
glucopyranosylamine, pyridine-4-carboxaldehyde, formic acid, and -ethyl
isocyanoacetate gave the product 208 in high yield and with 81% de. This was
subsequently converted to the desired peptidomimetic 209.”

A neat approach (Scheme 37) to the spiroketal 213, a component of the
pheromone of the olive fruit fly, involves a base-catalysed oxy-Michael addition
between ketosugar 210 and 211 to give stereoselectively the adduct 212, convert-
ible as indicated to the target.*

Further examples of hetero-Diels—Alder reactions of carbohydrate-derived
chloronitroso compounds have been reported. When the chloronitroso com-
pound 214, made from D-xylose, reacted with cycloheptadiene in the presence of
some water, the cycloadduct 215, which could be used in a synthesis of (-)-
physoperuvine, was obtained in 296% ee, together with the sugar ketone which
can be recycled to 214. The pseudoenantiomeric species 216, from L-sorbose,
gave the dihydrooxazine 217 on reaction with cyclohexadiene, again in high e.e.®!
The chloronitroso compound 218, easily accessible from D-ribose, underwent
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RO OR R
OMe OMe

Reagents: i, RI, Bu3SnH, EtaB/Oz, EtgAIC', CHQC|2
Scheme 36
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Scheme 37

rapid cycloaddition with cyclohexadiene to give the enantiomer of 217 with 96%
ee, and reacted more slowly with acyclic dienes to give, for example from sorbic
acid, the adduct 219 with >99% ee, after derivatization.®

When the sulfinates 220 (R = Me, Et) were treated with the anions of racemic
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3-methylisoxazolines, the products 221 were obtained as a ~ 1:1 mixture of
separable diastereoisomers. The enantiomers of 221 could be obtained by the use
of the isomers of 220 epimeric at sulfur.®?

In continuation of work in Just’s laboratory on the diastereoselective synthesis
of dinucleoside phosphorothioates (see Vol. 30, p. 2901, Vol. 32, p. 287), the
chlorophosphoramidite 222 (for the synthesis of the aminoalcohol from D-xylose
see Chapter 14) was converted as indicated in Scheme 38 into the Sp-isomer 223,
in a 6:1 ratio with the diastereomer, and this ratio could be improved by the use
of a more hindered base in step ii.*

A study has been reported on the photochemistry of tropolone alkyl ethers
within a-, B, and y-cyclodextrins. Moderate asymmetric induction in the bicyclic
products 224 were observed in some cases.®

Me Me
CHZOdeps

*NH, Cr \o +N"'z cr
Cl wb N=O
oN O+Me TbdmsO "/‘—L LOdems
214

Me o
CHZOAc CO,Me q(
O
— N
C “’%9
O I OA/ Me %‘ R
13 219

o
M R”
2 220 221
O—CHj Thy HOCHZO Thy
o)
Me Me
OTbdms 124ms o
P CH jii, iv
2, PINH 2 — . 'S——P--O —CHa_ Thy
o
%Me S
CHCN e CH CN ¥
OH
222 2 Me 223

Reagents: i, 5’-O-Tbdms-thymidine, EtsN; ii, 3"-O-Tbdms-thymidine, 2-bromo-4,5-dicyanoimidazole;
iii, Beaucage’s reagent; iv, NHs aq., then TBAF
Scheme 38

Some uses of sugars in novel resolutions of enantiomers have been reported.
The ferrocene derivative 225 could be isolated from reaction of a mixture of d,l-
and meso-isomers of the corresponding ferrocene dicarbonyl chloride with
methyl 4,6-O-benzylidene-a-pD-glucopyranoside. This could then be converted
by methanolysis into the enantiomerically-pure (R,R)-ferrocene derivative 226.%
When the chiral pyridinium salt 227 was photolysed, equimolar amounts of the
diastereomers 228 and 229 were obtained. Although no chirality transfer occur-
red, the two isomers could be separated after acetylation, and some further
chemistry was performed on the fused aziridine ring of one of the dia-
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stereoisomers.’’” The acetal 230 was formed by reaction of phthaldehyde with
monoisopropylidene-a-D-xylofuranose. On creating a new chiral centre in the
form of 231, the two isomers could be separated, and these isomers on meth-
anolysis gave the methyl acetals 232 and the isomers at the asterisked carbon.®

Ph/V o
0 OMe

o e =it

OR Fe Me

Me
—@COQMe

224
+ Ccr

aDGlcp aDGIcp aDGIcp
227 228 229
O

O Me

) o)

H

CHQOBn

CHO 230 231

7.2 Carbohydrates as Chiral Catalysts. — A review on asymmetric epoxidation
using chiral ketones as catalysts includes a section discussing the work of, in
particular, Shi on the generation in situ of dioxiranes from sugar ketones and
oxone, and their use in the asymmetric epoxidation of trans-alkenes.®

The new mannitol-based diphosphinite ligands 233 (R = Ph, cyclopentyl,
cyclohexyl) have been prepared, and used in rhodium complexes for the asym-
metric hydrogenation of prochiral ketones. The cases where R = cyclohexyl gave
highest enantioselectivity, up to 86% for the reduction of methyl pyruvate to give
methyl R-lactate.

A review on carbohydrate complexes of the platinum-group metals includes
discussion of the use of such complexes in asymmetric homogeneous hydrogena-
tion of alkenes.” In this area, the new bisphosphine 234 (‘xylophos’) has been
made from D-xylose, and converted to the complex [Rh(cod)(xylophos)]*BF,",
which was used for homogeneous hydrogenation of acrylates. For the case of
methyl 2-acetamidoacrylate and a-acetamidocinnamic acid, the N-acetyl-
aminoacids were produced in high yields with ~90% ee in favour of the S-
enantiomers.”” The bidentate ligands 235 and 236 have also been made, from
D-glucose, and used similarly. The reduction of methyl 2-acetamidoacrylate
using the Rh(I) catalyst containing D-gluco-ligand 236 occurred with 100%
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conversion to give the S-product with an improved 98% ee.** The bis-phosphite
237, and two related species with similar diphenols, have also been used, as Rh(I)
and Ir(I) cationic complexes, in asymmetric hydrogenation, but enantioselectiv-
ity in the reduction of acrylates was only moderate. Better enantioselectivity was
observed when these complexes were used for the hydroformylation of styrene,
with the Rh(I) complex containing 237 giving 238 of 55% ee, with the R-isomer
predominant. Use of the D-xylo-analogue of 237 as ligand led to selective
formation of the S-enantiomer of 238 (51% ee)>* Synthesis of the D-gluco-bis-
phosphite 239 led to much improved enantioselectivity in hydroformylation
[using Rh(acac)(CO), and 239] of styrene and p-substituted styrenes, with
styrene itself giving (S)-238 with 90% ee.*®

Ligands of type 240 (X = O, S) have been prepared from D-mannitol and used
to catalyse the addition of dialkylzinc reagents to benzaldehyde and heptanal.

B 1’ CHZPPhg Pth thp
R,PO
RoPO o PF’hz PPhg PPh2
P o\\/ Me o\‘\/ Me oq/ Me
o~ ~ Ph

233 234 235 236

0
\ o] O
P-0 Me O
O\) ve ©/‘\ O\\/ ve Buf

237 238 239 Me

The ligand 240 (X = O, R = n-octyl) gave the best enantioselectivity (~90%) for
the addition of diethylzinc to both aldehydes, with the (R)-enantiomer predomi-
nant.”® The aminoalcohol 241, previously used to catalyse the addition of diethyl-
zinc to aldehydes (Vol. 30, p. 125) has now been used in the addition of di-
isopropylzinc to a range of aldehydes, giving in each case predominantly the
products 242 of addition to the re face of the aldehyde, in all except one case
investigated with >90% ee.®” Copper-catalysed conjugate addition of diethylzinc
to cyclohexenone has been investigated in the presence of the ligand 243, to give
under the best conditions found 3-ethylcyclohexanone with ee 62%, favouring
the (S)-enantiomer.*® The bis-phosphite 244 was investigated more successfully
for the same transformation, giving 3-ethylcyclohexanone of (R)-chirality in up
to 81% ee®

D-Glucosamine has been converted into m*-allyl species 245, containing an
amphiphilic chiral ligand, which permitted allylic substitutions to occur enan-
tioselectively in aqueous media, or in aqueous-organic biphasic systems. Thus,
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for example, the racemic allylic acetate 246 could be converted into 247 in 95%
yield and with 92% ee.'®

CH,OAc
o S—CH. o
OAc OH
Me AcO @)
OAc O\\\/ Me
243 Me
Ph/v
( P\ + N
EtoMeN, /: }2 |
Me
-all
245 °-allyl)

MeO-C CO,Me

/\/\ N

246 247

Ph

A sugar-based catalyst for catalytic asymmetric cyanosilylation has been
developed. This catalyst, 248, is derived from tri-O-acetyl-D-glucal via the inter-
mediates shown in Scheme 39. It incorporates a Lewis acidic and a Lewis basic
site within the molecule, and it was found that the conformational constraint
induced by the phenyl group was necessary for good enantioselectivity. Treat-
ment of benzaldehyde and TmsCN with catalytic quantities of 248 gave after
acid hydrolysis the cyanohydrin 249 in 80% ee, and several other aldehydes
behaved similarly.!®!

PPh2
0 vivi HOL .CN
OMom OMom
Ph H
MomO MomO 249
Al -
Ci
248

Reagents: i, NaBH,, MeOH; ii, MsCl, py; iii, PhoPK, THF; iv, HyO5; v, MeoAICI; vi, TmsCN, PhCHO; vii, H*
Scheme 39
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