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Preface

Much is made these days of the increase in activity in carbohydrate chemistry and
of the emergence of glycobiology as a major branch of biochemistry, and while
such data as attendances at conferences and the nature of programmes at the
meetings bear these out, this Specialist Periodical Report offers an alternative
means of quantifying the changes. In the table, numbers of papers abstracted in
this series under different chapter headings are given for volumes 10, 15, 20, 25
and 30, these exemplifying the literature published between 1976 and 1996. Since
the criteria used for selecting papers to be noted here remained the same over the
period (the intention being to cite every relevant publication), the data certainly
confirm the view that the subject has boomed in the last 20 years. While the
overall volume of publication of relevant papers has gone up almost linearly, the
1976 number of papers doubling in the following 10 years and almost tripling in
20 years, the growth has been anything but even across the subject, and the
excitement associated with the new-found significances in biology is clearly
reflected in the attention that has been given to the synthesis of oligosaccharides
and other glycosidic compounds. The rate of growth in activity in the cyclitols is
likewise extreme, reflecting the biochemical importance of the inositol phos-
phates. Other increasingly favoured areas are nucleosides, nitrogen-containing
sugars and related compounds and sugar acids, all these groups of compounds
featuring importantly in topics related to matters of significance in biochemistry
and glycobiology.

The increase in use of carbohydrates for the preparation of enantiomerically
pure non-carbohydrate products has been emphatically demonstrated, while the
reliance on physical methods has risen in line with methological advances —
notably those in X-ray diffraction analysis.

Expectations that the reviewing team would be expanded to meet the increased
pressure have not been met, and the current members are thanked most sincerely
for accepting significantly increasing work loads. Not only have rising numbers of
papers to be abstracted, but they have to be condensed with ever-increasing
severity. In the last 10 years there has been a 50% increase in the number of relevant
papers to be dealt with and a 33% increase in available space. Additionally, the
reviewers are now responsible for providing texts on disc and for (at least)
managing the art work, the majority of which is done by Royal Society of
Chemistry staff. Mr Alan Cubitt and Mrs Janet Freshwater assist with this and all
liaison, and we are most appreciative of their co-operation and support.

R.J. Ferrier
July, 1998
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Preface

Table Number of papers cited in the chapters of specialist periodical reports 1976-

1996
Volume 10 15 20 25 30
Year of Literature 1976 1981 1986 1991 1996
Free Sugars 47 79 87 72 75
Glycosides and Disaccharides 91 198 168 251 334
Oligosaccharides - - 75 109 227
Ethers and Anhydro-sugars 36 43 46 40 54
Acetals 14 32 24 7 31
Esters 74 78 78 92 87
Halogeno-sugars 20 30 40 22 29
Amino-sugars 59 57 68 71 84
Miscellaneous Nitrogen Derivatives 43 43 55 96 103
Thio and Seleno-sugars 18 21 10 25 48
Deoxy-sugars 8 15 31 36 24
Unsaturated Derivatives 14 40 36 26 47
Branched-chain Sugars 24 25 40 60 48
Aldosuloses and Other Dicarbonyl Compounds 13 13 13 9 20
Sugar Acids and Lactones 31 66 62 88 95
Inorganic Derivatives 8 23 37 35 56
Alditols and Cyclitols 17 46 64 139 184
Antibiotics 51 121 89 122 89
Nucleosides 154 151 174 300 343
NMR Spectroscopy and Conformational Features 60 63 65 89 90
Other Physical Methods 93 115 116 153 226
Separatory and Analytical Methods 53 96 77 122 23"
Synthesis of Enantiomericaily Pure Non-carbohydrate

Compounds 5 37 98 115 127

933 1392 1553 2079 2444

“This figure is anomalous. See Chapter 23.
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1

Introduction and General Aspects

The very unusual absence of a new volume of Advances in Carbohydrate
Chemistry and Biochemistry limits the number of quality reviews to have been
published this year, and those that have appeared tend to be referred to at the
beginnings of relevant chapters. This chapter is therefore unusually brief.

Danishefsky and Roberge have summarized the Sloan-Kettering work on the
use of glycals as glycosyl donors and acceptors in the synthesis of oligosacchar-
ides of glycoconjugates.! The use of enzymically derived cis-dihydroxylated
aromatics as starting materials for the iterative preparation of oligo- nor-
saccharides, -inositols and pseudo-sugars has been surveyed.>

In the field of origin of life studies Eschenmoser and Kisaklirek have discussed
the potential biogenic relationship between hexose- and pentose-based nucleic
acids,®> and a paper has appeared from the same group on the base pairing
between oligonucleotides comprising pentopyranosyl b- and L- nucleotides.*

References

1 S.J. Danishefsky and J.Y. Roberge, Pure Appl. Chem., 1995, 67, 1647.

2 T. Hudlicky, K.A. Abboud, D.A. Entwistle, R. Fan, R. Maurya, A.J. Thorpe,
J. Bolonick and B. Myers, Synthesis, 1996, 897.

3 A.Eschenmoser and M.V, Kisakiirek, Helv. Chim. Acta, 1996, 79, 1249.

4 R. Krishnamurthy, S. Pitsch, M. Minton, C. Miculka, N. Windhab and A. Eschen-
moser, Angew. Chem., Int. Ed. Engl., 1996, 35, 1537.
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2

Free Sugars

1 Theoretical Aspects

Molecular dynamics simulation calculations aimed at providing better under-
standing of the relative sweetness of B-D-glucopyranose, B-D-galactopyranose,
and a- and B-pD-mannopyranose failed to verify the hydrophobic G site hypothesis
proposed by Tinti and Nofre (4CS Symp. Ser., 1991, 450, Chapter 15).!

2 Synthesis

A comprehensive review (260 refs.) on the synthesis of carbohydrates from non-
carbohydrate sources covers the use of benzene-derived diols and products of
Sharpless asymmetric oxidation as starting materials, Dodoni’s thiazole and
Vogel’s ‘naked sugar’ approaches, as well as the application of enzyme-catalysed
aldol condensations.? The preparation of monosaccharides by enzyme-catalysed
aldol condensations is also discussed in a review on recent advances in the
chemoenzymic synthesis of carbohydrates and carbohydrate mimetics,> in parts
of reviews on the formation of carbon-carbon bonds by enzymic asymmetric
synthesis® and on carbohydrate-mediated biochemical recognition processes as
potential targets for drug development,® as well as in connection with the
introduction of three ‘Aldol Reaction Kits’ that provide dihydroxyacetone
phosphate-dependent aldolases (27 refs.).® A further review deals with the
synthesis of carbohydrates by application of the nitrile oxide 1,3-dipolar cycload-
dition (13 refs.).”

A newly discovered NAD-dependent hydrogenase from celery oxidizes D-
mannitol to D-mannose; several other pentitols and hexitols, especially those with
the same absolute configuration at C-2 as that of b-mannitol, are oxidized to the
corresponding aldoses at a slower rate.”

CHO CHO CH,OH CH,0H
o o

0 o
o"\\\ o Eo o
_(13H20dems O>< O>< ><O
4 5

1 2R=H
3 R = Thdms

Carbohydrate Chemistry, Volume 30
© The Royal Society of Chemistry, 1998
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2: Free Sugars 3

2.1 Tetroses and Pentoses — 4-O-¢-Butyldimethylsilyl-2,3-O-isopropylidene-L-
threose (1) has been prepared in seven efficient steps from p-xylose.® 3,4-0-
Isopropylidene-p-eythrulose (4) has been synthesized from the known tetritol
derivative 2 by primary protection as the silyl ether 3, followed by Dess-Martin
oxidation and desilylation. Compound 2 was derived from D-isoascorbic acid (see
Vol. 22, p. 178, refs. 9,10). In a similar reaction sequence, the enantiomer 5 has
been obtained from vL-ascorbic acid.” The dehomologation of several di-O-
isopropylidenehexofuranoses (e.g., 6 — 7) has been carried out in two steps
without intermediate purification, by successive treatment with periodic acid in
ethyl acetate, followed by sodium borohydride in ethanol.'® Selective reduction
of 3-deoxy-D-glycero-pentos-2-ulose (8) to 3-deoxy-p-glycero-pent-2-ose (9) has
been achieved enzymically with aldose reductase and NADPH.'! 4-Isopropyl-2-
oxazolin-5-one (10) is a masked formaldehyde equivalent that is easily converted
to an anion and demasked by mild acid hydrolysis. One of the three examples of
its use in the synthesis of monosaccharides is shown in Scheme 1.'

HCR'R?

o o
OH Y H H N pri
OH </
0~ 0
CH,0H 0

6 R-)gq 8 R',R2==0 10

9 R',R2=H, HO
7 R=HO—1

0 Pr

|
(o] N
CHO i HO i, i 0
o) - o) OAcAcO
Ph—< H——H Ph—< H——H OAc
6] o]

Reagents: i, 10, EtzN; ii, 5% ag. HCI; iii, Ac,0, Py

Scheme 1

The synthesis of [5-'3C]D-ribose from D-ribose involved diol cleavage of the
original C-4-C-5 bond and formation of a new C-4-C-5 bond using a '’C-
enriched Wittig reagent.'® 3,4,5,5-ds-pL-Ribose (12) has been obtained from ds-
glycerol (11), as outlined in Scheme 2.'*



4 Carbohydrate Chemistry

CH,0Bn CH,0Bn
D i —OH
py—0p —D ~ Dp—OH
v VVIILILLIX
D—/—0D D—p0 D——OH
D D D
11 12

Reagents: i, cyclohexanone, (MeO);CH, H*; ii, Swern; iii, PhP=CHCO,Et; iv, DiBAL
v, BnBr, NaH; vi, OsO,, NMO; vii, 2-methoxypropene, H*;
viii, Pd/C, Hy; ix, H30*, THF
Scheme 2

2.2 Hexoses — The synthesis of hexoseptanose derivatives by ring expansion of
uloses, Baeyer Villiger oxidation of inositols, or Baeyer-Fischer reaction of sugar
dialdehydes has been reviewed.'*

The methyl B-L-idoseptanoside derivative 14 was produced by oxidation/
reduction (Ru,O-NalO,/NaBH,) of the corresponding methyl B-D-glucoseptano-
side 13.16 On transmetalation with InCls, 8-oxygenated allylic stannanes undergo
in situ addition to aldehydes furnishing predominantly anti products. This
method has been applied to the synthesis of D-altrose as shown in Scheme 3.!7 A
similar route to a-L-daunosamine hydrochloride is covered in Chapter 9. The
chemoenzymic synthesis of 6-substituted D-fructose analogues by use of epoxide
15 is referred to in Chapters 7, 8, 9 and 10, and that of 6-deoxy-L-sorbose in
Chapter 12.

OMom . OMom
’ L '
TodmsO. A~ —— TbhdmsO
X SnBug AN OTbdps
OTbdms

D-Altrose «=—— TbdmsO.
OTbdps

OH OTbdms

Reagents: i, demsOvCHO, InCl3; ii, TbdmsCl, lutidine; iii, OsO4, NMO

Scheme 3

The best conditions for producing glucose with close to 100% H-isotope
labelling at C-1, with negligible formation of labelled by-products, by exchange
with deuterium or tritium gas in aqueous solution have been determined.'®
Various “H-labelled D-mannoses, as well as 2,3.4,5,6-ds- and 1,1,2,3,4,5,6,6-d3-D-
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O BROCH,  LSmO” M2
CH(OEY), ik 0,.-'; m \;1
OBn s

13 R'=H,R2=0H
14 R'=0H,R2=H

mannitol, were obtained by ozonolysis/sodium borohydride reduction of the
functionalized cyclohexene 16, which was obtained in enantiomerically pure form
from “Hs-chlorobenzene following biological hydroxylation.'®

D-Tagatose 3-epimerase immobilized on Chitopearl beads effected the isomer-
ization of L-sorbose and L-psicose to L-tagatose and L-fructose in 20 and 65%
yield, respectively.”® Sequential use of pyranose 2-oxidase and hydrogen over
palladium permitted the one-pot chemoenzymatic conversion of b-galactose to D-
tagatose in 30% yield,?' whereas sodium borohydride reduction followed by
microbial oxidation furnished p-sorbose from D-gulonolactone with high effi-
ciency.”? A remarkable, concurrent oxidation at C-5 and reduction at C-1 in
2,3,4,6-tetra-O-benzyl-p-galactose and -glucose on exposure to samarium(II)
iodide, preoxidized with dry air in THF, offers entry into the L-sorbose and L-
tagatose series. As a possible mechanism, Meerwein-Oppenauer-like oxidation/
reduction via a transition state 17 has been proposed.?

On treatment with 5% sodium hydrogen carbonate for 1.5 h, ascorbigen (18)
formed the unstable product 19 and, after longer exposure times, the 6-deoxy-L-
tagatose derivative 20.%*

23 Chain-extended Sugars — The application of indium- and tin-mediated

Barbier-Grignard reactions in aqueous solutions to the chain-extension of

unprotegted sugars has been included in two general reviews of these reac-
H

: o} o OH HO o OH
(o} OH CO,~ HO
; ““CH.R CH,R
OH CH,R OH OH OH
18 20

]
[}
— -—h
Tz ©

tions.”>?® The two main approaches to the synthesis of the undecose system of
tunicamycin, namely tail-to-tail coupling of two readily available sugar units and
elongation at the non-reducing end of either D-ribose or D-galactosamine, have
been reviewed (52 refs.).”” The synthesis of a variety of higher carbon sugars by
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tail-to-tail coupling of simple monosaccharides is dealt with in a further review
(44 refs.).”®

The enzyme-catalyzed aldol condensation of w-functionalized Cs- and Cs-
aldehydes with Dhap (dihydroxacetone phosphate) has been used to synthesize
unusual Cg- and Cg-sugars. An example is given in Scheme 4.2° Coupling of
carbohydrate carboxylic acids such as 21 and 23 with alkanoic acids by mixed

OH ‘ OH OH O ) 0. —OH
1 il
CHO — P02 —= HO
/\/k/ MO O3
OH
OH OH

Reagents: i, Dhap, rabbit muscie aldolase; ii, phosphatase

Scheme 4

Kolbe electrolysis allowed chain-elongation at the ‘reducing’ or at the ‘non-
reducing’ end, to give products such as 22 and 24, respectively.’® Chain-extension
at the reducing as well as at the non-reducing end has also been brought about by
free radical allylation of glycosyl bromides and primary bromo-deoxy sugars,
respectively, with allylic sulfides or sulfones. C-Glycoside 25 and the branched
trideoxynonuronic acid derivative 26 are typical products of this procedure.’!

CO,Et
CH
H——H
CH,0Ac CH,R CH,0Ac H——H
0. (o] fo) AcO

y— o o
Al
OAc ko OAc COut
AcO CHoR 0 HO OMe

OAc 07L OAc  GH, o

21 R=COH 23 R=CO,H 25 26
22 R = CsHy4 24 R=CsHys

2.3.1. Chain-extension at the ‘Non-reducing End’ — Both epimers of 6-C-
phenylglucose 28 have been synthesized from bD-glucuronolactone via
intermediates 27’ Introduction of a cyclopentadiene moiety at C-6 of
diacetonegalactose was effected by reaction of triflate 29 with cyclopentadienyl
lithium in DMF to give 30.%

Three papers describing chain-extensions by use of C-6-aldehydes have been
published: the diacetonegalactose-derived dialdose 31 was extended by two
carbons to give the acetamido-dideoxy-octosulose derivative 33 via intermediate
32 by consecutive treatment with potassium cyanide in the presence of ammonia,
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CN
32 R= AcHN—

0 k Me
0=

o+ 3B R-
AcHN—

Ph

TbdmsO (o}

27 28 29 R= CHZOTf

30 R = CH.Cp
31 R=CHO

acetic anhydride in pyridine, and methylmagnesium iodide;>* five different benzyl
tetra-O-benzyl-L-glycero-a-D-manno-heptopyranosides with one free hydroxyl
group were prepared by oxidation of suitably protected benzyl a-D-mannopyr-
anosides at C-6 (e.g., 34 — 35), followed by reaction with benzyloxymethylmag-
nesium chloride and regiospecific protection/deprotection (e.g., 35 — 36).>° Their
conversion to monophosphates is covered in Chapter 7; condensation of dialdose
31 with the 5'-diazoriboside 37 gave the C-linked disaccharide ketose 38 as the
sole product in 60% yield.*®

\ 0
R CH,N,
0 o OMe o OMe OJ*O
0Bn R'O /#o
BnO OBn (o]
o_ O o_ O 07L
34 R' = All, R2 = CH,0H > >
35 R' = All, R2 = CHO a7 a8
CH,0OBn
36 R'=H,R?= |-0Bn
o7<0 CH,OH CH,0H CHoOH
J OH HO HO
HO OH HO
o) CH=CH=~CO,;Me
R R R
o)
39 40 41 42
R= 0
HO
OH
OH
OH,OH

2.3.2 Chain-extension at the Reducing End - Catalytic osmylation of the D-
fructose-derived (E)- and (Z)-alkenes 39 gave, after reduction with LAH, a
mixture of D-glycero-D-galacto- (40) and p-glycero-D-ido-oct-4-ulose (41), and D-
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glycero-D-manno-oct-4-ulose  (42), respectively, as  precursors for
polyhydroxyindolizidines.>”® The synthesis of 2-(B-p-glycopyranosyl)-
nitroethenes and -nitroethanes from 2,6-anhydro-1-deoxy-1-nitroalditols is
covered in Chapter 3, and that of 7-deoxyheptose derivatives as rhamnose
mimics, using Kiliani ascent from 2,3-O-isopropylidene-L-rhamnose as the first
step, in Chapter 16. The synthesis of octono-1,4-lactones from heptoses by
Kiliani ascent is referred to in Chapter 6.

Preparations of various spiro-ketals have been reported: photolysis in the
presence of diacetoxyiodobenzene and iodine converted w-hydroxyalkyl C-glyco-
sides into [6.5]-, [5.5]-, [5.4}, and [4.4]-ring systems (e.g., 43 — 44).>**° Intramo-
lecular Friedle-Craft reaction of 6-O-acetyl-3,4-di-O-benzoyl-2-O-benzyl-a-D-
glucopyranosyl chloride, followed by oxidation of the benzylic methylene group
of the cyclic ether moiety and Zemplen deacylation gave lactone 45, which in
aqueous solution exists mainly as the hydroxy acid 46.*!

CH,OH
MeO lo) MeO o) [o) o)
Meyeo Mereo OH
(CH,)4OH HO
OMe OMe O
43 44
0
45
|
rr'r CO.H
OH

46

The key-steps in the synthesis of a part structure of the antifungal papula-
candin are shown in Scheme 5.4

CH,OTms Tips OTips
o)
OTms 0o ——-
TmsO CH,OTbdms
OTms OAc 47

Regents: i, 47, Bu'li, Et,0; ii, Amberlite (H*), MeOH; iii, Aco0, Py

Scheme 5
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3 Physical Measurements

A 21 page review on sugar-protein recognition and sugar binding in water and
non-polar solvents has appeared.*

The melting of a B-D-glucopyranose crystal and the vitrification of the melt-
fluid have been simulated by use of a molecular mechanics technique.** The
interactions between some carbohydrates (lactose, trehalose, cellobiose) and
water have been investigated by molecular mechanics and molecular dynamics
methods.*> Molecular mechanics simulations of aqueous trehalose have been
carried out to investigate the role played by this sugar as protecting agent against
water stress in biological systems.*®

Reports on the crystallization of sucrose (41 pp.),*” on the solubility of sucrose
in pure water, sugar-containing water and some other solvents (24 pp.),*® and on
the rheological properties of pure and impure sucrose solutions and suspen-
sions(28 pp.)** have been published.

Measurements of the enthalpies of solution of several crown ethers in aqueous
D-glucose indicated that the interactions between D-glucose and the crown ethers
are weak.’® Association constants between a number of monosaccharides and
pyrene have been calculated from the solubility of pyrene in aqueous solutions of
these sugars at various concentrations, and the hydrophobicity of the saccharide
solutions was estimated from the fluorescence spectra of the dissolved pyrene; the
two properties were found to be unrelated.>' The effects of solvent systems such
as aqueous DMSO, aqueous acetonitrile or aqueous methanol, on the relative
stabilities of complexes between sugars (e.g., D-ribose, D-arabinose, D-glucitol)
and lanthanide cations have been studied by thin layer ligand exchange chroma-
tography.>?

4 Isomerization

Some methods of metal ion-catalyzed chemical and enzymic isomerization
(Lobry de Bruyn-Alberda van Ekenstein rearrangement, epimerization at C-2
of aldoses, action of isomerases) of free sugars have been reviewed (136
refs.).>

A comparative study on the epimerization of D-glucose and D-mannose
catalyzed by water-soluble organometallic complexes with nitrogen ligands
showed that strong coordination of the ligand to the metal lowers the catalytic
activity. Thus, none of the complexes examined was as active as ammonium
heptamolybate.>* The mutarotation of D-fructose in aqueous ethanol (1:3 - 1:9)
has been investigated at temperatures between 24 and 50 °C. Increased ethanol
content has been shown to favour the furanose tautomers and to retard the
mutarotation of the furanose forms to B-p-fructopyranose.’> The GIcNAc
residue at the reducing end of tetrasaccharide 48, isolated from the lyase-
catalyzed degradation of heparin, epimerized to a b-mannose unit on standing in
0.25% aqueous ammonia and also under the conditions of isolation of the
tetramer.>®
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A-UA-(1->4)-a-D-GlcpNAc-(1—4)-B-p-GlcpA-(1 —4)-GicpNAc
48

5 Oxidation

Platinum catalysts supported on activated charcoal, with or without promoters
such as bismuth or gold, have been examined for selectivity in the air oxidation of
aqueous D-glucose and D-gluconate to glucarate.”’ Palladium(II) has been found
to inhibit the oxidation of aldoses by alkaline Fe(CNg)>",*® and by Ce(IV).*

Exposure of methyl a-p-glucopyranoside in aqueous solution at 50 - 75 °C to
oxygen at 15 - 20 bar in the presence of bismuth-rich ruthenium pyrochlore oxide
caused glycol cleavage; oxidation of the primary hydroxy! groups occurred only
to a minor extent and at a much slower rate. B-Cyclodextrin, on the other hand,
reacted non-selectively, and this catalyst was therefore declared unsuitable for the
controlled oxidation of starch to dicarboxylic acids.%’ Suspended nickel oxide is
believed to be the reactive species in the NiSOy4-catalysed oxidation of sugars such
as methyl a-D-glucopyranoside and B-cyclodextrin with sodium hypochlorite at
pH 10. Glycol cleavage was the main reaction, accompanied to ca. 20% by
primary oxidation.®'

Kinetic and/or mechanistic studies on the following processes have been
reported: the oxidation of several free sugars by diperiodatoargentate(III) in
alkaline media;%* the oxidation of D-glucose, D-mannose, D-fructose and L-
sorbose by Mn(III) in sulfuric acid;®® the hexacyanoferrate-catalysed oxidation of
p-glucose with ammonium persulfate;** the 1,10-phenanthroline-catalysed oxida-
tion of epidermic aldo- and keto-hexoses by Fe(III);*® the oxidation of D-glucose
by HOBr;® and the oxidation of several sugars (e.g., methyl and octyl B-p-
glucopyranoside, decyl B-maltoside) by catalytic [Ru(azpy)(H,0),]*" and
NaBr0,.5’

6 Other Aspects

A review (58 refs.) on the homogeneous catalytic hydrogenation of aldehydes and
aldoses in water and in organic solvents has been published.®® The homogeneous
hydrogenation of pD-glucose and pD-mannose by hydrogen transfer from triethyl-
amine/formic acid under catalysis by {Ru[tri(m-sulfophenyl)phosphine]} complex
(RuTppts) has been compared with the heterogeneous hydrogenation by H, over
a solid catalyst. Both methods were equally effective.%

p-Fructose and p-glucose gave the same products on degradation with aqueous
Ca(OH), at 100 °C. Glycosides of p-fructofuranose required temperatures of
130-140 °C and furnished similar degradation products in different proportions;
glycopyranosides (methyl D-glucopyranoside, o,o’-trehalose) were stable under
these conditions.”””" The effect of cations (Na*, K*, Mg?*, Ca®*, AI>*) on the
thermal degradation of concentrated aqueous sucrose solutions has been investi-
gated.”” In the reaction of guanosine with D-glucose, D-glucose 6-phosphate and
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D-ribose in the presence of propylamine, sugar degradation products are attached
to the amino group of the guanosine residue to form compounds such as 49,
several of which have been isolated in pure form.”

o}
CH,OH
” HO
HOCH, N N NH" “Me 4 OH
o HO—
—OH
OH OH —OH
49 CH,0H
50

The colour reaction of hexoses with substitited phenols in hot 75% sulfuric acid
have been studied.”

D-glycero-D-ido-2-Octulose (50), which constitutes 90% of the carbohydrate
content of the fully hydrated leaves of the plant Craterastigma plantagineum. has
been fully characterized by NMR analysis.”
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Glycosides and Disaccharides

1 O-Glycosides

1.1 Synthesis of Monosaccharide Glycosides — Three reviews have dealt with
this important subject.!"

Attention will now be given to the methods which are used in glycoside
synthesis and then to the types of glycosides produced.

1.1.1 Methods of synthesis of glycosides — D-Fructose treated with various
alkanols in the presence of silica-alumina cracking catalysts or acidic clay affords
the corresponding glycosides in the following yields: ethyl 100%, n-butyl 91%,
octyl 60%, decyl 51%, and dodecyl 40-45%. The B-pyranosides and the two
furanosides were obtained, the ratios commonly being 1:2:3, but this depends
upon the reaction times.* A direct way of making acetylated alkyl
fructofuranosides involves treatment of the sugar with the alcohols in the
presence of iodine (0.05 equiv.), followed by acetylation. Similarly, D-glucose
gave the furanosides in 66% yield and the polysaccharide inulin solvolysed under
these conditions again to give the fructofuranosides.” The use of long-chain
alkanes terminating in an a-diol in the synthesis of glycosides with promising
surfactant properties involved conversion of the diols to the cyclic sulfates.
Treatment of these esters with glucose in the presence of sodium hydride,
followed by neutralization with acid and O-acetylation gave separable o/f
mixtures of tetra-O-acetyl-pyranosides, the sugar being bonded to the terminal
alcohol group and the penultimate hydroxyl group being esterified.®

Mukaiyama and colleagues have continued their investigation into ways of
making specific ribofuranosides. 2,3,5-Tri-O-benzyl-D-ribofuranose, treated in
dichloromethane with alcohols and trityl tetrakis(pentafluorophenyl)borate in
catalytic amounts and excess of lithium ditrifylamide gave the furanosides, the
anomeric ratios of the products being impressively 99:1 in favour of the
a-isomers. One example was given of a primary sugar alcohol coupled in this
way.” The same starting ribose ether with the same trityl agent, now in
nitroethane and in the absence of the lithium salt, gave products with o/p ratios
as low as 5:95.% Reaction of 2,3,4,6-tetra-O-acetyl-a- and B-D-glucose with ethyl
1,2-dibromoethyl ether in dichloromethane in the presence of DBU at —78°C
gave, respectively, the a- and B- glycosides having 2-bromo-1-ethoxyethyl agly-
cons. In the case of both the a- and B-compounds the products were deacetylated
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and then could be resolved into the glycosides with the (R) and (S) configurations
within their aglycons. The O-acetylated derivatives treated with sodium iodide
and DMSO gave the corresponding 1-ethoxyethyl-2-iodo analogues; glucosidases
hydrolysed the deacetylated glycosides and gave a-bromo- and a-iodoacetalde-
hyde which reacted with, and ultimately destroyed, the enzymic activity.’
Glycosyl esters remain of importance as glycosylating agents and a useful one-
step procedure has been developed for the synthesis from them of glycosides
protected at all positions except O-2. This involves treating, for example, penta-
O-acetyl-B-D-glucopyranose with alcohols in the presence of boron trifluoride
etherate in the ratios 1:4:1.5. The allyl glycoside with free hydroxyl group at C-2
was obtained in 63% yield and similar results were achieved by use of penta-O-
acetyl-B-D-galactose and tetra-O-acetyl-B-D-xylose. In the case of tetra-O-acetyl-
B-p-ribofuranose yields of the order of 30% were recorded.'®!’ Mukaiyama and
co-workers have now applied their methoxyacetyl procedure to the synthesis of a-
fucosides. 2,3,4-Tri-O-benzyl-a-L-fucosyl methoxyacetate reacts with alcohols in
the presence of tin triflate to give 95% yields of glycosides with the a-configura-
tion. The procedure is applicable to the preparation of disaccharides and with a-
hydroxy-amino-acids.'> An improved method of making glycosyl trichloroacet-
imidates involves the use of catalytic tetrabutylammonium bisulfate. 2,3,4,6-
Tetra-O-benzyl-D-glucose afforded 96% of the a-ester.'® Tetra-O-benzyl-p-gluco-
pyranosyl trichloroacetimidates, whether «- or B-, reacted with alcohols in ether
containing lithium perchlorate to give moderate yields of glycosides with poor
anomeric selectivity. In the case of the corresponding a- or B-glycosyl phosphates
lower yields were obtained, but the stereoselectivity was better, particularly for
the formation of B-glycosides. The corresponding a-glycosyl bromide and
chloride showed little or no reaction, but the B-fluoride gave moderate yields with
some a-preference.'* When the O-benzyl protecting groups were then replaced by
acetates or pivaloates, the a- or B-trichloroacetimidates led to orthoester forma-
tion. Studies under these neutral conditions were also carried out with glycosyl
dibenzy! phosphates; moderate yields of B-glycosides were produced.'
Fraser-Reid has written a review on his research that involved 2,3-unsaturated
glycosides, and details of his synthesis of sucrose using a non-acidic glycal
rearrangement to attach a 2,3-unsaturated glycosyl unit to tetra-O-acetyl B-D-
fructofuranose were recorded. The paper also discusses the use of various
o-unsaturated alkyl glycosides in glycoside synthesis.'® Reaction of compound 1
with trimethylsilylated alcohols or thiols gave the adducts 2 under either acid or
base catalysis. Yields, however, were only in the 20-40% range. The reduction of
the products with sodium borohydride in methanol afforded ribo-configurated

CH,OAc CH,OAc 04\0
0 o) o
HO,
AcO % AcO XR X
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2-deoxyglycosides, whereas sodium borohydride/cerium chloride in methanol
gave the arabino-epimers.!”

Many of the glycosides and particularly disaccharides noted in this Chapter
have been made using thioglycosides. Phenylseleny! glycosides give O-glycosides
under photoirradiation (see Section 2 of this Chapter). S-Ethyl 1,3,4,6-tetra-O-
benzyl-2-thio-fructofuranoside, activated with DMTST or N-iodosuccinimide,
gave excellent yields of fructofuranosyl glycosides and disaccharides, the o-
anomers predominating whether o- or PB-glycosylating agents were used.'®
Related work by the same authors used Ogawa’s intramolecular approach which
involved incorporating at O-3 of the 1-thiofructofuranoside a p-methoxybenzyl
ether. This functional group in the presence of DDQ and alcohol gave a benzal
acetal on the thioglycoside which, on activation with DMTST, delivered the
alkoxy aglycon group from the B-direction. In this way compounds containing B-
p-fructofuranosyl residues were obtained in close to 80% yield.'? Stereoselective
syntheses of a-D-galactofuranosides were developed using the O-benzyl protected
S-ethylthio galactofuranoside as donor and N-bromoimides and N-bromoamides
as promoters.m

Usual activation of the Kahne phenyl sulfoxide glycosylation method is by use
of triflic anhydride, trimethylsilyl triflate, or triflic acid and methyl propiolate.
This, however, has been found to be unsatisfactory in cases of glycosylating
agents which do not have 2-deoxy groups. It has now been reported that triethyl
phosphite with catalytic amounts of triflic acid cause the reaction to give
disaccharide products in variable yields.?'

Considerable work continues to be done with glycosyl halides. Tetra-O-benzyl-
B-p-glucosyl fluoride reacts with simple alcohols in the presence of ytterbium
triflate in acetonitrile to give glycosides with high B- to a-ratios. When ether is
used as solvent a-selectivity is observed. The use of a sugar primary alcohol
trimethylsilyl ether in the presence of lanthanum perchlorate afforded 94% of
disaccharide, the o/p ratio being 3:1.22 Tetra-O-benzyl-a-D-glucopyranosyl
fluoride with L-menthol trimethylsily! ether in the presence of dimethylgallium
chloride in dichloromethane plus various additives gave good yields of glycosides
with the B-compounds predominating, their ratios depending upon the nature of
the additives. Dicyclopentadienylzirconium chloride gave an o/p ratio of 1:5.2
Some glycosylations using 2,3,4-tri-O-chlorosulfonyl-B-L-fucopyranosyl chloride
with silver salts as promoters, in contrast to previous reports, have resulted in the
B-glycosides. The corresponding B-D-xylopyranosyl chloride afforded mainly a-
compounds which makes the rationalization of the results difficult.** Reaction of
acetobromoglucose with the zinc salts of alcohols or thiols gives, as expected,
mainly B-products.?® ‘Normal’ acetohalogen sugars with alcohols in the presence
of iodine (1.5 mol. equiv.) and DDQ (0.75 mol. equiv.) afford good yields of,
again, the normal glycosides, that is, for example, the B-galactosides and a-
mannosides.?® 2,3,4-Tris-(trimethylsilyl) a-L-fucopyranosyl iodide, generated in
situ using trimethylsilyl iodide, on treatment with alcohols in the presence of a
base, gave the a-fucopyranosides (including disaccharides). No further activator
is required, and the reaction proceeds with simple alcohols and with sugar
secondary alcohols.”’
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Isopropenyl and other substituted vinyl glycosides are increasing in significance
as glycosylating agents. The isopropenyl compounds have been described as
being stable to storage, activatable by electrophiles, and suitable as precursors of
glycosides in the D-gluco- and D-galacto- series. Under conditions that retard the
formation of glycosyl carbocations (weak electrophiles, non-polar solvents,
electron withdrawing O-protecting groups) additions to the vinyl ether double
bond compete with glycosylation processes.® A full paper from the preliminary
Tetrahedron Lett., 1994, 35, 3593 gives details of the isomerization of the aglycon
of tetrabenzyl B-p-glucopyranosyl glycoside of but-1-en-3-ol. Rearrangement
with a rhodium salt affords the but-2-en-2-ol glycoside which gives good yields of
disaccharides with primary or secondary sugar alcohols in the presence of
trimethylsilyl triflate. The B-anomeric configuration is appreciably favoured.?
The same but-2-en-2-0l glycosides, treated with dibenzyl phosphate in the
presence of NIS and trimethylsilyl triflate as activators, afford the corresponding
glycosyl phosphates.®® Boons and colleagues have reported that a range of
1-substituted prop-l-en-1-ol glycosides can be made from the corresponding
1-substituted allyl compounds by use of tris(triphenylphosphine)rhodium
chloride/butyl lithium.*' Furanosyl pent-4-enyl glycosides in the D-glucose,
D-galactose and D-mannose series have been used in the preparation of corre-
sponding furanosides, including a 1-glyceryl derivative.*

The glycosidation reaction which depends upon the condensation of sugar 1,2-
O-cyanoalkylidene derivatives and tritylated acceptors continues to attract the
attention of Kotchetkov and colleagues. The rate-determining step of the
condensation has been shown to be the reaction between the donor and the
triphenylmethyl cation.>* The stereochemical outcome of the reaction is depen-
dent upon the concentration of trityl perchlorate used as catalyst. A new
mechanism for 1,2-cis-glycoside formation by this method was proposed.>* The
nature of the O-protecting groups used in the acceptor also has an effect on the
anomeric ratio produced.*’

Vasella and co-workers have published further on their glycosylidene glycosi-
dation procedure and have carried out important studies on the effect of
hydrogen bonding on glycosylations occurring on compounds 3. They found
that with X = F, 59% of the B-glycoside formed was at position b, whereas when
X was hydrogen 38% reaction occurs at this position. The sites of glycosylation
depend upon the extent of intramolecular hydrogen bonding, this bonding
favouring the hydroxyl groups involved.>®

Extensive interest in the use of enzymes in glycoside synthesis continues, and
two reviews have been produced on the subject.>”*® Studies have been reported
on the reaction between glucose and alcohols catalysed by B-glucosidase,* and a
specific synthesis of n-octyl f-D-glucopyranoside has been reported. The proce-
dures involved a heterogeneous system with high glucose concentrations and
yielded up to 58% product.*° (Z)-But-2-en-diol has been converted enzymically to
the mono-B-glucopyranoside which was acetylated. Chemical epoxidation then
gave a 1:1 mixture of the diastereoisomers and a specific lipase allowed the
production of the tetraacetylated glucoside of the 4-hydroxy-(2R)(3S)-epoxide in
90% yield. This therefore affords a method of making the glucoside of the
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enantiomerically pure epoxide.*! Enzymic glucosylation of racemic 1-hydro-
xyethylbenzene can be effected with enantioselectivity according to the enzyme
that is used. An example is given of an enzyme which reacts with the (S)-alcohol
and another that reacts with the (R).*> Allyl B-p-galactopyranoside was obtained
in 38% yield as the only product starting from lactose and allyl alcohol using a
streptococcal B-galactosidase.®> Using the same enzyme the same workers
produced 2-fluoroethyl B-D-galactopyranoside in yields up to 55%.% A non-ionic
lipid coated B-p-galactosidase has been used to catalyse transgalactosylation
from p-nitrophenyl B-D-galactopyranoside to alcohols in diisopropyl ether.
Various primary, secondary and tertiary alkanols and 5-phenylpentanol were
used.*> Other papers have been published on the enzymic production of alkyl
B-D-xylopyranosides,*® and methyl fructoside made using p-p-fructofuranosidase
with sucrose as a source and methanol as substrate.*’

1.1.2 Classes of glycosides — A review in Chinese on the subject of synthesis of
B-pD-mannopyranosides has appeared.*® A newer procedure involves the coupling
of alcohols in the presence of triflic anhydride and a hindered base with the
sulfoxides derived from S-ethyl 3-O-benzyl-4,6-O-benzylidene-2-O-t-butyl-
dimethylsilyl-1-thio-a-D-mannopyranoside. In the case of primary alcohols,
yields were greater than 80% and selectivities greater than 10:1 in favour of B-
anomers. With secondary alcohols, selectivity was much lower.*
Transmannosylation with an Aspergillus niger enzyme using mannobiose as
source allowed the preparation of alkyl B-D-mannopyranosides in yields up to
81% for the methyl compound. Yields dropped with increase in alkyl chain
length, but the octyl compound was made satisfactorily.>

In the area of amino-sugars, D-glucosamine pentaacetate, used with 2 equiva-
lents of acceptor and camphorsulfonic acid as catalyst with azeotropic removal of
acetic acid, gave good yields of B-glycosides. The 4-pentenyl glycoside was made
with 86% efficiency.’! A comparison of the N-phthalimido and N-2,2,2-trichlor-
oethoxycarbonyl (Troc)N-protecting groups for glucosamine and galactosamine
glycosyl donors, including the glycosyl acetate, bromide and S-ethyl glycosides,
showed that normally the Troc-protected donors gave B-glycosides in higher
yields than the phthalimido compounds. The trichloroethoxycarbonyl (Troc)
group can be removed using zinc.>> T. Ogawa and colleagues have used the 4,5-
dichlorophthaloyl group for amino protection in the case of an S-methyl B-
thioglycoside of glucosamine which yielded B-thioglycosides. Ethylenediamine or
hydrazine in methanol can be used to remove it.>* 3,4,6-Tri-O-benzoyl-2-benzoyl-
oximino-2-deoxy-a-D-/yxo-hexopyranosyl bromide has been used in the synthesis
of a-D-talosaminides; the «-linked L-serine glycoside and disaccharides were
described.>* Butyl 2-acetamido-4,6-O-benzylidene-2-deoxy-3-O-lactyl-B-p-gluco-
pyranoside was coupled with a dipeptide via the carboxylic acid group to give
butyl 2-acetamido-2-deoxy-muramoyl-L-alanyl-D-isoglutamine.’ >

The glycosylating L-iduronic acid derivatives 4 and 5 proved to be equally
effective as donors and were much better than the corresponding S-ethyl or §S-
phenyl thioglycosides or glycosyl fluorides.’® The uronosides 6 and 7, which are
anionic surfactants derived from glucose, are inhibitors of HIV.>
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In the area of aryl glycosides a novel electrochemical method of synthesizing
such compounds by cathodic reduction of glycosyl halides has been applied to
phenols and polyhydroxyphenols and gave encouraging yields and product
stereoselectivity.”® A set of p-substituted phenyl B-p-glucopyranosides were
produced from the corresponding phenols and penta-O-acetyl-B-pD-glucopyranose
using boron triftuoride as catalyst,” and phenyl B-p-glucopyranosides carrying
variously substituted p-amino groups were examined as potential anti-HIV
agents.%’ a-D-Mannose has been linked to several substituted biphenyls to give
glycomimetic selectin inhibitors,’ and glucuronide 8 has been made by the
trichloroacetimidate method as a drug metabolite.®? Other specific compounds to
have been prepared are the mono-B-p-glucopyranoside of 9,10-dihydroxyphenan-
threne,> and a range of B-p-glucopyranosides of various substituted tropo-
lones.** The thiazole derivative 9 was used in the preparation of ulosonic acid-
derived ‘calixsugars’ of the type 10.5°
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OBn OPr OPr 2 OH
9 10

Addition to various glycals of pentane-2,4-dione-3-thione in pyridine gave
hetero Diels-Alder adducts of the type 11.°¢ On methylenation these compounds
gave the dienes, e.g. 12, which ring-opened on treatment with alcohols in the
presence of triflic acid to give 2-thio-compounds which, on reductive desulfuriza-
tion, afforded 55-95% yield of B-2-deoxy-glycosides including disaccharides
(Scheme 1).7
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Scheme 1

Considerable attention is being turned to synthetic compounds with more than
one monosaccharide substituent, and branching structures of the dendrimer type
are becoming popular. Reactions of ‘pentaerythritol tetrabromide’ with B-D-
glucopyranosyloxyalkanoic acid cesium salts have been used in the synthesis of
compounds with structure 13.°® Tri-a-D-mannosylated clusters were made as
photoaffinity ligands for mannose-binding proteins by glycosylating temporarily
mono-protected pentaerythritol. Linkages were direct or via spacer groups
including one carrying a diazirine unit.** Dendrimers of the type 14 and more
complex related materials containing up to 18 terminal sugars have been
described,”® and related compounds containing a-D-mannopyranosyl units are of
interest because of their potential bioactivity linked to their likeness to high-
mannose glycoproteins. Compound 15,”! as well as related materials akin to the
‘monomeric’ parts of structure 15, terminating in a carboxylic acid on the
unglycosylated aromatic ring, inhibit the binding of concanavalin A to yeast
mannan.”? By use of tetra-O-acetyl-o-pD-mannopyranosyl isothiocyanate the unit
16 has been produced and combined in pairs and in triplets to give mannose-
terminated dendrimer compounds.”® Solid phase coupling of O-protected 5-
hydroxypentyl a-D-mannopyranoside has led to compound 17 in work related to
antisense nucleic acid segments.74

i ﬁ
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Descotes and co-workers have reported further examples of ‘bolaforms’, for
example 18, produced by metathesis coupling of the aglycons of corresponding
glycosides having terminal alkene units, the coupling being catalysed by a
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tungsten complex.”® ‘Ring opening metathesis polymerisation’ allowed the pre-
paration of ‘neoglycoproteins’ based on vinyl-linked tetrahydrofuran 3,4-dicar-
boxylic acids esterified to D-glucose or D-mannose units by way of two-carbon
spacers. The products (both O- and C-glycosides) were tested for their specifity in
binding with concanavalin A.”®
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Reference to the synthesis of glycosides of 3,6-dideoxyhexoses, the 3-deoxy
groups being introduced by reductive ring opening of cyclic sulfates, is made in
Chapter 12.

1.2 Synthesis of Glycosylated Natural Products and Their Analogues — Very
appreciable interest remains in glycosides having functionalized acyclic aglycons.
Dimeric coupling of derivatives of compound 19 led to 20, the core portion of
cycloviracin By, which is a recently discovered anti-herpes compound.”’
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Several analogues of 3-O-B-D-glucopyranosyl-1-O-hexadecyl-2-O-methyl-sn-
glycerol with different substituents at C-2 of the glycosyl unit were prepared as
analogues of the anti-tumour glyceride compound edelfosine.”®”® Specifically
deuterium-labeled diastereoisomers of dipalmitoyl-1-B-p-glucopyranosyl-1-thiol-
sn-glycerol have been reported.’’ New surfactants having glycosyl units at O-1
and O-3 and long-chain alkyl substituents at O-2 have been described,®' as have
analogues with a C-alkyl chain rather than an 0O-alkyl chain at C-2 of a propane-
1,3-diol unit.¥? 2-0-B-p-Glucopyranosylglycerol carrying a range of long-chain
acyl substituents at O-1 is described in Chapter 7. Tatsuta and Yasuda have
reported the synthesis of caloporoside, 21, which is based on B-pD-manno-
pyranosyl-(1-5)-mannitol and is a phosphorylase C inhibitor.®* The deacetylated
compound has also been described, it being an inhibitor of the GABA, receptor
ion channel.®** The simple B-p-mannopyranoside having the sugar linked to the
non-carbohydrate acyclic feature of the molecule has also been prepared.®®

Various cerebrosides to have been reported are the B-np-glucopyranosyl com-
pound which is the major component of Penicillium cerebrosides,’® an a-
galactosylated cerebroside, the ceramide asymmetric parts of which were made
from lyxose, which is described in Chapter 24, and the B-galactosyl compound 22
which shows anti-viral activity.®’

The synthesis of glycoconjugates by chemical and enzymic methods has been
the subject of a review in Japanese.®® p-Glucosamine has been B-linked to the
hydroxy! position of serine and threonine using N-dithiasuccinoyl protection of
the amino group introduced by treatment with (EtOCS),S.% a-Fucosylation of
these amino acids has been effected by use of the sugar tetraacetate, Fmoc amino
protection and boron trifluoride catalysis,”® and a-fucosylthreonine has been
peptide-linked to hydroxythreonine and then glutaric acid to give a siale”
mimic.”! N-Acetylgalactosaminyl-substituted threonine has been obtained by
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lipase hydrolysis of its (methoxyethoxy)ethyl ester.”? In the field of glycosyl
peptides compound 23 has been prepared to represent a new class of glycopepti-
domimetic compounds and is based on an N-substituted oligo-glycine.”® Other
peptide compounds to have been prepared are a B-pD-glucopyranosyl serine which
was amide-linked to a nitrogen-containing chromophore, the product being used
to study the influence of glycosylation on elementary structural units involved in
protein folding.®* B-p-N-Acetylglucosamine linked to serine has been incorpo-
rated into a phosphorylated hexapeptide representing glycosylated fragments of
the large sub-unit of mammalian RNA polymerase I1.”° The galactosyl tripeptide
derivative 24, during de-O-acetylation, underwent epimerization and B-elimina-
tion to give 25.%® Various L-fucosylated threonine-containing oligopeptides and
related compounds have been synthesized as liposome-like mimics for siaLe*.
Several were found to be good inhibitors of SLe*-binding to E-selectin.””*® A
variety of oxime-linked glycopeptides were prepared using the hydroxylamine
derivatives 26 (R = H) and free sugars to give glycosylated compounds of
structure 26 (R = glycosyl). Monosaccharides, glucobioses and glucotrioses were
used in the work.”

In the area of glycosylated cyclitols and related compounds, the glucosaminyl-
allosamizoline 27 has been made largely by the Danishefsky approach,'® and
2,6-di-O-(a-D-mannopyranosyl)-D-myo-inositol derivatives 28 have been re-
ported.'®! The glycosylated episulfide 29 has been described and was prepared by
glycosylation of an alcohol derived ultimately from p-glucose.'®” A related
compound which inhibited binding of E-selectin to siaLe* is zrans-cyclohexane-
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1,2-diol carrying an o-L-fucosyl unit and a 4-benzyloxy-3-(3-carboxyethyl)phenyl
as hydroxyl substituents.'®® Reaction of tri-O-acetyl-2-phthalimido-D-glucal with
a monohydroxy deoxyinositol phosphate ester in the presence of boron trifluoride
gave a 2,3-unsaturated inositol phosphate for use in the synthesis of anchor
compound analogues.'®
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In the field of steroidal glycosides several syntheses have been reported: that of
some analogues of blattellastanoside A, the steroid aggregation pheromone of the
German cockroach,'®® a tri-O-acetyl-a-L-thamnopyranosyl derivative of stro-
phanthidin which showed, on deacetylation, cardiotonic activity,'® and the p-b-
glucopyranoside of 3-a-(2'-hydroxyethoxy)-cholest-5-ene.'”” Glycosides to have
been made from triterpenes are: B-glucosides of oleanolic and ursolic acid,'®
2-deoxy-a-D-glucosides of glycyrrhetic acid and allobetulin (from triacetyl D-
glucal),’® rhamnosides of 20,24-epoxycycloartane-16p,25-diols,''® 14 synthetic
mono- and disaccharide bufalyl glycosides with anti-viral and cytotoxic activ-
ities,'!! and B-p-glucopyranosides of 20(S)-protopanaxidiol obtained by the
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alkaline hydrolysis of ginsenosides.''? Rhamnosylated derivatives of cyclosiver-
siosides A and H have also been described.'!?

A variety of ring A fluorinated anthracyclines, for example 30, were synthesized
either by glycosylation of fluorinated aglycons or by modification of the aglycons
of daunorubicin or idarubicin, and their antitumor properties were evaluated.!'*
In related work, 4-demethoxy-6,7-dideoxydaunomycinone analogues, for
example 31, have been synthesized.'"”

OAc (o]
9Jeeex

Me
HO
NHCOCF3;

O
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Quercetin 7-O-glucoside has been prepared by an electrochemical method
involving the use of lithium perchlorate in acetonitrile as electrolyte,''® two
papers have described the preparation of glucosides of isoflavones,'!”-!!® the
influence of the glycosyl group on the chemical reactivity of 3-glycosylated
flavylium ions has been investigated,'' and selective chemical glucosylation of
4,7-dihydroxycoumarin has been described.'?

Interest remains in glycosides of N-heterocyclic compounds. 4'- And 5'-O-(a-D-
glucopyranosyl)pyridoxine were prepared in 1:1 ratio by use of an a-glucosi-
dase.'”' In the area of bicyclic nitrogen heterocycles, compounds 32, benzoxazi-
noid glycosides of Gramineae, were prepared by use of a trichloroacetimidate,'?
and the biopterinyl glucoside 33 was made by enzymic methods in an investiga-
tion of the biosynthesis of tetrahydrolimipterin which was isolated from Chlor-
obium limicola.'® Several iridoid glycosides, for example 8-epi-loganin, have been
used to make pyridine monoterpene alkaloids, for example 34, following degluco-
sylation with P-glucosidase.'® A series of 2-hydroxy-1,2-dihydroacronycine
glycosides, for example 35 (with R = 2,6-dideoxy-u-L-arabino-hexopyranose),'**
have been made and their effects on the inhibition of L1210 cells were evaluated.

Several aryl glycosides which are closely related to natural products have been
made, for example B-D-glucopyranosides of various mono-lignol derivatives of
the type 36 which were easily produced from the relevant hydroxybenzaldehydes
condensed with monomethyl malonate.'?® Several 4'-deoxyphlorizin glycosides,
for example 37, were prepared, the illustrated compound being a promising
inhibitor of the sodium-glucose co-transporter and hence a potential anti-diabetic
drug.'”” The glucuronide metabolite 38 of an antilipidemic drug was prepared
using an acylated glycosyl bromide.'*®
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B-p-Glucopyranosides of p-hydroxyacetophenone, o-hydroxycinnamic acid
and fluorescein (i.e. 39) were made in good yields from the aglycon alcohols using
high concentration plant cell cultures.'?® Several other benzene-ring-containing
glycosides have been described. While the caesium salt of phenylpyruvic acid, on
treatment with acetobromoglucose, led to the glycosyl ester, the methyl ester of
the acid reacted under basic conditions to give the enol glycoside (Scheme 2). In
both cases the (Z)-isomers were initially formed as illustrated, and both isomer-
ized to the (E)-forms on photolysis in methanol. Compound 40 is an acetate of a
natural product isolated from the leaves of Aspalathus linearis.">* The unusual
glycosylating agent 41, used with the corresponding alcohol and boron trifluoride
etherate as catalyst, afforded a route to etoposide A 42.'*! Various derivatives of
this compound having acyl groups — some containing N-heterocyclic moieties —
on the phenolic hydroxyl group have been reported.'*?
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1.3 O-Glycosides Isolated from Natural Products — Although, as always, many
new naturally-occurring glycosides have been characterized, this year few invol-
ving novel features in the carbohydrate component have been described. Excep-
tions are the observation that extraction of frozen fresh leaves of Cerbera
manghas yields B-p-glucopyranosides of cyclo-pentano-terpenoids, while similar
treatment of dried leaves gives B-pD-allopyranosides. The explanation has not been
found.'3* The fused-ring glycoside ester 43 was obtained following acetylation of
a product isolated from the rhizome of Curculigo capitulata. It is not clear how
many of the acetyl groups occur in the natural product.'>* The new chromone
glycoside 3-O-a-L-rhamnopyranosyl-3,5,7-trihydroxychromone isolated from
Smilax glabra, has been structurally characterized by 2D INADEQUATE NMR
and molecular modelling procedures.!’

1.4  Synthesis of Disaccharides and Their Derivatives — A review in Japanese has
described convenient syntheses of di- and trisaccharide units which are involved
in molecular recognition events. In the main it relates to enzymic methods.'>¢

In the field of non-reducing disaccharides coupling of sugars protected at all
hydroxyl groups except those at the anomeric centres by use of trimethylsilyl
triflate and molecular sieves causes dehydration to give non-reducing disacchar-
ides, the products being very dependent upon the sieve used. Davison SP 7-8461
gave best results and favoured a-linked products. Thus 2,3,4,6-tetra-O-benzyl-D-
glucose gave the a,a-, a,B- and B,B-trehaloses in 76% overall yield, the ratios
being 2.8:1.0:0.1. With 2,3,5-tri-O-benzyl-p-arabinose only the a,a-furanose
compound was produced. Likewise 4,6-di-O-acetyl-2,3-dideoxy-D-erythro-hex-2-
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enose gave the a,a-disaccharide exclusively.!>? 3-O-Acetyl-2,4,6-tri-O-benzyl-1-O-
trimethylsilyl-B-D-galactose coupled with tetra-O-benzyl-a-D-mannopyranosyl
fluoride with boron trifluoride etherate as activator gave a fully substituted B-D-
galactosyl a-pD-mannopyranoside which was used to prepare the 3-O-glycolyl
ether with the substituent in the galactosyl moiety.'®

Enzymic methods were used to link a-D-glucopyranose to the anomeric
positions of «-D-lyxopyranose and B-p-xylulose.!* Various dichloro-dideoxy
sucroses and products derived by selective nucleophilic displacement of single
chlorine atoms are referred to in Chapter 8. Trehalose derivatives carrying long-
chain branched fatty acid residues are referred to in Chapter 19.

As far as reducing disaccharides are concerned, many of the synthetic
procedures referred to at the beginning of this chapter are relevant, but the
literature contains examples of such syntheses using newer procedures. A novel
intramolecular approach relies upon the removal of carbon dioxide from
diglycosyl carbonates. Several examples have been described including that from
the disaccharide analogue 44 which, on treatment with trimethylsilyl triflate,
afforded 67% of mixed glucobiose anomers, the maltose and cellobiose deriva-
tives being produced in the ratio of 42:58. In the case of the preparation of the
l,6-linll‘(‘gd analogues the yield was increased to 85%, and the a/f ratio was
32:68.

A systematic investigation of the use of glycosyl acetates with trimethylsilyl
triflate as activator in disaccharide synthesis has been conducted.'*!

The cationic heterocyclic aminals 45 are novel glycosylating agents. Compound
45 (R = H, X = (), treated with allyl 4,6-O-benzylidene-a-D-glucopyranoside,
afforded 90% of the a-(1—2)-linked kojibiose derivative.'*? Tetra-O-benzyl-a-D-
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glucopyranosyl diphenylphosphate in acetonitrile containing lithium perchlorate
and lithium iodide gave the B-glycosyl iodide as intermediate which, with methyl
2,3,4-tri-O-benzyl-a-D-glucopyranoside, afforded 54% yield of the 1,6-linked
glucobioses, the o/p ratio being 2:1. In the absence of the iodide the glycosyl
phosphate itself gave 83% yield, the o/p ratio being 1:3.'** DCC-coupling of the
maltose glycoside 46 gave 28% of the cyclic dimer, a so-called ‘glycophane’.'**
Reaction of methyl 2,3,4,6-tetra-O-methyl-a-D-glucopyranoside with 1,5-
anhydro-2,3,4-tri-O-methyl-pD-glucitol and the 2,3,6-trimethyl isomer in the pre-
sence of trimethylsilyl triflate gave 1,6- and 1,4-linked products, respectively,
indicating that reductive cleavage studies of permethylated polysaccharides using
this reagent together with triethylsilane can give rise to trans-glycosylation with
coupling between the released anhydroalditol and reducing sugar derivatives.'*
The previously described O-acylated-O-maltosyl tyrosines (J. Chem. Soc., Perkin
Trans. 1, 1993, 2119) have been incorporated, using solid phase peptide synthesis
procedures, into a long-chain peptide related to glycogenin.'*® Tetra-O-benzyl-p-
glucopyranosyl fluoride, coupled with 2,3,4-tri-O-acetyl-D-glucopyranosyl
fluoride in the presence of the activating dicyclopentadienylhafnium dichloride
and silver chloride, gave the 1,6-linked products in o/p ratio 2:1, indicating that
the disarming concept relating to the acetate function at C-2 of the latter fluoride
was in operation.'*” Different dicaproyl esters of gentiobiose, representing non-
peptide antagonists for atrial natriuretic peptide receptor, have been made.'®
1,3-Dipolar addition of peracetyl B-cellobiosyl azide to acetylene dicarboxylates
gave N-cellobiosyltriazoles, and similar derivatives were made from lactose and
melibiose.'*® B-Cellobiose having acetylenic C-substituents at positions 1 and 4’
have been reported.' (See also the C-glycoside Section 3.1)

Immobilised glucoamylase in the presence of organic solvents can be used to
produce e.g. maltose, isomaltose and panose.'>*?

Solid phase procedures have been used to link a-D-Glc-(1—-2)-B-D-Gal via a
spacer arm to a 13-amino-acid peptide to give an analogue of the immunodomi-
nant T cell epitope of type II collagen.!”! Likewise solid phase coupling gave
access to B-D-Gle-(1-6)-D-Gal.'*? Enzymic procedures were used to link glucose
to O-4 of 6-deoxy-D-glucose, D-mannosamine and D-mannose with B-anomeric
linkages,'>* to L-rhamnose via an a-1,4-linkage, the source of the glucose being a
cyclodextrin,'** to p-arabinose by way of an a-1,3-linkage,'*> and methyl p-p-
arabinofuranoside with an a-1,5-bond.!*

Trichloroacetimidate technology was used to link a glucose moiety to a D-
fucoside en route to compound 47 which is a derivative of the macrolactone
disaccharide segment of tricolorin A a Mexican plant product with inhibitory
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properties on growth of other plants.'”” Two enzymes were used to assist in the
synthesis of B-p-Glcp-(1-+3)-D-GalNH,.!*®

Hepta-0O-acetylmaltal, on treatment with a cynoethylcopper derivative in the
presence of boron trifluoride was converted to compound 48 in 67% yield. This
novel reaction is referred to further in Chapter 13.'>°

Considerable interest continues in the synthesis of galactose-containing dis-
accharides, almost all for reasons associated with their biological significance.
6-Hydroxyhexyl B-D-galactopyranoside has been made in 48% yield from the free
sugar by an enzymic method, and the product was then used to prepare a-D-
Galp-(1-4)-B-p-Gal as the 6-hydroxyhexyl glycoside by chemical coupling.'®
a-D-Galp-(1 —6)-D-Gal B-linked to O-1 of glycerol suppresses the inhibitory effect
of the 6-sulfate of glyceryl a-D-glucopyranoside on yeast a-glucosidase.'®' The
T-antigen B-D-Galp-(1—>3)-D-GalNAc continues to excite interest and the glyco-
sylating agent 49 has been described as an excellent donor for a-linking the
disaccharide to serine or threonine.'®? Three reports have appeared on the

synthesis of the disaccharide a-linked to amino acids and peptides.'¢*>'6>
CH,0Ac Ph—(OCHz
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Enzymic methods appear to be particularly useful for the synthesis of N-
acetyllactosamine: a new three enzyme reaction sequence uses sucrose synthase,
UDP-glucose 4'-epimerase and B-(1—4)-galactosyl transferase and gives the
product with in situ regeneration of UDP-glucose and UDP-galactose. A
repetitive batch technique gave yields as high as 57%.'%® Two groups have used
lactose as donor and the B-galactosidase of Bacillus circulans, and in the course of
the work have also transferred galactose to other monosaccharides.'¢”'®® Related
work used various f-galactosidases, p-nitrophenyl B-D-galactopyranoside as
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donor and N-acetylgalactosamine was also used as an acceptor. The B-(1-—4)-
product was mainly obtained with N-acetylglucosamine, but with the galactosa-
mine (1-3)-, (1-4)- and (1—6)-products were also formed.'®® S-Ethyl 6-O-
benzyl-1-thio-glucosaminide and N-phthalimidoglucosamine S-ethyl thioglyco-
side were used as acceptors in related enzymic preparations.'™

Random chemical galactosylation using the trichloroacetimidate method of a
B-glycoside of N-acetylglucosamine gave all possible disaccharides without the 6-
linked products dominating, suggesting that useful libraries could be made by
this procedure.'”!

S-Ethyl 1-thio-B-pD-glucopyranoside as acceptor in further enzymic work has
led to yields in the 30-40% range of the lactose thioglycoside together with small
proportions of the (1 —6)-linked isomer. In the course of the work galactose was
also transferred to the S-ethyl a-thioglucoside, the corresponding B-thiogalacto-
side, P-thio-N-acetylglucosaminide and B-thioxyloside.'’? Lactoses labelled at
C-1, C-2 and C-6 of the glucose moieties have also been made enzymically.!”®

3-0-Acetyl-2,2',6,6'-tetra- O-benzoyl-3',4’-O-isopropylidene-a-D-lactosyl tri-
chloroacetimidate has been advocated as a lactosyl donor for higher saccharide
synthetic work.'” A lactosyl ceramide containing a hydroxymethylene group
as the inter-sugar unit has been described.'”® B-2-Aminoethyl lactoside carrying
a sulfate ester at O-3 of the galactose moiety was coupled via the amino group
to the carboxylic acid group of peptides to give selectin-targeted glyco-
peptides.'’® In related work lactose was converted into the spacer-linked
diglycine derivative 50 and this was then polymerized to give a set of flexible
poly-N-linked lactosylglycines.'”” The biotin-containing lactose derivative
bearing a chromogenic diazine, 51, which is a photoprobe for GM; synthase,
has been described.!”®
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Lactosides and 1-thiolactosides with long chain amide-containing aglycons
which mimic lactosylceramides have been made as substrates for endo-glycosyl
ceramidases,'”® and related lactosylamines carrying N-acetyl and N-alkyl (octyl,
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decyl) substituents, which were made in two steps from lactose, have been made
as a new set of surfactants. '3

Reaction of fully etherified 1,6-anhydrolactose with Lewis acids, e.g. antimony
pentachloride, caused polymerization to give a ‘comb-shaped’ product based on
an a-1,6-linked glucose backbone with B-p-galactosyl substituents. '8!

By use of galactofuranosyl pentabenzoate B-nD-Galf-(1 »4)-D-GlcNAc, a trypa-
nosomal glycoprotein component, has been made.!®? The isomeric B-p-Galp-
(1-n)-p-Xyl has been produced enzymically; the 2-, 3- and 4- substitution ratios
being 8.6:1.4:1. The synthesis could be carried out on a multigram scale using
lactose or o-nitrophenyl B-p-galactopyranoside as donors.'®3 Glycolipids derived
from lactonamide and containing two long chain alkyl groups with three amino
acid residues between the hydrophilic and hydrophobic parts have been made. '8¢

The synthesis of mannopyranosides seems to be particularly suitable for the
application of intramolecular glycosylation methods, and Stork’s group has
continued to contribute in this area. Connection of an S-phenyl thiomanno-
pyranoside sulfoxide, O-protected at all positions except C-2, separately to
monohydroxy carbohydrates by way of dimethylsilyl bridges, and activation of
the sulfoxides using triflic anhydride, has given good access to a range of 2-, 3- or
6-hydroxy-connected mannosyl disaccharides. In the case of (1—4)-linked com-
pounds lower yields were obtained, and in the course of this part of the work
compound 52 was made. When treated with triflic anhydride, instead of giving
the expected 4-linked disaccharide, this bridged product afforded an unusual
tricyclic compound, 53, in 82% yield. This, treated with tetrabutylammonium
fluoride, afforded the 6-O-B-D-mannopyranosyl glucopyranoside having free
hydroxy groups at C-4 and C-2"."%° In related work a phthalic diester bridge was
used to connect O-6 of S-phenyl tri-O-methyl-1-thio-a-D-mannopyranoside with
0O-2 of methyl-a-p-glucopyranoside silylated at O-6, and activation with N-
iodosuccinimide caused coupling of the unprotected O-3 to the mannosyl
anomeric centre. Following acetylation, the o-1,3-linked disaccharide derivative
54 was obtained. A further case involved phthaloyl-linking of the O-6 groups of
the same mannothioside and methyl 2-O-benzoyl-a-D-glucopyranoside, and the
result was the preparation of the a-(1—4)-linked mannosyl glucoside in 72%
yield. The sites of the spacer linkages and the reaction temperatures affected the
selectivities of the reactions.'8®

A straightforward Konigs-Knorr glycosylation reaction to produce «-pD-Manp-
(1-2)-a-D-Man was deemed to be less expensive and less time-consuming than
the preparation of this compound by enzymic methods.'®” A new specific 1,2-a-
mannosidase isolated from Aspergillus phoenicis, however, could change this
situation. With its use yields of 20% of the disaccharide, 8% of the corresponding
trisaccharide and 3% of the tetrasaccharide were reported.'®® Significantly, B-
selective mannosylation was achieved, by use of 2,3,4,6-tetra-O-benzyl-a-D-
mannosy! fluoride, of carbohydrate primary alcohols in the presence of tin triflate
and lanthanum perchlorate. A Man-(1—-6)-GlcpOMe derivative was obtained in
97% yield with the o/p ratio 26:74, and similar selectivities were achieved on
forming 1,6-linkages with mannose and galactose acceptors. When secondary
alcohols were used, however, the reaction favoured a-products slightly.'®
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O-Substituted S-ethyl 1-thio-B-pD-fructofuranoside derivatives activated with
IDCP led predominantly to a-linked disaccharides, the 6-substituted galactose
being produced in high yield with exclusively o-linking.'*°

In the area of amino-sugar disaccharides deprotection of tetrachlorophthali-
mido groups has been effected by Merrifield resins carrying alkylamino substitu-
ents, and the procedure has been applied to making a derivative of methyl 6-O-
(2-amino-2-deoxy-B-D-glucopyranosyl)-a-D-glucopyranoside.’®'  The glycosyl
donors 55 and 56 containing trichloroethoxycarbonyl-protected amino groups,
on activation with triflic acid and NIS and with trimethylsily! triflate respectively,
gave quantitative yields of the B-linked disaccharide with a primary carbohydrate
alcohol, but the efficiency of the condensation with secondary alcohols was
reduced, particularly with 55. The advantages of this particular N-protecting
group are that it increases the glycosyl donor activity by forming oxazolinium
intermediates instead of the less reactive oxazolines, and it is readily removed
under non-basic conditions. Compounds 55 and 56 are easily prepared in good
yields from D-glucosamine via a glycosyl acetate or 1-hydroxy compound
respectively.'®? Chitobiose a-peracetate, treated with alcohols in the presence of
trimethylsilyl triflate, reacts as the oxazoline to give B-linked glycosidic products.
With simple alcohols yields greater than 90% glycosides were obtained; with
diacetonegalactose the yield was 80%.'%* Chitobiose and chitotriose have been
B-glycosidically linked to various exoglycosidase inhibitors and screened for
inhibition of chitinase activity.'®* The chitobiosylamine derivatives 57 and 58
have been synthesized and tested for their inhibition of chitinase.'®® The action of
a bacterial chitinase on a Fusarium cell wall component gave B-D-GIcNH,-(1 - 2)-
GIcNAc as main product.'®

Transferases have been used in the preparation of B-D-GIcNAc-(1-6)-D-
GalNAc and the corresponding dimer of GalNAc'®’ and related higher sacchar-
ides (See Chapter 4). Chemical methods were employed to make B-D-GlcNAc-
(1-3)-a-D-GalNAc-O-Thr as a building block for core units of mucin glyco-
proteins.'*® The 4-amino-4,6-dideoxy-sugar derivatives 59, which represent the
terminus of the O-polysaccharide of Vibrio cholerae with spacer-linked aglycons,
have been described.!”® In the area of sulfated amino-sugar disaccharides, p-D-
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GIcNAc-(1-3)-B-pD-FucOMe, carrying a sulfate at O-3 of the glucosamine
residue, has been made in connection with work on the species-specific aggrega-
tion of dissociated cells of Microciona prolifera®® and the heparin-related
disaccharide 60 was made for the study of heparin/platelet binding.”®' A set of
compounds e.g. 61, with varying long-chain alkyl substituents, has been made as
bioactive tritium-labelled analogues of Lipid A.?°? A derivative of B-D-GIcNAc-
(12)-8-D-GlcA has been made as an advanced synthetic intermediate en route
to a moenomycin A analogue.®>

A disaccharide derivative consisting of daunosamine o-(1-—4)-linked to
L-oliose has been coupled to anthracyclins to give anti-tumour products 62.2° In
the area of monodeoxy-sugar glycosides, a-L-Fuc-(1—2)-B-D-GalpOMe and the
corresponding methyl o-glycoside have been described.”® 2,4-Di-O-methyl-L-
rhamnose, in the a-1,3-linked dimeric form, has been found as one of the
carbohydrate components of Japanese sea hare glycosides together with the
3-carbamate of the same monosaccharide.®® 3,6-Dideoxy-D-arabino-hexose
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(tyvelose) has been a-1,3-coupled to glycosides of GalNAc to give models to
assist in the determination of the anomeric configuration of a tyvelose-containing
epitope of a glycan.”%” Tyvelose and abequose have been o-(1—3)-linked to allyl
a-D-mannopyranoside in studies related to Salmonella antigens.?®

In further studies of heparin-related disaccharides B-D-GlcpA-(1—+4)-GIlcNH,
has been made carrying a sulfate ester at either O-2 or O-3 of the glucuronic acid
residue.””® Benzyl and methyl 2, 3,4-tri-O-benzyl-D-glucuronate have been
coupled with alcohols in the presence of p-nitrobenzenesulfonyl chloride and
silver triflate to give high yields of glycosides with the a-anomers predominating
and the reaction was used to make o-D-GlcA~(1-3)-L-Araf compounds.*'® B-D-
GlcpA-(1-6)-B-D-Gal has been linked to glycyrrhetic acid to give a product
which was studied for cytoprotective activities.”!' a-D-Glc-(1-2)-L-Rha was
found to be particularly active in causing hypocotyl elongation during a study of
20 analogues of the 2,3-unsaturated disaccharide acid lepidomide 63.2'2 In the
field of ulosonic acid disaccharides compound 64 was made from a 1-C-
furanylmannose thioglycoside which was coupled to diacetonegalactose prior to
oxidation of the furan ring. Barton decarboxylation then gave the B-D-Man-
(1-6)-a-D-Gal derivative in 45% yield with B/a ratio 25:1.21
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A 2-thio-neuraminic acid glycosyl xanthate gives good yields of a-linked
disaccharides when used in conjunction with phenylselenyl triflate.?!*

A suitable a-NeuSAc-(2—8)-a-Neu5Ac donor is the glycosyl fluoride of the
fully acetylated methyl diester carrying phenylthio groups at C-3 of both rings.?'®
The synthesis of the bis-neuraminic acid 1,2:8',9’-lactam 65 has been reported.>'®
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Several disaccharides terminating in pentoses have been reported. Tri-O-
benzyl-D-ribofuranosyl xanthates have been coupled to various sugars in good
yield to give mainly B-linked disaccharides,?!” and some 2-deoxyribonucleosides
have been B-pD-ribofuranosylated at O-3 by use of a tri-O-benzoyl-B-D-ribofur-
anosyl acetate using tin tetrachloride as promoter.?'® a-L-Ara-(1 —6)-B-p-Glc has
been made as the p-(2-nitroethyl)phenyl glycoside,?'® and the same disaccharide,
as the geranyl glycoside, has been isolated as the aroma precursor from leaves of
a green tea.??® B-p-Xyl-(1 - 6)-B-D-Glcp has been prepared during the synthesis of
neohancoside A and B which are monoterpene glycosides found in a Mongolian
plant known to have antitumour activity.??! The p-hydroxyacetophenone glyco-
side of this xylosylglucose occurs in Aster batangensis and has been synthesized
chemically.?** 1,2-Anhydro-3,4-di-O-benzyl-B-D-lyxo- and -a-L-ribopyranose
have been used to make disaccharides containing a-D-lyxose or B-L-ribose,??* and
the same workers have used 1,2-anhydro-3,5-di-O-benzyl-B-p-lyxose to obtain o-
D-Lyxf~(1-6)-pD-Gal in 85% yield. They also described other 1,2-anhydro-
furanose derivatives.??*

Chapter 19 contains reference to other disaccharides, some with branched-
chain sugars.

1.5 Disaccharides with Anomalous Linking or Containing Modified Rings — The
search for glycosidase inhibitors is producing a range of compounds with major
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modifications, for example the hydroxylamino derivative 66.2>° N-Acetylneura-
minic acid has been glycosidically linked to 5-deoxycytidine extended by two
methylene groups to give a carbon-linked CMP-NeuNAc analogue,”?® and the
same sugar acid and a-L-fucopyranose have been glycosidically bonded to
hexane-1,6-diol to give a sialyl Le* analogue in which the GlcNAc and the p-Gal
units are replaced by an alkyl spacer.??’ a-Galactosylation of a 4-thiogalactose
derivative led to an S-linked galactobiose made for conformational studies of
protein binding.?*® Other S-linked disaccharides are referred to in Chapter 11.
S-Linked a-D-NeuNAc-(1—-4)-D-Gal has been made as a potential rotavirus
inhibitor’®® and a selenium-linked isomaltose analogue has been made via a
glucosyl selenide salt.?*®
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A carbamaltose with the ring oxygen atom in the reducing moiety replaced by
methylene has been produced together with analogues having the interunit
oxygen atom replaced by nitrogen or sulfur.?®' Related carbadisaccharides with
carbocyclic ‘non-reducing’ groups to have been described are the analogues of «-
D-Manp-(1-4)-D-Man, o-D-Glcp-(1—»4)-D-Man, and B-D-GlcNAc-(1-4)-D-
Man.?*? The fucosylated 2-aminocyclohexanol derivatives 67 are sialyl Le*
mimics, and can be considered to be derivatives of a carbadisaccharide.”>® See
Chapters 4 and 18 for references to related compounds, and also earlier in the
present Chapter for mention of some glycosylinositol derivatives.

Disaccharide analogues with nitrogen in the ring to have been described are
deoxynojirimicin having B-D-galactose substituted at one of each of the four
hydroxy groups. The galactosidase used for the glycosylation yielded 6%, 20%,
26% and 7% of the disaccharides linked through the 2-, 3-, 4- and 6-hydroxyl
groups respectively (carbohydrate number).?** Danishefsky’s group has reported
details of its synthesis of allosamidin, and in the course of the work described the
allosamine-containing disaccharide analogue 68.>*° Fleet’s group has described
compound 69 which was isolated from fruits of Nicandra physalodes.”

The a-1,6-linked glucobiose with sulfur in place of the ring oxygen atom in the
non-reducing moiety has been made from gentiobiose by an ingenious method
involving thiolysis of the octaacetate to give an intermediate with an acyclic non-
reducing moiety in the form of the hemithioacetal.>*’

1.6 Reactions, Complexation and Other Features of O-Glycosides — A short
review has appeared on recent work directed towards the clarification of the
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mechanisms of action of glycoside hydrolases which act with retention of
configuration.® The enzymic cleavage of o-nitrophenyl B-p-galactopyranoside
proceeds in frozen aqueous solution.>® The cellulase-catalysed cleavage of
cellobiose is not enhanced by microwave radiation, but neither is the activity
diminished.>*® Hydroxyl groups at C-2, C-3 and C-4 in the substrates are
necessary for the action of jack bean and almond a-mannosidases, but that at C-6
is not important.?*!

Fraser-Reid’s group continues to study the Br" activation of n-pentenyl glyco-
sides and has reported on measured and predicted trends in the activation
process. Solvation energies obtained by a method developed by Still er al. gave
activation energies in good agreement with observed trends.?*? They have also
reported on the reactions of w-alkenyl glycosides in aqueous N-bromosuccinimide
and found the pentenyl compounds particularly subject to hydrolysis, while allyl,
butenyl and hexenyl tended to give bromohydrins formed by addition pro-
cesses.>*? Dibromination has been used to protect the double bond of pentenyl
glycosides during other reactions, and new methods for restoring the double
bonds use samarium diiodide, which involves a one-electron transfer process, or
sodium iodide in refluxing butenone which is a nucleophilic procedure. The latter,
in particular, was highly efficient.”**

Hydrolysis studies on sucrose, leucrose and isomaltulose with Y-zeolites
indicate that the pores of the catalyst can include a disaccharide and one or more
water2415nolecules. The processes are accelerated by dealumination of the cata-
lysts.

A study has been made of hydrogen abstraction by chemically produced
radicals of the a-D-mannoside type 70. H-1 abstraction leads to f-mannosides,
whereas H-2 abstraction competes and leads to 2-ulosides, and O-protecting
groups determine the relative significance of the two processes. An analogous
photochemical reaction permits o- to B-mannoside conversions, a-D-Manp-
(1-6)-D-Glc being converted to the p-pD-Man-(1 - 6)-p-Glc. 2

Unprotected methyl glycosides have been converted in a one-pot process to
acetylated glycosyl fluorides by initial treatment with HF followed by addition of
acetic anhydride. The process is intended as a gas chromatographic analytical
tool with conversions in excess of 95%.2*7 Efforts to convert O-protected
derivatives of a-D-Rha-(1—+2)-a-D-Rha-SEt to the (methoxycarbonyl)undecyl (or
other) glycosides with a radical cation reagent (BrC¢H,)N"HSbClg ~ failed, but
afforded the corresponding monosaccharide glycosides.?*

Methyl B-p-galactopyranoside, treated with deuterated water in the presence of
Raney nickel as catalyst and ultrasonic radiation, gives rapid C-deuteration at
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positions 2-, 3- and 4- without inversion of configuration. Relative rates of the
deuteration at these positions were very dependent on solvent, but reaction at C-4
was most favoured in the three oxygenated solvents used.”** A report on the
methanolysis of cyclohexyl 2-N-acetyl-2-deoxy-N-methylamino-tri-O-methyl-D-
glucopyranosides is reported in Chapter 9. p-Nitrophenyl glycosides can be
cleaved with hydrogen and palladium catalysts, and with ammonium ceric nitrate
in acetonitrile/water. The processes are almost quantitative.?*°

The metathesis coupling of the alkene groups of the corresponding pentenyl
6-O-pentenoyl-B-p-glucopyranoside using the tungsten complex W(OATr);-
Cl,.PbBu,, gave lactone 71. Several related examples were reported, yields being
in excess of 50%.%°!
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The paraquat cation 72 binds phenyl-B-pD-glucopyranoside more strongly than
the ac-anomer in aqueous solution. Computation study results concurred with this
finding.2**?>* Binding of glycosides with inorganic species is treated in Chapter
17. The association of O- and C-glycosides with concanavalin A has been
measured using fluorescence anisotropy. The free energies of binding for both
types of glycosides were similar indicating that the recognition components were
also similar.?**

The self-diffusion coefficients for methyl a- and B-p-glucopyranosides in
aqueous solutions have been measured in the concentration ranges 10-70% over
the temperature range 250424 K. At concentrations greater than 40% the
mobility of the water and glucoside molecules is significantly lower in the
solutions of the a-anomer.*>
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2 S-, Se- and Te-Glycosides

S-Ethyl 1-thio-glycoside tetraacetates of B-D-galactose, B-D-glucose and 2-deoxy-
2-phthalimido-B-D-glucose uncontaminated by a-isomers are available in almost
quantitative yield from the peracetates by use of ethanethiol and boron trifluoride
etherate at -78 °C in chloroform/ether (3:2). The reactions, however, require 6-7
days for completion, and in the D-mannose and L-rhamnose series give 80:20 o/p
mixtures.”® A new approach to the preparation of S-phenyl thioglycosides
involves converting peracetates to p-methoxyphenyl glycosides. These were then
converted cleanly to the glycosyl bromides or chlorides by the use of zinc halide
and acetyl halide in dichloromethane. From the halides the S-phenyl B-thioglyco-
sides were made using thiophenol and boron trifluoride etherate. This method
was applied in the glucose, N-phthalimidoglucose, N-phthalimidogalactose and
N-Troc-glucosamine and lactose series.®>’

Activation of O-substituted S-methyl or S-phenyl thioglycosides as glycosyl
donors with iodosobenzene and various acids for the synthesis of di- and higher
saccharides led preferentially to a- or B-linkages according to the conditions used.
a-Linked compounds were favoured with: 2-O-benzyl and 6-0-(2,2,2-trichloro-
ethoxycarbonyl) groups on the donor, tin(II) or tin(IV) chloride, bismuth
trichloride or antimony chloride all with silver perchlorate as activators and
benzene as solvent. For B-linked compounds the following were required:
benzoate ester group at O-2 and triflic acid, triflic anhydride, trimethylsilyl
triflate, tin ditriflate (which was best), or ytterbium triflate as catalyst. Good
yields and stereoselectivities were achieved.?>® O-Benzylated S-methyl 1-thio-p-p-
galactopyranoside has been activated by use of iodine. Linked with primary
sugar alcohols it gave disaccharides with yields of 90% and o/ ratios of about
1.5:1, whereas with secondary alcohols 80% yields and o/p ratios of about 2:1
were observed. >’

Coupling of S-ethyl 3,6-di-O-benzyl-4-O-methyl-1-thio-a-D-mannopyranoside
carrying different substituents at O-2 with methyl 4-O-acetyl-2-O-methyl-o-L-
fucopyranoside and its p-enantiomer occurred with a small double stereodiffer-
entiation effect for the 2-O-methyl- and -O-benzyl donors. ao-Selectivity was
slightly lower for the D,L combination compared with the D,p combination.?®
This stereochemical effect was further investigated by coupling of S-ethyl 2-O-
acetyl-3-0-benzyl-4-O-methyl-1-thio-a-D-rhamnopyranoside and its enantiomer
with a chloroacety! rather than acetyl at O-2, with methyl 4-O-acetyl-2-O-methyl-
a-L-fucopyranoside. While the L,D combination gave the disaccharide in the ratio
2:1, the L,L afforded only an a-linked disaccharide.?®! These important results
highlight the significance of double stereodifferentiation in disaccharide synthesis.

S-2-Chloroethyl 1-thio-p-p-galactopyranoside and the corresponding glucoside
are suitable glycosylating agents for the preparation of glycoconjugates.?®?

The attempted coupling of an S-phenyl 2-trichloracetylamino-2-deoxy-4,6-O-
isopropylidene-1-thio-B-p-galactopyranoside with the glycosylating trichloroace-
timidate of a methyl-D-glucuronate derivative, with trimethylsilyl triflate as
activator, did not lead to disaccharide synthesis as expected. Instead the S-phenyl
group of the galactose derivative exchanged and the product obtained in 80%
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yield was the S-phenyl B-thioglycoside of methyl glucuronate. This is a most
surprising result and the surprise is increased by the fact that the coupling of the
trichloroacetimidate with an S-phenyl B-thioglucoside carrying a free hydroxyl at
C-3 gave a disaccharide in 85% yield.?®®> Compound 73 was produced by
treatment of pentaacetyl B-D-glucosamine with Lawesson’s reagent followed by
deacetylation and is a potent competitive inhibitor of jack bean N-acetyl-
hexosaminidase.?%*

CH,0OH
O,
OH
HO S
N=l
Me
73

Four molecules of N-acetylneuraminic acid linked through sulfur to an amide
spacer and hence to tetrahydroxy-p-z-butylcalix[4]Jarene gives a product that
binds tightly to wheat germ agglutenin.?®> The same acid was linked glyco-
sidically through sulfur to a dimethylmercury group to give a heavy atom
product for use in protein sialic acid complex crystallography.?®® The bis-
macrocyclic bola-amphiphile 74 forms pores in vesicle membranes that selectively
channel metal ions with the following efficiency Cs*>K*>Na*>Cl~.%" The
dendritic a-thiosialoside 75 has been made, and related compounds having up to

16 sialic acid units were described.?s®
0 O(CHy)g0
O(CH2)s0
a-D-GlcpS S/\/\OJJ\/ S SCH,COH
OIl(GH2)20ls Ol(CH2)0ls
74

Tetra-O-acetyl-1-thio-B-D-glucopyranose has been linked through sulfur to
benzyl groups carrying diphenylphosphino and dicyclohexylphosphino groups on
the ortho positions to give P,S ligands and their palladium complexes.”® A
thioglycoside derived from 2-bromo-3-alkyljuglone has been reported to have
cytostatic activity.”’® A very efficient and selective oxidation of thioglycosides to
corresponding sulfoxides involves the use of hydrogen peroxide, acetic anhydride
in dichloromethane in the presence of silica which accelerates the reaction. With
2-azido-2-deoxy- and 2-deoxy-2-N-phthalimido sugars, however, yields were
somewhat lower.””! Anomerization of S-alkyl tetra-O-benzyl-B-D-gluco-
pyranosides occurs very rapidly in the presence of IDCP, giving o/ ratios of 3:2
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for the S-methyl and S-ethyl compounds, but 1:7 for the S-isopropyl. For the
tertiary butyl analogue there was no reaction. The process occurs by inter-
molecular exchange, at least in the case of the S-methyl compound.?”

In the area of glucosinolate chemistry, sinigrin 76, has been made by methods
suitable for a ten gram reaction, starting with 4-nitrobut-1-ene and 1-thio-glucose
2,3,4,6-tetra-O-acetate,?” and a similar approach was adopted in the preparation
of the methylthioalkyl analogue 77.274
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In the areas of phenylselenyl- and phenylteluryl-glycosides, Se-phenyl 2,3,4,6-
tetra-0-acetyl-1-selenyl-B-D-glucopyranoside, treated with diphenyldiselenide and
tributyltin hydride, gave the product of direct reductive cleavage of the carbon-
selenium bond and 1,3,4,6-tetra-O-acetyl-2-deoxy-a-D-glucopyranoside which is
the product of acetyl migration in the initially formed glycosyl radical. The
reaction was studied in some detail.”’*> Se-Phenyl tetra-O-methyl-1-seleno-B-D-
glucopyranoside irradiated with alcohols in the presence of aromatic sensitisers
gives O-glycosides in about 70% yields with o/f ratios near 1:3. Coupling with
1,2:3,4-di-O-isopropylidene-a-D-galactose was effected.?’® Glycosyl bromides and
diaryl-ditelurides in the presence of sodium borohydride were used to make Te-
aryl O-substituted 1-teluryl-B-p-glucopyranosides almost quantitatively. Phenyl
and p-tolyl substituents were involved together with acetyl, benzyl and benzoyl
O-substituents.””’

3 C-Glycosides

3.1 Pyrancid Compounds - B-p-Glucosyl-, B-p-N-acetylglucosaminyl, B-D-
mannosyl- and B-D-galactosyl-nitromethane were ozonolysed to give the corre-
sponding C-formyl compounds which, on treatment with nitromethane, gave
products which were converted to the a-D-hexosyl 2-nitroethanes.”’® From the
2-acetamido-2-deoxy-B-D-glucopyranosylnitromethane the corresponding alde-
hyde, carboxylic acid and 2-hydroxy-1-nitroethyl compounds were produced by
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the same research group.?’® Peracetylated glucosaminyl chloride, treated with
allyltributyltin and a radical initiator, gave the corresponding allyl a-C-glycosides
in 66% yield, o/p ratio 10:1, but when the N-acetyl group was replaced by N-
phthalimido, 71% yield was obtained and the o/B ratio was reversed to 1:10.2%°
Allyl phenyl sulfide and the corresponding sulfone treated with glycosy! bromides
in the presence of tributyltin radicals offer alternative ways of making C-allyl
glycosides, and in an extension of this work glycosyl radical addition to ethyl
2-(phenylthiomethyl)acrylate afforded the «-C-glycoside with a 2-ethoxy-
carbonylallyl aglycon.?®! In related studies glycosyl radicals have been added to
acylsulfonyl oxime ethers, for example PhSO,CH(=NOBn) to give C-glycosides
with C-acyl substituents in the form of the N-benzyl oximes.?®? 2-Acetamido-
2,4,6-tri-O-benzyl-2-deoxy-a-D-galactopyranosyl pyridylsulfone, on treatment
with samarium diiodide and cyclohexanone, gave the l-hydroxycyclohexyl C-
glycosides with the o/ ratio 10:1. Other carbonyl compounds reacted similarly,
and tgl;ch poorer o/ selectivity was observed when the B-linked sulfones were
used.

Glycal derivatives continue to offer considerable scope for the preparation of
C-glycosides. Various acetylated glycals have been treated with allyltrimethyl-
silane in the presence of montmorillonite to give excellent yields of 2,3-unsatu-
rated C-allyl glycosides with the o/B ratios being about 4:1 or, with galactal
derivatives, much greater.®* Analogously, acetylated glycals treated with diethyl-
zinc afforded 2,3-unsaturated C-ethyl compounds with a-selectivity which, in the
glucal series, was not particularly high, but only the a-product was obtained from
tri-O-acetyl-D-galactal. ?®® Likewise, tri-O-acetylglucal treated with the zincalkyl
78 in the presence of boron trifluoride etherate afforded the corresponding
unsaturated C-glycosides with o/p ratio 9:1. The major compound was converted
into the a-C-mannoside with the 2-aminobutan-4-oyl aglycon.?%¢

Photobromination of 2,3,4,6-tetra-O-acetyl-p-D-galactosyl carboxamide gave
the C-glycosidic glycosyl bromide which, on treatment with zinc in the presence
of a base, underwent elimination and led to p-galactal carrying the carboxamide
group at C-1. From this, various D-galactal C-glycosides were prepared as
potential inhibitors of B-D-galactosidase.?®’

Photocyclisation of the 2,3-unsaturated o-C-glycoside having a 3-oxo-2-
methyl-but-1-yl aglycon afforded the mixed isomers 79 to offer a new way of
making functionalized cyclopentanes.?®® In related work, Se-phenyl 2-allylamino-
3,4,6-tri-O-benzyl-2-deoxy-1-selenyl-D-glucopyranoside, on treatment with tri-
butyltin hydride/triethylboron in a stereoselective process, afforded the bicyclic
80.%% The exo-1-methylene derivatives produced from tetra-O-benzyl-p-glucono-
lactone or -galactonolactone, on reaction with diethyl malonate radical, gave
B-C-glycosides having the diethyl malonylmethyl aglycon, and similar work was
carried out in the furanoid series.”®® Compounds with exo-difluoromethylene
groups at C-1 undergo addition when treated with diethyl phosphite and di-z-
butyl peroxide to give glycosyldifluoromethyl phosphonates.””' The diacetylene
81, treated with butyllithium followed by sodium methoxide, underwent 1,2-
Wittig rearrangement to give the isomeric dialkyne 82. Likewise the isomer of the
starting material with inverted stereochemistry at C-1 gave the anomerically
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inverted isomer of 82.2°2 The 1,4-diacetylene 83 has been obtained by reaction of
the corresponding 4-alkynyl-4-deoxy-B-1,6-anhydride with 1-diethylchlorosilyl-2-
trimethylsilyl-ethyne followed by butyllithium and aluminium trichloride,
the corresponding terminally substituted diacetylene derived from cellobiose has
been reported.?**
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Samarium iodide has been used to link perbenzylated deoxynojirimicin having
an iodomethyl group at the ‘anomeric centre’ to diisopropylidene-D-galacto-
dialdose and produce a disaccharide analogue with the two rings joined by way
of a hydroxyethyl linkage.>>> A related D-fuco-nojorimicin having the anomeric
centre linked by a l-carbon bridge to C-3 of a hexuronofuranoside has been
produced by Vogel’s laboratory in the manner outlined in Scheme 3,%%® and the
related compound 84 has also been described by Vogel and colleagues, both units
having been derived from a 7-oxa-2,2,1-bicycloheptane system.?’

CH,OAc

Considerable attention has been given to other C-linked disaccharide com-
pounds, a further study having been conducted on the dimerization which occurs
when glycal derivatives are treated with Lewis acids. For example, compound 85
is obtainable in 77% yield from triacetyl-p-galactal on treatment with acetyl
perchlorate and the corresponding di-O-acetylxylal-derived dimer was described
for the first time. The report of a cyclopentane derivative which was produced
similarly from tribenzylglucal is now known to be in error.®® During studies of
free radical reactions of tetraacetylglucosyl bromide and p-methoxyphenol
several products were reported including that of radical dimerization of the
glycosyl moiety. A reinvestigation of the electrochemical reaction of the same
glycosyl bromide also gave the three C-1-C-1-linked glycosyl dimers in 70%
overall yield.?*

The a-pD-Man-(1-2)-a-D-Man analogues with a methylene and a hydroxy-
methylene linkage have been made by coupling an appropriate glycosyl pyridyl
sulfone with a 2-deoxy-2-C-formyl-a-D-mannoside derivative with samarium
diiodide used as catalyst.’* Sinay and colleagues continue with their intramole-
cular radical approach to C-linked disaccharides and have generated the analogue
86 in 43% yield along with smaller proportions of the two possible diastereoi-
somers. Initially the two moieties were linked by way of a silyl bridge between O-
2 of a phenylselenyl glucoside and O-3 of a 5-deoxy-pent-4-enose compound.*®!
The C-linked lactose analogue having a hydroxyl group in the two possible
orientations on the bridging methylene have been examined by NMR and
theoretical methods, and while one diastereomer is conformationally like lactose
in solution, the other is quite different.>°> A ceramide derived from them is
described in reference 175. Further work has revealed for the first time that C-
linked saccharides (notably C-linked lactose) may bind to proteins in different
conformations from those of the natural ligands.>*

(Trifluoromethyl)trimethylsilane together with tetrabutylammonium tri-
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phenyltin difluoride generate difluoromethylacyl nucleophiles from acyltrimethyl-
silanes and, in this way, triacetylglucal may be converted into compounds 87 by
use of benzoyltrimethylsilane. By application of this methodology the disac-
charide analogues 88 were produced as indicated in Scheme 4.3%
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In the main, disaccharide analogues of this type are made by addition reactions
to carbonyl compounds. A Wittig condensation between a phosphorane derived
from 1,2:3,4-diisopropylidene-D-galacto-dialdose and a 3,4:6,7-diisopropylidene-
2,5-anhydroheptose has given access to a methylene-linked B-D-Manf~(1—6)-D-
Gal analogue. In the course of the same work, the methylene-linked analogue of
a-D-Galp-(1—6)-D-Gal was described.>® In related work a 6-deoxy-6-nitro-a-D-
glucopyranoside was coupled with a 2,6-anhydroheptose ether to give access to
the methylene analogue of B-D-Gal-(1—6)-D-Glc,® and samarium diiodide-
induced coupling between tetra-O-benzyl-a-D-mannopyranosyl chloride and a
derivative of a 6-deoxy-D-gluco-heptodialdoside gave the hydroxymethylene-
linked analogues of a-pD-Man-(1-6)-D-Glc.>**” Compound 89, which can be
considered to be a ketosyl C-linked disaccharide, was obtained following the
coupling of a D-glucose-based hex-6-ynose with a non-4-ulose derivative obtained
from gluconolactone following ring opening with allylmagnesium bromide.**®

Appreciable interest has been shown in compounds having sugars C-linked to
amino acids and hence peptides. 3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-B-p-
glucosyl cyanide has been used to link N-acetylglucosamine by way of a
methylene group to asparagine and hence a pentapeptide which was then
enzymically converted into a high-mannose glycopeptide containing a methylene
inter-unit link.3®® Closely related work describes N-acetylglucosamine linked by
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way of a carbonyl group to the N-terminus of various peptides.>'® Compounds 90
represent a set of so-called ‘carbopeptoids’ which are C-glycosides of glucosamine
peptide-linked together.’!! In their work on mimetics of the tetrasaccharide
siaLe*, Wong and colleagues have reported on a-C-fucosides linked by way of
two carbon atoms to amino groups which were linked to peptides, these being
produced from a 2-aminoethyl C-fucoside derivative.!>3!3 Related studies have
led to the D-mannose C-glycosides 91 and 92 amongst others.>'* Compound 93
was developed in studies of ligands for cell surface carbohydrate receptors
together with a library containing 96 related compounds produced in a combina-
torial approach for screening purposes.>'®

Aryl C-glycosides are still of interest, mainly in relationship to their presence in
natural products, and Schmidt and colleagues have developed a new approach
starting from an O-substituted aldehydo-p-arabinose and an aryl Wittig reagent.
The derived alkenes were then electrophilically cyclized to give aryl 2-deoxy-2-
iodo and hence 2-deoxy-B-C-glucopyranosides.>'® They have also used their
trichloroacetimidate method and activated benzene derivatives to prepare C-aryl
glycosides of glucosamine.?!” Intramolecular Friedel-Crafts reaction of 2-O-
benzyl-a-D-glucosyl chloride derivatives catalysed by silver tetraftuoroborate
afforded the C-glycoside 94 in 74% yield. From it the o-carboxyphenyl a-C-
glucoside was produced.®'® The coupling of O-substituted 2,6-dideoxy-D-arabino-
hexopyranosyl acetates with B-naphthol in the presence of silver perchlorate and
bis-cyclopentadienylhafnium chloride gave high yields of a-linked compounds,
for example 95. This methyl ether did not undergo anomerization under the
conditions of its synthesis, whereas the corresponding diacetate did. Related
work was carried out on further activated naphthalene derivatives.’'® In work
related to the aryl C-glycosides chrysomycins further C-naphthyl glycosides were
produced via the racemic 96 which itself was made from a racemic substituted
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furanone derivative.’”® Further reference is made to naphthyl C-glycosides in
Chapter 19. An improved synthesis of the p-glucuronic acid C-benzyl glycoside
97, which has cancer preventative properties, has used sodium hypochlorite and
Tempo as oxidising reagents to introduce the acid function.?!
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Compounds having an oxygen-linked and a carbon-linked substituent at the
anomeric centre can be used to give C-glycosides. For example compounds 98
have been derived by lithiumalkyl addition to the appropriate 2-azido-2-deoxy-
aldonic acid lactone, and reductive cleavage using triethylsilane and boron
trifluoride at low temperature gave the C-glycoside 99. This offers a route to
2-acetamido-2-deoxy-p-p-C-glucopyranosides.>?> Other compounds with both C-
and O-linked substituents at the anomeric centre are considered to be extended
chain compounds and are referred to in Chapter 2.
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3.2 Furanoid Compounds - A report from a symposium on developing strate-
gies for the stereoselective synthesis of compounds, including monocyclic C-
glycosides, by catalytic cyclization reactions included reference to the anti-tumour
agent goniofufurone and the central subunit 100 of the antibiotic efrotomycin.>?*

Several further compounds with simple ‘aglycons’ have been described, and
Fleet and his group who have continued their work on 2-triflates of aldono-
lactones have reported synthetic routes to compound 101 and its C-2 epimer
starting from the 2-triflate of 3,5:6,7-di-O-isopropylidene-D-glycero-D-gulo-
heptono-lactone.*** The thiocarbamate C-glycoside 102 was produced from the
corresponding glycosyl acetate in high yield and with excellent B-selectivity by use
of 1-(¢-butyldimethylsilyloxy)vinyl benzyl ether (a ketene acetal) with the unusual

HOH,C o . HOH,C
OMe OH
OH OH CO,Me
OH
100 101
BnOCH, CO,Bn
o\n/ NEt,
S

102
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promoter tris(triflyloxy)silyl chloride.>”® Compound 103, made from 6-O-piva-
loyl-D-galactal by electrophilic addition of O-4 at the anomeric centre, was ring-
opened nucleophilically using allyltrimethylsilane and trimethylsilyl triflate to
give the C-allyl glycoside 104 in 89% yield with o/B-selectivity 1:9.32

o
1% OBn
o-
Pivo/\kboez OH
CHQOBH
103 104
HOH,C n R
N
s X

105 X=0,N

From an O-substituted D-ribono-y-lactone, treated with aryllithiums, the
corresponding C-pheny!l®?’ and p-(triffuoroacetylamino)phenyl*?® B-p-ribofura-
nosides were produced and then incorporated into oligo-ribonucleotides fol-
lowing the introduction of a phosphate precursor at O-3. A set of p-C-aryl 2-
deoxy-2-ribofuranosyl glycosides having substituted phenyl, naphthyl, 9-
phenanthrenyl and 1-pyrenyl groups were produced using the corresponding

ROHC  ROHG
P =il P (o)
OH
OR OR
R = Bu'Me,Si .
v-vi
ROHC
AcO
OR
106
OMe
OMe
Reagents: i, BuLi; i, O OMe il NapSy04; iv, BHg; v, HyO,, NaOH;

v, Ac,0, DMAP
Scheme §
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glycosyl chloride and diaryl cadmiums.’?® In the area of substituted-phenyl
C-glycosides, compound 106 was synthesized using an umpolung approach from
a furanoid glycal (Scheme 5).>*°

Starting from an O-substituted ribofuranose derivative, the ‘C-azanucleosides’
105 were synthesized using aryllithium reagents followed by introduction of an
amino group and ring closure,**! and further B-p-ribofuranosyl C-glycosides
have been made incorporating imidazole’*> and various indoles, pyrroles and
pyrazoles.** An O-substituted 2-deoxy-p-ribofuranosyl cyanide has been elabo-
rated to the corresponding methylene-linked thiamine derivative.*>* See Chapter
20, Section 10 for other nucleosides containing C-linkages. Chapter 11 contains
reference to a set of a-linked C-glycosides of 2-deoxy-ribofuranose having the
ring oxygen atoms replaced by sulfur.
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4

Oligosaccharides

1 General

As previously, this chapter deals with specific tri- and higher oligosaccharides.
Most references relate to their synthesis by chemical, enzymic or chemicoenzymic
methods. Chemical features of the cyclodextrins are noted separately; their
complexing features have not been surveyed. With the increasing use of enzymic
synthetic methods and combinatorial procedures more examples are appearing in
the literature of oligosaccharide mixtures which are difficult to classify. Several
reviews have emphasised the importance of oligosaccharides biologically and also
their synthesis.'"!® They incorporate surveys of synthetic methods, including the
combinatorial approach.!

A review has come from Danishefsky’s group on the use of glycals in the
synthesis of oligosaccharides and glycoconjugates.!'! Wong and coworkers have
presented two extensive reviews on combined chemical and enzymic synthetic
methods,'*"? a specific review has appeared (in Korean) on the enzymic synthesis
of fructooligosaccharides, ' and a further (in Japanese) has dealt with transglyco-
sylation enzymes which lead to routes to di- and trisaccharides.!® A symposium
report (in Japanese) describes the novel application of catalytic antibodies in
oligosaccharide synthesis.'¢

2 Trisaccharides

Compounds in sections 2.1-2.3 are now categorized according to their non-
reducing end sugars.

2.1 Linear Homotrisaccharides - In the series of glucose trimers a-D-Glc-
(1-2)-a-D-Glc-(1 —»3)-a-D-Glc-O(CH;)sCO,Me has been made for use in an
assay of a-glucosidase I activity,'’ and the a-(1—6)-linked trimer has been made
by polymer-supported solution synthetic methods.'® Fraser-Reid has described a
pentenyl glycoside of the o-(1—2)-linked mannose trimer for use in the synthesis
of glycoprotein membrane high mannose compounds.'® In related work the a-
(1-6)-linked mannose trimer was prepared as its O-octyl- and S-octyl glycosides
in work also related to core structures of anchoring compounds.?® The unusual f-
(1—>4)-linked mannotriose has been isolated from the hydrolysate of a seed
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polysaccharide.”! The a-(1—2)-linked rhamnose trimer joined to spacer groups
and hence for joining to proteins has been described,”® and chitotriose linked
through nitrogen to various histidine-like molecules is reported in Chapter 10.

2.2 Linear Heterotrisaccharides — The glucosyl mannobiose B-pD-Glc-(1-6)-o-
D-Man-(1—6)-a-D-Man has been synthesized and linked to peptides as models
for the phytoalexin elicitor glycoprotein.?* Maltose has been linked to a mannose
by chemical methods to give a-p-Glcp-(1 »4)-a-D-Glep-(1 —4)-D-Man.?* Enzymic
procedures were used to make a set of trisaccharides including cellobiosyl fructose
and gentiobiosyl fructose.?’

Considerable interest continues in trisaccharides terminating in D-galactose. a-
p-Gal-(1 -6)-B-p-Gal-(1-4)-p-Glc and «-D-Gal-(1-3)-B-D-Gal-(1-4)-p-Glc
have been produced as their ethylthio glycosides using enzymic methods,?® and
similar procedures were used to make p-n-Gal-(1 »4)-p-p-Gal-(1-4)-D-GIlcNAc
glycosides or thioglycosides.?” Similarly p-b-Gal-(1-3)-B-p-Gal-(1-4)-B-D-Xyl
was produced as a serine or coumarin glycoside,?® and a-p-Gal-(1 »4)-B-p-Gal-
(1-4)-B-p-Glc was made as a glycoside with a bis-sulfone carrying long-chain
alkyl groups together with analogues having 2-, 3- or 6-deoxy units in place of
the glucose moiety as neoglycolipids.”’ B-p-Gal-(1—4)-B-p-Glc-(1-6)-D-Glc
was made as its 4,6-pyruvyl acetal in relationship to work on Klebsiella
polysaccharides.*® In related work on bacterial antigens B-pD-Gal-(1 —4)-a-D-Glc-
(1-4)-p-Glc was synthesized.’! Galactose-terminating trimers containing amino
sugars to have been produced in connection with immunological work are o-D-
Gal-(1-3)-B-D-GlcNAc-(1»2)-p-Man,*? B-p-Gal-(1-4)-p-D-GlcNAc-(1-2)-a-
D-Man and several analogues with modifications in the galactose moiety,** and
B-p-Gal-(1 »4)-B-D-GlcNAc-(1-6)-D-GalNAc.** From Boons’ group have
come descriptions of trisaccharide libraries with D-galactose and vL-fucose
terminal groups introduced by means of but-2-en-2-yl ethers as glycosylating
agents.>’

Mannose-terminating compounds made in connection with glycoprotein work
have the sugar either a->¢ or B->"® linked through O-4 of chitobiose. The first of
these reports exemplifies the use of polymer-supported reactions. Chemical and
enzymic methods were used in the production of the latter trimer.

Julibroside, which is extracted from the silktree and used in Chinese medicine,
contains a complex saponin having B-p-Xyl-(1 —»2)-a-L-Ara-(1 »6)-D-Glc as one
of the oligosaccharide components. A further component is a branched-chain
tetrasaccharide comprising two units of glucose, one of L-rhamnose and one of
xylofuranose.

Several trisaccharides to have been prepared terminate in amino-sugars. These
include a compound having glucosamine carrying a long-chain N-acyl group B-
(1—4)-linked to cellobiose,*® and several compounds with N-acetylglucosamine
linked to lactose have been produced enzymically.*' The mannosamine-termi-
nating compound p-pD-ManNAc-(1 —»4)-a-D-Glc-(1—3)-L-Rha, which is a re-
peating unit of a Streptococcus pneumoniae capsular polysaccharide, has been
made by use of a 2-oximinoglycosyl bromide donor.**

Compounds terminating in sugar acids continue to be of interest, a-D-GIcA-
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(1-3)-a-L-Araf-(1-»3)-D-Xyl having been prepared by a direct glycosylating
reaction involving methyl 2,3,4-tri-O-benzyl glucuronate used together with p-
nitrobenzenesulfonyl chloride and silver triflate. With secondary sugar alcohols
yields of about 80% were achieved with o/ ratios about 5:1.*> Main attention has
been on compounds terminating in sialic acids, in particular synthetic studies
associated with the putting together of gangliosides GM; and GM, have focussed
on the sialylated lactose a-D-NeuNAc-(2—3)-B-D-Gal-(1 -4)-D-Glc. It has been
produced by use of a 3-thio-thioglycoside of neuraminic acid on a gram scale as
the 2-trimethylsilylethyl glycoside.** In other studies the S-ethyl glycoside* and
glycosy! trichloroacetimidate*® were made for the purpose of coupling the trimer
to ceramides and long-chain alcohols. It has been also described as a ceramide
glycoside carrying various alternatives to the acetylamino group.*’ The p-
nitrophenyl glycoside was used for conversion to the p-acrylamido analogue
followed by copolymerization with acrylamide to give water soluble polymers
which contained the GMj; trisaccharide and retained antigenic activity.*® An
analogue of the same GM; ganglioside having a 3,8-dideoxyneuraminic acid unit
was prepared in a study of structure/activity relationships.*® The closely related
trisaccharide o-pD-NeuNH,-(2—6)-8-p-Gal-(1-4)-B-D-Glc carrying an N-glycolyl
substituent was made as its 2-trimethylsilylethyl glycoside.”® A range of N-
acyllactosamines have been tested as o-(2— 3)-sialyltransferase substrates and
many were tolerated thus giving access to a-D-NeuNAc-(2— 3)-B-p-Gal-(1 -4)-D-
GIcNH, derivatives.”!

Work on bacterial polysaccharides has led to the preparation of a-L-Fuc-
(1-2)-a-L-Fuc-(1-3)-B-pD-GalNAc and the isomer with the non-reducing B-L-
fucosyl-linkage at the terminal position,”? and to that of a-L-Fuc-(1—2)-a-D-
Gal(1-3)-a-D-Glc-OMe and several analogues including some with B-L-fucosyl-
linkages and modifications at C-2 in the glucose unit.*> Danishefsky’s group have
used their glycal assembly methods in solid phase syntheses of a-L-Fuc-(1-2)-B-
p-Gal-(1+4)-p-Glc.*® B-p-Qui-(1—3)-a-L-Rha-(1>3)-L-Rha has been synthe-
sized with 4-O-lactoyl and 3-O-methyl substitution on the terminal quinovose
unit and 4-O-methyl on the central rhamnose during work on the glycopeptidoli-
pids from a Mycobacterium.> a-L-Rha-(1—-4)-B-D-Glc-(1-6)-D-Glc has been
prepared synthetically and is a common trisaccharide component of saponins
isolated from various Chinese medicinal plants.>®

Several more complex trisaccharides involving modified sugars have been
prepared: for example 1, which is an aureolic acid-related compound®’ made
from a 2-phenylthioglycosyl trichloroacetimidate derived from the glycal 2 by
solid phase technology,”® and the C-3 trisaccharide 3 of antibiotic PI-080, the
unsaturated unit of which was coupled using the relevant unsaturated glycosyl
tetrazole derivative.*

2.3 Branched Homotrisaccharides - B-D-Glc-(1-2)-[B-D-Glc-(1-3)]-a-D-Glc
and the epimer B-p-Glc-(1 -2)-[B-D-Glc-(1 —3)]-a-D-Man have been prepared as
a-methyl glycosides for conformational studies by NMR and Monte Carlo
simulation methods.®
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2.4 Branched Heterotrisaccharides - Compounds in this section are categorized
according to their reducing end sugars.

B-p-Gal-(1 - 3)-[a-L-Fuc-(1-+4)]-D-Glc was converted to the phosphate at O-3
of the galactose moiety by protecting all the hydroxyl groups except those at C-2,
C-3 and C-4 of this unit and using dibutyltin oxide followed by dibenzylphos-
phorochloridate.®! The related siale® trisaccharide B-p-Gal-(1»4)-[a-L-Fuc-
(1-3)]-0-Glc, with a sulfate ester group at O-3 of the galactose unit, was coupled
through a bridging link to an acrylamide polymer and showed inhibition of both
L and E selectins,®” and in related work the trisaccharide having a glycolyl ether
group at O-3 of the galactose, and in the glycosylamine form, was N-coupled to a
long chain unsaturated alkyl group to give a compound which formed liposomes
with P-selectin inhibitory activity.5*

Considerable work continues on analogues of the above trisaccharides having
glucosamine as the reducing moiety. The Le* compound a-D-Gal-(1-+4)-[o-L-
Fuc-(1-3)]-0-GlcNAc and the Le® isomer with the galactose and fucose inter-
changed have been made using chemical procedures depending upon glycosyl
sulfoxides for coupling,** and the same compounds and several analogues have
been produced by the trichloroacetimidate coupling method.®® Other workers
have used fucosyl transferases to bond the fucose moiety in related work.®
Compound 4 is a siale* mimic, but is inactive in E-selectin binding.®’
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Glycosylation of methyl 2-O-benzoyl-a-L-rhamnopyranoside has led to a set of
branched trisaccharides having B-p-gluco-, a-pD-manno-, -L-thamno-, and $-p-
fructo-pyranosyl substituents at O-3 and O-4 of rhamnose.®®

2.5  Analogues of Trisaccharides and Compounds with Anomalous Linking - In
studies of conformationally constrained analogues of siale®, L-fucose and D-
galactose, the latter carrying a glycoyl ether group at O-3, were coupled to
cyclohexane-1,2-trans-diol and catechol. The former product was as active
biologically as the natural trisaccharide, whereas the aromatic analogue was
inactive.®® Related compounds based on both enantiomers of cyclohexane-1,2-
trans-diol carrying a-L-fucose and 4-benzyloxy-3-(2-carboxyethyl)phenyl substi-
tuents showed inhibition of binding of E-selectin to sialLe* bonded to polyacryl-
amide.”! Hexane 1,6-diol carrying N-acetylneuraminic and o-L-fucose
substituents can also be considered to be a siaLe* model compound.”

The chitinase inhibitor allosamidine is a trisaccharide analogue with two N-
acetylallosamine units bonded to a highly functionalized cyclopentano-oxazoline
unit — allosamizoline. Analogues have now been described with one N-acetylallo-
samine unit, with the disaccharide bonded to an alternative hydroxyl of the
cyclopentane, and thirdly with the oxazoline ring inverted.”

Two recently synthesized oligosaccharide-containing forms of calicheomycin
71! bind strongly to certain duplex DNA sequences.’* Danishefsky has published
a long paper on the details of his total synthesis of this compound and of
dynemicin A, including the carbohydrate components.””

In the area of trisaccharides with anomalous linking, the (1—3)- and (1-6)-
linked glucotrioses with sulfur replacing oxygen as the interunit atoms, have been
reported. In the same work the S-linked (1-3)-, (1-6) trimer was also
described,’® and B-p-Gal-(1 »4)-[a-L-Fuc-(1-3)]-D-GlcNAc with the fucose
having sulfur as the ring hetero-atom has also been prepared.’” In work related to
the trisaccharides for H type I blood group determinants analogues of a-L-Fuc-
(1 -2)-a-pD-Man-(1-3)-D-GlcNAc were made ingeniously by linking the first and
the third units together with a highly functionalized acyclic bridge which was ring
closed to give the central unit. A range of analogues was produced, the notable
feature being that the sugars were C-linked and not O-linked.”

3 Tetrasaccharides

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

3.1 Linear Homotetrasaccharides — Cellulose oligomers up to the 20-mer have
been assembled from a key tetrasaccharide glycoside which was converted into
the glycosyl trichloroacetimidate and separately to a derivative with O-4 of the
non-reducing end deprotected.” Several specifically deoxygenated derivatives of
B-maltosyl-(1 »4)-a,a-trehalose have been specifically prepared, sulfated and
tested for smooth muscle cell antiproliferative activity.?** Iterative methods
have been applied to make the a-(1—2)-D-mannose tetramer'® and di- to tetra-
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oligomers of 4-amino-4,6-dideoxy-a-D-mannose carrying a 3-deoxy-L-glycero-
tetronic acid substituent on nitrogen of each unit were prepared as the terminal
unit of the polysaccharide of Vibrio cholerae,®® and the a-(1>4)-L-rhamnote-
traose was prepared as a long-chain alkyl glycoside which is the natural resin
glycoside merremoside i.3* N-Acetylchitotetraose may be produced, together with
smaller fragments, on enzymic hydrolysis of chitin.®

3.2 Linear Heterotetrasaccharides — The total synthesis of ganglioside GD;, a-
NeuAc-(2—8)-a-NeuAc-(2—3)-p-p-Gal-(1 »4)-B-D-Glc-1-Cer, has been com-
pleted, the sialic acid units being introduced using a 3-S-phenyl thioglycosyl
fluoride,®*®” and the 9-O-acetyl derivative of this compound, having the acetyl
group on the terminal sialic acid unit, which is associated with melanoma, has
also been described, the acetylation being conducted enzymically.®®

a-L-Fuc-(1 - 3)-B-D-GlcNAc-(1 - 3)-B-D-Gal-(1 —»4)-D-Glc has been synthesized
as a versatile tetrasaccharide for the preparation of glycosphingolipids and
sulfated oligosaccharides related to siaLe*.%” The N-acetyllactosaminyl lactose
glycoside B-D-Gal-(1—+4)-a-D-GlcNAc-(1 —6)-B-D-Gal-(1 -4)-B-D-Glc, and the
isomer with B-linking between the disaccharide units, have been studied as
metastatic inhibitors.”® Koenigs-Knorr glycosylation of sucrose has resulted in
the preparation of tri- and tetrasaccharides.”!

o-L-Rha-(1—2)-a-L-Rha-(1 —+2)-B-D-Glc-(1 »2)-B-D-Gal, having a long-chain
alkyl aglycon terminating in a carboxylic acid, which is lactone-linked to position
3 of the glucose unit, is a tricolorin phytogrowth inhibitor of Convolvulaceae. It
and four related macrocyclic lactones were investigated by NMR and mass
spectral procedures.”> The Le* and Le* analogue, B-Gal-(1—4)-B-GlcNAc-
(1-3)-B-Gal-(1-4)-GlcNAc-B-OBn, which is an N-acetyllactosamine dimer, was
prepared with a sulfate at position 3 of the terminal galactose unit,”® and AUA-
(1—-4)-a-D-GlcNAc-(1 »4)-B-D-GlcA-(1 »4)-D-GIcNAc, in which the terminal
uronic acid unit is the 4,5-unsaturated compound derived from glucuronic acid,
was isolated from a hydrosylate of heparin, and was found to epimerize at the
reducing moiety under the conditions of oligosaccharide fractionation, that is in
dilugtf ammonia solution. The glucosamine/ mannosamine equilibrium ratio was
6:4.

Two synthetic studies have been concerned with fragments of the cell wall
phenolic glycosides of a Mycobacterium. The relevant compounds consist of key
p-2-(aminoethyl)phenyl glycosides of the a-(1—3)-linked fucotriose carrying
simple substituents such as methyl or acetyl at positions 2 and 4 of the fucose
units. In addition, 4-O-methyl-a-D-mannose was bonded to position 3 of the non-
reducing fucose moiety. The issue of double stereodifferentiation during the
coupling was examined.”> This same phenomenon was pursued in the second
study which involved the introduction of a 2,6-dideoxy-4-0-methyl-a-D-arabino-
hexose unit.”® A convergent procedure was used in the production of the 5-
aminopentyl glycoside of B-D-Gle-(1-3)-p-D-GlcNAc-(1—-3)-a-D-Gal-(1-+4)--
L-Rha, carrying a 4,6-carboxyethylidene acetal on the glucosamine unit, which is
the repeating unit of the immunodominant polysaccharide of Streprococcus
pneumoniae type 27.°7 Studies of novel steroidal saponin oligosaccharides of a
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Leptadenia species have yielded the cymarose (2,6-dideoxy-3-O-methyl-p-ribo-
hexose) and digitoxose (2,6-dideoxy-D-ribo-hexose)-containing tetrasaccharide B-
D-Cym-(1-4)-3-OMe-a-D-Gal-(1 —4)-B-p-Dig-(1>4)-D-Cym.”® B-p-GlcA-(1-3)-
p-p-Gal-(1-3)-B-p-Gal-(1 -+4)-B-D-Xyl-Ser is a tetramer of the linkage region of
proteoglycans and has been synthesized.*

3.3 Branched Homotetrasaccharides.— The only member of this set to have been
noted is the synthetic product having glucose B-(1—3)-linked in a trimer with -
D-glucose branch-linked at C-6 of the central moiety. All the interunit linkages
were via sulfur rather than oxygen.'®

3.4 Branched Heterotetrasaccharides — The D-glucose-terminating sial.e* ana-
logue a-pD-NeuNAc-(2—3)-B-p-Gal-(1 »4)-[a-L-Fuc-(1—-3)]-D-Glc has been de-
scribed as well as the related compound with a sulfate ester replacing the
neuraminic acid,'®' and a closely similar compound having the L-fucose branch
attached to O-2 of the galactose instead of the glucose moiety, and a related
compound having neuraminic acid 3-linked to the same galactose unit instead of
fucose have been made in very high yields by use of a sialyl transferase.'®? Other
work has produced a-NeuSAc-(2—3)-B-p-Galp-(1 - 3)-[a-L-Fuc-(1 —2)j-1-deoxy-
D-Glc with a 1,5-anhydroglucitol terminal unit, and the isomers having its di- and
monosaccharide substituents interchanged, which are other epitope analogues.'%?
The glucose-terminating tetramer a-L-Rha-(1-4)-8-D-Glc-(1—6)-[B-D-Glc-
(1-2)]-0-Glc is a component of a new triterpene saponin as is B-D-Glc-(1—3)-a-
L-Rha-(1 »2)-[B-D-Apif-(1-»3)]-D-Fuc.'*

B-p-GalNAc-(1 - 3)-a-D-Gal-(1 - 3)-{a-L-Fuc-(1 - 2)]-B-p-Gal, synthesized as
the octyl glycoside, was the latest blood group type determinant to have been
prepared.'® The further siaLe* analogues B-p-Gal-(1-4)-[a-L-Fuc-(1—3)}-B-D-
GlcNAc-(1-+3)-B-D-Gal-O-Cer with the sialic acid replaced by a galactosyl
unit bearing anionic substituents, for example phosphate or sulfate at O-3,
have been made,'°® and the n-pentenyl glycoside method has been used to
prepare the tetrasaccharide «-D-Man-(1—2)-a-D-Man-(1-2)-[B-D-Gal-(1—»4)}-
a-D-Il\O'I;m of a Leishmania lipophosphoglycan as the 4,5-dibromopentyl glyco-
side.

Extensive interest continues in the synthesis of the siale® and siale* which
have N-acetylglucosamine as reducing function. A new synthesis of siale®, o-
NeuSAc-(2—3)-B-p-Gal-(1 »4)-[a-L-Fuc-(1 = 3)]-B-D-GIcNAc, has been de-
scribed.!®® The analogue with a deoxy-group at the anomeric centre of the
reducing moiety was 20 times more potent an inhibitor than the parent tetramer
towards P- and L-selectin binding. This report also described the 1-deoxy-
analogue which had a hydroxyl group in place of the N-acetylamino at C-2 and
the 1,2-dideoxy compound.’® A fully protected derivative of the siaLe* tetra-
saccharide having, however, a free amino group, was made to enable the
preparation of various 1-O- and 2-N-substituted analogues.''® The parent tetra-
saccharide has also been described with glycosylamine linking to peptides and
glycosidic linking to various amide-containing aglycons.'!! A cyclic peptide
carrying three N-linked units of the tetrasaccharide inhibits adhesion of HLg,
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cells only slightly better than does the relevant monomeric unit.'!? Reference 108
also describes the preparation of the tetramer of siale®, and a further paper
describes the preparation of this compound and analogues with a sulfate ester
replacing the sialic acid.''3

Both small and large lipophilic acyl groups on nitrogen are well tolerated in
sialyl-lactosamine when the derivatives were used as acceptors for a cloned
fucosyl transferase. In this way many siale* analogues have been made.'' o-
NeuAc-(2—3)-B-p-Gal-(1 —3)-{x-NeuAc-(2 —6)]-a-D-GalNAc-L-Serine, having a
lactone bridge between O-4 of the galactose moiety and the carboxyl group of the
adjacent sialic acid unit, was prepared as a building block for sialoglycopeptide
synthesis.'

The tetramer B-D-GlcNH,-(1—-4)-B-D-GlcNAc-(1 »4)-[a-L-Fuc-(1-6)]-D-
GlcNAc carrying a long-chain unsaturated N-acyl substituent on the non-
reducing end moiety, which is a signalling compound that triggers the formation
of root nodules in legumes, has been synthesized.''

3.5 Analogues of Tetrasaccharides and Compounds with Anomalous Linkings —
The tetramer 5 (R = OH), which is a hydroxy derivative of B-acarbose [5S (R = H)]
has been made by the coupling of a l-epivalienamine derivative, 1,6:3,4-
dianhydro-2-0-benzyl-pD-galactose and benzyl 2,3,6,2',3',6'-hexa-0O-benzyl-B-cel-
lobioside.!!” Compounds a-NeuNAc-(2—3)-B-D-Gal-(1 »X)-[a-L-Fuc-(1 - X)]-R,
where X = 2 or 3 and R = the N-acetylglucosamine analogue 6, are 2-acetamido-
deoxynojirimicin-containing analogues of siaLe* and siaLe®.!'®

Tetrasaccharide analogues having the sugar units S- rather than O-linked
to have been described are N-acetylchitotetraose,'’® and an analogue of
siaLe® made as the S-heptyl thioglycoside.'?® See reference 100 for a similar
branched glucotetraose analogue. By linking up appropriate disaccharide units
Vasella and co-workers have been able to produce the acetylene-linked
tetramer compound 7.'*' The phosphate-linked tetramer 8 and a similar
hexamer have been synthesized as fragments of the end of the phosphoglycan
of a Leishamania lipophosphoglycan by linking disaccharide phosphate com-
ponents.122

4 Pentasaccharides

4.1 Linear Homopentasaccharides — The novel and potentially very useful
compound 9 has been used in the iterative synthesis of di- to penta-saccharides of
Mpycobacterium tuberculosis polysaccharide II, which are a-(1-2)-linked glucose-
based compounds, the pentamer being made as a pentyl a-D-glycoside having an
N-acylhydrazide function at the terminus of the aglycon.'”® Sulfated alkyl B-
{1-3)-linked glucooligosaccharides, including the pentamer, have potent inhibi-
tory effects on HIV infection, and while the pentaoside showed cytotoxicity,
higher oligosaccharides were less toxic.'?* An alternatively a- and B-(1 —4)-linked
glucopentaose has been made synthetically as a simple heparan sulfate model,'?
and oligosaccharides of this series including the pentamer were chemically
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sulfated and tested for antiproliferative effect on smooth muscle cells in compari-
son with heparin. The oligosaccharides were deemed to be heparan model
compounds and were biologically more active than the sulfated heparin com-
pounds.'2¢

Solid phase technology and use of 6-O-acetyl-2,3,4-tri-O-benzyl-a-D-glucosyl
trichloroacetimidate led to (1 6)-linked pentasaccharides.!?’

Chitopentaose was fully deacetylated by use of a chitin deacylase,'?® and the
trityl/1,2-cyanoethylidene condensation reaction was applied to prepare a linear
B-(1—>5)-linked p-galactofuranan, and when the reaction was run at low concen-
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tration intramolecular condensation was observed and cyclic oligosaccharides
produced.'?

4.2 Linear Heteropentasaccharides — Two reports have been published on the
putative pentasaccharide binding unit of heparan sulfate to fibroblast growth
factor 2, i.e. a-L-IdoA-(1 »4)-a-D-GIcNH,-(1 »4)-a-L-IdoA-(1 = 4)-a-D-GIcNH,-
(1-4)-a-L-IdoA, carrying sulfate groups at the two amino functions and at O-2
of the reducing terminal acid group.!**!3! In related work a-p-Glc-(1—4)-B-D-
Glec-(1-4)-a-D-GlcA-(1 »4)-a-L-IdoA-(1 »4)-a-D-Glc-OMe, carrying sulfate
groups at O-1, O-2 and O-3 of the reducing and central units and O-6 of the non-
reducing unit, and methyl ethers at all other hydroxyl positions except O-4 of the
non-reducing terminus which was linked by way of a long spacer arm to various
oligosaccharides, was produced and the compounds were evaluated for anti-
thrombin and anti-factor Xa activity.'? Petitou and coworkers have described
computer modelling of the antithrombin III-heparin-thrombin complex which
has led to the synthesis of novel glycoconjugates, whose factor Xa and thrombin
inhibitory activities can be controlled to allow access to anticoagulants with
unprecedented characteristics.'>

Two examples of B-D-GlcA-(1—3)-B-p-Gal-(1—4)-B-D-GlcNAc-(1 - 3)-B-D-
Gal-(1+4)-pB-p-Glc-O-Cer varying in the ceramide component with sulfate ester
groups on O-3 of the glucuronic acid moiety have been prepared as glucuronyl
paraglobosides.**

4.3 Branched Pentasaccharides - A chemical procedure involving a 2 + 2
coupling followed by fucosylation has given a practical synthesis of o-D-
NeuNAc-(2-3)-B-p-Gal-(1 »4)-[a-L-Fuc-(1 - 3)}-B-D-GlcNAc-(1 - 3)-p-Gal
having the siaLe* tetrasaccharide B-(1—3)-linked to galactose.'*> An analogue,
with the acetyl group of the glucosamine unit replaced by long-chain aromatic-
containing polyamide substituents, has been incorporated into liposomes for
examination as inhibitor of E-selectin mediated cell adhesion,'*® and in closely
parallel work combined chemical and enzymic methods were used to produce the
same pentasaccharide having benzoyl and B-naphthoyl substituents on the
nitrogen atom.'>’ A review has appeared on the 3'-sulfated Le* pentasaccharide
which is the most potent E-selectin ligand reported so far.!3®

The synthesis of a-NeuNAc-(2—3)-[B-p-Gal-(1 - 3)-B-D-GalNAc-(1 -4)]-B-D-
Gal-(1-4)-B-p-Glc-O-Cer, which is the ganglioside GM,, has been reported by
Schmidt’s group,'® and the lactosyl-N-acetyllactosaminyl galactose B-D-Gal-
(1-4)-B-D-Gle-(1 - 6)-[B-D-Gal-(1 -»4)]-B-D-GlcNAc-(1 - 3)-B-D-GalOMe,
having a lactyl ether bonded to O-3 of the branching galactose unit, has similarly
been prepared. It is a compound which has been implicated in Group B
Streptococcal infections.'*® Pentasaccharide B-p-Glc-(1-3)-B-D-Gle-(1-4)-[B-D-
Xyl-(1-2)}-B-p-Qui-(1-2)-p-Xyl, carrying a methyl ether group at O-3 of the
terminal glucose unit and sulfate esters at O-4 and O-6 of the reducing xylose unit
and the two glucose units respectively, has been isolated from a marine
saponin.'¥!



72 Carbohydrate Chemistry
5 Hexasaccharides
As has become customary in these volumes, an abbreviated method is now used

for representing higher saccharides. Sugars will be numbered as follows, and
linkages will be indicated in the usual way:

1 p-Glcp 2 D-Manp 3 p-Galp
4 D-GlcpNAc 5 D-GalpNAc 6 NeupAc
7 L-Rhap 8 L.-Fucp 9 p-Xylp
10 p-GlcpNH, 11D-GlcpA 12 D-Qui (6-deoxy-D-glucopyranose)

13 L-Glycero-D-manno-heptose 14 L-Araf 15 Kdn

5.1 Linear Hexasaccharides — The B-1,6-glucohexaose carrying 3-O-caproyl
substituents on units 2, 4 and 6 has been made during studies of the lipooligo-
saccharide HS-142-1, which is a novel non-peptide antagonist for the atrial
natriuretic peptide receptor.'*>!4> Different enzymes were used to cause partial
hydrolysis of chitosan, and methods were developed for producing mixtures
containing 72% of the hexamer with smaller amounts of the pentamer and
heptamer.!* The hexamer comprising six 1,4-linked units of 2,6-di-O-benzyl-3-
O-methyl-a-D-mannose has been made during work on a micobacterium poly-
saccharide,'®® and similar work on a further bacterial product led to the
preparation of a hexamer comprising a-(1 —2)-linked 4-(3-deoxy-L-glycero-tetro-
namido)-4,6-dideoxy-o-D-mannopyranose, which is an N-acylated perosamine.'*®
A maltohexaose derivative produced by opening O-methylated a-cyclodextrin is
reported in reference 186.

A European and a Japanese group have completed the preparation of
sialylgalactosylgloboside 10.'4"'4® The latter workers also made the isomer

2-»3@1-»3@1—»31-+4@1-+4@4:er 10

having the sialic acid (2—6)-linked,'* and a further one with the sialic acid
(2—6)-linked and also galactose in place of N-acetylgalactosamine.'*® Hexasac-
charide 11, which corresponds to a fragment of the porcine zona pellucida

SO]N&

|
@1_»46@ 153 () 154 () 1-3 ) 1 -3 @)-O~(CH:NH, 11

glycoprotein that coats the oocyte and is able to inhibit the porcine sperm-oocyte
interaction, was prepared,'*® and the synthesis of compound 12, which is the

1-»2@1—»3@1-41—»4@1-»4@ 12

hexasaccharide moiety of Globo H antigen, has been reported.'>' Using their
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glycal technology Danishefsky’s group has put together a very similar antigen
which is a substance very heavily expressed on human breast tumours. The
compound produced was a fully-substituted derivative of 13 with a sulfonamido

@1-20)1-3@)1-3 @) 1-4 @) 1-4pglucal 13

group in place of the N-acetylamino group of the galactosamine unit and a glycal
in the reducing terminal position.'>

5.2 Branched Hexasaccharides — Compounds of this set with glucose at the
reducing end to have been prepared are sial.e* ganglioside compounds 14, with
sulfate ester groups separately at the 6-positions of residues 3 and 4,'** 15, which

1
|

6
@2-30) 143D 1-33) 154D 153 @)-O0Cer 14

is a hexasaccharide related to a Streptococcus capsular polysaccharide component
and has an O-lactyl substituent at O-3 of the branching galactose moiety,'> and
compound 16, a fragment of a further streptococcal polymer.!>

®

1

@l-—»4@1~»6@1—»3@ 1-4 @D-0""\NH,
16 2-»3@1-»4@1-»3@1-»4@

Mannose-terminating compounds to have been described are 17, which is the
Le* determinant linked to a linear mannotriose,'*® and 18 with two lactosamine

1 ¢)1-4@
@1—»4@1—»6.1—»6@1—»6@ i
®d ¢ 18 @1—»4@1—»21—»6

1
|

3
@1-2@)1-3@)1-2@) 19

®
l

W —
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units linked to a mannobiose.!*”"!>® The haemolytic streptococcal group A cell-
wall polysaccharide unit 19 has also been prepared.’'>

6 Heptasaccharides

Pokeweed lectin-B was determined by spectroscopic methods alone to have
structure 20.'° A maltoheptaose derivative, produced by opening O-methylated
B-cyclodextrin, is reported in reference 186.

1
i

1
i
6 3
1_.3@1-94@1_,4@
p)
)
1
@ 20

7 Octasaccharides

7.1 Linear Octasaccharides — A convergent procedure based on trichloroaceti-
midate coupling has been used to prepare cellooctaose.'®! A malto-octaose
derivative, produced by opening O-methylated y-cyclodextrin, is reported in
reference 186. Solid phase methods were employed to make the B-1,3-tetramer of
lactosamine,'®? and an iterative approach was used in the preparation of the
tetramer of B-D-GlcNAc-(1-4)-B-D-GlcA-(1—3) giving an octamer section of
hyaluronic acid.'%?

7.2 Branched Octasaccharides — Syntheses have been recorded of compounds
21 and 22, which are the octamers of the lipopolysaccharide of Moraxella

@
l
144@1—»41—»2@1—»6

21

@
1—»2 ?
3

@2-33) 154D 1-3F) 14 @) 153 B3) 14 GD)-0-Cer

22

o
I
@
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catarrhalis'® and the VIM-2 ganglioside isolated from human myelogenous

leukemia cells.'®> Compound 23 is the octasaccharide of the core fucosylated

@@
1
! l

3 6
1-»21—»6@1-»41—»4.
23

biantennary glycoprotein of serum and it has been chemically synthesized,'66 and
24, the novel B-galactofuranose-containing high mannose oligosaccharide of an

®

1 1
| !

1—»21—»61—»6@1—»4@1—»4@

24 X =p-p-Galf

enzyme from a bacterium, has been identified by spectroscopic methods. Several
variations of this octamer were also reported.'¢’

8 Higher Saccharides

Compounds 25 and 26 were used as the key reactants in the synthesis of the
branched mannononaose 27, the acetal ring system of the former disarming the
phenylselenyl group to allow specific reaction of 26 as glycosylating agent.'®

1—»21-»2.

1
|

3
1—»21—»21-»2@

1
1

142. 27

Oligomerization of the sulfur-linked cellobiosyl fluoride 28 by use of a cellulase
gave a set of products with even numbers of glucose residues of general structure
29, lower members of which, up to the decaose, were separated. Higher members
of the series were obtained as a mixture.'®® The branched chain decasaccharide
30, with and without C-13 labelling in the acetyl group of the sialic acid units,
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and an analogue with propanoyl groups instead of acetyl groups on these units,

have been made.

170

In the undecaose set, compounds 31 and 32 have been prepared by chemical

1—.2.
1

!

6
1-.21-»3

!

6
1—»21—-)21—»3@1—44@1—»4@ 31

2—»3@1-»41—»2

2—»3@1-»41-.21-»3@691—»4@1—»4@ OF
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synthesis, some couplings occurring with remarkable efficiencies. In the case of the
latter oligomer, which was prepared in protected form, difficulties were found with
deprotection.!” Enzymic transglycosylation of compound 31 allowed the genera-
tion of a glycoside with an aglycon having a spacer group linked to an acryloyl
group which was copolymerized with acrylamide. The polymeric product was
much more efficient as an inhibitor of glycoprotein binding than was 31 itself.!’?

By careful control of reaction conditions and reactant proportions, 2-deoxy-
maltooligosaccharides have been obtained in yields of about 45% starting from D-
glucal with a phosphorylase, inorganic phosphate and a primer such as maltote-
traose. The chain lengths were dependent upon reaction times, with the degree of
polymerization being about 12 after 3-4 h and 20 after one day.'”

The tridecacompound 33, which contains two siaLe* tetrasaccharide units was
put together relatively readily by enzymic methods. The reducing end of the
initial oligosaccharide required for the synthesis was linked to asparagine.'™

2—»3@1—»4@1—)2.
3 1

i l

1 6
@1—»4@1-—»4@
:

i T

3 1
@2-3@1-40)1-2@ 33

Mass spectrometric methods are now able to assist with specific characteriza-
tion of relatively long-chain oligomers, and the MALDI-TOF technique has been
used in the investigation of a cell wall xylan linked by B-(1—3)-bridges and with
chain length of 25. Such analysis can be carried out on impure samples.!”

Increasingly, enzymes are being used in the synthesis of oligosaccharides, and in
this type of work normally ranges of products of different chain lengths are
obtained. Oligosaccharides to have been synthesized in this way are: a-1,2-linked
glucooligomers,'’® and B-1,4-linked N-acetylglucosamine compounds, that is,
artificial chitin. Interestingly, the substrate for this reaction was an oxazoline
derived from chitobiose.'”’ In analogous, but purely chemical synthetic work,
oligomers of DP~20 corresponding to fragments of cellulose have been generated
from 3,6-di-O-benzyl-a-D-glucopyranose 1,2,4-orthopivaloate by oligomerisation
using trityl tetrafluoroborate which gave p-(1-+4)-linked 2-O-pivaloyl products. 178

9 Cyclodextrins

This report concentrates almost exclusively on the chemistry of the cyclodextrins
themselves and disregards the large amount of material that has been reported on
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the properties of these compounds as binding hosts, the properties of the
complexes they form, and their effects as reaction catalysts.

A novel enzymic synthesis of cyclodextrins uses a specific enzyme from Bacillus
macerans and employs aqueous organic solvent mixtures. No product was
obtained in water, but in a mixture of water and cyclohexane, 44% of B-
cyclodextrin was obtained. Extraordinarily, acyclic alkanes used with water did
not permit cyclodextrin formation, but benzene, xylene and chloroform, ethanol,
butanol and pentano! did permit such synthesis.!’® Cycloinulohexaose (otherwise
a-cyclofructin) can be produced from inulin enzymically and has been shown to
be a useful cryoprotective agent during freezing and freeze drying of liposomes,
having a higher collapse temperature than does trehalose.'®® The electrostatic and
lipophilicity potential profiles of the cyclofructin have been compared with those
of the cyclodextrins. The former has no central cavity, but is well suited to the
regioselective complexing and incorporation of metal ions.'®! Chemical methods
have also been used to make cyclodextrin compounds. Tin tetrachloride-catalysed
oligomerization of 1,2,2',3,3',4',6-hexaacetyl-B-maltose and 6’-O-tritylmaltose
heptaacetate has afforded the acetylated hexa-, octa- and decamers containing
alternative o-(1-4)- and B-(1-6)-linkages.'3? Cyclic compounds derived from
heterodisaccharides have also been reported, trityl perchlorate catalysing the
oligomerization of compound 34 to give the 6- and 8-sugar-containing cyclic

products based on a-L-Rha-(1 »4)-a-D-Man-(1 —»4).'%3
CH,OPiv CH,OPiv
(o) 0,
OH o}
o / .
Me CN (o} o c OH
BzOCH, I H
TrO lo) o} o] Ph
Me 0 L. 08z O
OBz OBz
34 CH,OPiv
35

Statistical analyses based on crystallographic data have been conducted on the
cyclodextrins and the results were used to compile contact surfaces/molecular
lipophilicity patterns.'® Pyrolyses of cyclodextrins have been studied by use of a
Curie-point pyrolyser.'8’

Considerable attention has been given to various cyclodextrin ethers. Thiolysis
of fully methylated cyclodextrins, using phenylthiotrimethylsilane and zinc
bromide in dichloroethane, caused cleavage of a single glycosidic bond and from
the a-cyclodextrin ether 28% of the fully substituted corresponding hexaose
S-phenyl thioglycoside was isolated following benzoylation of the liberated
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hydroxyl group on the terminal sugar unit. Similar results were obtained with a-
and y-cyclodextrin ethers. !

Treatment of the per-2,6-di-t-butylmethylsilyl ethers with sodium hydride and
methyl iodide or allyl bromide in THF results surprisingly in alkylation at O-2,
illustrating that the 2-silyl ether migrated to O-3 prior to ether formation.
Following desilylation the products are per-2-O-alkyl cyclodextrins.'®” A range
of specific B-cyclodextrin ethers, for example the per-2,3-di-O-methyl, per-2,3-di-
O-methyl-6-O-t-butyldimethylsilyl- and 6-z-butyldimethylsilyl-p-cyclodextrins,
have been used in studies of their immobilization on gold surfaces.!®® From
mono-6-0-t-butyldimethylsilyl-B-cyclodextrin, the derivative carrying methyl
ether groups at all positions except one primary position was obtained after
desilylation.'®® NMR. and X-ray diffraction studies on methyl ethers of cyclodex-
trins are reported in Chapters 21 and 22 respectively.

Mono-2-hydroxypropyl B-cyclodextrin has been made directly in 28% yield
using epoxypropane in alkaline conditions,'*® and glycolyl ether groups have
been introduced at O-6 and separately at O-3, to give products with negatively
charged species to examine the possibility that they would link electrostatically
with ammonium group-containing cyclodextrins to give heterodimers in aqueous
solution.'®!

Heptakis 6-0-t-butyldimethylsilyl-B-cyclodextrin, on reaction with 4-chloro-
methyl-N-methyl-2-nitroaniline, affords the mono-3-substituted benzyl ether.'*?
B-Cyclodextrin carrying a 2-(naphthylmethyl) group at O-6 exists with the
aromatic rings within the cavity to an extent which is very temperature depen-
dent. Temperature can therefore be used to control the degree of complexing of
the aromatic system with a fluorescent naphthalene compound.'®>'** Heptakis-
[2,3-di-O-acetyl-6-deoxy-6-iodo]-B-cyclodextrin treated with 6-methoxycarbonyl-
2-naphthol allowed access to the compound having naphthoic acid substituents
at all of the primary positions, and this forms a very stable 1:1 complex with a
merocyanine laser dye which is a mimic of the antenna function in photosynthesis
and shows promise as a photochemical microreactor.'”> Mono-[6-O-(8-qui-
nolyl)}-B-cyclodextrin has been reported, and the stabilities of inclusion com-
plexes with amino acid ‘guests’ have been described.'®

Selective substitution at the primary positions on two adjacent rings in
cyclodextrins is now possible following the finding that 1,3-di-(chlorosulfonyl)-
4,6-dimethoxybenzene forms a cyclic disulfonate with these hydroxyl groups on
heptakis-2,3-dimethyl B-cyclodextrin. Subsequent straightforward reactions led
to 6a,6b-di-p-allyloxyphenyl-B-cyclodextrin permethyl ether.'®’

An abbreviated route to heptakis 2,3-anhydro-D-manno-B-cyclodextrin has
been reported,'*® and likewise a modified route to the per 3,6-anhydro-compound
via the hepta-6-iodo derivative has been reported.'” A paper which reports the
mono-2,3-allo-anhydride and the mono-3,6-anhydride of B-cyclodextrin also
reports the 2,3-anhydro derivative with the anhydro ring linking two adjacent
sugar units.””® Other Japanese workers have reported the derivative 35 containing
a benzylidene acetal ring also linking the same 2,3'-hydroxy! positions of the
heptakis-6-O-pivaloate of B-cyclodextrin. Clearly this work opens many opportu-
nities for making further selectively substituted compounds, and the authors
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prepared a nonadecyl-O-benzyl ether of B-cyclodextrin. By reductively ring-
opening the benzylidene acetal, on the other hand, they produced a mono 2-
substituted ether in good yield. The analogous 2,3'-acetals were reported of a-
and y-cyclodextrin.?’!

A bis-cyclic sulfonate spanning the primary positions of adjacent glucose units
of B-cyclodextrin was referred to above, and a diphenyl-4,4’-disulfonyl reagent
has been shown to link the primary positions of the A- and D-related glucose
units. This, interestingly, was cleaved with taka-amylase A and gave an acyclic
heptaglucose with a bridging link between sugars 2 and 5.2°° In related work
9,10-dicyano-2,6-(dichlorosulfonyl)anthracene was used as a bidentate capping
agent with B-cyclodextrin. In the course of this work 9,10-dicyano-2-methyl-
anthracene was linked through the methyl group to O-6 of B-cyclodextrin.?®> A
large excess of toluene p-sulfinyl chloride was used to fully protect p-cyclodextrin
with p-tolylsulfinyl groups and the product was used as a chiral stationary phase
for chromatography.?®* B-Cyclodextrin has also been capped by use of diols
linked through carbonate ester groups. They were made by use of carbonyldi-
imidazole as carbonylating agent,?®® and the same cyclodextrin condensed with 7
molar equivalents of boric acid with removal of water gives a product which, it is
believed, could involve esterification of pairs of secondary hydroxyl groups. It
catalyses the hydroxylation of alkenes with ¢-butyl peroxide.?°¢

Aminodeoxy derivatives of cyclodextrins seem increasingly to attract attention,
and as an indication of their significance heptakis-6-amino-6-deoxy-p-cyclodex-
trin catalyses hydrogen/duterium exchange in active hydrogen substances.?’” The
diamino compound, having amino groups at the 6-positions of adjacent glucose
rings, has been made following azide displacement of the relevant known
disulfonate. X-ray analysis of the product was carried out.2%® The N-2-aminoethyl
derivative of the mono-6-amino compound was studied as a host for anilino-
naphthalene sulfonates,”% and the diethylenetriamine analogue with an extended
chain has also been reported.?'? The N-aminoethyl derivative mentioned above
has been amide-coupled to the diketopiperazine dimer of aspartic acid to give a
derivative with the side-chain 36, which exists with the diketopiperazine held on
the 6-surface of the cyclodextrin ring.?'! Related work has incorporated the N-
acetyltyrosinyl and N-acetyltryptophanyl groups 37 and 38 at the nitrogen of 6-
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amino-6-deoxy-cyclodextrin, and while the former is strongly self-included with
the aromatic ring within the cyclodextrin cavity, the indole ring of the latter is
only weakly self-included. These products were then examined as hosts for a
range of compounds including some monoterpenes.>’> Closely related studies
have used diastereoisomers prepared by attaching L- and D-tyrosine and N-
formyl L- and D-phenylglycine.'® Stoddart and co-workers have reported
compounds carrying an amino-acid group at C-6 of each of the sugar rings of B-
cyclodextrin, notably those having phenylalanine amide-coupled to the 6-amino-
6-deoxy compound and cysteine S-coupled to C-6.2'* Other compounds to have
been linked by amide coupling are 6-amino-6-deoxy-B-cyclodextrin and 6-amino-
6-deoxy-B-glucose the amino groups of which were connected by way of a thiono
group, the monosaccharide being in the form of the B-glycosylamine amide-
bonded to glycine.?!* Novel urea coupling between two B-cyclodextrin molecules
has been effected by treatment of the mono-6-azido-6-deoxy derivative with
triphenylphosphine and carbon dioxide.?'®

Mono-6-anilino-6-deoxy-p-cyclodextrin has been described,?!’’” and the ana-
logue with o-phenylenediamine groups N-bonded to C-6 of the A- and C-rings of
a-cyclodextrin has allowed the preparation of the interesting compound 39 by
condensation with the appropriate p-cresol dialdehyde. The product was extre-
mely unsymmetrical with all six sugar rings being in different magnetic environ-
ments.?'® Opening of the epoxide ring of the mono-2,3-anhydro-allo-B-
cyclodextrin with imidazole gave predominantly the 3-deoxy-3-imidazolyl D-
glucose compound, and the manno-epoxide also afforded the product of attack at
C-3 and gave mainly the 3-deoxy-3-imidazolyl-p-altro-compound.?'®* The same
workers then produced bisimidazolyl derivatives from the corresponding A,C-
manno-diepoxides.?*

Enzymic condensation, by use of cyclodextrin glycosyltransferases, of a-D-
maltosyl fluoride, which has sulfur in place of the interunit oxygen atom, gave
cyclic oligomers having 8-, 10- and 12-sugar units in 16%, 14% and 7% yield
respectively. These analogues, therefore, had suifur replacing oxygen in alternate
interunit bonds.”>' Mono-6-thio-B-cyclodextrin and long chain sulfur-substituted
derivatives have been made in connection with their immobilization on gold
surfaces'®® and coupling of 6-deoxy-6-iodo-B-cyclodextrin with sodium sulfide
has given a dimer with a sulfur linkage between the C-6 carbon atoms. In the
same work coupling was effected between rings by use of epichlorohydrin.??
Heptakis-{6-S-(2,3-dihydroxypropyl)-6-thio}-B-cyclodextrin and several related
compounds have been prepared as well as corresponding sulfones. Some products
have notably improved water solubility.??*> Compound 40 is a2 monothio-linked
derivative of B-cyclodextrin having unique photochromic behaviour in exhibiting
normal and reverse photochromism. In aqueous solution it existed with the
aromatic ring system within the cyclodextrin cavity, but in the dark the molecule
was ‘open’.%**

Per-6-bromo-6-deoxy derivatives of o-, B- and fy-cyclodextrin have been
produced using triphenylphosphine and bromine in DMF, the yields being
almost quantitative. Nucelophilic displacements then led to per-cyano-, azido-
and sulfur-linked compounds in excellent yields. It has therefore become easy to
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make per-primary-substituted cyclodextrin derivatives.?”> Maltotriosyl fluoride

having a 6-deoxy-6-iodo substituent on the non-reducing terminal unit underwent
enzymic cyclodimerization to give the 6*,6P-dideoxy-6",6P-diiodo-a-cyclodex-
trin.?¢

a-Cyclodextrin carrying an a-D-glucopyranosyl group on C-6 was enzymically
glycosylated to give each of the positional isomers of the monogalactosyl
derivatives having the new unit at the 2- or the 6-positions.??’
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Ethers and Anhydro-sugars

1 Ethers

1.1  Methyl Ethers — The 3-O-methyl-B-p-allopyranosyl- and the corresponding
6-deoxy- sugar units have been encountered as constituents of oxypregnane-
oligosaccharide saponins from Stephanotis lutchuensis.' All the mono-O-methyl
ethers of methyl a-isomaltoside have been prepared in order to study their relative
binding affinity to glucoamylase.”

1.2 Other Alkyl and Aryl Ethers - A number of 3-O-aminoalkyl-1,2-O-isopro-
pylidene-a-D-gluco-or xylo-furanoses have been synthesized and evaluated for
antiviral activity.> Some 6-O-alkyl-a-D-glycopyranosides have been prepared by
displacement of 6-O-tosylates with alkoxides,* while the regioselectivity of 3- or
5-O-ether formation on 1,2-O-isopropylidene-4,6-di-O-benzyl-myo-inositol has
been shown to depend on the nature of the O-alkylating agent.® A facile synthesis
of methyl 2-or 3-0-allyl-5-0-benzyl-B-p-ribofuranoside has been described.®

The synthesis of peptidomimetics based on a p-glucose or p-allose scaffold
featured 2,3-di-0-alkyl-6-O-aryl-4-O-carboxymethyl-pyranose compounds,’ while
a muramic acid analogue has been used in the solid phase synthesis of peptido-
glycan monomers for the generation of a combinatorial library.?

O-Cyanomethyl ethers have been shown to be versatile intermediates for
making compounds bearing O-(2-aminoethyl), O-carboxymethyl, O-carboxami-
domethyl and O-formamidinemethyl ether groups, useful in the study of sugar-
protein interactions.” The ‘DATE’ protecting group, O-1,1-dianisyl-2,2,2-tri-
chloroethy! ether, has been used as a protecting group for the 2'-OH group in
ribonucleotide synthesis. Cleavage is effected using lithium cobalt(I) phthalocy-
anine which induces reductive fragmentation.'® O-Tributylstannylmethyl ethers
have been lithiated (BuLi) and treated with electrophiles to give a range of
0-alkyl and -substituted alkyl ethers.'!

The synthesis of four diastereomeric lignin-carbohydrate complex model
compounds 1 has been described,'> while an amphiphilic porphyrin substituted
with both 6-O-galactopyranosyl and cholesteryloxy units has been synthesized.'*

A study on the selectivity of stannylene acetal-mediated alkylation of methyl
4,6-0-benzylidene-a-pD-glucopyranoside has concluded that increased bulk of the
alkyl groups on tin and a non-polar or no co-solvent increase the proportion of
0-2 mono-ethers formed.'* The tin-mediated allylation and benzylation of 1,2-O-
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isopropylidene-myo-inositol is discussed in Chapter 18. A rather complicated
synthesis of allyl 2,6-di-O-benzyl-a-D-glucopyranoside involved an inversion of
configuration at C-4 of allyl 2,6-di-O-benzyl-3-0-(4-methoxybenzyl)-a-D-galacto-
pyranoside.'® A general procedure for the phase transfer catalysed O-allylation of
carbohydrate derivatives has employed allyl bromide in dichloromethane with
50% aqueous sodium hydroxide and tetrabutylammonium bromide as catalyst.'®
A lengthy synthesis of 3-O-allyl-L-fucopyranose from D-arabinose has been
reported.'” The O-benzylation of some carbohydrate primary-secondary vicinal
diols with benzyl chloride in KOH/DMSO has been reported to give predomi-
nantly the secondary mono-0O-benzyl ether product in some cases.'®

The use of DDQ in dichloromethane/water for the cleavage of primary allyl
and benzyl ethers has been reported,'® and anhydrous ferric chloride in dichloro-
methane debenzylated sugar benzyl ethers, without affecting acetals, benzoates,
phthalimides and glycosidic linkages.”’ 4-Methoxy- and 3,4-dimethoxy-benzyl
ethers have been deprotected with catalyic DDQ and ferric chloride.?! The
combination of Ti(O'Pr)4 and BuMgCl has been used to cleave allyl ethers to the
corresponding alcohols.?

Variable levels of asymmetric induction has been reported in the epoxidation
of 3- and 5-O-alkenylglycofuranoses using MCPBA;?® the [2+2}-cycloaddition of
tosyl isocyanate to but-l-enyl ethers is covered in Chapter 10. The reductive
cleavage of 4,6-O-(a-methylbenzylidine) acetals of a-D-glucopyranoside with
LiAIH4/AICI; has afforded single regio- and stereo-selective isomers of the 4-O-
or 6-O-a-methylbenzyl ethers depending on the stereochemistry of the starting
acetal centre.**

A number of 15- and 18-membered ring mono-aza crown ethers incorporating
ether bonded glucose or galactose residues have been synthesized and their
complexing abilities with Li*, Na*, K* and NH," cations were measured.”®

1.3  Silyl Ethers - Tin-mediated fert-butyldimethylsilylation of some methyl
glycosides and D-glucal afforded exclusively the products of silylation at the
primary hydroxy groups.26 Silylation of alcohols (including hindered and tertiary
alcohols) has been effected using bis-N,O-(tert-butyldimethylsilyl)acetamide in
the presence of catalytic amounts of BusNF.?’ Partial silylation of methyl and
allyl a-pD-mannopyranoside gave variable mixtures of 2,6- and 3,6-disilyl ethers
(TbdmsCl, imidazole). The 3,6-disilyl ether was isomerized to the 2,6-isomer with



92 Carbohydrate Chemistry

imidazole in DMF, but with BuLi in THF it was converted into the 4,6-isomer.%?
Selective silylation of pyranose 1,2-diols afforded the anomeric O-silyl ethers.
Subsequent benzylation (NaH, DMF, BnBr) was preceded by 1-2 silyl group
migration so that the benzyl 2-O-silyl glycosides were obtained.”

Both 1:1 and 1:2 complexes of BuyNF and BF;.OEt, have been assessed for
their unique properties for the selective removal of different silyl ethers.’® The
Tips silyl group can be removed with K10 clay in aqueous methanol.>!

2 Intramolecular Ethers (Anhydro-sugars)

2.1 Oxirans — The use of pyranose epoxides in the preparation of sugar amino
acids and peptides, aminodeoxy, halodeoxy, branched-chain, cyclopropanated
and aziridino sugars has been reviewed.*?

A number of 1,2-anhydro-per-O-benzyl-aldo-furanose and -pyranose com-
pounds, including 1,2-anhydro-3,5,6-tri-O-benzyl-a-L-gulofuranose, 1,2-anhydro-
3,5-di-O-benzyl-B-p-arabinofuranose,* 1,2-anhydro-3,5,6-tri-O-benzyl-f-D-man-
nofuranose, 1,2-anhydro-3,5-di-O-benzyl-a-p-xylofuranose,* 1,2-anhydro-3,4,6-
tri-O-benzyl-B-p-altropyranose and -a-p-allopyranose®® and 1,2-anhydro-3,4-di-
O-benzyl-6-deoxy-B-L-talopyranose have been prepared by standard methods.>®

Treatment of 1,2-anhydro-3,4,6-tri-O-benzyl-a-D-glucopyranose with various
hydride/Lewis acid systems led to 1,2-diol products, whereas with LiAlH, in
refluxing ether the 1,5-anhydro-glucitol tri-ether was obtained.>” Polymerisation
of 1,2-anhydro-3,4-di-O-benzyl-B-L-thamnopyranose (Tf,0, CH,Cl,) gave high
yields of a-(1-2)-linked rhamnopyranan.®® Stereoselective glycosidation of
1,2:3,4-di-O-isopropylidene-a-D-galactopyranose with 1,2-anhydro-aldo-pyra-
nose or -furanose derivatives was effected without added catalyst to give 1,2-
trans-glycosides.>*

Benzyl 2,3-anhydro-a-p-ribopyranoside was opened by nucleophiles exclu-
sively at C-3 to give 3-substituted-3-deoxy-D-xylose derivatives,*® whereas benzyl
3,4-anhydro-B-D-ribopyranoside, can be regioselectively opened at C-3 or C-4
with various nucleophiles (CN, SPL, N3, OMe, Br, I) depending on the choice of
metal counterion.*!

Some 2,3-epoxyamides of aldonic acids have been prepared by reaction of
acyclic aldose derivatives with sulfur ylids (Scheme 1).*? Syn-epoxidation of some
racemic 2-benzyloxy-4-alkenamides by way of iodohydrin formation and subse-
quent base treatment has afforded epoxides such as 2. Epoxidation of hex-2-
enopyranosyl phosphonates has been effected with H,O,/sodium tungstate.**

2.2  Other Anhydrides — The readily available diol 3 has been converted into the
1,6-anhydro-derivatives 4 and § (camphorsulfonic acid, toluene, reflux) in a 7:1
ratio and the galactopyranoside diol 6 afforded a 1:1 ratio of the corresponding
1,6-anhydro-compounds under the same conditions.*> An acid-catalysed rearran-
gement of D-galactal has afforded the unsaturated 1,6-anhydro-sugar 7.*6 The
Sharpless asymmetric dihydroxylation applied to the terminal alkene in 2-
vinylfuran, followed by further oxidation reactions, has led selectively to both
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D-glycero-D-gulo-heptose were easily separated by chromatography after acetona-
tion, since the D-erythro-L-galacto product formed the diacetonide 6, whereas the
D-erythro-L-talo isomer gave the tri-acetonide 7.” Treatment of a,«'-trehalose, its
mono-galacto and its di-galacto equivalent with 2,2-dimethoxypropane and
catalytic TsOH in DMF gave diacetonides in all three cases, the substitution
occurring at the 4- and 6-positions of the glucopyranose and at the 3- and 4-
positions of the galactopyranose residues.®

OH HO
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OH o

The cyclohexylidenation of D-mannose diethyl dithioacetal aimed at the
preparation of the fully O-protected aldehydo-pD-mannose derivative 8 has been
described.’

A detailed comparative study on the benzylidenation of p-arabinose diethyl-
dithioacetal with benzaldehyde dimethylacetal and catalytic TsOH or with
benzaldehyde in the presence of HCI or ZnCl, has been published,'® and the
benzylidenation of methyl a-D-mannopyranoside with benzaldehyde and TsOH
has been improved, with yields of acetal 9 >72%."! Transacetalation of fully 6-O-
pivaloylated «-, B-, and y-cyclodextrins with benzaldehyde dimethylacetal and
catalytic camphorsulfonic acid gave mono-benzylidene products 10. Reductive
ring-opening (LAH/AICI3) of compounds 10 afforded predominantly the 2'-O-
unprotected derivatives 11.'2

CHgOF‘lv CHZOPlv

n=456
10 R', R2 = PhHC
11 R'=Bn,R?=

CH,OPiv
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give a stereoregular (1 —6)-a-D-mannopyranose polymer,’! and the copolymeriza-
tion of 1,6-anhydro-2,4-di-O-benzyl-3-0-1'-(methoxycarbonyl)ethyl-p-D-gluco-
pyranose with 1,6-anhydro-2,3,4-tri-O-benzyl-B-D-glucopyranose (PFs, CH,Cl,)
has led to polymers with various contents of carboxyl groups.>

The acetimidate 10 in the presence of BF;.OEt, has produced the 1,2:2,1'-
dianhydride 11 with loss of the 2'-O-benzyl group.®® Treatment of l-erythro-2-
pentulose with pyridinium poly(HF) under thermodynamic conditions gave the
previously unknown B-1-1,2:2.4'-di-furanose-dianhydride as the major
product.>*
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6

Acetals

1 Acyclic Acetals

On treatment with Ac,O/HOAc/H,SO,, methyl 2-acetamido-2-deoxy-B-d-gluco-
pyranoside (1) is converted into the acyclic acetal-like species 4, although the
a-anomer 2 undergoes acetolysis to form, as expected, the 1-acetate 3 under these
conditions.'

2 Ethylidene, Isopropylidene, Cyclohexylidene and Benzylidene Acetals

Trichloroethylidene acetals are readily dechlorinated by tributyltin hydride, thus
providing convenient access to ethylidene acetals with endo-H configuration.?

A number of new acetonation conditions have been examined. Use of acetone
in the presence of K 10 clay gave the 2,3-O-isopropylidene derivatives of D-
ribofuranose and L-rhamnopyranose and the expected di-O-isopropylidene deri-
vatives of D-xylose, D-glucose, D-galactose and D-mannose in excellent yields.>
Good to excellent yields of the expected acetonides of methyl a-pD-manno-, a-D-
gluco-, and a-D-galacto-pyranoside as well as of D-mannose have been obtained
with acetone and titanium(IV) chloride supported on modified silica gel.*
Hs;PMo,,040 was the most active of 18 heteropolyacids examined as catalysts in
the acetonation of L-sorbose.’

Isopropylidenation of methyl a-D-glucoseptanoside with limited quantities of
2,2-dimethoxypropane and TsOH in DMF gave 5 as the major product.® The two
octonolactones obtained in near equal proportions by Kiliani ascent from

o
CH,0Ac CH,0Ac
o, R OAc O | OMe
OAc OAc OMe
2 OAc HO OH
AcO R AcO o
NHAc NHAc
1 R'=0Me, R2=H 4 5

2 R'=H, RZ=0OMe
3 R'=H, R?=0Ac
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D-glycero-D-gulo-heptose were easily separated by chromatography after acetona-
tion, since the D-erythro-L-galacto product formed the diacetonide 6, whereas the
D-erythro-L-talo isomer gave the tri-acetonide 7.” Treatment of a,a’-trehalose, its
mono-galacto and its di-galacto equivalent with 2,2-dimethoxypropane and
catalytic TsOH in DMF gave diacetonides in all three cases, the substitution
occurring at the 4- and 6-positions of the glucopyranose and at the 3- and 4-
positions of the galactopyranose residues.®
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The cyclohexylidenation of D-mannose diethyl dithioacetal aimed at the
preparation of the fully O-protected aldehydo-pD-mannose derivative 8 has been
described.’

A detailed comparative study on the benzylidenation of p-arabinose diethyl-
dithioacetal with benzaldehyde dimethylacetal and catalytic TsOH or with
benzaldehyde in the presence of HCl or ZnCl, has been published,'® and the
benzylidenation of methyl a-D-mannopyranoside with benzaldehyde and TsOH
has been improved, with yields of acetal 9 >72%.'! Transacetalation of fully 6-O-
pivaloylated «-, B-, and y-cyclodextrins with benzaldehyde dimethylacetal and
catalytic camphorsulfonic acid gave mono-benzylidene products 10. Reductive
ring-opening (LAH/AICI3) of compounds 10 afforded predominantly the 2'-O-
unprotected derivatives 11.'2

CHgOPlv CHgOPlv

n=456
10 R',R? = PhHC
11 R'=Bn,R2=
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3 Other Acetals

The p-nitrobenzylmethoxy group'? and the 1-{(trimethylsilyl)ethoxy]ethyl group'*
have been introduced for hydroxyl protection, especially 2’-OH in solid-phase
oligoribonucleoside synthesis. The low yields achieved in the preparation of the
diastereomeric pyruvic acid acetals 14 from the corresponding 3,4-di-O-trimethyl-
silyl ether 12 by use of the established procedure prompted the authors to devise
an alternative route to 14 via the acetoxyacetonide 13, as shown in Scheme 1."°
The pyruvic acid acetal imidate 15 was obtained in 4 steps from S-phenyl 4',6'-O-
benzylidene-1-thiolactoside for use in the synthesis of pyruvated trisaccharides. '
New examples of the concomitant acetal formation and introduction of a
carbamoyl function on treatment of cis-trans-configured 1,2,3-triols with chloral/
DCC (e.g., 16 — 17, see Vol. 28, p. 97, Refs. 16-18) have been reported.!”"*

CHgOBn CHZOB"
TmsO o]
0 i VH“ ii-iv 0
OTms _— 0 —_— 0
Me
OMe N— Me OMe
OBn CH,0Ac CO,Me OBn
12 13 14

Reagents: i, MeC(O)CH,OAc, TmsOTT, TfOH; ii, EtzN, ag. MeOH; Swern oxidation; iv, Br,, MeOH

Scheme 1

Condensation of methyl B-b-galactopyranoside with 1,1-dimethoxyhexadecane
under TsOH-catalysis in DMF gave a mixture of acetals 18-21. NMR spectro-
scopic data of the four isomers were used in the structural assignments of
plasmalopsychosines, members of a new class of human brain glycosphingolipids
containing hexadecylidene groups.”® Cyclohexane-1,2-diacetals derived from
vicinal diols and 1,1,2,2-tetramethoxycyclohexane have been used as disarming
protecting groups for selenoglycosides in the synthesis of high-mannose
oligosaccharides.?! Reaction of D-mannitol with pinacolone dimethylacetal in
the presence of SnCl, gave products 22 as a mixture of separable diastereoisomers
in 96% combined yield.?

Four oleanolic acid glycosides (e.g., glucoside 23) with unusual acidic acetal
moieties have been isolated from Beta vulgaris (sugar beet).?

4 Reactions of Acetals

Various aspects of the ring-opening reactions of monosaccharide acetonides with
Grignard reagents and with hydride nucleophiles have been discussed in a review
article (12 refs.).?*

The reduction of trichloroethylidene acetals to give ethylidene acetals is
referred to above (Ref. 2). Isopropylidene groups have been removed from sugar
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acetonides, including nucleosides, with K 10 clay in aqueous methanol,® and
efficient debenzylidenation has been achieved by use of SnCl, in moist dichlor-
omethane.?® (Trimethylsilylmethyl)magnesium chloride in benzene liberates diols
from bisacetonides selectively. A typical example is shown in Scheme 2. The
reaction was assumed to proceed by way of a silylated acetal intermediate, such
as 24, and chelation-control was used to rationalize the selectivity.?’
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Me
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Scheme 3

A new, free-radical method for cleaving O-benzylidene-sugars to give bromo-
benzoates employs NBS in the presence of catalytic AIBN in dry, refluxing
chloroform.”® Treatment with DDQ in toluene in the presence of a few
equivalents of water converted the 4,6-O-p-methoxybenzylidene derivatives of
mono- and di-saccharides very efficiently to ca. 4:1 mixtures of 6-O- and 4-O-p-
methoxybenzoates.” Reductive cleavage of the diastereomeric 4,6-O-acetophe-
none acetals 25 with LAH/AICI; gave single products, as indicated in Scheme 3.%°
Borane dimethylamine complex in the presence of BF; etherate in acetonitrile
cleaves 4,6-O-benzylidene acetals of glucose and 2-amino-2-deoxyglucose to give
predominantly the 6-benzyl ethers.>! Reductive ring-opening of the benzylidene
acetals of cyclodextrins is mentioned above (Ref. 12).
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Esters

1 Carboxylic Esters

1.1 Synthesis — A short review (5 refs.) on the recently introduced 2-(chloro-
acetoxymethyl) benzoyl- (CAMB) and 2-(2-chloroacetoxyethyl)benzoyl- (CAEB)
protecting groups has been published.

The stereochemistry of the C-methylation of 1,2:5,6-di-O-isopropylidene-a-D-
gulofuranose 3-esters (1 — 2) using various lithium-containing bases has been
examined. Results were inconsistent with the Li-chelate formation proposed by
J. Mohr (Vol. 22, Chapter 7, Ref. 1) but indicative of a Li-bridged post-
enolization complex as proposed by Seebach (Helv. Chim. Acta, 1985, 68, 1373).2

Whereas acetolysis (H,SO4, Ac,O) of peracetylated p-galactose diethyl dithioa-
cetal 3 furnishes product 4, as expected, the unprotected diethyl dithioacetal §
gave penta-O-acetyl-D-galactofuranose 6 under these conditions.>

A convenient new procedure for the preparation of 1-O-trichloroacetimidates
that requires neither an inert atmosphere nor anhydrous conditions and furnishes
products pure enough for use without chromatographic purification, involves
treatment of the O-benzyl-protected free sugar in dichloromethane at ambient
temperature with trichloroacetonitrile and 50% aqueous KOH containing cata-
lytic amounts of BuyNHSO,.* The use of tetra-O-benzyl-a-pD-mannopyranosyl
trichloroacetate as glycosyl donor is referred to in Chapter 3, and a highly
sensitive method for determining the absolute configuration of sugars by HPLC
which relies on the formation of glycosyl 2-zert-butyl-2-methyl-1,3-benzodioxole-
4-carboxylic acid esters, such as compound 7, is covered in Chapter 23.

o o)
R R2 OAc OAc
o)
2
00 O OR 0OAc OAc
o R20
o R20 OAc
CHR'R2 OR?
. 2
R' = Et, Pr, Pr\, Bu CHz0R
1R2=H 3R'=SEt, R?=Ac 6
2R? =Me 4R'=0Ac, R? = Ac

5R'=SEt,R2=H
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In connection with a study of its metabolism, abscisic acid (8) has been
converted to esters 9 by reaction of its caesium salt with the appropriate
peracetylated glycosyl halides.’

Ph
t
CH,0Ac B, oM CH,0C(O)CHN=L_
0 oo o Ph
OAc o)
AcO 0c(0) 0

NHAC o—v

8R=H
9 R = B-D-Glcp(OAc), or
B-0-Lactose(OAc); etc

Dibutyitin oxide-mediated acetylation, benzoylation, m-bromobenzoylation
and p-nitrobenzoylation of benzyl a-L-lyxopyranoside gave the 3-esters regiose-
lectively in good yields.® (N-Diphenylmethylene)glycinates, e.g., compound 10,
have been prepared from primary sugar alcohols by transesterification with ethyl
N-diphenylmethyleneglycinate. The sterically hindered secondary hydroxyl group
of diacetone glucose (11) was inert to these conditions but (¥-diphenylmethyle-
ne)glycinate 12 was obtained by an esterification/transimidation sequence, as
shown in Scheme 1. Products 11 and 12 were used in asymmetric aldol condensa-
tion, as indicated in the Scheme.”

>
(o]
© e} i, ii |
OH — \OCCH;NH,
(o]
O\~

iii

11
>
021/
o}
(o]
Q 0 v=Vi el /Ph
C'ISHZT_?/ 0

~——— "\OCCH,=N__
", o—J‘-—— \ % Ph
12

Reagents: i, CbzHNCH,CO,H, DCC, DMAP; i, H, Pd/C; iii, Ph,C= NHHCI;
iv, C13H27CHO, phase transfer; v, HCI; vi, NH3

Scheme 1
The regioselective primary malonylation of phenyl B-D-glucopyranoside,

serving as model substrate for natural glycoconjugates, has been accomplished by
treatment with malonic acid in an aprotic solvent in the presence of terr-butyl
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isocyanide (see also Ref. 34 below).® Transesterifications of D-glucose with methyl
2,4-dihydroxybenzoate, methyl salicylate and methyl cinnamate to give the 6-
monoesters have been carried out in DMF in the presence of potassium
carbonate,” and the selectivity of the pivaloylation of methyl a-D-mannopyrano-
side has been studied under a variety of conditions.'°

2,3,3',4,4'-Penta-0-benzylsucrose (13) reacted selectively with 1 molar equiva-
lent of pivaloyl chloride to give the 6'-monoester 14; under Mitsunobo conditions,
1',6-diesters, such as 15, were favoured.'' Sucrose polyesters, e.g., 17, which are
naturally present on the surface of tobacco leaves, have been prepared from the
known precursor 16 by DCC-mediated coupling with the appropriate, enantio-
merically pure acids and subsequent removal of the ether protecting groups.'?
The synthesis of niruriside (18), a plant-derived sucrose tetra-O-acetate-di-O-
cinnamate with HIV inhibitory properties, in five steps from 2,1:4,6-di-O-iso-
propylidene sucrose has been reported.!*> A template technique for the selective
acetylation of sucrose at the secondary-positions has been developed based on a
cross-linked polystyrene matrix containing triads of trityl chloride groups strate-
gically spaced to react with and thus block the primary hydroxyl groups of
sucrose, leaving the secondary hydroxyls free for acetylation.'® Acetylation of
sucrose with Ac,O in DMF using the polymer-supported butyl tin reagent 19 as
catalyst afforded the 6-O-acetate regioselectively in 59% yield.'*

R! R2__R® R* R® RS R’ R®
CH,OR'! 13 H H H Bn Bn Bn Bn Bn
lo) 14 H H Piv Bn Bn Bn Bn Bn
5
oR 15 pNO,Bz pNO,Bz H Bn Bn Bn Bn Bn
R®O
RO S 16 Ac Bn Bn pMBn Al H Bn Bn
ROCH; 17 Ac H H X X Y H H
o}
OR® 18  Ac Ac Z Ac H Ac Z H
H 2
7C 20R X = C(O)CH,CH(Me)Et Y = C{O)CH(Me)Et
OR Z = cinnamoyl

Benzoylation of the 3,4:3',4'-diacetonide of a,o’-di-galacto-trehalose (see
Chapter 6, Ref. 8), followed by mild acid hydrolysis, gave the 2,2',6,6'-tetra-O-
benzoate; acetylation of this compound by use of the orthoester method furnished
the 4,4'-di-O-acetate-2,2',6,6 -tetra-O-benzoate selectively.'® Four isomeric treha-
lose 6,6'-dicorynomycolates were prepared by DCC/DMAP.HCl-promoted con-
densations of 2,2,3,3',4,4'-hexa-O-benzyl-a,a-trehalose with the four diastereo-
and enantio-merically pure corynomycolic acids, followed by hydogenolysis.'” A
number of cord factor analogues have been synthesized by tributylstannylation of
unprotected o,a-trehalose, followed by regioselective reactions with long-chain
fatty acid chlorides.'® The possible disaccharide fragments of a polysaccharide
with novel bioactivity, 3,3'- and 4,4'-di-O-caproylgentibiose, were synthesized
conventionally from appropriately functionalized monosaccharide components. 19
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19

20

Dialkylstannylene acetals derived from a number of carbohydrate diols reacted
with diacyl chlorides in the presence of a tertiary amine to give symmetrical, non-
glycosidically linked disaccharides, such as compound 20.° The tungsten
complex-catalysed metathesis reaction of glycosides carrying w-unsaturated sub-
stituents (see Vol. 28, Chapter 3, Ref. 217) has been used for intramolecular
macrocyclization (e.g., 21 — 22).2!

Syntheses of glycolipid GLA-60 and of a carboxylic acid analogue are covered
in Chapters 10 and 16, respectively, and new fluorine-containing GLA-60
analogues, prepared as potential lipopolysaccharide antagonists, are referred to
in Chapters 9 and 10.

All 12 regioisomeric tribenzoates of myo-inositol have been synthesized as
precursors of mpyo-inositol trisphosphates by multi-step sequences involving
standard protection/deprotection techniques and controlled benzoyl group migra-
tions.”*** The quantitative acylation of 1-D-myo-inositol 1,2,6-tris-(dihydrogen
phosphate) is covered in Chapter 18.

[o] o]
I 1l CH,OR
CH,OC _~ .~ CH0C _ o)l o
(o) (o) o}
OAc NN OAc 0, %\ >0
AcO AcO fe}
OAc OAc
21 22 23 R C(O)CHzoMe
24 R

Ytterbium(III) triflate in methanol is an efficient catalyst for cleaving methoxy-
acetates (e.g., 23 — 24). The methoxyacetate protecting group was introduced 30
years ago (C.B. Reese and J.C.M. Stewart, Tetrahedron Lett., 1968, 4723) but has
found little application so far, due to difficulties associated with its removal.?*
Efficient, selective anomeric deacetylation of peracetylated reducing disaccharides
has been achieved with hydrazine hydrate (1.2 equivalent) in acetonitrile.? It has
been observed that the BF;.Et;O-catalysed glycosidation of several pento- and
hexo-pyranose peracetates with simple alcohols is accompanied by selective
deacetylation at the 2-position.2%’

Many new, selective acylation and deacylation reactions by use of enzymes
have been reported. A comparative study of the enzyme-catalysed acetylation of
monosaccharides in organic solvents found a Pseudomonas lipase the most
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efficient enzyme and D-mannitol the best substrate.”® Benzyl 6-O-acetyl-B-D-
glucopyranoside and its L-enantiomer were differently recognized by subtilisin in
the enzyme-catalysed butanoylation in anhydrous acetone, the 3-ester of the D-
and the 2-ester of the L-sugar being formed preferentially.?’ The monoacetate 26,
required as building block in a trisaccharide synthesis, was prepared from diol 25
by regioselective acetylation using a P. fluorescens lipase.>°

The alcalase-mediated transesterification of methyl a-pD-glucopyranoside and
octyl a- and B-D-glucopyranoside with vinyl octanoate or vinyl laurate in
anhydrous pyridine furnished predominantly the 6-monoesters.’ Esterification
of D-glucose and methyl a-p-glucopyranoside with 3 equivalents of dodecanoic
acid catalysed by Novozym 345 (an immobilized Candida antarctica lipase) and
enhanced by microwave irradiation, gave the 6-O-decanoates in 70 and 90%
yield, respectively; maltose furnished as the major product (68%) the 6,6'-
diester.> D-Glucose-6-acrylate, -6-methylacrylate and -6-crotonate were synthe-
sized by exposure of D-glucose to O-alkenoyloximes in the presence of a
protease.>® A simple and high-yielding protocol for the primary malonylation of
flavonoid glycosides involved the regioselective, C. antarctica lipase-mediated
introduction of a benzylmalonyl group, followed by hydrogenolysis of the benzyl
moiety (see also Ref. 10 above).>* Efficient selective primary acetylation of
neuraminic acid, both as the free sugar and as the non-reducing end-group of a
melanoma-associated ganglioside, has been achieved by acyl transfer from vinyl
acetate under catalysis by subtilisin in DMF.>®

2 I
Ph o, SEt ClCCH,0CR ho (HeO-pentenoyl  GH,OH .
O, o}
OR 27 R = O-pentenyl OH OH
0 28 R=CHyClor o
CH,)CM
on ( 2)|| y O-levulinoy! OH
25 R=H 0o 29
26 R=Ac

The C. antarctica lipase-catalysed acylation of several disaccharides by ethyl
butanoate or ethyl dodecanoate in tert-butanol at temperatures between 40 and
82 °C was examined; primary esterification was preferred, the ratio of 6’-mono- to
6,6'-di-ester depending on the structure of the disaccharide.®® In another
comparative investigation involving the benzyl and dodecyl B-glycosides of some
common disaccharides, a variety of acyl donors and 15 different lipases in amyl
alcohol, very high but somewhat different results were obtained with carbonate
27 and esters 28 and the enzymes from C. antarctica and P. cepacia. By careful
choice of reaction conditions, mixed diesters such as the benzyl P-lactose
derivative 29 were prepared in good yield.*’” 1'-O-Capryloyl-6-O-myristoyl-
sucrose, accompanied by the 1’-O-capryloyl-6'-O-myristoyl isomer, was obtained
by similar successive exposure of sucrose to trichloroethyl caprylate in the
presence of subtilisin on celite and to trichloroethyl myristate in the presence of
Lipase SP-435-L.*® 1-0-(B-p-Galactopyranosyl)-sn-glycerol was regioselectively
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acylated at the primary hydroxyl groups of both the glycerol moiety and the
galactosyl moiety, by sequential use of lipases from Achromobacter sp. and
Mucor javanicus with vinyl esters as donors. Structure 30 shows a typical
product.®® The (2S)-1-monoesters 31 were the major products (50-70%) in the
transesterification of 2-O-(B-bp-glucopyranosyl)-sn-glycerol with the 2,2,2-tri-
fluoroethylesters of long-chain fatty acids under catalysis by P. cepacia lipase in
pyridine which was both, regio- and diastereo-selective.*

b-D-Gicp-OR
CH,O-myristoyl 0
HO 0 O—CH, CH,0C(0)(CHz)Me ,_/r‘_“t\_
OH OH b-D-Glc, 2 R= » a—OAc
CH,0O-oleoyl CH,OH o
OH 33 R= A
OAc

30 31 n=8,10,12, 14 0r 16

o]
34 R= e
ﬂOAc

The enzyme-catalysed regio- and enantio-selective esterification of rac-1,2-O-
hexylidene-myo-inositol at the 5-position is covered in Chapter 18.

Various degrees of regioselectivity were observed in the rabbit serum esterase-
catalysed hydrolysis of selectively pivaloylated methyl o-D-mannopyranosides. '
Regioselective ethanolysis of peracylated methyl «- and B-D-glucopyranosides
and methyl a-pD-mannopyranoside in anhydrous solvents (e.g., n-hexane-ethanol,
99:1) under the influence of a lipase from C. rugosa gave the 6-monohydroxy
derivatives exclusively; no 4—6 migration was observed under these anhydrous
conditions.*! Exposure of a 1:1 mixture of (2'R,3'S) and (2'S,3'R) epoxides 32 to
P. cepacia lipase caused selective hydrolysis of the acetate in the aglycon moiety
of the (2'R3'S) component to give a readily separable mixture of 33 and 34.
Similar results were obtained with the corresponding a-glycosides.*?

1.2 Natural Products - Some natural sucrose and trehalose polyesters are
referred to above. B-Sophorosyl octadec-11-enoate was the major organic compo-
nent extracted from the membranes of the bacterium Sarcina ventricula.*>
Efficient galloylation by use of tri-O-benzylgalloyl chloride in the presence of
DMAP allowed the preparation of galloylglucoses with up to five galloyl groups,
suitable as models for investigating certain properties of tannins.** The plant
ellagitannin pedunculagin®® and its trideca-O-methyl derivative*® have been
synthesized, the former by a biomimetic route involving oxidative coupling of the
galloyl moieties after attachment to the glucose core, the latter relying on
diastereoselective reaction of the glucose moiety with hexamethoxydiphenoyl
chloride. Syzyginin B (35), a new ellagitannin isolated from the leaves of clove
(Syzygium aromaticum) contains a novel aromatic diacyl group with a dibenzo-
1,4-dioxin structure.*’” The hydolysable tannin 36 has been shown to display
algicidal properties.*® A two-step mechanism involving complexation before
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precipitation has been proposed for the co-precipitation of protein, e.g., BSA,
with hydrolysable tannins (see Vol. 29, Chapter 7, Ref. 43).%°

Three novel triterpenoid saponins with hypoglucaemic activity, isolated from a
Colombian climbing plant and named tuberosides A, B, and C, contain B-D-
glucopyranose esterified at the anomeric centre with oleanic acid derivatives.*
Porphyrine-carboxylate esters of D-galactopyranose have been synthesized either
by transesterification of a porphyrine methyl ester with 1,2:3,4-di-O-iso-
propylidene-a-D-galactopyranose, followed by acetal hydrolysis or by condensa-
tion of 6-O-(4-formylbenzoyl)-p-galactose (37) with pyrrole.”!

2 Phosphates and Related Esters

Several phosphorylations of nucleosides are referred to in Chapter 20, and the
use of protected 1-dibenzylphosphates as glycosyl donors under neutral condi-
tions is covered in Chapter 3.

A new synthetic strategy in which vinyl groups serve as leaving groups has
been applied to the preparation of perbenzylated p-gluco- and -galacto-pyrano-
side 1-phosphate.’> Anomerically pure p-L-fucopyranose 1-dibenzylphosphate
has been synthesized by reaction of benzoyl-, rather than acetyl-, protected
fuzosyl donors with dibenzylphosphate; no (2—1)-acyl migration was
observed.*

2,3,4,6-Tetra-O-acetyl-p-nD-gluco- and -galactopyranosyl H-phosphonates were
converted into citronellyl and dolichyl glycosyl phosphates by reaction with the
respective alcohols, followed by oxidation and deacetylation,*® and dolichyl B-p-
mannopyranosyl phosphate was prepared by reaction of a protected «-D-manno-
pyranosyl bromide with dolichyl phosphate.’® Ceramide-1-phosphate sugars,
e.g., B-D-Glcp-OPO;-Cer, a new type of glycophospholipid, have been obtained
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by direct glycosylphosphite/phosphate- and O-glycosyl trichloroacetimidate/
phosphate-exchange reactions.>¢

Experiments with an '®0O-labelled sugar indicated that the UDP-N-acetylgluco-
samine 2-epimerase-catalysed equilibration of UDP-GIcNAc¢ with UDP-
ManNAc proceeds via 2- acetamido-D-glucal.>’

X-Ray irradiation of polycrystalline sodium and barium salts of D-glucose 1-
and 6-phosphate and of D-ribose 5-phosphate produced ‘PO5>~ radicals, as
evidenced by ESR spectroscopic studies; no precursor phosphoranyl radicals
were detected.®

CHzOH HoCl
CHgOH"’ ¢ ZC
‘i
_P_
Me;N— j@ c—F o
O(CH),0R' O
C,‘ OR?
—P=0
] 40 R'= H, RZ=Bn 42
B—D—Gclp-4-yl—0

41 R'= PO;>, R?= H
39

The five benzyl L-glycero-a-D-manno-heptopyranosides having one free OH
group (for synthesis see Chapter 2, Ref. 35) were phosphitylated with reagent 38
and subsequently converted to the monophosphates by oxidation and debenzyl-
ation.”® Several ascorbic acid derivatives, such as 39, with a phosphodiester-
linkage at C-2 to another biologically active compound, have been prepared by
use of the phosphoramidate approach. Compound 41, a D-glucose-based
analogue of 1p-myo-inositol 1,4,5-trisphospate, has been synthesized in nine steps
from D-glucose via the hydroxyethyl glucoside intermediate 41, using standard
reactions and protection strategies.®’ New alkyl and aryl cyclophosphates were
obtained on treatment of 3,5-cyclophosphorochloridate 42 with a range of
alcohols and phenols (see Vol. 29, Chapter 7, Ref. 55).62

p-Nitrophenyl B-p-ribofuranoside was phosphorylated to give in 33% yield the
6-phosphate 43 required for probing the mechanism of N-ribohydrolases and
purine nucleoside phosphorylase.®* Selective primary phosphorylation of unpro-
tected D-glucose and p-mannose to obtain phosphate diesters, such as cholesterol
derivative 44, has been accomplished by condensing the sugars with the appro-
priate alkyl H-phosphonate monoesters using pivaloyl chloride as condensing
agent.* Methyl 6-O-diphenylphosphinoyl-2,3-O-isopropylidene-a-p-mannofura-
noside (46), formed on treatment of precursor 45 with Ph,PCl and subsequent
exposure to air, has been subjected to X-ray analysis, together with its 6-C-
diphenylphosphinoyl analogue (see Chapter 17).°> A new synthesis of Dahp, as
its methylester/methyl B-glycopyranoside 49, involved the phosphorylation 47 —
48 — 49 as the final steps.°® Mannose 6-phosphorothioate (51), required for a
study on the biochemistry of phosphorylated mannose, was prepared from the
fully trimethylsilylated precursor 50, as shown in Scheme 2.6
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I
CHZOl"O-choIesteryl
>04POCH, OON% ¢

OH R 3a-OH
OH OH HO RZ
43
R'=H,R2=OHor
R'=OH,R?=H
44
RO CH,OR
HO 0 0. COxMe
OH
0>0
OMe HO OMe
47 R=H
45 R=H
48 R = PO3Bn;,
4 R = PP, 49 R - PO3H;
[o]
CH,OT CH og OK
2 oms CH,OP[O(CH2)2CNI, 2 0( )2
= , -
rrn:lso LA % L\ OH HO OH
TmsO OTms i HO
50 51

Reagents: i, PPP[O(CHy),CN],, tetrazole; ii, S, Py; iii, MeOH; iv, KOH, MeOH
Scheme 2

Phosphorylated lipophilic derivatives of ara C as potential pro-drugs, spin-
labelled ATP derivatives and phosphorylation products of 5-AMP are referred
to in Chapter 20, inositol phosphate derivatives in Chapter 18, and *H-labelled
Lipid A analogues in Chapter 3. Analogues of 2-deoxy-p-ribose with phos-
phorous in the ring are covered in Chapter 17.

Nine new zwitterionic digalactosyl ceramides isolated from the earthworm
Pheretima asiatica all had a choline phosphate ester group at the 6-position of the
terminal galactosyl moiety.%® A sialyl Lewis X analogue in which the sialic acid
residue is replaced by a galactosyl residue bearing a phosphate group is referred
to in Part 3 below (Ref.78).

3 Sulfates and Related Esters

Sodium benzyl B-D-glucoside 2-sulfate, recently isolated from the Egyptian plant
Salvadora persica, and named salvanoside, has been synthesized in four steps
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from D-glucose.®® The D-glucose-based, polarized, anionic surfactants 54 and 55
were obtained from the unprotected glycoside 52 and thioglycoside 53, respec-
tively by exposure to SOs/pyridine complex in DMF. 6-Sulfates of 2-acylamido-
2-deoxy-D-glucose were similarly prepared.”

CH,OR CH,OH
O_ X(CHp)gCH=CH; o} o]
OH OSO3Na Me HO
HO HO HO OMe
OH OH (o]
52 X=0,R=H 56
53 X=S,R=H
54 X = O, R = SOzNa
55 X =S, R=S0;Na

The sulfation of sucrose in a three phase system with SO; in DMF and
tetrachloroethylene has been described.”* Synthesis by standard procedures, with
introduction of the sulfate group as the last step before deprotection, was
employed in the synthesis of the sulfated disaccharide 56.7>

A mechanism involving chelation of magnesium to the negatively charged
sulfite-oxygen atom has been proposed for the stereoselective opening of the
D-mannitol-derived cyclic sulfite 57 with rerz-butylmagnesium chloride to furnish
sulfinate 58.”> Opening of the cyclic sulfate 59 with azide ion furnished 60 in 80%
yield, although a reaction temperature of >100 °C was required.” The regioselec-
tive opening of cyclic sulfates as key-steps in the synthesis of 3,6-dideoxy-sugars
is referred to in Chapter 12,

O
(0] R!

1
R'O R! BnO
OR? <n2 o
R OBn OH
(o) , \
BnO— R®
O ORZ

-0,

59 R'=H,R2R%= S=0 R' = H or CH,0Bn
-0 61 R2=H

60 R'= N2 R?=H, R®= OH 62 R?=Ts

4
1R _ ~O)—
57 R'R2= oéx

58 R'= -o—slz*, RZ=H
Bu!

Model experiments with methyl a-D-galactopyranoside 6-sulfate showed that
sulfate is not lost under the Carlson condition for releasing O-linked oligoacchar-
ides from glycoprotein; the more vigorous conditions used for releasing N-linked
oligoaccharides, on the other hand, cause significant 3,6-anhydride formation.”
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Lewis X 3"-sulfate and 3',6'-disulfate,’® three sialyl Lewis X analogues in which
the sialic acid residue is replaced by a galactosyl residue bearing an anionic
substituent (SO-Na, PO;Na,, CH,CO,Na)”’ and sulfated laminari-oligosacchar-
ides with high anti-HIV activity’® have been synthesized. Sulfated glucuronyl
paraglobosides and glycoconjugates of sulfated and methylated oligosaccharides
are referred to in Chapter 4.

Four new steroid glycosides containing a 6-deoxy-p-D-glucose 4-sulfate moiety
have been isolated from starfish.”

4 Sulfonates

Phase transfer conditions gave the best results in the preparation of tosylate 62
from diol 61; no chloride formation was observed.®® The imidazole-1-sulfonate
group allowed SN2 displacements at crowded carbon atoms by good nucleophiles
under relatively mild conditions (e.g., 63 — 64).8! The use of primary and
secondary monosaccharide triflates for modifying erythromycin and other macro-
lides is referred to in Chapter 19.

>
o O
R10 o MeO, 0 OMe
N XCIHC OAc
R3 0 0 0 0 i\
iany -
A 0 OAc

63 R'= 080,—N"N,R2=R%=H ) 70 X=HorCl

64 R'=H,R2=N3,R®=H
65 R'=OT,RZ=R3=H
66 R'=H,R2=0Tf,R3=H
67 R'=Bu, R2=0OH,R3=H
68 R'=OTf,R2=H,R¥=D

Triflate 65 reacted with butyl lithium in ether to give the elimination product
69; under the same conditions the epimeric triflate 66 underwent C-alkylation to
furnish 67. Experiments with the deuterated triflate 68 showed that the elimina-
tion proceeds by abstraction of the a-hydrogen, followed by a hydrogen shift
from C-4 to C-3.%? The mechanism of the photolysis of 1,2:3,4-di-O-isopropyli-
dene-6-O-tosyl-a-D-galactopyranose in methanol in the presence of a base
(NaOH, DABCO), which produces the corresponding 6-alcohol and toluene, has
been investigated.®

5 Other Esters

Orthoacetates 70 were formed quantitatively by reaction of the corresponding
diol with (MeO);CCH,Cl or (MeO);CCHCI, in the presence of catalytic TsOH.
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Opening with aqueous TFA was non-selective to give 4-O-/6-O mixtures of
(monochloro)acetates and (dichloro)acetates, respectively.5*

A new procedure for cleaving allyloxycarbonates using Pd(0), formed in situ
from Pd(OAc), and trisodium tris(m-sulfophenyl)phosphine, with sodium azide
as allyl scavenger, has been applied to a number of carbohydrate derivatives.®’

o}
CO.Bn ,'3
~
o OR
OAc
OR Ph Ph
BnO
OAc
71 R=H 73 R=H

72 R- CONH—O—G 74 R = CH50831

R'=Me orBn

Glycopyranosyl carbamates were obtained with almost 100% B-selectivity by
treatment of anomerically unprotected precursors with aryl isocyanates (e.g.,
71 - 72).3¢

The terphenyl boronic acid 73 reacted selectively with 5-O-protected B-glyco-
sides of 2-deoxy-D-ribose to form boronate esters 74.%”
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8

Halogeno-sugars

1 Fluoro-sugars

A review on the synthesis of gem-difluoromethylene compounds has described
carbohydrate (including nucleoside) examples.! The synthesis of acetylated
glycosyl fluorides directly from the unprotected methyl glycosides has been
effected as the first step of a GLC analytical method. First the glycoside is treated
with HF followed by the addition of acetic anhydride.2 Full details (cf. Vol. 25,
p-105) on the preparation of glycosyl fluorides by reaction of aryl 1-thioglycosides
with 4-difluoroiodotoluene have been described.’

The synthesis of 3,4-di-O-acetyl-2,6-dideoxy-6,6,6-trifluoro-a-L-lyxo-hexopyra-
nosyl bromide from D-lyxose features the use of timethylsilyltrifluoromethane in
the presence of fluoride ion to effect the addition of the trifluoromethyl group to
an aldehyde.* Similar methodology has been utilized in the synthesis of 5-deoxy-
5,5,5-trifluoro-p-lyxose, -L-ribose, -L-arabinose and -D-xylose.> A symposium
report has looked at synthetic routes to 6-deoxy-6,6,6-trifluorosugars® and the
synthesis of racemic 3-deoxy-2-C-trifluoromethyl-erythro and -threo -pentofura-
noses is covered in Chapter 14.

L-Xylose has been converted into a 2-deoxy-2-fluoro-p-L-arabinofuranose
derivative, by way of a fluoride ion displacement of an imidazolylsulfonate, and
then into a range of pyrimidine nucleosides.” Displacement of another imidazol-
ylsulfonate with Et;N.3HF initially formed the corresponding sulfonyl fluoride
which was subsequently displaced by fluoride ion.® Methyl 2,3-dideoxy-3-fluoro-
5-0-(4-methylbenzoyl)-a-p-ribofuranoside, an intermediate for the syntheses of
some anti-HIV nucleosides, has been synthesized from 2-deoxy-D-ribose in five
steps and in 24% yield.’

Treatment of the p-arabino- and D-xylo-furanosides 1 and 2 with DAST
afforded the deoxyfluoro derivatives 3 and 4 in the former case, whereas the latter
gave the anhydro-sugar 5 and the deoxyfluoro compound 6 (Scheme 1).'°
Osmium tetroxide-catalysed dihydroxylation of the chiral unsaturated derivative
7 led to the synthesis of 2-deoxy-2-fluoro-p-xylose and -L-lyxose.'' 1,2,5-Tri-
deoxy-2-fluoro-1,5-imino-p-glucitol and  1,2,5-trideoxy-1-fluoro-2,5-imino-D-
mannitol have been synthesized as potential glucosidase inhibitors.'? Other
glucosidase inhibitors, S-fluoro glucosides, have been prepared by photobromina-
tion (NBS, hv) of glycosyl fluoride 8 to give bromide 9 which was transformed
into difluoride 10 (AgF, CH,CN).!3

Carbohydrate Chemistry, Volume 30
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Some difluoromethylene phosphonates have been prepared by phosphonyl
radical addition to difluoroenol ethers, e.g. 11 gave 12.'* Treatment of unsatu-
rated 1,6-anhydro sugar 13 with DAST has afforded 14, and the epoxide 15 was
opened (KHF,, ethylene glycol) to give deoxyfluoro sugar 16.'°

o} (0]
X 0 BnO o BnO [o)
0 OH
X R

13 X=0H,Y=H 15 16
14 X=H, Y=F

@)

The basic hydrolysis of 1,3,4,6-tetra—O-acetyl—2-deoxy—2-[‘SF]ﬂuoro-D-glucose
for the preparation of 2-deoxy-2-['*F]fluoro-p-glucose has been described as an
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advantageous alternative to the commonly used acid hydrolysis approach.'¢
However, the product epimerizes to 2-deoxy-2-['*F] fluoro-p-mannose under
basic conditions'” so care must be taken with base-dependent deprotection of
O-substituted derivatives. The synthesis of an antifreeze glycoprotein analogue
using glycosyl fluorides is covered in Chapter 3.

2 Chloro-, Bromo- and Iodo-sugars

Glycosylation reactions using 2,3,4-tri-O-chlorosulfonyl-p-L-fuco- and -B-p-xylo-
pyranosyl chloride have been studied. Previous reports suggested that both are
good glycosyl donors affording B-glycosides selectively, but those findings are not
general and in most cases the a-glycoside is the major product.'® Chloride ion
displacement applied to the sucrose 1’,6'-ditriflate 17 gave the dichloro-dideoxy
derivative 18 or, under milder conditions, the monochloro compound 19 which
was exposed to other nucleophiles to give 20."°

AcO
0,
OAc
AcO OAc
o]
oA Y cl o DOMe
° AcO o
o OH
X
17 X=Y =0Tt 21
18 X=Y=0Cl

19 X=0Tf, Y=CI
20 X = SAC, N3, F, OMe, Y =Cl

Nucleophilic epoxide ring opening of benzyl 2,3-anhydro-a-D-ribopyranoside
occurs exclusively at C-3 to give, for example, the 3-bromo-3-deoxy-D-xylose
derivative,” whereas for benzyl 3,4-anhydro-B-D-ribopyranoside nucleophilic
attack can occur at C-3 or C-4 depending on the choice of metal counterion.”!

Selective chlorination (4-Me,NC¢H4PPh,, CCl,) of methyl 3,4-anhydro-f-p-
tagatofuranoside successfully distinguished between the two primary hydroxyl
groups to give the chloride 21.2> Unprotected D-aldoses have been selectively
halogenated (Ph;P, CX, or N-halosuccinimide in DMF) at the primary posi-
tion.>> When d-galactochloralose 22 was heated under reflux in DMF with the
Vilsmeier reagent a mixture of 23-25 was produced.?*

A number of 6-substituted D-fructose derivatives (including the chlorodeoxy-
and deoxyiodo-compounds) have been prepared from the corresponding 3-sub-
stituted D-glyceraldehydes using an aldolase and dihydroxyacetone mono-
phosphate.?

Photobromination (NBS, hv, CCly) of the acetylated 5-thio-xylopyranosyl
B-bromide 26 affords the dibromide 27 whereas the a-bromide 28 gives a mixture
of 27 and the 5-bromo-compound 29. The 5-thio-glucosyl bromide 30, under the
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o ) o)
oH A H A R N
CCly CcCly CCly
o—" o)/ o—"
OH OH Cl
OH cl cl
22 23

24 R=CHO
25 R=H

same conditions, generates the tribromide 31.2° Similar treatment of the 2,6-
anhydro-heptonamide derivative 32 gave rise to the glycosyl bromide 33,27 while
the 2,5-anhydro-heptonate ester 34 gave 35.%% Photobromination, at C-2, of a 2,5-
anhydro-heptonic acid derivative is involved in the synthesis of a hydantocidin
analogue covered in Chapter 10 and the radical bromination of benzylidene
derivatives in the presence of methanesulfonate esters is mentioned in Chapter 6.

AcO AcO
S. X o S_ Br S, 5 S_ Br
r
OAc OAc OAc Br OAc
AcO Y AcO Br  AcO AcO Br
OAc OAc OAc OAc
26 X=Br,Y=H 29 30 31
27 X=Y =Br
28 X=H,Y =8Br
AcO O X
AcO O_ CONH,
OAc CO,Me
X HO 0.0
<
OAc Me
32 X=H 34 X=H
33 X =Br 35 X =Br

2,5-Anhydro-L-idose has been converted into 2,5-anhydro-4-O-benzoyl-1-iodo-
1,3,6-trideoxy-L-arabino-hexitol, a key synthon in the synthesis of (-)-allo-mu-
scarine.”
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Amino-sugars

1 Natural Products

A triglycosylceramide isolated from the marine sponge Agelas dispar contained a
terminal 2-acetamido-2-deoxy-B-p-galactopyranosyl moiety.! The endiyne anti-
biotic C-1027 contained 4-deoxy-4-dimethylamino-5-C-methyl-p-allose.> A cyto-
toxic macrolide isolated from the marine sponge Callipelta sp. incorporated the
carbamate-containing 4-amino-sugar moiety 1, of undetermined absolute stereo-
chemistry® The polyhydroxylated nor-tropane glycoside 2 was isolated from the
fruits of the Nicandra physalodes plant.*

HO,
Me
N o
%—0 MeO
© OH
o—}
Me O—B-D-Glcp
1 2

2 Syntheses

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

2.1 By Chain Extension — 6-Amino-6-deoxy-D-fructose hydrochloride was
synthesized by enzyme catalysed aldol condensation of 1,3-dihydroxyacetone
with 3-amino-3-deoxy-D-glyceraldehyde, the latter being prepared by conversion
of p-fructose into the known 2,3-anhydro-p-glyceraldehyde diethyl acetal and
then subjection of this to ring-opening with azide ion followed by hydrogenolysis
over a palladium catalyst.” 2-Acetamido-2-deoxy-D-mannono-1,5-lactone 4 was
synthesized by a four-component Ugi reaction involving the D-arabinose-derived
aldehyde 3 and l-isocyanocyclohexene (Scheme 1).° The 6-acetamido-6,8-
dideoxy-octos-7-ulose 7, related to lincosamine, was obtained by chain extension
of the dialdose derivative 5 at C-6 (Scheme 2). The intermediate 6 was obtained
as a 1:1 mixture with its C-6 epimer.’ In an alternative approach, the lincosamine
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CONH :

1 CHO Ac\N 1 CH,OH
BnO: - R/ (0]
OBh —— ~ v, HO AcNH =0
o) < > HO
R=M CHy —»
O>< 4
3

Reagents: i, O—NC, MeCO,H, RNH,, MeOH; ii, MeOH, H*;

ili, ceric ammonium nitrate; iv, Ho, Pd(OH),

Scheme 1
Me
HO—
CHO Me AcHN—|
(o] [e] CN (o] (o)) N,
/5 i, ii [ V O>
o —— AcHN ——— AcHN o
00 i’z ® ﬁlt. s Q0
6 7
5 8

Reagents: i, KCN, NH3, H,0, NH,CI; ii, Ac,0, Py; iii, MeMgl

Scheme 2

derivative 8 was obtained following hydroxyethylation of the N-benzylimino
derivative of aldehyde 5. Thus, addition of 1-(dimethylphenylsilyl)ethylmagne-
sium chloride to this imine in the presence of Cul and BF;.OEt; gave largely the
desired isomer, the silyl group of which was oxidatively replaced by a hydroxy
group with retention of configuration.® The same approach was used for the
highly diastereoselective synthesis of the precursor 9 of the 4-ethylamino-sugar of
calicheamycin (Scheme 3).° Addition of phenylmagnesium bromide to 3-O-
benzoyl-1,2-O-isopropylidene-a-D-xylofuranurononitrile gave 5-benzamido-5-
deoxy-1,2-O-isopropylidene-5,5-di-C-phenyl-a-D-xylofuranose rather than the
imine expected from addition of only one equivalent of this Grignard reagent.'°

2.2 By Epoxide Ring Opening — The isonucleoside 10 was synthesized in nine
steps from D-glucose, the key step being the regioselective addition of adenine to
a 3,4-epoxide precursor.'! Azide ring opening of a 2,3-anhydro-p-glyceraldehyde
derivative was noted above.

2.3 By Nucleophilic Displacement — Reaction of 2,3:4,5-di-O-isopropylidene-f-
D-fructopyranose 1-triflate with tyrosine benzyl ester gave an Amadori-type
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CH(OMe!
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o CHgsi\Ph 2
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9

X X

\
Reagents: i, PhSiCH,Li, CeCl;
/ Scheme 3

compound which was elaborated into N-(1-deoxy-D-fructos-1-yl)-peptides of the
enkephalin series.'? Displacements of 4-triflate groups by azide ions with
inversion were utilized in the construction of a) the glycosyl bromides used in the
preparation of the 3'-chloro-3’-deamino-4'-deoxy-4'-trifluoroacetamido-daunor-
ubicin 11;'? b) N-(3-deoxy-L-glycero-tetronoyl)-D-perosamine-containing mono-
and di-saccharides (e.g. 12) which were identified as antigenic determinants of
Vibrio cholerae;'* and c) the 4-amino-4-deoxy-L-xylono-1,4-lactam derivative 13
from 2,3,5-tri-O-benzyl-p-arabinose.'> N-Alkyl and N,N-dialkyl derivatives of 5-
amino-5-deoxy-1,2-O-isopropylidene-pD-xylofuranose were prepared by displace-
ment of the corresponding 5-tosylate with primary and secondary amines, and
evaluated as chiral catalysts for the addition of diethylzinc to aldehydes.'®

All four isomeric 5-amino-5-deoxy-D-pentono-1,5-lactams have been prepared.
D-Xylose and D-arabinose were converted into 5-azido-5-deoxy-1,2-O-isopropyli-
dene derivatives via 5-tosylate intermediates. Oxidation and reduction of the free

Me
o]
OHR'0
R2NH Me Q
o OH (o}
Ade OH
HO R2NH OMe
OH
10 11 X = N3 or NHCOCF, 12R' = Hor Me
o
NO2 R = OH
CO,Bn Y
i O Me
N OH
Bn0 >=0 HO OMe
BnOCH2 OH
OBn
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3-hydroxy group gave the corresponding D-ribose and p-lyxose isomers. Hydro-
lysis, bromine oxidation and catalytic hydrogenation gave the lactams.'’

Several ‘reversed azole nucleosides’ such as the N-(glucos-6-yl)-imidazole 14
have been synthesized by displacement of a primary hydroxy group under
Mitsunobu reaction conditions.'® Methyl penta-N,O-acetyl-a-D-lincosaminide
(see structure 8 for the stereochemistry of this compound) has been made from
myo-inositol in a monumental 27 step synthesis, which involved optical resolution
via a mandelate ester, ring cleavage following Baeyer-Villiger reaction, Wittig
chain extension, osmium tetroxide induced cis-dihydroxylation, and introduction
of the amino-group by mesylation and displacement with azide.'® 6-Amino-6-
deoxy-sucrose® and 6,6'-diamino-6,6"-dideoxy-cylcomaltoheptaose®’ have been
synthesized following displacement of sulfonate groups with azide ion.

2.4 By Amadori Reaction — The enkastines, inhibitors of the bacterial endopep-
tidase enkephalinase, were confirmed as N-(1-deoxy-p-fructos-1-yl)-dipeptides by
synthesis, through condensation of glucose with the dipeptides (e.g. Ile-Asp) and
Amadori rearrangement of the products.”?> The N-(1-deoxy-p-fructos-1-yl) deri-
vatives of various 6-substituted 3-amino-2-aryl-4(3H)-quinazolinones were ob-
tained through condensation with glucose and Amadori rearrangement.> A
kinetic study of the formation and degradation of 1-deoxy-1-N-morpholino-p-
fructose by reaction of D-glucose with morpholine is covered in Chapter 10.

2.5 From Azido-sugars — C-Methyl, butyl and phenyl 2-azido-2-deoxy-B-D-
gluco-and galacto-pyranosides, and thence the corresponding 2-acetamido ana-
logues, were obtained from the corresponding 2-azido-2-deoxy-2,3,6-tri-O-benzyl-
D-hexono-1,5-lactones by addition of the alkyl- or aryl-lithiums to the lactone
moiety, and reduction of the resulting lactols with Et;SiH and BF;.OEt,.** 4-
Nitrophenyl 4-amino-4-deoxy-B-D-galactopyranoside was obtained by reaction of
a 4-azido-2,3,6-tri-O-benzoyl-4-deoxy-a-D-galactopyranosyl chloride with 4-
nitrophenoxide ion, and selective reduction of the azido group with 1,3-propane-
dithiol and triethylamine; it was slowly hydrolysed by a B-galactosidase.”’

2.6 From Unsaturated Sugars — Azido phenylselenation of the D-arabino-
furanoid glycal 15 gave the inseparable anomeric 2-azido-2-deoxy-D-gluco-
furanoses 16 as the major products (Scheme 4), whereas the corresponding
pyranoid glycal is known to react more slowly and to give mixtures of gluco- and
manno-isomers. The mixture 16 was converted to the corresponding separable
2-acetamido derivatives 17, and also to 4,6-di-O-acetyl-2-azido-3-O-benzyl-2-
deoxy-aB-D-glucopyranose in three steps [i, Hg(OAc),; ii, HOAc, H,0, iii, Ac,0,
Py, DMAP].?® The aza-sugar analogue 20 of the chitinase inhibitor allosamidin
has been obtained using a new modification of the sulfonamidoglycosylation
procedure (cf. Vol.24, p.38) that employs the N,N-dibromide of 2-trimethylsilyl-
ethylsulfonamide as a reagent to form the glycosyl donor 19 from glycal 18
(Scheme 5).%7

2-Acetamido-2-deoxy-a-D-talopyranosides of serine and two hexose deriva-
tives, e.g. 23, were synthesized from tetra-O-benzoyl-2-hydroxy-p-galactal 21 via
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the 2-benzoyloximino-glycosyl bromide 22 which underwent a-selective glycosy-
lation and talo-selective hydroboration (Scheme 6).%® A mixture of the a-D-
altropyranoside (68%) 26 and the corresponding a-D-taloside (14%) was obtained
by allylic rearrangement of the 4-O-trichloroacetimidate 24 and cis-dihydroxy-
lation of the resulting 2-deoxy-2-trichloroacetamido-hex-3-enopyranoside 25.
Alternatively, epoxidation of 25 and acetolysis yielded a mixture of the «-D-
mannoside 27 (64%) and the corresponding a-D-idoside (13%) (Scheme 7).%° Full
details on the rearrangement of allylic cyanates to unsaturated amino-sugars
(Vol.28, p.124) have been published.*® The pyranosylphosphonic acid nucleotide
analogues 30, in which the distance between the base unit and the phosphorus
atom approximates that in normal nucleotides, and its B-anomer, were obtained
from tri-O-acetyl-D-glucal 28 (Scheme 8). Ferrier reaction gave 29 and its
B-anomer in similar amounts, and these were separately subjected to a Mitsunobu
reaction to replace the allylic 4-hydroxy group with nucleo-bases with inversion.
The a-anomers of the products readily isomerized to the corresponding 3-deoxy-
hex-1-enopyranose isomers on treatment with methanolic ammonia.>’ When the
pentaacetate of 3-deoxy-pD-glycero-D-galacto-nonulosonic acid (KDN) methyl
ester was treated with trimethylsilyl triflate in acetonitrile, a Ritter-type reaction
took place in which allyl carbocation reacted with solvent to form an aceto-
nitrilium ion that reacted with water to give the epimeric acetamido-sugars 31 on
work-up.*? The synthesis of hydroxylamino-sugar derivatives by Michael addi-
tions to unsaturated lactones is covered in Chapter 10.
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Scheme 8

2.7 From Aldosuloses — Reductive amination of the l-aldehydo-derivative
produced by oxidation of 2,3;4,5-di-O-isopropylidene-B-p-fructopyranose, with a
variety of amino acids, followed by deprotection, gave Amadori rearrangement
products such as 32.* The 3,4-ditosylate 33 was obtained similarly by reductive
amination with propylamine, selective hydrolysis of the 3,4-O-isopropylidene
group, tosylation and acid hydrolysis. In aqueous buffer at pH 7.4, it gave the
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rearrangement products 34 and 35.>* The conversion of the D-galactopyranoside
36 into 2-amino-2-deoxy-D-talopyranoside 37 by an oxidation, oximation, reduc-
tion sequence has been optimized (Scheme 9). Compound 37 was obtained along
with its D-galacto-isomer in the ratio 4:1, and the overall yield did not exceed

50%.%
R
AcO OAco Hg OH /]\
OAc / CO,Me CH.N COLH
OAc HO 2 2

AcNH HO R_eg PhCH,
31 32
IIDr
NHPr HOGCH, _N
HOCH, !
CHgNHPr OH
o}
35
CH,0C{OMe)Me; CH,OAc
?)‘_‘0 cy‘—o OMe
7L >’ e %o H,N
37

Reagents: i, PryN* ruthenate, N-methyimorpholine N-oxide; ii, NH,OH:
iii, BzCl, Py; iv, LAH; v, Ac20, Py

Scheme 9

2.8 From Aminoacids — The synthesis of a constituent amino-sugar of calichea-
micin by asymmetric allylboronation of an L-serinal derivative (Vol. 29, p. 131)
has been reviewed.® (+)-Elsaminose 39, a constituent of the antibiotic elsamicin A,
was synthesized from the L-threonine-derived D-threose derivative 38 (Scheme 10).%’

'CHO

':O

EtO.
OMe OH

M NH
38 39
\I/
E1O. _
Reagents:i, "~Z“og

Scheme 10
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2.9 From Chiral Non-carbohydrates — A section on amino-sugars has been
included in a review of the synthesis of monosaccharides from non-carbohydrate
sources.>® L-Ristosamine 42 was synthesized by addition of the Cs-synthon 40
(which contains a masked aldehyde function that can be readily demasked by
mild acid hydrolysis) to the L-lactaldehyde derivative 41 (Scheme 11).** The
‘TBSOP’ adduct 43 (Vol.27, p.114), derived from 2,3-O-isopropylidene-p-glycer-
aldehyde, has been converted into 3-amino-3-deoxy-D-altrose 46 by a route
involving cis-hydroxylation of its unsaturated lactam moiety and periodate
cleavage between C-6 and C-7 of the derived heptitol derivative 45 as key steps
(Scheme 12). 3-Amino-3-deoxy-L-allose was obtained by converting 43 to its C-3

g
/
ig__(o NKO
/ CHO CHZH
0]

HO 0
. Me OMe

i
+ RO * 02N NH2'HC'
H Me HO
RO
NO. Me
40 41R=~"0OMe 42
Reagents: i, KF / Al,O3
Scheme 11
o o . CH,0Bz
o]
BUOL—N_ || . BUOC—N >< 5 steps ><0
! Sl y o ———— BulO,C-NH
OH OTbdms OTbdms
@) O OH
0>< O>< CH,0OH
43 44 45
1 vii, iv, viii, ix iv-vi
CH,OH
NH:-HCI z
OH HO OH Hg OH
OH HO
CH,OH NH;
47 46

Reagents: i, TbdmsCl, imidazole, DMF; ii, KMnQ,, dicyclohexano-18-crown-86; iii, Me,C(OMe),, H*;
iv, NalOy; v, H30*; vi, NaOMe; vii, HOAc, Ho0; viii, NaBH,; ix, H30*

Scheme 12
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epimer by treatment with Et;N and DMAP, and then using the same sequence of
reactions. 4-Amino-4-deoxy-D-talose 47 was obtained from intermediate 44 by
partial hydrolysis, periodate cleavage between C-6 and C-7 and concomitant
reduction of the C-6 aldehyde and the lactam moiety with borohydride.*® The
4-amino-4,5-dideoxy-D-xylose derivative 49 was obtained from the allylic alcohol
48 by Overman rearrangement followed by osmium tetroxide-catalysed cis-
dih);cllroxylation and cleavage of the chiral auxiliary group from C-1 (Scheme
13).

Me, Ph m
TsN_ O CNGP
H —— po
OH I >

)

7 NHCOCCl,
Me Me

48 49

Scheme 13

2.10 From Achiral Non-carbohydrates - Methyl a-L-daunosaminide 53 has been
synthesized from methyl sorbate 50 by addition of a chiral amine to give 51 in
95% d.e., followed by osmylation with concomitant lactonisation to give the
lactone 52 and its isomer epimeric at C-4 and C-5, in the ratio 2:3 (Scheme 14).
Osmylation in the presence of a chiral ligand altered this ratio to 1:3 in favour of
the desired lactone.*? 3-Amino-3-deoxy-L-taloside 56 was obtained from ethyl
sorbate vig the nitrone 54, the preparation of which involved a Sharpless
asymmetric dihydroxylation. Cycloaddition with vinylene carbonate gave the
isoxazolidine 55 with high diastereoselectivity (Scheme 15). Compound 56 was
converted to a protected glycosyl fluoride for use in the construction of the
antifungal macrolide SCH 38516.* 5-Amino-5-deoxy-DL-arabinono-1,5-lactam
and 5-amino-5,6-dideoxy-pDL-altrono-1,5-lactam have been synthesized from di-
hydropyridines by routes reported earlier (see e.g. Vol. 28, p.227).*

COgMe (|:02Me Me
CH:  pn HO 0
4 N o o OMe
i \ it jilv
—_— Bn Me —u i N Me
Ph
7z 74 Bt \/ HO
Me Me Me NHQ'HCI
50 51 52 53

Me

Reagents: i, pn/LNBn , ii, 0804, K3Fe(CN)g, KoCOg; i, Hp, Pd/ C; iv, Bu',AlH; v, MeOH, HCI
1
L
Scheme 14
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3 Properties and Reactions

3.1 Enzyme Inhibition — 2-Acetamido-2-deoxy-D-glucopyranose, chitobiose and
chitotriose were B-glycosidically linked to various exo-glycosidase inhibitors, and
evaluated as chitinase inhibitors. Good inhibition was found for an N-formyl-
pyrrolidine analogue (transition state mimic) and epoxybutyl chitobioside (an
irreversible inhibitor).*’

3.2  N-Acyl Derivatives — Chito-oligosaccharides, especially the pentamer,
hexamer and heptamer, have been obtained by enzymic hydrolysis of chitosan
and N-acetylation.*® The N-trichloroethoxycarbonyl group, alternatively abbre-
viated as Troc or Teoc, has become a popular protecting group for 2-amino-
sugar glycosyl donors, since these give high yields of B-glycosides, and the
protecting group can be removed under non-basic conditions (e.g. Zn under
acidic conditions).*’*® Ethyl 2-acetamido-3,4,6-tri-O-acetyl-1-thio-2-N-trichloro-
ethoxycarbonyl-B-D-glucopyranoside was also an effective glycosyl donor.*” N-
Tetrachlorophthaloyl or N-(4,5-dichlorophthaloyl) groups were useful alterna-
tives to the N-phthaloyl for N-protection in 2-amino-sugar glycosyl donors
because the donors gave products with high B-selectivity and the protecting
groups could be removed under milder conditions (e.g. ethylenediamine).**>! N-
Phthaloyl and N-tetrachlorophthaloyl groups could be cleaved by use of Merri-
field resins bearing N-(p-linked-benzyl)-1,w-ethylene-, butane- or hexane-diamine
ligands.>?

Three cyclic pentapeptide and two tetrapeptide mimics in which a central
amino acid is replaced by a sugar amino acid, such as methyl 2-amino-2-deoxy-a-
or B-p-glucopyranuronic acid, have been synthesized.>® ‘Glycotides’, oligomeric
analogues of nucleotides linked by amide bonds, e.g. the triglycotide 57, have
been constructed by standard, solution peptide construction methods. Twelve
azidodeoxy-sugar acid ester building blocks were synthesized and coupled by
reduction of the azido-group of one component to an amine which was then
condensed with the acid released by saponification of another component.
Reaction of such amines with 1,3,5-benzenetri(carbonyl chloride) was the basis
for the preparation of combinatorial libraries; with a single amine, the trifunc-
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tional core 58 was obtained, while with 4 equivalents of three different amines at
one time, a small library of nine products was produced.>*

CONHR
o
NisCH2 O CHgCNHCHz RHNOC CONHR
MsO CHZCNHCHQ
(o] 0 7 MsO
AcO  OAc 0><0 R= o><o
CH,CO,Me
CH,CO,Me 58

The uracil derivative 59 has been synthesized and found to be herbicidal,>

while 5-fluorouracil linked to 2-amino-2-deoxy-D-glucose via various aminoacid
linkers gives products, e.g. 60, that have better anti-tumour activity than 5-
fluorouracil itself.’® S-Nitrosothiols such as 61 have been prepared from the
corresponding unprotected amino-sugars by reaction with 3-acetamido-4,4-
dimethylthietan-2-one, and their aqueous solubility and stability determined.”” A
further methyl 4,6-dideoxy-4-(3-deoxy-L-glycero-tetronamido)-o-D-manno-
pyranoside derivative (cf. Vol. 29, p.138) has been synthesized, using new N-
acylating agents derived from homoserine and L-malic acid,”® and a number of
(1-2)-linked di- and hexa-saccharides comprised of this sugar as the repeating
unit and with functionalized spacer aglycons suitable for linking to proteins, have

been prepared.**

CH,OH

O,

OH o 0, NHAC

HO OMe CH2NH

CF;
59 60

CH,OH

3.3 Phosphamides, N-Sulfates and Related Esters — 5-N-,3-O-Cyclic phos-
phamides have been prepared by reaction of 5-amino-5-deoxy-1,2-O-isopropyl-
idene-a-p-xylofuranose with either phenylphosphonic dichloride or phosphoryl
chloride, and their conformations determined.®' Chemo-selective N-sulfation of
2-amino-2-deoxy-B-D-glucopyranose derivatives with a single free hydroxy-group
was achieved with phenyl chlorosulfate followed by hydrolysis in aqueous
NaHCO,.*?
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3.4 Isothiocyanates and Related Compounds — Thiourea derivatives have been
made by reaction of 6-deoxy-6-isothiocyanato-f-cyclodextrin with either methyl
6-amino-6-deoxy-B-D-glucopyranoside or 6-amino-6-deoxy-1-N-(N-tert-butoxy-
glycinyl)-B-D-glucopyranosylamine.®® 3-Deoxy-3-thioureidoaldoses, formed on
acid hydrolysis of N'-(1,2:5,6-di-O-isopropylidene-a-p-allo- and -gluco-furanos-
3-yl)-thioureas and their N>-phenyl analogues, gave cyclic thiourea derivatives 62
on treatment with a base resin.®

HN—!“JOH
= |-or
HN—pH
—OH

—OH
CH,OH

62

3.5  N-Alkyl Derivatives — 2-Carboxymethylamino-2-deoxy-D-glucose, -mannose
and -galactose were obtained by direct carboxmethylation of the free amino-
sugars.%® Tetra-O-acetyl-2-deoxy-2-(4-nitro- and 2-methyl-4-nitro-imidazolyl)-p-
glucopyranose have been obtained by reaction of 2-amino-2-deoxy-glucose with
1,4-dinitroimidazole and its 2-methyl analogue.®® The radical-induced cyclization
of a phenyl 2-allylamino-2-deoxy-1-seleno-a-p-glycopyranosides to give bicyclic
C-glycosides is covered in Chapter 3. Syntheses of 6-(4-carboxamido-1,2,3-
triazolyl)-6-deoxy-D-ribose and -D-xylose from the corresponding azido-sugar
derivatives is covered in Chapter 10.

3.6 Lipid A Analogues — Carboxymethyl and 3-carboxypropyl 2-amino-2-
deoxy-a- and B-D-glucopyranoside 4-phosphate derivatives bearing a 2,2-di-
fluoro-fatty acyl group on N-2 and a complex fatty acyl group on O-3, have been
synthesized as potential lipopolysaccharide antagonists.®’ Six analogues of Lipid
A, comprising 2-amino-2-deoxy-B-D-glucopyranosides of N-myristoyl-L-serine
with complex fatty acyl groups on N-2 or O-3 or both, were synthesized
conventionally. Three were mitogenic, and one of these was able to stimulate
cellular nitric oxide production.’® Chitobiose derivatives with lauroyl and/or
myristoyl groups on N-2 and O-3 in both sugar residues were weakly mitogenic
but stimulated significant cellular nitric oxide production.®®

3.7 Amidine and Guanidine Derivatives - The N-alkyl-D-glucosamidinium salts
63 have been synthesized by condensation of nojirimycin with the appropriate
amine followed by oxidation with iodine.”® Amidine-linked pseudo-disaccharide
66 has been synthesized by reaction of the thionolactam 64 with the 6-amino-
sugar 65 (Scheme 16), and a (1—4)-linked analogue has been obtained
similarly.”!
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BnO

BnO
OBn

64
Reagents: i, HgClp, EtaN; ii, (Bu'OQC)zo, Py; iii, CF3CO,H

Scheme 16

3.8 Assorted Derivatives — Stability constants for copper(II) complexes of
amino-sugars have been reviewed.”? Copper (II) complexes of two 1,6-anhydro-
amino-sugars are covered in Chapter 17. The thermal degradation (130 °C, 20
min) of the Amadori product 1-deoxy-1-N-prolinyl-D-fructose has been studied.
Identification of various aldoses, including glucose, and (deoxy)aldonic acids by
GLC-MS analysis of pertrimethylsilylated derivatives, was taken as further
evidence of the reversibility of the Amadori reaction.” Selective 3,6-di-O-
benzylation of 4-methoxyphenyl 2-deoxy-2-phthalimido-B-D-glucopyranoside
was achieved after activation with dibutyltin oxide.” The mechanism of UDP-N-
acetylglucosamine 2-epimerase has been deduced to involve formation and
recapture of 2-acetamido-2-deoxy-p-glucal from studies employing substrate '*O-
labelled at the glycosidic position.”” A new synthesis of the potent p-glucuroni-
dase inhibitor 67, which also has antimetastatic activity, used the fermentation-
derived N-acetyl-analogue siastatin B as the starting point.’®

CH,OMe CH,OMe
HO,C NH o0 OMe
k OH HO a OMe
NHCOCF;, MeO
NAc
Me”
67 69

Conditions for use in the reductive-cleavage analysis of permethylated poly-
saccharides (BF;.0Et, or TmsOTf, 1,2-dichloroethane, 70 °C) wherein all
2-deoxy-2-acetamido-N-methyl-hexopyranoside residues are converted into
oxazolinium ions, e.g. 68, which give methyl glycosides, e.g. 69, on quenching
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with methanol, have been found through model studies.”” The preparation of
sugar-containing macromolecules, involving co-polymerization of the acrylate
macromonomer 70 with styrene, or of acylamide with poly-(O-glycosyl)serine
macromonomers made from e.g. 71, have been reviewed.”® The preparation of a
2-N,3-O-cyclic sulfate of benzyl 2-acetamido-2-deoxy-4,6-O-benzylidene-B-D-allo-
pyranoside and displacement with inversion at C-3 by a 1-thio-L-fucose nucleo-
phile” is detailed in Chapter 11.

o)
CH,0AC oz o CH,0Ac HN,,/<
o) )k/ 0 0
OAc N\/}o = OAc 0\/‘\«
n
AcO AcO o
NAc NHAC
Me”
70 7

Syntheses of amino-sugar C-glycosides and dihydroxy-amino acids from 2-
amino-2-deoxy-D-glucose are covered in Chapters 3 and 24, respectively, forma-
tion of 1,4-pyridazines by dimerization of 2-amino-sugars is covered in Chapter
10, and 'H-n.m.r. studies of 2-deoxy-2-ureido-p-glucosides in Chapter 21.

4 Diamino-sugars

The 2,5-anhydro-3,4-diamino-pentose diethyl acetal 72 was synthesized from
L-xylose by sequential reaction of epoxide and triflate intermediates with azide
ion. After reduction to a 3,4-diamino-2,5-anhydroalditol, oxoruthenium(V) com-
plexes of it and related 2,3-diamino-nucleosides (see Chapter 17) were prepared
and evaluated as ribonuclease inhibitors.®” A number of routes were investigated
for the preparation of the 2-amino-3-azido-2,3-dideoxy-D-glucoside 73, a pre-
cursor for a mimetic of the cyclopdepsipeptide didemnin B, from 2-acetamido-2-
deoxy-D-glucose. Because N-deacetylation was much easier in the presence of a
free 3-hydroxy-group, the best route involved preparation of a 2-deoxy-2-
trifluoroacetamido-D-allopyranoside, and displacement of a mesylate group from
C-3 by azide ion with inversion.?!

CH(OEY), CHZ0Bn
o MeO. Na 0
@\/O OBn
NH, NH, NH,
72 73

2,4-Diamino-2,4-dideoxy-L-arabinose and -L-ribose, 75 and 76 respectively,
were obtained in similar quantities by chain extension of the L-serine-derived
aldehyde 74 as shown in Scheme 17.%% The imino-sugar glycosylamide 78 was
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obtained along with a smaller amount of its C-2 epimer as shown in Scheme 18
from the a,B-unsaturated acid 77, derived from the fermentation product siastatin
B. These compounds and the guanadino-analogue 79 were prepared for evalua-
tion as antimetastatic agents.®> The racemic 3-guanidino-hex-4-enuronic acid
derivatives 80, 81 and 1,2-diepi-80 were obtained by way of the hetero-Diels-
Alder condensation shown in Scheme 19; they showed only weak sialidase
inhibition.®

=
Havi ° H o .2Hol
CHO Thdms! R
R i i R ii-=vii OH Y p~OH
ST T AT T e
0 o) X
74 R = CO,8u! 75X =NH, Y=H

76 X =H,Y = NH;

Reagents: i, demso—Q , BF3*OEty; i, TodmsCl; iii, KMnQy; iv, LIOH; v, NalO4;

A vi, H*, MeOH; vii, H30*

Scheme 17
NCO.Bu! . rR—NH
Hozc@ e KNH Hoh
NHAc HO,C NHAc
77 TBR=H

79R = )LNHZ

Reagents: i, PhoC=Njy; ii, CI3CCN, DBU, iii, TsOH, H,0; iv, NaBH;; v, H30

Scheme 18
CO,But COo,Bu! COH
o]
=0 / OMe il i 74 0 74
\ + — HNN_NH +  HN( S NH
rIlH NHAc \ﬂ/ OMe \ﬂ/ NHAc
CO,Bu! NH NHAC NH OMe
80 81
N NCO,8Bu!
Reagents: i, SnCly; ii, CF3CO,H; iii, (/ N
=S NHCO,Bu

Scheme 19
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Miscellaneous Nitrogen-containing
Derivatives

1 Glycosylamines and Related Glycosyl-/N-bonded Compounds

1.1  Glycosylamines — In a new method, dissociation constants of carboxylic
acids and phenols in methanol have been determined from the catalytic constants
for the weak acid-catalysed mutarotation of N-(4-chlorophenyl)-B-D-glucopyra-
nosylamine.! Bicyclic oxazinones 2 were prepared by cyclization of N-(B-D-
glucopyranosyl)-glycine ethyl ester 1 (Scheme 1). C-Alkylation gave $-amino acid
derivatives, e.g. 3, with high diastereoselectivity, but these were accompanied in
some cases by unwanted dialkylated products, e.g. 4.2 Reaction of B-p-glucosyla-
mine with 3-acetamido-4,4-dimethylthietane-2-one followed by nitrosation
(NaNO,, HCl) gave the nitrosothiol derivative 5. A similar process gave related
analogues from 2- and 6-amino-sugars. The aqueous solubility and stability of
these novel NO donors were studied.’

CH,OR!
COan
/

o]
. N
B-D-GlcpNHCH,CO,Et  —— OR! R?
1 R1O RZ
o]
] o]

12 Piv

2R2=R3=H
3 R? = Me, Et or allyl; R3=H3 iv
4R2=R3=Etorallyl

Reagents: i, BhO,CCl, ProNEt; ii, NaOH, H,0; iii, PivCi, Py;
iv, Li HMDS, HMPA, R2X

Scheme 1

The configuration and solution conformation of various glucosyl amidines
6-8 has been studied by NMR techniques and semi-empirical calculations.*
Regio-isomeric ‘pseudonucleosides’ 9 with sulfahydantoins as the base moiety
were synthesized by conventional nucleoside synthesis reactions.’ Glycosylami-
nopyrimidines 10 were converted into glycosylaminopyridines 11 by a Diels-
Alder - retro-Diels-Alder reaction sequence involving addition of dimethyl
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6 R= /NQKNEQ
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7 R= /Nw/)‘""‘
Me

8 R=/N§rNHBn R /NHY/NBn
Me Me

acetylenedicarboxylate to the diene of the heterocycle and elimination of
MeNCO (Scheme 2).° 1-N-Glycosyl-triazoles such as 12 were synthesized by
dipolar cycloaddition of dimethyl acetylenedicarboxylate to various disaccharide
a- or B-glycosyl azides, and proved to be effective glycosyl donors in the
presence of TmsOTf.’

R3 o COzMe
MeO.
MeN | i, i 2 = |
R'N_ _NR? ~
~s” Mex” N~ NHR! Mex” N7 NHR!
0.
9 10 1
R', R? = B-D-Ribf, H; R®=BnorBu | R'=AcsB-D-Glcpor R' = B-D-Glcp or
Ac3-B-D-Xylg, X =S or O B-0-Xylp; X =S orO
Reagents: i, Me0O,CC=CCO,Me; ii, NaOMe, MeOH

Scheme 2

RO MeO,C  COMe
OAc
12
R = Acg-a-or B-D-Glcp

A kinetic analysis of the Amadori reaction of glucose with morpholine has been
reported,® and a study that provides further evidence for the reversibility of the
Amadori reaction is covered in Chapter 9 (Section 3.8).

1.2 Glycosylamides Including N-Glycopeptides — The N-glycosyl-maleimide 13
was isolated from the leaves of Garania mangostana.’ The positional isomer 14
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of the lipid A component GLA-60 (a 2-N,3-O-di-fatty acid acylated 2-amino-2-
deoxy-D-glucose-4-phosphate) was synthesized by conventional reactions
starting from a glycosyl azide. It had much stronger lipopolysaccharide
antagonist activity than GLA-60.'" N-Acetyl-N-allyl-B-glycosylamines were
synthesized directly from unprotected mono- and oligo-saccharides by reaction
with allylamine then Ac,O.'! The allyl group is suitable to allow for specific
linking reactions. Thus condensation with a thiol was used in the preparation
of the sialyl-Lewis® mimic 15, which was polymerized with other diacetylenic
components to give polydiacetylenes that formed liposomes displaying poly-
valentlzoligosaccharide assemblies and were nanomolar inhibitors of P-se-
lectin.

CH,OH jj)\/(?\H
5 O _nH CuiHas
o HO
Hz05P O\H/YCnHza
| N—B-D-Glicp o O\H/Q +Hos
[e] [o]
13 14

HOZCCH(~> 4)-8-D-Galp (1 4K Ao j\
B-D-Glcp—N S
aL-Fuop (1 - 3) NN N OHsCo0-0o0-Craky

15

The N-B-chitobiosyl and -chitotriosyl derivatives of histidine and B-) spinacine
(e.g. 16), wherein the sugar is linked to the a-amino-group of the amino acid,
have been synthesized and shown to be weak inhibitors of brine shrimp chitinase
(see Vol. 28, p.39)."* The enzyme glycosylasparaginase, which normally cleaves
the glycosylamide bond in glycoproteins, has been shown to be capable of
catalysing the synthesis of glycosylasparagines, using L-aspartic acid methyl ester
as the donor and 2-acetamido-2-deoxy-B-D-glucopyranosylamine as the ac-
ceptor.'* The N-(2-acetoxy-4-methoxybenzyl) group has been introduced for
protection of the aspartyl amide bond during the solid-phase synthesis of N-
linked glycoproteins. It prevents unwanted aspartimide formation, and can be
removed by treatment with trifluoroacetic acid.!® In an extension of work on
asparagine-linked sialyl-Lewis™ glycopeptides (cf. Vol. 29, p.148), a cyclic hepta-
peptide containing three N-(sialyl-Lewis*)-asparagine residues has been synthe-
sized and shown to be a sub-micromolar inhibitor of cell adhesion, but the
increase in potency due to the multi-valent nature of this glycopeptide was not
dramatic.'® The synthesis of reversed amide bond analogues of 2-acetamido-2-
deoxy-glucose linked to asparagine, which contain a C-glycosidic bond, are
covered in Chapter 3.
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1.3  N-Glycosyl-carbamates, -isothiocyanates, -thioureas and Related Compounds
The use of D-xylose-derived 1,2-fused oxazolidin-2-ones as chiral auxiliaries is
covered in Chapter 24.

Hydantocidin and its analogues continue to be popular targets for synthesis.
Full details (cf. Vol. 27, p.237 and 339) of the synthesis of (+)-hydantocidin and
5-epi-hydantocidin from D-fructose have been published.'”” The biologically
inactive D-galactopyranose analogue 18 was obtained from the 1-C-methoxycar-
bonyl-pD-galactose derivative 17 (Scheme 3), itself derived from D-galactose and

CHonbde CH,0H
[0} (o) COgMe L ;—‘:‘ NH2 o OH fe) N o}
o 2 i >< Iv=vi OH \(
¢ “CoMe NH
OTbdms OH O
17 18

Reagents: i, NBS, CCly, (PhCO),0,; ii, NaN3, DMF; iii, Hp, Pd / C; iv, KOCN; v, KOBU', vi, H;0

Scheme 3

nitromethane. The key steps involved radical bromination at the anomeric centre
and displacement by azide ion with inversion.'® The L-rhamno-furanose and
-pyranose analogues 23 and 27 have been synthesized as shown in Scheme 4 from
the triflate 19, which was made from rL-rhamnose by Kiliani ascent. The furanose
isomer 23 was obtained by ring contraction of 19 to give the 1-C-methoxycar-
bonyl-L-thamnose derivative 20, followed by application of the same radical
bromination route used in the synthesis of 18, this time via the azido-sugar
intermediate 21. The pyranose isomer 27 was obtained by azide displacement
reaction on the triflate 19, reduction, and ionic bromination of the resulting
amine 25 to give the bicyclic intermediate 26. The diketopiperazines analogue 24
was obtained by coupling the amine 22 with an N-protected glycine derivative
followed by cyclization. The C-2 epimer of 24 was obtained when the coupling
with the glycine derivative (step vii) was effected by use of DCC rather than
CICO,Et. The corresponding pyranose diketopiperazines analogue was similarly
obtained from the amine 26.'%-%!

Condensation of tetra-O-acetyl-p-D-glucopyranosyl isothiocyanate with 2-
amino-2-deoxy-D-glucose gave a 9:1 mixture of the adduct 28 and its C-5 epimer,
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(o]
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HO ﬁ o}
MeOH OH
v, vi 23
0, o}
HO, j i, iii rf"r CO:Me
o - ) E T
0 HO coMe  wf X
fo) OTt fo) [0} vii, iv, vi
ﬁL_ MeP><C 21X =N, \ Q
19 20 22X=NH2:]W ° N
o HO HN
", v
MeOH OH o
24
(o]
HO
HoN Bn ix, X, vi ° NH
E_l/ — Me
2 N o]

H
25 7Lo HO  OH
26 27
Reagents: i, KoCOs, MeOH; il, NBS, (PhCO),03, CCla; i, NaNs, DMF; iv, Hy, Pd; v, KOCN; vi, HsO*;
vil, BO,CNHCH,GO,H, GICO,ELEtN; viii, NBS, NaOAG, MeCN; ix, PhNCO; x, A, MeOH

Scheme 4

which cyclized on silica gel with loss of water to give 29. Similar chemistry was
reported for B-D-ribopyranosyl and gentio-biosyl and -triosyl isothiocyanate
derivatives, as well as 2-deoxy-2-isothiocyanato-B-p-glucopyranose.?* The reac-
tions of a variety of sugar thiourea derivatives from the corresponding isothio-
cyanates has been reported, as exemplified by the conversions shown in Scheme
5.2% The formation of cyclic derivatives from 3-deoxy-3-thioureido-p-glucose is
covered in Chapter 9, Section 3.4. N-Glycosyl-thiourea analogues of the anti-
biotic rifamycin have been made by coupling peracetylated B-p-gluco- or a-bD-

B-D-Glcp-Acs S
\

N CH,OH
HO=L5 NH HO 0.
H OH
HO N—B-D-Glcp-Acy
OH HN
OH S
CH,OH

28 29
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CH,NCS
0 : CH2NH
OAc L. |
AcO OMe W/ s
OAc

Reagents: i, NH3, Py; ii, NH3, Et,0
Scheme 5

arabino-pyranosyl isothiocyanate with a pendant 2-aminoethylthio-substituent
on a rifamycin derivative, and found to have some activity against Gram-positive
bacteria.* Dendrimers terminated with 4, 6 and 8 a-D-mannopyranosyl residues
were prepared by reacting tetra-O-acetyl-a-D-mannopyranosyl isothiocyanate
with dendrimeric polyamines.”® Condensation of 6-deoxy-6-isothiocyanato-o-
cyclodextrin with either methyl 6-amino-6-deoxy-B-D-glucopyranoside or
6-amino-6-deoxy- N-(N-tert-butoxyglycinyl)-B-pD-glucopyranosylamine gave thio-
urea-linked derivatives.?

The tetrahydropyrano[2,3-djoxazole 30, a trehazoline analogue that contains a
trans-fused five membered ring, was obtained by coupling tetra-O-benzyl-B-b-
glucopyranosyl isothiocyanate with tetra-O-acetyl-B-D-glucopyranosylamine,
treating the resulting di-N-glucosyl-thiourea with (a) base to remove the acetyl
groups and (b) 2-chloro-3-ethylbenzoxazolinium tetrafluoroborate and Et;N to
induce cyclization, and then removing the benzyl ether protecting groups by
hydrogenolysis. The cis-fused oxazole 31 was similarly obtained using tetra-O-
acetyl-a-D-glucopyranosyl isothiocyanate in place of its B-anomer, but during
debenzylation in this case, ring contraction to the furano-oxazole 32 occurred.
The a-D-glucosylated analogue of 31 was obtained using tetra-O-acetyl-a-D-
glucopyranosylamine in place of its B-anomer, but this intermediate could not be
deprotected.?’

CHgOH CHgOBn CH2OH CH20H
K ?/ g OH HO h
/\ NH BnO
B—D—Glcp
B-D—Glc;/ B-D‘Glc;/
30 31 32 33

Glycosylimino-oxazolines such as the ¢-D-mannosylimino-derivative 33 have
been prepared as further analogues of trehazoline, and their glycosidase inhibi-
tory properties determined.?® Reaction of the glucofurano-isoxazole 34 with
amines is known to cause displacement of the thiobenzyl substituent, but it has
now been found that unsaturated derivatives such as 35 can be the products
formed under forcing conditions (Scheme 6).%°



10: Miscellaneous Nitrogen-containing Derivatives 147

CH,0H CH,0H
HO lo) HO 0.
OH i
N — N
1 A~
SCH,CgHg4-p-Cl ° N [¢]
2ULgH4-p-
34 35 n/

Reagents: i, HN o}
gents: I, HN

Scheme 6

2 Azido-sugars

The synthesis and characteristic transformations of 1,2-cis- and 1,2-trans-glyco-
pyranosyl azides have been reviewed.>® Phase transfer catalysed reactions of
peracetylated a-L-fucosyl, a-D-mannosyl and a-L-thamnosyl bromides with
sodium azide provided the corresponding f-glycosyl azides with inversion of
configuration, suggesting that the displacements proceeded by Sx2 mechanisms.*!

In simple effective procedures, the B-neuraminosyl azide 36 was prepared by
SnCl,-catalysed reaction of the corresponding a,B-glycosyl acetate with trimethyl-

o]
AcNH OAc X
OAc
OAc Y
OAc

36X =N3 Y= COgMe
37X = COQMB, Y= N3

silyl azide, while the B-anomer 37 was obtained by reaction of the corresponding
B-glycosyl chloride with lithium azide in HMPA.>? The synthesis of the 6-deoxy-
L-manno-hept-2-ulosonyl azide derivative 21, intended for use in the generation of
rhamnofuranose combinatorial libraries, is detailed in Scheme 4 above. The
synthesis and photolysis of D-hex-2-ulopyranosyl azides have been investigated,
as shown in Scheme 7 for the 3-deoxy and 3-O-methyl-D-fructose derivatives.
Photolysis of 38 led to nitrene insertions with cleavage of either the C-2-C-3
bond or the C-1-C-2 bond to give the unstable compounds 39 (major) and 40
(minor), respectively.®?

The tetra-O-acetyl-glycopyranosylidene 1,1-diazides of p-glucose, D-galactose
and p-mannose (e.g. 41) were synthesized by reaction of the corresponding 1-a-
bromo-1-B-chlorides with sodium azide, the yields being better under conditions
of phase transfer catalysis than in DMSO. Tetra-O-benzyl-glucopyranosylidene
1,1-diazide was obtained alternatively by reaction of tetra-O-benzyl-D-glucono-
1,5-lactone with TmsN; and BF;.OFEt,.** Syntheses and reactions of 1-cyano-
glycopyranosyl azides have been studied, as exemplified for the D-galactose
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e >< L xh—CHZOAc
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Reagents: i, TmsN3, TmsOTf, MeCN, ii, Et;N, aq. KF; iii, Aco0, Py; iv, hv

Scheme 7
CH,0Ac

(o]
OAc AcO

AcO s
41

derivative 43 in Scheme 8, which was obtained from the bromide 42 by
displacement with inversion by azide ion, and in a sequential fashion was
condensed with azide ion to give tetrazole 44. In the preparation of the «-azide
anomer of 43 (not shown), by reaction of 42 with LiCl then NaN; with double
inversion, there was concomitant formation of the a-anomer of 44. These
products were converted into heterocycles such as 45 and 46.%° The reaction of
the 2-O-triflate esters of 2,3,4-all-cis-substituted aldono-1,4-lactone derivatives

CH,0Ac
AcO
OAc 01 CN i ‘_,-'J><N3 i I:rr N3 it J_‘-I’r N3
Br 1‘1.. CN 1'1‘ "’N\ iLL. | O>_\
OAc N\\N/NH N OOk
42 43 \ 44 45
N COQMB
N
AY
ff>/"‘ COMe
1
g
46

Reagents: i, NaN3, DMSQ; i, MeO,CC=CCO,Me; iii, EtO,CCOCI

Scheme 8
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with azide ion (five examples reported) gave the 2-azides with inversion as the
kinetic products, but these epimerized in situ to give the thermodynamic product
with overall retention, as exemplified in Scheme 9 for the conversion of triflate 47
into 48 then 49.%¢

0 TIO . , L —jlg/
/;l():o | g_(a L

Ph 2 2
N3

47 48 49

Reagents: i, NaN3
Scheme 9

Improved conditions, and safety considerations, for the conversion of amines to
azides by diazo transfer from triflyl azide have been reported. Thus reaction of 2-
amino-2-deoxy-D-glucose with TfN;, DMAP and NaOMe, followed by acetyla-
tion, gave tetra-O-acetyl-2-azido-2-deoxy-D-glucopyranose in 78% yield, and a
pseudo-trisaccharide triamine was converted into a triazide in 49% yield. Metal
ion catalysis was found to be helpful in some cases.’” The azido phenylselenation
of a D-arabino-furanoid glycal to give inseparable anomeric phenyl 2-azido-2-
deoxy-1-seleno-D-glucofuranoses as the major products is covered in Chapter 9,
Section 2.6. Benzyl 3-azido-3-deoxy-a-D-xylopyranoside resulted from exclusive
opening of the epoxide ring of benzyl 2,3-anhydro-a-D-ribopyranoside at C-3 on
reaction with azide ion.*® 6-Azido-6-deoxy-D-fructose was synthesized by
enzyme-catalysed aldol condensation of 1,3-dihydroxyacetone with 3-azido-3-
deoxy-D-glyceraldehyde, the latter being prepared by conversion of D-fructose
into the known 2,3-anhydro-p-glyceraldehyde diethyl acetal and then ring-
opening of this with azide ion.*® An 6-azido-2,3,6-trideoxy-hexonic acid deriva-
tive features in the synthesis of a dipeptide isostere reported in Chapter 24.

3 Nitro-sugars

Mixtures of C-2 epimeric 1-deoxy-1-nitroalditols have been prepared in 48-91%
yields by addition of nitromethane to pentoses or hexoses in aqueous methanol in
the presence of a strongly basic anion-exchange resin in the OH™-form, the
reactions being quenched with dry ice. In some cases, 2,5- and 2,6-anhydro-1-
deoxy-1-nitroalditols were also present in the products. The practical use of this
procedure was exemplified by the preparation of the 1-deoxy-1-nitro-L-mannitol
and -L-glucitol, and thence L.-mannose and L-glucose, starting from L-arabinose.*
The isomersization of the 3-deoxy-3-nitro-D-xylofuranose derivative 50 in acidic,
basic and neutral conditions has been studied, e.g. when heated under reflux in
methanol a mixture of 50 and its C-3 epimer 51 is formed.*' Reduction of methyl
2,3-dideoxy-3-nitro-a- or B-D-erythryo- or D-threo-hex-2-enopyranosides (e.g. 52,
Scheme 10) with sodium borodeuteride resulted in allylic displacement of the 4-
acetoxy group with introduction of a deuterium atom at C-2, trans to the
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glycosidic methoxy group as in product 53.*> The synthesis of C-2 branched-
chain sugars by Michael addition of formaldehyde dimethylhydrazone to nitro-
alkenes is covered in Chapter 14.

CH,0Bz CH,OAc CH,0Ac
) 0 _ o)
X L —_ \ D

(o] AcO OMe OMe

Y o\\V NO, NO,
52 53
50 X=NO,, Y=H
51X =H, Y =NO, Reagents: i, NaBD,

Scheme 10

4 Diazirino-sugars
The carbene-generating biotinylated 2-acetamido-2-deoxy-p-glucopyranosyl-

amide diazirine derivative 54 and the lactoside 55 have been synthesized for
photoaffinity labelling of B-(1 —4)-galactosyl transferase*’ and GMj synthase.**

(o}
B-D-Galp(1— 4)-B-D-Glcp— 0\/‘\ N)l\/ (CH2)4X
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X = \n/\(CHz)i H H
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5 Oximes, Hydroxylamines, Nitriles, Imines and Amidines

The preparation of sugar amidines, amidrazones and amidoximes as inhibitors of
carbohydrate-processing enzymes has been reviewed.** Treatment of 2-deoxy-D-
arabino-hexose oxime with chloramine-T gave 2-deoxy-D-arabino-hexono-1,4-
oximinolactone, but the intermediate nitrones formed from this and 2-deoxy-D-
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erythro-pentose oxime underwent dipolar cycloaddition in the presence of alkenes,
e.g. with styrene, to give the epimeric oxazolines such as 56.¢ The N-phenylcarba-
moyloximolactone 57, synthesized from sodium p-glucuronate in eight steps, is a
potent inhibitor of B-glucuronidases from bovine liver (K; 0.2 uM) and E. coli (K; 8
uM).*" Derivatives of erythromycin A 9-oxime in which the oxime oxygen atom is
linked to a secondary carbon atom of a sugar are covered in Chapter 19.

Ph
o}
/
N&
CO,H
& o Oy o~ NHOH
2
O _NHPh
HO OH N7 \n/ HO
OH HO o OH
OH OH OH
CH,0H CH,0PO3H,
56 57 58

D-Arabinonohydroxamic acid 5-phosphate 58, a potent transition state inhi-
bitor of D-glucose 6-phosphate isomerase, was made from 2,3,4-tri-O-benzyl-D-
arabinonic acid 5-(dibenzyl phosphate) by condensation with O-benzylhydroxyla-
mine (using carbonyldiimidazole) followed by hydrogenolysis.*® D-Arabinono-
hydroxamic acid itself and D-threonohydroxamic acid, potent inhibitors of
D-xylose isomerase, were obtained similarly.*® As exemplified in Scheme 11, the
addition of N-benzylhydroxylamine to unsaturated lactones such as 59 provided
easy access to precursors of 3-amino-2,3-dideoxy-sugars (e.g. 60). These could be
inverted at C-5 by Mitsunobu or sulfonate displacement reactions, or converted
to isomeric isoxazolidines, e.g. 62, via epoxide 61.%°

ICOQME

CHgOdeps CHa
N " H

ii NBn

O H 0

CHZOdeps CH,OH
59 60 61 62
Reagents: i, BANHOH; ii, MsCl, Py; iii, HF, Py; iv, OH™; v, K,CO3, MeOH
Scheme 11

The inseparable isomeric nitrones formed by reaction of deoxynojirimycin
(DNJ) derivative 63 with dimethyldioxirane, gave the 1,3-dipolar cycloadducts 64
and 65 on reaction with trichloroacetonitrile (Scheme 12). The B-1-C-substituted-
DNJ derivative 66 was obtained from the reaction of a related nitrone with
methyl 3-butenoate under high pressure (15 kbar), but overall the access to this
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compound from DNJ was poor.>!' Syntheses of 3-C-branched-aldose and -nucleo-
side derivatives, by addition of the anion of ethyl acetate to nitrones prepared by
reaction of N-methylhydroxylamine to 3-keto-precursors,> are detailed in Chap-
ters 14 and 20, respectively. The intramolecular cyclization of 3-0-(cyclohex-2-
enyl)-1,2-O-isopropylidene-pentofuranose S-nitrones, resulting in pentacyclic de-
rivatives, is covered in Chapter 24.

CH,0Bn BnOH,C
NH o
OBn L
BnO BnO
OBn
63
Reagents:i, {><_ ; ii, CbCCN
Scheme 12
,CH2002M8
CHQOR/O ‘
N
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HO H
OR

66 R = Tbdms

Tetra-O-acetyl-B-D-galactopyranosyl cyanide and the unsaturated nitrile 67
could be deacetylated under mild conditions (dilute NaOMe in MeOH at 0°C).
Under less gentle conditions, 67 was converted into the crystalline imidate 68,
and thence into the amidine 69, amidrazone 70, imidazole 71 and the corre-

sponding benzimidazole (Scheme 13).%
CH,0Ac CH,OH
AcO o . HO o, NH Py . N
OAc L OH 2 W >__</
/ CN / « / j
! N
67 ral
68 X = OMe o
69 X = NHy+HCI i i
70 X = NHNH,»

Reagents: i, NaOMe, MeOH; ii, NH,Cl; iii, NHyNH,; iv, HQN/\/NHZ

Scheme 13

The amidines 72 were shown to be only marginally better than N-substituted -
D-glucosylamines as inhibitors of four B-glucosidases.>*
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CH,0OH

72R=Bu"or C12H25

6 Hydrazones and Related Compounds

The synthesis of oct-2-ulosono-1,4-lactone phenylhydrazones from D-gluconic
acid is covered in Chapter 16, while the formation of a 1-C-substituted 1,5-
dideoxy-1,5-iminopentitol by reduction of 6-azido-6-deoxy-D-galactose diphenyl-
formazan with triphenylphosphine is detailed in Chapter 18.

7 Other Heterocycles

Dimerization of 2-amino-3,4,6-tri-O-benzyl-2-deoxy-b-glucose with 1,1’-thionyl-
or sulfonyl-di-imidazole gave the ‘fructosazine’ and bis-tetrahydropyrano-piper-
azine derivatives 73 and 74 in a ratio of 1:5, respectively;”® a related compound
appeared in Vol. 25, p.132. The B-carboline derivative 75, isolated as a natural
product from a hybrid plant cell culture product, was synthesized in six steps
from tryptamine and (E)-4,5,6-tri-O-acetyl-2,3-dideoxy-p-erythro-hex-2-enose.
Thiazolo-triazoles such as 76, termed acyclo-C-nucleosides, were obtained on
deacetylation of the product from condensation of peracetylated p-gluconic or
galactaric acids with 4-amino-3-aryl-1,2,4-triazole-5-thiols in the presence of
POCI,." The related 1,2,4-triazole 77 and dihydroimidazole 78 were obtained by
condensation of D-glucono-1,5-lactone with aminoguanidine and ethylenedia-
mine, respectively, followed by acetylation then O-deacetylation.>®
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R = D-gluco-pentitoi-l-yl

Tatsuta has reviewed his approach to the synthesis of nagstatin and its
analogues and their glycosidase inhibitory properties® and has extended this
approach (cf. Vol. 29, p.163) to the synthesis of the 1,2,4-triazolo-fused D-
galacto-deoxynojirimycin 79 and its D-manno-deoxynojirimycin analogue from
2,3,4-tri-O-benzyl-L-ribose and -L-xylose, respectively.®® The isomeric 1,2,3-tria-
zolo-fused D-gluco- and D-manno-deoxynojirimycins 81 were synthesized from the
epimeric acetylides 80 (Scheme 14), prepared by addition of lithium trimethylsilyl-
acetylide to 2,3,5-tri-O-benzyl-L-xylono-1,4-lactone followed by borohydride
reduction; they did not inhibit B-glycosidases.®' The tetrazolo-fused 5-deoxy-p-
gulo-deoxynojirimycin analogue 83 (referred to as a S-epi-L-rhamno-derivative)

was synthesized from the 5-azido-lactone 82 (Scheme 15).%2

CH0H /—N CH20H N=N
HO N/\ }q
OH =
CH,0Bn

79 80

Reagents: i, BnBr, NaH; i, TsCl, Py, DMAP;
iii, NaNg, DMSO, 4; iv, Hp, Pd/C, HOAc

Scheme 14
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82 83

Reagents: i, NH3, MeOH; ii, (CF3CO),0, Py; iii, A; iv, H30*
Scheme 15
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The fused 1,2,3-triazolino-pyrrolidine 84 was obtained by oxidation of 2,3,4-
tri-O-acetyl-5-azido-5-deoxy-D-xylose dibenzyl dithioacetal with MCPBA, the
reaction involving intramolecular dipolar cycloaddition of the azido group onto a
1,2-double bond formed by loss of acetic acid. A similar product was obtained
from the D-ribo-analogue.®> Nucleotide analogues based on hexenopyranosyl
phosphonic acid derivatives with a nucleoside base moiety linked at C-4 are
covered in Chapters 9 (Section 2.6) and 17.

The methylumbelliferyl glucuronoside analogue 85 in which the C-6 car-
boxylic acid group is replaced by tetrazole group, was synthesized from D-
glucurono-3,6-lactone, but was neither a substrate nor an inhibitor of bovine
liver B-glucuronidase.*’ Dihydropyrazoles such as 86 have been obtained by
dipolar cycloaddition of diazomethane to sugar-derived o,B-unsaturated esters
and lactones.® 4-Carboxamido-1-(5-deoxy-D-pentos-5-yl)-1,2,3-triazoles such as
87 have been synthesized by cycloaddition of ethyl propiolate to 5-azido-5-
deoxy-pentose derivatives, followed by reaction with ammonia and deprotec-
tion.%® The tetracyclic derivative 88 was obtained by [2+2]cycloaddition of tosyl
isocyanate to a 3-O-(cis-1-butenyl) ether derivative of p-xylose, then introduc-
tion and intramolecular displacement of a 5-O-tosyl group. The epimer at the
position marked with an asterisk was obtained from the corresponding trans-1-
butenyl ether.®®

N—N
N=N Ny NH EtO,C Ho
e ¢
AcO 250 o)

H o
AcO
84 86
N
N“ N—CH, O
— OH
H,NCO
HO OH
87

The cyclic guanidino-sugar analogues 91-93 have been synthesized as potential
transition state analogues of glycosidase substrates. The epoxide 89, obtained by
enantioselective lipase-catalysed hydrolysis of a racemic mixture, was converted
to the thioureido derivative 90 then to variously N-substituted-guanidino deriva-
tives with the aid of mercury(II) chloride, and allowed to cyclize on hydrolysis
(Scheme 16). While the N-benzyloxy-analogue 91 was present only in the form
shown at several different pH values, the other two analogues were in equilibrium
with furanose forms.%” The preparation of such compounds has also been
covered in a review.®®
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CH(OE),
O o}
CH,OH
CHQOJ\ Pr HO 2°N
89 \>—NHCH2
1 7 steps NH
HO
CH(OEY), CH,OH

° H il Ho e NH
>< N_ _NHCOBW! ———— OH >=NX oo O
oriv, v, i, ti
o] \ﬂ/ NH
S

90 91 X = OBn
92 X =Bn coH

93

Reagents: i, BhnONH, or BnNH, , HgCly; ii, CF3CO,H; iii, Resin (OH™);

iv, HoNCH; @ NHCO(CH,)3CO.H; v, LiOH, MeOH

Scheme 16

3-Deoxy-3-imidazolyl-substituted cyclodextrins are covered in Chapter 4, and

bis-(glucos-3-yl)-bipyridine in Chapter 14.

11
12
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Thio- and Seleno-sugars

A review on the enzymic and chemo-enzymic synthesis of carbohydrates includes
the preparation of thio-sugars by use of aldolase-catalysed condensations.'

Some reactions of the dithioacetal mono-S-oxide 1 with reducing agents have
been explored.? The 2-thio-diethyl dithioacetal 3, formed from 2 by exposure to
ethanethiol under acidic conditions, reacted with 1.2 and 2.0 molar equivalents of
HgCl, in the presence of BaCO; to give the furanoside 4 and pyranoside 5,
respectively. The latter readily equilibrates with its 2-epimer 6 under the reaction
conditions.’

EtS._ _SEt
0
1l R! R2

EtS_ _SEt 820
Z
HO—CH
OH OBz ? CGHZ0H
o] 0Bz Ho o °
0>< Shoon OHEtS OH  R'>-0H
e SEt HO
R2

1 2 R'=H,R2=0H a 5 R'=SEt R2=H

3 R'=EtS,R?=H 6 R!'=H, R?=SEt

The isopropylidenation of aldose trimethylene dithioacetals is covered in
Chapter 6 and the acetolysis of aldose diethyl dithioacetals in Chapter 7. The
C-C-1(C-2 bond cleavage of the a-oxoketene dithioacetal 7 on exposure to
mineral acid is referred to in Chapters 13 and 14. The phenylthio precursor 8 of
2-keto-3-deoxy-D-arabino-heptonic acid has been prepared by chain-extension of
2,3:4,5-di-O-cyclohexylidene-p-arabinose with PhSCH,CQ,Me, followed by de-
protection.*

Nucleophilic substitutions of both 1,2-cis- and 1,2-trans-disposed peracetylated
glycopyranosyl bromides with thiophenol under phase transfer conditions pro-
ceeded by the Sn2-type mechanism (e.g., 9 —10).° A practical large scale synthesis
of the glucosinolate sinigrin (12) from 1-thio-a-D-glucopyranose per-O-acetate
(11) has been reported.® A new route to 2-deoxysugars from 1-xanthates is
covered in Chapter 12. Chemoselective deprotection of thioacetates in the
presence of O- and N-acetates has been achieved by use of hydrazinium acetate.”

Carbohydrate Chemistry, Volume 30
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Scheme 1

Compound 13, the product of cycloaddition between a,x-dioxothiones and tri-
O-benzyl-p-glucal (see Vol. 29, Chapter 11, Ref. 11) has been used to prepare
2-deoxy-glycosides, as shown in Scheme 1.2 The cycloaddition reaction has now
been applied to several other glycal- and a,a-dioxothione-derivatives.’

Addition of 2,4-dimethylbenzenesulfenyl chloride to the glycal derived from
tetra-O-acetyl-neuraminic acid methyl ester, followed by reaction with sodium
methylthiolate, furnished the 2-methylthio-3-thiosialic acid derivative 14.'° Its
use as a glycosyl donor is referred to in Chapter 4, and the azido phenylselenation
of a furanoid glycal is covered in Chapter 9.

The 3-thioacetate 17 has been obtained by opening of the cyclic sulfamidate 16,
which was formed on exposure of the cis-vicinal hydroxy acetamide 15 to 1,1'-
sulfonyldiimidazole."" Regioselective opening of benzyl 2,3-anhydro-a-p-ribo-
pyranoside gave access to benzyl 3-(phenylthio)-a-D-xyloside (18).!> The 3-thio-
and 6-thio-analogues 20 and 21, respectively, of amiprilose (19), have been
synthesized by standard methods.'> 3,6-Thio-anhydro-D-glucose derivatives 24
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18

and 25 were made by treatment of the 3-O-sulfonate-6-thioacetate 22 and 6-
bromo-6-deoxy-3-thioacetate 23, respectively, with methanolic sodium meth-
oxide.'*'> Compound 25 was later converted to 8-O-methylthioswainsonine (26),
C-4 and C-5 of the thiosugar precursor becoming C-1 and C-2, respectively, in
the product.'’ Similar methoxide treatment of a gluco-configured 2,3-di-O-
sulfonate-6-thioacetate and a galacto-configured 3-O-sulfonate-6-thioacetate gave
4,6-thioanhydroguloside 27 and 4,6-thioanhydroglucoside 28, respectively, pre-
sumably via epoxide intermediates. '’

The key-step in the synthesis of the 4-thio-a,B-D-erythro-pentofuranose deriva-
tive 31 from L-arabinose was the well-established ring-closure 29 —30 (see Vol.
29, Chapter 11, Ref. 14).'® A range of other 2-deoxy-p-erythro-pentose dibenzyl-
dithioacetals have been prepared and similarly cyclized to 2-deoxy-4-thio-D-
erythro-pentofuranose derivatives.'® A synthesis of 4-thio-1,4-anhydro-L-ribitol
(32) from p-arabinitol was based on the episulfonium ion rearrangement shown
in Scheme 2.2° The conformation of 4-thio-L-lyxono-1,4-lactone is referred to in
Chapter 21.

A new method for the conversion of aldopyranosides to 5-thioaldopyranosides
is exemplified in Scheme 3; the isomeric acyclic intermediates, e.g. compound 33,
could be separated, inverted at C-5 and cyclized stereoselectively, thus offering
access to several different products.?!?? 5-Thio-D-arabinose (34) has been synthe-
sized from D-arabinose in six standard reaction steps. Synthesis of S5-thio-L-
fucopyranose, as the tetraacetate 35, from D-arabinose required chain-extension
at the non reducing end which was achieved by diastereoselective reaction of
aldehyde 36 with methyl lithium; the D-altro-product 37 was then treated
sequentially with tosyl chloride and potassium thioacetate.”> A number of aryl
a-5-thiofucosides, as well as p-nitrophenyl o-1,5-dithiofucoside, were prepared
from 1-acetate 35 directly or via a trichloroacetimidate.?* These compounds were
used to demonstrate the importance of sulfur in the ring and oxygen at the
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Scheme 2

anomeric position for a-fucosidase inhibition.?* Several approaches to 6-deoxy-5-
thio-D-glucose from 5,6-anhydro-1,2-O-isopropylidene-a-D-glucose were ham-
pered by side reactions such as polymerization of thiolate ions and rearrange-
ments via episulfonium jons.2¢

Full details on the synthesis of 5-thio-p-glucose based on the radical promoted
rearrangement of cyclic thionocarbonate 38 to 5,6-S,O-thiolcarbonate 39 have
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been published (see Vol. 21, Chapter 11, refs. 16,17).27 Methanolysis (MeO ™/
MeOH) of 39 caused rapid formation of episulfide 41, whereas the 5,6-0,$-
isomer 40 underwent simple hydrolysis under the same conditions.”® Radical
bromination of per-O-acetylated 5-thio-pentopyranosyl bromides gave mixtures
of dibromides and tribromides, such as 42, as the main products.”

O Br OHaSR® CH;SAc 1
T R'O o 0 OMe 0.
OAc OR! o) OAc
AcO Br OR' CHOH  AcO
OAc OR! OAc
42 X=HorBr R' = protecting groups 46 47 X=SorSe
43 R2=Ac

44 RZ= MR e
VQ'/LN'N
45 R2=
<0
o

The primary thiosugars 43,° 44,%' 45,2 and 46, as well as 6-thiosucrose,”*
have all been prepared from precursors carrying a good leaving group at the
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primary position. Treatment of hexopyranosyl bromides with a good leaving
group at C-6 with Na,S or NaHSe gave 1,6-epithio- and episeleno-sugars,
respectively, such as compounds 47; especially high yields were effected by use of
benzylethylammonium tetrathio- or seleno-molybdate instead of Na,S and
NaHSe, respectively.’

S-Isosters of 4-amino-4-deoxy- and 4-deoxy-4-guanidino-NeuS5Ac2en are
covered in Chapter 16 and sulfur-containing uridine analogues in Chapter 20.

Exposure of the acyclic dimesylate 48 to sodium selenide in aqueous acetone
gave the protected carba-2-deoxy-D-ribose analogue 49 with a selenium atom in
place of the 3-hydroxymethylene group in almost quantitative yield.>® A uridine
analogue containing sulfur in place of the 3-hydroxymethylene group is referred
to in Chapter 20.

CHQOMS CHzOAC SB—CHQ
Mom CH,0Bn o)
H H
OMs Se OMom OMe
CH,0Bn OAc OAc
48 49 50

The following sulfur-linked di-, tri- and tetra-saccharides have been prepared
by nucleophilic substituion of a good leaving group on an appropriately
functionalized monosaccharide by a protected 1-thio-sugar with inversion: 3-
thionigerose, 3-thiolaminaribiose, 6-thiogentiobiose, 3,3'-dithiolaminaritriose,
6,6 -dithiolaminaritriose and 6-S-(B-D-glucopyranosyl)-3,6-dithiolaminaribiose,>’
3'-S-(B-D-glucopyranosyl)- 3, 3,6 - trithiolaminaritriose,*® 4-thiogalactobiose,*
N,N’-diacetyl-4-thiochitobiose,"0 N, N', N"-triacetyl-4,4’ -dithiochitotriose and
N,N',N”, N""-tetraacetyl-4,4',4"-trithiochitotetraose.*! The 6-seleno-isomaltose de-
rivative 50 was prepared by displacement of a leaving group at C-6 by a glycosyl
selenate as well as by displacement of an anomeric leaving group by a 6-
selenide.*?

Scheme 4 shows a novel route to 2-thiosophorose (51) which equilibrates
readily with 2-thioepisophorose (52).** Preparation of diheterodisaccharide 53
and related glycosidase inhibitors involved opening of bis-aziridine 54 with
1,2:5,6-di-O-isopropylidene-3-thio-a-D-glucofuranose.*

Amphiphilic cyclodextrins 56 have been synthesized in high yields in one step
from the corresponding bromides 55.*° In a similar preparation of peracetylated
heptakis [6-S-(2,3-dihydroxypropyl)-6-thio]-B-cyclodextrin (58), the heptakis
iodide 57 was used as precursor. Oxidation with MCPBA furnished heptakis
sulfone 59.*¢ Hemithiocyclodextrins (cyclodextrins in which half of the inter-
glycosidic oxygen atoms are replaced by sulfur atoms) and hemithiocellodextrins
have been obtained in yields of ca. 10 % by exposure of 4-thio-a-maltosyl fluoride
to cyclodextringlycosyltransferases*’ and 4-thio-B-cellobiosyl fluoride to cellu-
lases,*® respectively.
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54 59 7 Ac SO;CH(OAC)CH,OAc
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Deoxy-sugars

Osmylation of the chirally masked 2-alkoxypent-3-enal 1 and subsequent func-
tional group manipulations furnished enantiopure 5-deoxy-L-lyxose and -xylose
derivatives.'! A new preparation of 5-deoxyribonolactone derivative 2 from
ribonolactone by tributyltin hydride reduction of a 5-chloro-5-deoxy intermediate
has been published.? Conversion of compound 2 to a 5-deoxy-nucleoside
analogue is covered in Chapter 20. A multistep synthesis of methyl 5-O-benzoyl-
2,3-dideoxy-p-D-glycero-pentofuranose (4) from p-xylose involving Raney nickel
desulfurization of compound 3 (see Chapter 11) has been described.> Several
deoxy-ketoses have been prepared by Raney nickel desulfurization of 1-thio-
ketose derivatives obtained by enzyme-catalysed aldol condensations (see Vol. 29,
Chapter 2, Scheme 1). An example is given in Scheme 1.*

Me, Ph Me o BzOCH, o OMe
0

N O

ﬁOBom o0 R R
X A,

|| 4 R=H
2

|

Me

1

2-
CH,SPO2 cHO i OHO CH,SPOy A Me
+ —_— — i —
}:o CHoOH OH ~g TOH

CH,OH OH

Regents: i, Fructosediphosphate aldolase
Scheme 1

In a de novo synthesis of the 2-deoxy-L-arabino-hexose derivative 7 the
dihydropyran ring was formed by asymmetric [2+4]-heterocycloaddition of
enone 5 to chiral vinyl ether 6, as shown in Scheme 2.° Chain-extension at C-5
of methyl 2,3-O-isopropylidene-B-D-ribo-pentodialdo-1,4-furanoside with meth-
oxymethylenetriphenylphosphorane and subsequent hydrolysis, reduction and
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MeCOn___O Ph 2M°
N + /\0/\
CO,B
250 o COzBu
OBn

IHV

CHZOH
COzBU

Regents: i, Eu(fod)s; ii, LAH; iii, BH3, MesS; iv, Ho0,, NaOH

Scheme 2
CH,OH
/ ':0 2OH
L-Serine CH,OH
/
CH,0H
(o] iii
HO H 8
Me Me

Regents: i, Aminotransferase; ii, MeCHO, transketolase; iii, microbial isomerase; iv, transketolase

Scheme 3

deprotection gave 5-deoxy-D-ribohexose in nearly 30% overall yield.® The
preparation of 6-deoxy-L-sorbose (8) by a ‘natural’ route from L-serine and
acetaldehyde is outlined in Scheme 3.” A facile 4-deoxygenation of a,B-
unsaturated glyconic acid derivatives by reductive elimination, and the prepara-
tion of methyl a-L-daunosaminide from non-carbohydrate starting materials are
referred to in Chapters 13 and 19, respectively.

Opening of epoxide 9 by lithium hydride in THF took place at C-3 exclusively
to give benzyl 3-deoxy-a-D-erythro-pentopyranoside 10. The selectivity is attrib-
uted to a repulsive effect of the pyranose ring oxygen on the approaching
nucleophile.®

4-Deoxy-, 6-deoxy- and 4,6-dideoxy-D-mannose derivatives have been prepared
by sodium borohydride reduction of the relevant tosyl esters and/or Barton
deoxygenation at C-4 of compound 11, followed by deprotectxon One-pot
dideoxygenation of the fully protected n-pentenyl 3,6-di-O-thionocarbonyl B-p-
galactopyranoside 12 to give the 3,6-dideoxy-sugar 13 (a derivative of n-pentyl
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CH,0Ts CH.R
O, 0, 0. AcO O OPent
o><o
HO 0OBn HO OBn HO OMe
o OH OBn
9 10 "
12 R= OE—QF
13 R=H®

B-p-abequoside) has been achieved by use of tris(trimethylsilyl)silane.'® A new
synthesis of methyl p-pD-abequoside derivative 16 proceeded via the D-galactose-
derived intermediates 14 and 15, and involved deoxygenation at the 6-position by
reduction of the tosylate with LAH and at the 3-positions by regioselective
opening of the 3,4-cyclic sulfate (Scheme 4). The protected methyl 3,6-dideoxy-a-
D-arabino-hexopyranoside 17 (methyl a-pD-tyvelopyranoside) was similarly ob-
tained by way of an a-D-mannose-derived 2,3-cyclic sulfate 6-tosylate.''

CHoY Me Me
e} O OMe HO 0 OMe o)
v
’x//o _v . B20
/ BzO OMe
OMBn OMBn
v (14 X=CM62,Y=0TS 16 17

15 X=50, Y=H

Regents: i, LAH; ii, aq. HOAc; iii, SO,Cl,, Py; iv, RuCls,
N8104; v, BUANBH4

Scheme 4

The preparation of 3-deoxy-D-arabino-hept-2-ulosonic acid (Dahp) from B-D-
glucopyranosyl cyanide peracetate is referred to in Chapters 7 and 16, and the
syntheses of 2-deoxy-a- and -B-D-arabino-hexopyranosyl phosphonic acids and
related dicarboxylic acids from protected glycals are covered in Chapters 7 and
16, respectively.

OH Me
(0} 0} Me 0}
] OH
i ii
Tbdms! 0 — Tbdms /isz — Thdms! o
OH
0 § o]
07L 0‘%—
18 19

Reagents: i, MeLi; ii, NaBH,, H30*

Scheme 5
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The synthesis of 7-deoxy-L-glycero-D-gluco-heptose (19), an inhibitor of gluco-
kinase and glucose 6-phosphatase, from 1,2-0-isopropylidene-p-glucuronolac-
tone derivative 18 is shown in Scheme 5.'? The 2'-O-cyclohexylcarbamoyl
disaccharide 20 (see Chapter 3 for formation) was readily converted to the
corresponding xanthate which was deoxygenated with tributyltin hydride to the
2'-deoxy disaccharide 21.'* Radical deoxygenation with tributyltin hydride has
also been use to prepare 1’,6'-dideoxysucrose from the corresponding 1',6'-
ditriflate.'*

O——CH;

20 R = OGNHCeH1,
o]
21 R=H

a- or B-no-Tyvp-(1 - 3)-p-o-GalpNAc-OR
R = (CH,),Tms or (CH,)gCO.,Me

22

A number of deoxy analogues of natural di- and oligo-saccharides have been
prepared from suitable deoxy-sugar components by conventional methods as
models for glycans or for use in enzyme inhibition studies. They included the
tyvelose-containing disaccharides 22;'° the seven mono-deoxy analogues of
methyl B-isomaltoside;'® the methyl a-glycosides of isomalto-oligosaccharides
deoxygenated at C-3 of one of the units;'” five different monodeoxy-analogues of
the acceptor disaccharide 23 of the Lewis o-(1—3/4)-fucosyltransferase;'® and
three sialyl Lewis X-analogues containing 4-deoxy-, 6-deoxy- or 4,6-dideoxy-D-
galactopyranose in place of d-galactopyranose.'® Six analogues of B-maltosyl-
(1—4)-trehalose, selectively deoxygenated either at one of the primary positions®°
or at C-4 or C-4"%" were obtained by [2+2] block syntheses, with catalytic
reduction of a 6-iodide or radical deoxygenation at a 4-position either at the di-
or the tetra-saccharide stage.

B-0-Galp-(1 —3)-B-0-GlepNAC-O(CH,)sCO.Me

23
_Me
HO :o OCHZ_
Me (CHz)gscHMeg

OH

24
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6-Deoxy-3-0O-methyl-p-p-allopyranose was identified as constituent sugar of
oxypregnane-oligoglycoside saponins (‘stephanosides’) from Stephanotis lutch-
uensis, together with the more common deoxy-sugars cymarose, oleandrose and
thevetose.”? Glycoside 24 and five closely related glycosides of 3,6-dideoxy-L-
mannose (ascarylose) have been isolated from the nematode Ascaris suum.?*

A mechanistic study of the fragmentation reactions of dideoxysugars in
negative ion mass spectrometry is referred to in Chapter 22.
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Unsaturated Derivatives

1 General

The general area of research that has evolved from a study of 2,3-unsaturated
sugars has been reviewed. Attention was given, in part, to the preparation of
sucrose involving a non-acidic Ferrier rearrangement.! The use of glycals in the
syntheses of complex oligosaccharides and glycoconjugates has also been
reviewed. >

2 Pyranoid Derivatives

2.1 Syntheses of 1,2-Unsaturated Cyclic Compounds and Related Derivatives —
An easy and efficient ‘one pot’ synthesis of peracetylated glycals from unpro-
tected sugars has been described. In this method the sugar was sequentially
treated with acetic anhydride and catalytic hydrobromic acid-acetic acid (to effect
per-acetylation), more hydrobromic acid-acetic acid (to form the glycosyl
bromide), sodium acetate (to neutralize excess hydrobromic acid) and finally a
buffered mixture of sodium acetate, acetic acid, zinc-copper sulfate and water (to
effect a reductive-elimination). The method was applied to the syntheses of
glycals derived from D-glucose, p-galactose, L-rhamnose, L-arabinose, maltose,
lactose and maltotriose.*

The previously reported (Vol. 29, p. 182, ref. 2) preparation of glycals by
reaction of per-acetylated glycosyl bromides with bis(titanocenechloride)
(Cp,TiCl), has been extended and shown to tolerate a variety of protecting
groups such as benzoyl, benzyl, benzylidene or Tbdps in the O-4 and O-6
positions.® Tetra-O-acetyl-D-glucopyranosyl bromide has also been converted in
high yield into tri-O-acetyl-D-glucal upon reaction with the chromium-ethylene-
diamine tetraacetate (EDTA) complex, [Cr(IIEDTA)]*~ under acidic condi-
tions. The reaction was thought to proceed by way of a glycosyl-
chromium(III)(EDTA) intermediate.’

Simply heating the 2-deoxy-sulfoxide 1 in benzene caused elimination of
benzenesulfenic acid, producing the corresponding glycal in 98 % yield.”

Good yields of pyranoid glycals were obtained from acetal or ether protected
D-gluco-, D-galacto- or D-manno- configured glycosyl sulfoxides by reaction with
aryl- or alkyl-lithiums. It was determined that the nature of the lithium reagents
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had little effect on the reaction and that a-sulfoxides gave highest yields
regardless of the orientation of the substituent at C-2.% In contrast, the corre-
sponding D-gluco- or D-manno-configured glycopyranosyl chlorides reacted with
aryl- or alkyl-lithiums giving moderate to good yields of C-aryl or C-alkyl
glycals. For example 2,3,4,6-tetra-O-benzyl-o-D-glucopyranosyl chloride afforded
compounds 2.°

CHgOBn CHQOBH
o] ﬁ o}
OBn SPh OBn P
BnO BnO
1 2 R = Me, Bu", B!, Ph
3 R=NHAc
4 R=0Ac
CHQOAC
AcO CH,OH CH,0Ac
AcO o HO o X AcO 0. CONH,
OAc y CO,Me OH y c—Y OAc
5 6 X=0,Y=NH, 7 OAc
8 X =NH, Y=NHBn
9 X=0,Y =NHBn

The glycal derivatives 3-5 were readily obtained from the per-acetylated methyl
esters of NeuNAc, Kdn and Kdo, respectively, by treatment with trimethylsilyl
triflate as a result of a reinvestigation of this reaction. It was found that the
solvent and temperature used were important factors.!® Glycal analogue 6 has
been prepared, as a potential inhibitor of a B-p-galactosidase from E.coli, by
sequential treatment of 7, first with NBS (to give a glycosyl bromide) then with
zinc (to form the glycal) and finally de-acetylated. The effect of basicity and
hydrophobicity induced by the carboxamide group on enzyme inhibition was
further explored by the preparation of derivatives 8 and 9."!

The C-2 branched-glycal 10 has been synthesized by treatment of 11 (see
Chapter 14, ref. 49 for its preparation) with mesyl anhydride-triethylamine.!?

The mechanism of UDP-N-acetylglucosamine 2-epimerase, an important
enzyme used by bacteria for preparing activated UDP-N-acetylmannosamine
residues for use in cell wall formation, has been investigated using an '*O-labelled
UDP-GIcNACc derivative and shown to involve the intermediacy of 2-acetamido-
2-deoxy-D-glucal.'?

The unsaturated branched-sugar 12 was the product formed when a-oxoketene
dithioacetal 13 (see Vol. 26, p. 162, ref. 47) was treated with dilute mineral acid.'*

It has previously been reported that 3,4-bis-O-(Tbdms)-6-deoxy-L-glucal was
cleanly deprotonated by terz-butyllithium at C-1 (see Vol. 26, p. 148, ref. 7; Vol.
25, p. 229, ref. 50; Vol. 25, p. 54, ref. 237 and Vol. 23, p. 136, ref. 11) but that
3,4,6-tri- O-(Tbdms)-D-glucal underwent competing lithiations « to silicon atoms
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CHQOBH CHgOBﬂ o]
0, (0] Ph < (o]
OBn OBn M
/ € parOH / SMe
BnO BnO (¢]
Me (0] CHO
10 11 12
o}
Ph 0
OH
(¢]
o SMe
13 SMe

(see Vol. 25, p.151, ref. 2). Now it has been discovered that both compounds
reacted with varying amounts (2.2 - 8.0 eq.) of tert-butyllithium, regioselectively
lithiating C-1 and the 6-O-Tbdms group (when the latter is present), followed by
the 4-0-Tbdms group.'’

The synthesis and use of glycal derivatives in the preparation of staurosporine
and ent-staurosporine is mentioned in Chapter 24 and an investigation into the
isomerization of 2-oxo-pyranosides in pyridine affording a hydroxyenone
product is covered in Chapter 15. The synthesis of a 1,2-unsaturated C-2
branched, 3,4-annulated sugar from a 2,3-unsaturated pyranose bearing a 4-O-
allyl substituent is covered in Chapter 14.

2.2 Syntheses of 2,3-Unsaturated Cyclic Compounds

2.2.1 Syntheses Involving Allylic Rearrangement of Glycals — C-Allyl glycosides
such as 14 and 15 were formed in high yield and with good a-selectivity when the
corresponding per-acetylated glycal was treated with allyltrimethylsilane in the
presence of the acidic clay, montmorrilonite K-10. (Several other examples were
also described.'®) A similar kind of reaction took place when alkylzinc reagents
were reacted with variously configured per-acetylated or per-benzylated glycals in
the presence of a Lewis acid. (Scheme 1 illustrates the process with tri-O-acetyl-D-
glucal). The a,B-ratios of anomers ranged from exclusively o to 1.5:1."7 Likewise,
the D-glutamic acid derived zinc reagent 16 reacted with 3,4,6-tri-O-acetyl-D-
glucal in the presence of a Lewis acid affording 17 as a 9:1 mixture of
a:B-anomers.'® In contrast to these reactions, the zinc-copper reagent
NCCH,CH,Cu(CN)Znl reacted with tri-O-acetyl- or benzyl-p-glucal affording

R
Cbz CH,0Ac
AcO o — \N 2 Cbz\
WO o)
— 1Zn —_
o AcO 5
14 R = CH,0Ac, 16 17
op = 18:1
15 R =Me,

ap =67:1
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only small quantities of C-1 bonded derivatives, the major product being the
unsaturated branched-sugar 18. This reaction was found to be quite general for a
range of zinc-copper reagents.'? In a similar way, the 3-O-mesyl glycal compound
19 reacted with the reagent IZn(NC)CuCH,CH,CO;Me, yielding unsaturated
bralrllgched-derivative 20 in 49 % yield together with 16 % of rearranged product
21.

CH,OAc CH,OAc
o) ) o
OAc P — . R
AcO ACO e

R= Et, PhCHQ, Ph(cHg)z, BU‘OCOCHQ
Cl{CH3)4, NC(CHa)3, EtO2C(CHo)3

Reagents: i, RZnl(Br), BF;OFEt;

Scheme 1
CH,OR 0 o}
O CO.Me
o ' / o) ! / o] / o 02
CN P T'PS\ oMs ) T""s\ COZM} Tips
RO e} o \0 —
18 R=AcorBn 19 20 21

O-Trimethylsilyl ketene acetals, which are synthetically equivalent to Refor-
matsky reagents, reacted with glycals in the presence of a Lewis acid as depicted
in Scheme 2. Enones, such as 1,5-anhydro-4,6-0-benzylidene-2-deoxy-D-erythro-
hex-1-en-3-ulose, also reacted with the same reagents producing branched-chain
products (see Chapter 14).2°

CHzOAC CHzOAC
fo) i 0 Me
AcO ACO > COMe

Me, OMe
Reagents: i, =< , Tms-OTt
Me OTms

Scheme 2

The known dimerization reaction that takes place when glycals are treated with
Lewis acids proceeded more efficiently with acetyl perchlorate (a known polymer-
ization initiator of dihydropyran) in dichloromethane at —78 °C. For example
tri-O-acetyl-D-galactal gave a 77 % yield of dimer 22.2' The report that tri-O-
benzyl-D-glucal gives a cyclopentane derivative under these conditions has been
corrected.??
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CH,OAc CH,0Ac CH,OAc CH,0Bn
AcO 0 AcO 0 AcO 0 0
OAc OBn
— OAc —— o OMe
BnO
22 23

The formation of O-glycoside 23 was accomplished by reacting tri-O-acetyl-D-
galactal with methyl 2,3,6-tri-O-benzyl-a-D-glucopyranoside in the presence of
Pd(0) or Lewis acid catalysts.?®

The unsaturated azides 24 and 25 resulted when 1,5-anhydro-2,3-dideoxy-4,6-
di-O-Tbdms-D-eyrthro-hex-1-enitol was treated with the reagent combination
(PhIO),-trimethylsilyl azide.?*

Further details have appeared on the products formed when tri-O-acetyl-D-
glucal was heated in water: initially, 4,6-di-O-acetyl-2,3-dideoxy-a- and
B-D-erythro-hex-2-enopyranose were produced, which reacted further giving 4,6-
di-O-acetyl-p-allal, (E)-4,6-di-O-acetyl-2,3-dideoxy-D-hex-2-enose and 2,3-di-O-
acetyl-3-hydroxy-2-(hydroxymethyl)-2H-pyran (see Vol. 29, p. 184, ref. 16).
Transition state kinetic barriers were determined and AM1 calculations per-
formed to characterize the thermodynamics of the reaction.?’

— > Me
—Me
MeO—
Me—
CH,OTbdms CH,OTbdms L OMom
° 0 H~—t—H
N.
_ 3 Y/ MeO 0
TbdmsO 2 TbdmsO
4 k ﬁ
N —
325 OMe
26

In a radical-based method for preparing C-2 branched-chain sugars by way of
addition of dimethyl malonate to tri-O-acetyl-D-glucal (see Chapter 14), 1,4,6-tri-
O-acetyl-2,3-dideoxy-a,B-D-erythro-hex-2-enopyranose was formed as a by-
product in a small amount.?¢

2.2.2 Other Methods — The 2,3-unsaturated compound 26, an intermediate in the
preparation of an analogue of the antibiotic PA-48153 C (an immunosupressant)
was prepared by deoxygenation of the corresponding 2,3-di-xanthate using
diphenylsilane-AIBN. (See also Vol. 25, p. 158, ref. 24 for the preparation of a
5,6-unsaturated furanoid derivative using the same technique).?’

Deoximation (using CAN or acid-catalysed transfer to levulinic acid) of
compound 27, itself prepared by reduction of 3,4,5,6-tetra-O-acetyl-1,2-dideoxy-
1-nitro-D-arabino-hex-1-enitol, gave 6-O-acetyl-2,3-dideoxy-D-erythro-hex-2-eno-
pyranose as product.?®
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The branched-chain sugars 28 (R' and R?, various ester, keto or amido groups)
were the major products from the Pd(0)-catalysed alkylation of 1,6-anhydro-2-
chloro-2,3,4-trideoxy-B-p-erythro-hex-3-enopyranose with various active methyl-
ene reagents.?

Full details (see Vol. 28, p. 178, ref. 32 for a preliminary communication) have
appeared on the synthesis of N-containing unsaturated sugars, e.g. isocyanate 29,
by thermal rearrangement of the corresponding 2-cyanato-3,4-unsaturated
derivative.*

CH=NOH
| I (6] CHQOdems CO.H
OAc o) o] Q5 o]
OAc - . 4 o
CH-0A OCN OPr!
2UAC R’ OR? 10 3 AcO I
27
28 29 30

An investigation into the isomerization of a 3-oxo-pyranosides in pyridine
where a hydroxyenone intermediate is observed is mentioned in Chapter 15.

2.3 Syntheses of 3,4-Unsaturated Cyclic Compounds - Compound 30, available
in three steps from S-hydroxymethyl-1,6-anhydro-a-L-altro-hexopyranose was con-
verted into ent-levoglucosenone by reaction with copper-quinoline (decarboxylation
at C-5), zirconium oxide induced olefination at C-3 (reductive decarboxylation)
then deacylation and oxidation. The 5-hydroxymethyl analogue of ent-levogluco-
senone was also made from the same starting materials.>!

A non-carbohydrate route to both enantiomers of levoglucosenone has also
been reported in which the furan derivative 31 was desymmetrized using Sharp-
less asymmetric dihydroxylation methodology.

Full details have appeared (see Vol. 28, p. 178, ref. 32 for a preliminary
account) on the synthesis of isocyanates such as 32 (useful for preparing N-
containing derivatives) by a thermal rearrangement of the corresponding
4-cyanato-2,3-unsaturated derivative.>

The hydride reductive rearrangement of some methyl 4-O-acetyl-3-deoxy-3-C-
nitro-2-enopyranoside derivatives to methyl 3-C-nitro-3-enopyranosides is
covered in Chapter 10.

2.4 Syntheses of 4,5-Unsaturated Cyclic Compounds — Swern oxidation of
methyl 2,3,4-tri-O-acetyl-a-D-glucopyranoside followed by base-induced elimina-
tion of acetic acid afforded unsaturated aldehyde 33. Further transformation of
the aldehyde group into a methylene unit by way of a Wittig olefination and
replacement of the acyl groups with benzyls or methyls yielded 34 which
underwent a Diels-Alder reaction (the acyl protected variant of 34 was unreac-
tive) with 2-methoxycarbonyl-p-benzoquinone, followed by acid-catalysed double
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CH,OTbdms

31
32

/6RO

o COM OMe
OR

35 R =BnorMe

179
HC=X

(0]
JOR
OMe

OR
33 R=Ac,X=0
34 R=BnorMe, X=CH,

bond migration to give adducts 35.** In a related way the 4,5-unsaturated iridoid
derivative 36 was formed on PCC oxidation of the corresponding 2,3,4-tri-O-

acetyl-p-p-glucopyranoside.>*

2.5 Syntheses of 5,6- and Other Unsaturated Cyclic Compounds — A general
approach to enol ethers, illustrated by conversion of nitro-alkene 37 into 38 by
treatment with tetrabutylammonium hydrogen sulfate-potassium fluoride, has
been described. The reaction was also found to be applicable to a wide range of

acyclic sugars (see Section 4 below).*’
NO,

=~ "kt
0 o)

I
7 N

BuzSn

BnO o OMe
0OBn

39
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Tributyltin cuprate has been prepared and used as a milder alternative to
tributyltin lithium for application in sugar chemistry. Thus tin derivative 39 was
prepared from the corresponding allylic bromide without any allylic rearrange-
ment.>® (See Section 4 below for the use of this reagent in the preparation of
acyclic alkenes).

6-Deoxy 1,2:3,4-di-O-isopropylidene-B-L-arabino-hex-5-enopyranose reacted
with the radical generated from ethyl chloromalonate by tributyltin hydride,
producing a small quantity of compound 40 together with products derived from
reduction of the double bond in 40.%” (See Chapter 3 for an application of this
method in preparing C-glycosides).

3 Furanoid Derivatives

3.1 Syntheses of 1,2-Unsaturated, Cyclic Compounds — A multigram synthesis
of ribofuranoid glycals, which may prove useful in the synthesis of 2’-deoxy-
nucleosides, has been achieved by utilizing as starting materials the readily
available 2-deoxy-D-ribonolactone derivatives 41. Reduction to the lactols with
DIBAL, followed by reaction with mesyl chloride-triethylamine, gave the corre-
sponding silyl protected glycals 42. The bis-Tbdms protected compound was the
easiest to work with, surprisingly being the most stable derivative, and the bis-
Tbdps glycal could be selectively desilylated with TBAF at the O-5 position.*®

CHgOR CH20R CHQOPiV PivO
o} (o] (o} OH
© 7 7 A
OR OR a3 44
41 R = Tbdps, Tbdms, 42 R = Tbdps, Tbdms,
Et3Si Et3Si

The asymmetric synthesis of compound 43, a precursor for the preparation of
2',3’-didehydro-2’,3'-dideoxy thymidine and cordecepin, has been accomplished
by reacting the chiral alkynol 44 with the reagent combination molydenum
pentacarbonyl-triethylamine. Several other glycals were prepared in a similar
way, with the formation of furan by-products sometimes observed.*

3.2 Syntheses and Reactions of 2,3- and 3,4-Unsaturated Cyclic Compounds —
Refluxing the 1,2-cyclic isourea 45 in pyridine caused elimination of water,
affording the corresponding 2,3-unsaturated derivative.*’

Further details (see Vol. 29, p. 189, ref. 30 for earlier report) on the mechan-
istically interesting reaction of 1,2:5,6-di-O-isopropylidene-3-O-triflyl-a-D-gluco-
furanose with alkyllithiums to give 3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-
erythro-hex-3-enofuranose have been disclosed.*' This latter compound under-
went a Diels-Alder reaction with cyclopentadiene to give, surprisingly, 46 as the
main product plus three isomers, and full details of this work have now been
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reported. (See Vol. 26, p. 160, ref. 37, but note that structure 32 should have a
carbonyl group at C-4). As expected, the Diels-Alder reaction of isolevoglucose-
none with cyclopentadiene also led to the same products, but in a different
ratio.*? The preparations of [3.3.0]bicyclic isoxazolidinyl nucleosides, as well as
intermediates in their formation, by dipolar nitrone addition to 2,3-dideoxy-5-O-
Tbdps-D-erythro-pent-2-eno-1,4-lactone are covered in Chapters 20 and 14,
respectively.

CH,OH o

_NNHTS
OH \ 0 0”0 Me

3.3 Syntheses of 4,5- and Other Unsaturated Cyclic Compounds — Tosylhydra-
zones of a-oxycarbonyl compounds are readily converted into vinyl ethers with
sodium in ethylene glycol (Bamford-Stevens elimination) as illustrated by the
conversion of 47 to 48.%

Sugar lactones can be made to undergo the Wittig olefination with methoxy-
carbonylmethylene(triphenylphosphorane) in toluene in a sealed tube at 140 °C
to give the products in 27-90% yields, depending on the sugar configuration.
Mainly 1,4-lactones were used and gave alkenes with E:Z selectivity ranging from
31to1:1.%

4 Acyclic Derivatives

A facile synthesis of a variety of 5-hydroxy-3-aldenoic acid derivatives derived
initially from p-ribose has been reported involving a reductive elimination
process (Scheme 3). A number of examples were also described with acetoxy as
the leaving group at C-4.%

The alkyne 49 reacted with samarium diiodide in the presence of Pd(0)
(conditions that usually produce allenes) producing ene-yne 50 as the major
product (47%) with only 9% of the expected allene.*®

As noted in Section 2.5 above, a general approach to enol ethers from nitro-
alkenes, as depicted by the conversion of 37 into 38, has also been applied to the
preparation of a range of acyclic derivatives. Here, the pyranose rings (of 37 and
38) were replaced with various benzyl or cyclohexylidene protected L-glycero-
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hydroxyethyl, D-glycero-dihydroxyethyl, D-arabino-tetrahydroxybutyl or p-gluco-
pentahydroxypentyl appendages.”> The use of tributyltin cuprate as a milder
alternative to tributyltin hydride has been further illustrated (see also Section 2.5)
by its reaction with methyl 2,3,4-tri-O-benzyl-6-O-tosyl-a-D-glucopyranoside,
followed by treatment of the intermediate 6-C-tributyltin derivative with zinc to
afford unsaturated aldehyde 51.3¢

In a useful variant of the Wittig olefination process, unprotected aldoses
reacted in dioxane at around reflux temperature with stabilized ylides of the type
Ph;P=CHCO,R, where R is a bulky substituent (Bu', CHPh,), giving high yields
of acyclic products with E-selectivity. No cyclic products resulting from intra-
molecular Michael reaction were formed.*’

Structural features of pyranoses unprotected at O-1 are important in deter-
mining product outcome on reaction with the anion derived from diethylmethyl-

OBn
0 PhS

2 'l|3(OEt)2 \”/
BnO
o =)

—I 0
- 50

53

COzMS
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phosphonate. Thus, reaction of the latter with 2,3:4,6-di-O-isopropylidene-D-
glucopyranose for example gave the corresponding glucopyranosyl methyl-
phosphonate, while reaction with 2,3,4,6-tera-O-benzyl-p-galactopyranose gave
the acyclic derivative 52.*°

The synthesis of the 2-phenylthio-hept-2-enoic acid 53, a precursor of 2-keto-3-
deoxy-D-arabino-heptonic acid has been achieved by addition of the anion
derived from PhSCH,CO,Me to 2,3:4,5-di-O-cyclohexylidene-p-arabinose.*
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Branched-chain Sugars

)
1 Compounds with a C— (I: —C Branch-point
0

1.1  Branch at C-2 or C-3 - The B-oxo-Grignard reagent derived from 2-
bromomethyl-1,3-dioxolane (normally considered difficult to prepare) has been
added to a variety of protected 2- and 3-keto-sugars affording good yields of
branched-derivatives such as the illustrated C-2 compounds 1. Some similar C-3
pyranose and furanose derivatives were also described.'

The metal carbene-functionalized spirocyclic compound 2 was readily
formed in good yield when 1,2:5,6-di-O-isopropylidene-3-C-(3-propynyl)-o-D-
allofuranose was treated with the appropriate metal pentacarbonyl. Other similar
examples were described which led to C-2 branched-derivatives.”

Further details have been reported on the mechanistically interesting formation
of 3-C-butyl-1,2:5,6-di-O-isopropylidene-a-pD-allofuranose by the addition of
butyllithium to 1,2:5,6-di-O-isopropylidene-3-O-triflyl-a-p-allofuranose which
proceeded through a 3-keto intermediate. (See Vol. 29, p. 192, ref. 6).

Methyl 3,3,3-trifluoropyruvate was used as an achiral starting material for
conversion in a straightforward way into 3-deoxy-2-C-trifluoromethyl-a-D/L-
erythro- and B-D/L-threo-pentofuranosides.*

O
o X GH,0Bz
o H1 (o] 1) le)
Ph R3 | | OAc
o} 0O O OBz OBz

OH
{_o M(CO)s 3

2M=CrorW
1 R'=0OMe, R2=H, R® = 0Bz
orR'=H, R? = OMe, R® = OBz
orR'=H,R2=0OMe, R®=H

Carbohydrate Chemistry, Volume 30
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The previously described 3-C-ethynyl-1,2-O-isopropylidene-a-p-ribofuranose
(see Vol. 28, p. 183, ref. 9) has been converted into tri-O-benzoyl glycosyl acetate
3, using standard chemical transformations, and used as a precursor for the
synthesis of the nucleoside 1-(3-C-ethynyl-B-p-ribo-pentofuranosyljuracil, a
potent anti-tumour agent.>®

The preparation of the branched-chain sugar found in the naturally occurring
nucleoside antibiotic amipurimycin is depicted in Scheme 1. The synthesis
involved deoxygenation at C-4 of a 3-ulose derivative with triphenyphosphine-
iodine-imidazole in the first step.’

CH,0Piv CH,OPiv CH,0OH

0O i 0 i-iv 0
— —_— OH
HO OMe OMe OMe
o orPI o OPIv OH
v HO—}t—H
CH,OH

Reagents: i, PhsP, I, Imidazole; ii, PhgP=CHCO,EY; iii, OsQy; iv, LiAlH,

Scheme 1

Ascorbic acid readily reacted in Michael fashion with various nitro-styrenes to
afford adducts 4.2

In continuation of the use of dichloromethyllithium in the synthesis of
branched-chain sugars (see also Vol. 29, p. 192, ref. 8 and Vol. 25, p. 162, ref. 9)
3-C-(dichloromethyl)-1,2:5,6-di-O-isopropylidene-a-D-allofuranose reacted with
tetrabutylammonium hydroxide in DMSO to produce 5, but with caesium
acetate-18-crown-6 in toluene to produce the ‘inversion’ product 6. The former
was thought to arise by conventional hydrolysis and the latter by formation of a
spiro-chloroepoxide intermediate followed by nucleophilic ring opening at the
quaternary centre. Other C-CHCI, secondary compounds behaved similarly.’

-OH
/O
H
O
2 OMe OH

=CHO,R?=0H 7 R‘ = (CHp)3Ph, CH,CHMe,
6 R =OH, R? = CHO = CICH,CO, CO,Et etc.

(—)-Ovilicin, a natural product with antiangiogenic activity, has inspired the
synthesis of modified analogues such as 7, which were prepared from the known
1,2:4,5-di-O-isopropylidene-B-p-erythro-hex-2,3-diulo-2,6-pyranose. '°

The protected apiose derivatives 8 (some other R',R? combinations were
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described) have been made by reaction of the corresponding glycosyl bromide
with the cis-alkenes R'CH=CHR? in the presence of tris(trimethylsilyl)silane-
AIBN."

The branched-chain sugar 9 (prepared by intramolecular cycloaddition of a
terminal deoxy-N-hydroxyaminopentofuranose bearing a 3-C-prop-2-enyl
branch) on UV irradiation afforded a radical observed by ESR spectroscopy. The
information obtained was used for configurational and conformational
assignments.'?

The bipyridyl derivative 10 was prepared by treating bromopyridine derivative
11 (made from diacetone-D-glucose) with nickel(II) chloride-zinc-triphenyl-
phosphine in DMF. The products were regarded as potential chiral ligands."?

Rl
H R2
fo) (o]
M
CHgoB HO_N/\"- e
0o_ 0 OH o\fo\
9
8 R!'=R?=CO,Me
R' = CO,Me, RZ2 = H
R'=CN,R2=H
Z ' Br
N
><2
° o)

o) o) Q
OH O OH o\\\ OH O\v
7\ 10 1

The synthesis of functionalized 9-membered ethers from 1,2:5,6-di-O-cyclohex-
ylidene-3-C-vinyl-D-allofuranose is covered in Chapter 24.

1.2 Branch at C-4 - The syntheses of some C-4 branched derivatives of
NeuNAc have been achieved from a protected 4-keto analogue, methyl (methyl
5-acetamido-3,5-dideoxy-8,9-O-isopropylidene-3-D-manno-2,4-nonudiulopyrano-
sid)onate. For example conversion of the latter into spiro-epoxide 12 by reaction
with zirconocene dichloride-Zn-diiodomethane, then peracid, provided a reactive
centre for the addition of carbon centred nucleophiles giving products such as
13.'* The synthesis of furo[2,3-c]pyran-B-p-thymidine, a potential antiviral agent,
is mentioned in Chapter 20.
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NHBz
OAc
AcHN/ -0Ac \OMe Ph Pho
HQOAC H
o}
COzMe o (o]
CHR \}\
12 13 R =0OMe, CN, CI, NHAc, N3 14

=

I
2 Compounds with a C - (IZ —C Branch-point

2

The addition of phenylmagnesium bromide to 3-O-benzoyl-1,2-O-isopropylidene-
a-D-xylofuranurononitrile unexpectedly formed the branched compound 14.13

Work directed towards the synthesis of a novel type of spironucleoside is
illustrated in Scheme 2. The carbon atoms introduced in steps ii and iii coming
from the ethyl acetate and acetonitrile, respectively.'®

oﬁ\ 3
CH,OTbdms §

o) . ii O—NMe
| ;’" 3 %

3

0 NS i
o O\i\ 0" Me N Y
HNﬁ/\l 3 g
O—NMe
Reagents: i, MeNHOH,; ii, Li(Tms),N, EtOAc; iii, LDA, MeCN
Scheme 2
[3+2] Cycloaddition of 1,3-dipoles to nitro-activated alkenes provided access to

branched-chain sugars as depicted in Scheme 3."7

)
3 Compounds with a C — CH - C Branch-point

A review has been published on the oxidation of the C-Si to C-OH bond - a
method that can be used to generate hydroxymethyl branches in sugars.'®

3.1 Branch at C-2 — This section initially deals with compounds containing a
single branch at C-2; compounds containing branch points at other positions in
addition to C-2 appear at the end of the section.
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CH,0Bn CH,0Bn
(0} i O,
OBn / E—— OBnON
BnO BnO
NO,
CH,0Ac CH,0Ac
(0} i O,
AcO oBu! AcO OBu!
NO, NO;
Reagents: i, Tms OAc , Pd(0); i, Tms OCO,Bu, Pd(0)
Scheme 3

A radical induced addition of dimethyl malonate to tri-O-acetyl-pD-glucal under
two sets of conditions has been described. Thus, use of ceric ammonium nitrate in
MeOH afforded the major product 15 and a smaller ammount of 16 along with
the ao-glycosyl nitrate analogue of 15. Whereas, use of manganese triacetate in
acetic acid gave 15 and its o-anomer as the major products together with the
glycosyl acetate equivalent of 16.'°

CH,OAc
o R? CHgOdeps
OAc R o o
AcO R?
R* o
1 2 3 4 °N
15 R' = OMe, R® = H, R® = H, R* = CH(CO,Me), |
16 R' = H, R? = OMe, R* = H, R® = CH(CO,Me), Me
17

Cycloaddition of N-methylnitrone to 2,3-dideoxy-6-O-Tbdps-D-erythro-pent-2-
enono-1,4-lactone afforded derivative 17 as a useful intermediate for making
[3.3.0]bicyclic isoxazolidinyl nucleosides.?’

Rhodium-catalysed addition of the carbene generated from ethyl diazoacetate
to tri-O-acetyl-D-galactal gave an 8:1 mixture of a-exo 18 and B-exo 19 with no
products formed with the ethoxycarbonyl group in the endo-orientation. Using
tri-O-benzyl-, tri-O-acetyl- and tri-O-(triisopropylsilyl)-D-glucals led to all four
possible isomers, with the a-exo forms predominating. Further it was noted that
the ‘gluco’ analogue of 18 reacted with hydrobromic acid to give compound 20;
no ring expansion leading to oxepanes, as seen earlier, took place (see Vol. 29,
p. 197, ref. 28 and p. 187, ref. 24).>' The same reaction has also been described by
a different group but using tri-O-Tbdms-, tri-O-benzoyl- and tri-O-benzyl-D-
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glucals as well as per-benzylated derivatives of D-xylal, p-galactal and L-fucal. In
these cases only a-exo compounds were reported as products.?

CH,0A
2oAC CH,0Ac CH,0Ac
AcO o H AcO o 8
OAc H. > COzE o_Br
CO,Et OAc
2 H AcO
H Br CHQCOgEt
18 19 20

The photoreductive cyclization of 2,3-unsaturated-C-glycosyl carbonyl com-
pounds is depicted in Scheme 4.2

R1 H]
O, i o
R? —_— R?
Me
o}

R3 R3 OH Me
R = Me, H, CH;0Ac

R2 = OAc

Reagents: i, Et;N, hv R3 = H, Me

Scheme 4

Formaldehyde dimethylhydrazone readily added to nitro-alkene 21 under
neutral conditions and gave branched-derivative 22 as the major diastereomer.
The hydrazone group in 22 was further transformed to an aldehyde or nitrile
functional group by treatment with ozone or magnesium monoperoxyphthalate,
respectively. The same reaction with other sugar nitro-alkenes has been pre-
viously described in preliminary form. (See J.-M. Lassaletta and R. Ferndndez,
Tetrahedron Lett., 1992, 32, 3691).%*

Under catalysis by tris(dimethylaminosulfonium)difluorotrimethylsilicate, 1,5-
anhydro-4,6-O-benzylidene-2-deoxy-D-erythro-hex-3-ulo-1-enitol reacted with the
ketene acetal, 1-methoxy-2-methyl-1-(trimethylsilyloxy)-propene, by Michael re-
action at C-1 and gave 23. When the catalyst involved was trimethylsilyl triflate
the branched derivatives 24 and 25 unexpectedly resulted. These latter products
were thought to arise by a trimethylsilyl triflate induced non-selective cleavage of
the benzylidene acetal of the initially formed intermediate 23 affording 4-O- and
6-0-benzylic carbenium ions which underwent a subsequent ring closure at C-2.
(See Chapter 13 for reaction of the same ketene acetal with glycals).?

Methyl 2-deoxy-2-C-formyl-3,4,6-tri-O-benzoyl-a-D-mannopyranoside reacted
with a protected glycosyl 2-pyridyl sulfone in the presence of samarium diiodide
and produced the disaccharide 26. (See Vol. 29, p. 197, ref. 32 for an analogous
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NO, //NNMe2
= O2NCH,— 0
OAc —OAc lo) Me
Ph Me
AcO AcO—
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OAc —OAc
23
OAc —OAc
21 22
(@) Ph CH,OH
Me Me o Me me
COMe CO.Me
HO
(0]
° o
24 Ph
25

reaction). Deoxygenation of the free hydroxyl group of 26, followed by deprotec-
tion gave a C-glycoside analogue of a-pD-Manp-(1—2)-pD-Manp-OH, a myco-
bacterial disaccharide, and a potential inhibitor of M. tuberculosis.®®

CHgOBn

(o]
TbdmsO e}
OBn

O,
BnO [o}
BzOH,C H——OH
O.
OBz D
NS
BnO OMe
26 27

3-Deoxy-1,2:5,6-di-O-isopropylidene-o-D-erythro-hex-3-enofuranoside under-
went a Diels-Alder reaction with cyclopentadiene to give 27 as the main product
together with three minor isomers, and full details of this surprising reaction have
now been reported. (See Vol. 26, p. 160, ref. 37, but note that structure 32 should
have a carbonyl group at C-4).%’

An efficient new route to bis-annulated pyranoid derivatives is shown in
Scheme 5. Product yields were between 70 and 80%.%%

In an alternative strategy for making bis-annulated pyranoid derivatives,
addition of sodio dimethyl propargylmalonate to benzyl 2-O-tosyl-3,4-dideoxy-a-
D-glycero-pent-3-enopyranoside gave unsaturated compound 28 as the major
product. This, on treatment with the reagent CoxCO); (to produce a
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CH,OTbdms CH,OTbdms
o) , o)
]
X o\/\ O\/\
Br—( = X {Pd] N

X =0, NTs, C(COzMe)z

CH,OTbdms
O,

Reagents: i, Pd(0)

Scheme 5

hexacarbonyldicobalt complex with the alkyne group), afforded 29.%° In a similar
way, and in addition to earlier work (see Vol. 28, p. 186, ref. 22), several examples
of the reaction of Co,(CO); with various unsaturated pyranose sugars containing
adjacent O-propargyl side chains, leading to bis-annulated derivatives, have also
been described.*

o 0
Me0,C. [N\\—— MeO.C OBn
OBn MeOZC
MeO,C — o

28 29

3.2 Branch at C-3 — The Lewis acid catalysed reaction of the zinc-copper
reagents R?Cu(CN)Znl with tri-O-acetyl- or tri-O-benzyl-D-glucal afforded the
branched-chain derivatives 30 as the main products.’! In a similar way, a
protected pyranoid glycal containing an 3-O-mesyl group also reacted with the
reagent 1Zn(NC)Cu(CH,),CO,Me to afford 31 as the main product.>? The use of
copper-zinc reagents in this way, compliments the reaction of dialkylzincs with
glycals which usually produces 2,3-unsaturated, C-1 substituted products by
allylic rearrangement processes. (See Chapter 13).

The branched-3-C-methyl derivative 32 was formed stereoselectivity and in
high yield when dimethylcopper lithium in the presence of TmsCl added 1,4-
fashion to the corresponding 2,3-unsaturated lactone. Several similar examples
were also described including addition of active methylene compounds (e.g.
diethyl malonate under basic conditions).*?
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Addition of trifluoromethyltrimethylsilane to 1,2-O-isopropylidene-5-O-
Tbdms-a-D-erythro-pentofuranos-3-ulose (prepared from D-xylose) afforded the
corresponding 3-C-trifluoromethyl-ribose derivative 33. After de-silylation at O-3
(NaOMe/MeOH) and radical-induced deoxygenation, the 3-deoxy-3-C-trifluoro-
methyl-D-ribose derivative 34 was formed. D-Glucose was also used as starting
material.>*

In a new radical-based allylation procedure the allylsulfone 35 reacted with
allyltosylsulfone-AIBN in cyclohexane or dibutylperoxide in chlorobenzene,
affording a 2:3 mixture of gluco:allo products (36). See also Chapter 20 for an
application in nucleoside synthesis.>

CHZ0R!
0 ~ O -
Tips, CO,Me CH;OTbdms o
/ / Me
BnO

31 32

R'O

30 R'=AcorBn
R = Bu, NC(CH2)3
NC(CH2)2

(0]
CH,OTbdms ><O
o) o

R SO,AIll

R2 0-78‘ o\/\

33 R'=CF3 R2=0Tms 35
34 R'=H, R2=CF;

The 3-C-hydroxymethyl furanose derivative 37, prepared by Peterson
olefination of the corresponding 3-ulose compound followed by hydroboration,
was readily converted into the anhydro derivative 38. This was effected by
successive treatment with TBAF, peracid, then acetic anhydride-pyridine and the
product used to prepare 3'-deoxy-3-C’-hydroxymethyl-a-L-lyxopyranosyl
thymine.*

3.3 Branch at C-4 -The 4-deoxy-4-C-hydroxymethyl compound 39 was pre-
pared as an intermediate in the synthesis of 4-deoxy-4-C-hydroxymethyl-a-L-
lyxopyranosylthymine. Its preparation started from the reaction of sodio
dimethylmalonate with methyl 2,3-O-isopropylidene-4-O-triflyl-B-D-ribopyranose
to give 40. Subsequent standard chemistry transformed the C-4 branch into a
hydroxymethyl group. The potentially shorter route to 39 involving hydro-
boration of 41 (the 4-C-methylene compound itself prepared in two steps from
methy 2,3-O-isopropylidene-B-D-ribopyranoside) gave instead the C-4 epimer of
39 as the major product.’’

The reaction of anions derived from various B-dicarbonyl compounds with
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0 AcO o
depsOHz('@o
HOH,C 0\/\ AcO o)
38

37
R 0. OMe 0 OMe
39 R =CH,OH 4

40 R = CH(CO,EY),

benzyl 2,3-anhydro-4-O-triflyl-B-L- and «a-D-ribopyranoside afforded C-4
branched derivatives (essentially as described in Vol. 29, p. 200, ref. 44 and Vol.
28, p. 193, ref. 46).%

CH,0Bn CH,0Bn CHo0Bn

(o] i (o] (o)
OBn —_— OBn . OBn
OHC OMe on OMe HO OMe
OBn OBn OBn
Me Me

0 0 o) 0,
OBn OBn
OMe Y OMe
Me OBn Me OBn

Reagents: i, MeMgBr, THF, -5 °C; ii, T1,0, Py, -10°C
Scheme 6

The synthesis of some 2,4-dioxahydrindans is illustrated in Scheme 6.%

Oxidation of 4-C-hydroxymethyl-2,3,4-trideoxy-D-erythro-hex-2-enopyranose
with silver carbonate on Celite produced 4-C-hydroxymethyl-2,3,4-trideoxy-D-
threo-hex-2-eno-1,5-lactone together with the expected D-erythro lactone.*

Michael addition of various nitroalkanes to levoglucosenone under cathodic
electrolysis conditions (circumstances that were found to be milder and higher
yielding than the base-catalysed version) resulted in products 42. Phthalimide,
succinimide and saccharin were also nucleophiles in this process.*’
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(o}
0 Me —0_COMe o \ome
0, OMe OH
o CO,Me
R! A NOz (o) OTbdms —%_O
43 4
42 R' R?

H  COMe
Me Me
H NO,

L-Quebrachitol has been converted in several steps into derivative 43, a known
intermediate for the synthesis of the polyene antibiotics restricticin and restric-
tinol. The key step involved a Baeyer-Villiger oxidation of a ketone-containing
derivative.*?

3.4 Branch at C-5 — The nonulosonic acid derivative 44 has been prepared by
aldolase-catalysed reaction of pyruvate with 2-deoxy-2-C-hydroxymethyl-D-
mannose as a possible synthon for the C-12 to C-20 sequence of amphotericin B.
The latter compound was made in several steps from ethyl 2,3-dideoxy-4,5:6,7-di-
O-isopropylidene-D-arabino-hept-2-enoate by conjugate addition of vinylmagne-
sium bromide followed by transformation of the vinyl group into a hydroxy-
methyl group in the key steps.*’

I
4 Compounds with a C— (II — C Branch-point
R

As part of an investigation into developing routes to natural sesquiterpinoid ring
systems, the application of the Pausen-Khand reaction has led to some unex-
pected results. Thus the ‘fused [3.3.0]bicyclooctenone-pyranose’ system 45 was
produced as expected when the 3-C-methylene derivative 46 was treated with
Co(CO); in an atmosphere of carbon monoxide. However, the ‘fused [4.1.0]bicy-
cloheptene-pyranose’ system 47 was produced from the 4-C-methylene derivative
48 under similar conditions.*

The spirocyclopropane derivative 49 has been synthesized from methyl
3-0-benzyl-4,6-O-isopropylidene-p-pD-glucopyranoside by  reaction  with
TFAA-DMSQ, lithium aluminium hydride, then diethylzinc-diiodomethane.
Subsequent reaction with PDC followed by hydrogenolysis in the presence of
triethylamine (OBn group survived) afforded 50. Several further reactions,
including a transformation of the formylmethyl group into a hydroxymethyl
group, gave an appropriate subunit for the C-18 to C-23 fragment of the
antibiotic lasonolide A.*
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I |
4 Compounds with a C - C - C or C-C-C Branch-point

Methyl 3-C-allyl-4,6-O-benzylidene-3-deoxy-a-D-glucopyranoside has been used
as a common starting material for preparing annulated sugars involving intra-
molecular Horner-Wadsworth-Emmons reactions. Thus successive reaction of
the allyl derivative with osmium tetroxide, lithium dimethylmethylphosphonate,
Dess-Martin periodane then potassium carbonate furnished 51. Whereas succes-
sive reaction of the allyl derivative with borane-THF, PCC oxidation, lithium
dimethylmethylphosphonate, Dess-Martin periodane then potassium carbonate
afforded 52. Analogous chemistry was also performed on methyl 2-C-allyl-4,6-O-
benzylidene-2-deoxy-a-p-allopyranoside.*®

The unsaturated branched-sugar 53 was produced when a-oxoketene-dithioa-
cetal 54 (see Vol. 26, p. 162, ref. 47) was treated with dilute mineral acid.*’

o) o} 0
Ph4< 0 Ph—< 0 Ph4< 0
/ SMe
o | ome 0 OMe oo HO
/
O 51 o 53
0 52
H CH,0Ac
0 o}
o o)
Ph / /
: OH 8 OR 0
(o] COQM& OMe .
(o] SMe OR ] COMe

54 55 R=Meor Bn 56
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Tricyclic compounds 55 were formed by initial Diels-Alder reaction
between methyl 2,3-di-O-benzyl (or methyl)-4,6,7-trideoxy-o-D-threo-hept-4,6-
dienopyranoside and 2-methoxycarbonyl-p-quinone followed by a double bond
migration.*®

A staightforward synthesis of 3,4,6-tri-O-benzyl-2-C-methyl-D-glucal has been
achieved from tri-O-benzyl-p-glucal by successive reaction of the latter with
diethylzinc-diiodomethane (to effect a stereoselective cyclopropanation), mer-
cury(II) acetate-water (hydroxymercuration induced opening of the cyclopropane
ring to a manno-configured 2-C-methylmercury pyranose derivative), tributyltin
hydride (formed a 2-C-methyl group) then mesylanhydride-triethylamine base-
induced elimination.*

The stereocontrolled, sulfonyl radical-induced cyclopropanation of ethyl 6-O-
acetyl-4-O-allyl-2,3-dideoxy-a-p-erythro-hex-2-enopyranoside in the presence of
the reagent TsCH,C(=CH,)CO,Me gave 56.°
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Aldosuloses and Other Dicarbonyl
Compounds

1 Aldosuloses

The preparation and chemical properties of levoglucosenone as well as its use in
the total synthesis of natural products have been reviewed,! and the stereoselec-
tive reduction of 3-bromolevoglucosenone to 1,6-anhydro-3-bromo-3,4-dideoxy-
B-D-threo-hex-3-enopyranose 1 has been effected using zinc borohydride.> The
known lactone 2 has been converted into the aldosulose derivative 3, a degrada-
tion product from the ansamycin antibiotic (+)-trienomycin A. This confirmed
that the fragment of the natural product was the enantiomer of 3.3

0
o <o
HO depsO [
A\ o OHC '
HO =0 v
Br Me O
Me
1 2 3

An improved synthesis of 1,6-anhydro-2,3-di-O-benzyl-B-p-xylo-hexopyranos-
4-ulose involves 1,6-anhydride formation from methyl 2,3-di-O-benzyl-a-D-gluco-
pyranoside and subsequent Swern oxidation.*

Use of the enzyme dTDP-glucose-4,6-dehydratase on the substrate dTDP-
glucose has generated the corresponding 6-deoxy-4-keto product — but it partly
isomerized to the 3-keto compound during workup. 3-Azido-3-deoxy- and 3-
deoxy-dTDP-glucose were also substrates affording the 3-modified 6-deoxy-4-
keto products.®

Ozonolysis of the model compound methyl 4-O-¢ethyl-B-p-glucopyranoside has
led to authentic samples of methyl, 3,6-di-O-acetyl-4-O-ethyl-B-D-arabino-hexo-
pyranosid-2-ulose, methyl 2,6-di-O-acetyl-4-O-ethyl-B-D-ribo-hexopyranosid-3-
ulose, and methyl 2,3-di-O-acetyl-4, 0-ethyl-B-p-glucohexodialdo-1,5-pyranoside.®

The isomerization of 2-oxo- and 3-oxo-glycosides in pyridine has been
elucidated. Methyl a-D-arabino-hexopyranosid-2-ulose 4 undergoes an intramole-
cular hydride shift leading to the a-D-grabino-hexopyranosid-3-ulose 5 which
then converts to the thermodynamically more stable a-D-ribo-isomer 7 via an
enediol intermediate 6 which also forms directly from 4 to a lesser extent.” The
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methyl o,B-D-xylo-hexopyranosid-4-uloses rearrange in pyridine exclusively to
the methyl o,B-D-ribo-hexopyranosid-3-uloses viz an enediol intermediate,
whereas the corresponding D-/yxo-and D-arabino-4-uloses come into equilibrium,
again via an enediol intermediate without leading to 3-keto compounds.®

(o]
OH HO"'v..
(o]
4

Aldose reductase has been utilized for the selective reduction of aldos-2-uloses to
2-ketoses.” Singlet oxygen oxidation of alditol-1-C-ylfurans 8 has afforded quanti-
tative yields of enosuloses 9.'° Conjugate addition to enone 10 readily afforded the
2-deoxy-a-hexos-3-ulosides 11 and thioglycosidic analogues.!! 1-C-(2-Thiazolyl)-

= |

CHO
. |
~ 1 1:0
O R'-
AcO
Aco~—l: o><
R‘
R1
AcO AcO
0 TmsXR o
Y X=0
AcO 'S AcO XR
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(o)
1

O

(o)
(¢)
<

o- or B-D-galactopyranosyl acetate derivatives 12 stereoselectively glycosylate
primary or secondary sugar alcohols to give disaccharide derivatives e.g. 13 related
to ketosyl compounds. The a-D-mannofuranosyl-based analogue similarly gives -
linked products, but the a-p-glucopyranosyl-related donor gives 1:1 «:B mixtures.'?

BnO N\ BnO N
BnO o l/> BnO 0 I/> MeO |  OMe
OBn 5 OBn s OH
OAc 0
0Bn OBn 0 HOCH; OH
12 0OBn 14
BnO OMe
OBn

13
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2 Other Dicarbonyl Compounds

The 2,5-dimethoxytetrahydrofuran fulvanol 14, an analogue of apiose, has been
isolated from the plant Hemerocallis fulva.'* Molecular modelling studies of the
active site binding of the transition states of galactose oxidase, with D-galactose
and D-glucose was carried out to investigate why the enzyme is so selective for
galactose relative to glucose.'*

Asymmetric epoxidation of trans-alkenes in the presence of the fructose-
derived 2,3-diulose derivative 15 afforded products with e.e.’s of 70-95%,'> and
an improved method for the conversion of 1,2:4,5-di-O-cyclohexylidene-B-D-
fructopyranose to the corresponding 3-ulose has been described.'®

R'O

15 16 R=CH,0H,R'=H
17 R=CHO,R' =Ac

The glucofuranose diol 16 has been converted into hexo-1,6-dialdose deriva-
tive 17 by standard methodology,'” whereas the 1,5-dialdose 18 has been chain
extended to the 1,6-dialdose derivative 19 (Scheme 1).'® Oxidation of some 5,6-
dideoxy-hex-5-enofuranosides has afforded the corresponding 5-deoxy-hexo-1,6-
dialdose derivatives.'?

CHO
CHO 0 o Me,NN= BnO o
4 < 0Bn % . BrO N OBn
o] 4 & o)
o\\\ Y o%
18 19

Reagents: i, CH,=NNMey; ii, BnBr, NaH; iii, O3, Me,S

Scheme 1

Some strongly basic anion exchange resins in the periodate form have been
used to selectively oxidize ribofuranosyl nucleosides, in the presence of glucopyr-
anosides and galactopyranosides, to the corresponding ring-opened 2'3'-dialde-
hydes.?’



202

(=]

10

11
12
13
14
15
16

17

18

19

Carbohydrate Chemistry
References

M.S. Miftakhov, F.A. Valeev and N.I. Gaisina, Usp. Khim., 1994, 63, 922 (Chem.
Abstr., 1996, 124, 87 489).

M.S. Miftakhov, I.N. Gaisina, F.A. Valeev and O.V. Shitikova, Izv. Akad., Nauk,
Ser. Khim., 1995, 12, 2455 (Chem. Abstr., 1996, 124, 343 816).

A.B. Smith (IIl), J.L. Wood, W. Wong, A.E. Gould, CJ. Rizzo, J. Barbosa,
K. Komiyama and S. Omura, J. Am. Chem. Soc., 1996, 118, 8308.

S. Caron, A.L. McDonald and C.H. Heathcock, Carbohydr. Res., 1996, 281, 179.

A. Naundorf and W. Klaffke, Carbohydr. Res., 1996, 285, 141.

T. Kishimoto, F. Nakatsuto, K. Murakami and T. Umezawa, J Wood Chem.
Technol., 1995, 15, 453 (Chem. Abstr., 1996, 124, 176 672).

H.-M. Liu and Y. Tsuda, Chem. Pharm. Bull., 1996, 44, 80.

H.-M. Liu and Y. Tsuda, Chem. Pharm. Bull., 1996, 44, 88.

J.A. Kotecha, M.S. Feather, T.J. Kubiseski and D.J. Walton, Carbohydr. Res., 1996,
289, 77.

J.M. Baoez Sanz, D. Galisteo Gonzalez, J.A. Lopez Sastre, J.F. Rodriguez Amo,
C. Romero-Avila Garcia, M. Santos Garcia and M.A. Sanz Tejedor, Carbohydr.
Res., 1996, 289, 179.

K. Michael and H. Kessler, Tetrahedron Lett., 1996, 37, 3453.

A. Dondoni, A. Marra, I. Rojo and M.-C. Scherrmann, Tetrahedron, 1996, 52, 3057.
T. Konishi, T. Inoue, S. Kiyosawa and Y. Fujiwara, Phytochemistry, 1996, 42, 135.
R.M. Wachter and B.P. Branchaud, J. Am. Chem. Soc., 1996, 118, 2782.

Y. Tu, Z.-X. Wong and Y. Shi, J. Am. Chem. Soc., 1996, 118, 9806.

L. Tsao, C. Chzhou and Y. Lyu, Izv. Akad Nauk Ser. Khim., 1996, 1003 (Chem.
Abstr., 1996, 125, 168 513).

S. Jarosz and E. Kozlowska, Pol. J. Chem., 1996, 70, 45 (Chem. Abstr., 1996, 125, 58
934).

J.M. Lassaletta, R. Fernandez, E. Martin-Zamora and C. Pareja, Tetrahedron Leit.,
1996, 37, 5787.

K. Krishnudu, P.R. Krishna and H.B. Mereyala, Tetrahedron Lett., 1996, 37, 6007.
N.A. Brusentsov and M.N. Preobrazhenskaya, Bioorg. Khim., 1996, 22, 215 (Chem.
Abstr., 1996, 125, 248 299).



16

Sugar Acids and Lactones

1 Aldonic Acids and Lactones

A number of 2-azido-2-deoxy- and 2-acetamido-2-deoxy-3,4,6-tri-O-benzyl-D-
hexono-1,5-lactones have been prepared by oxidation (DMSO, Ac,0) of the
corresponding free sugars.! The kinetics of the oxidation of L-rhamnose and D-
mannose to the corresponding 1,4-hexonolactones by Cr(VI) in aqueous acetic
acid has been studied,” while the rate constants and activation parameters have
been determined for the oxidation of p-xylose D-lyxose, D-glucose, D-galactose, D-
mannose and L-arabinose by palladium nitrate to their aldonic acids.>* Glucose
and gluconate aqueous solutions have been oxidized in air over various Pt/C
catalysts. Some of the catalysts were activated with Bi or Au. The Bi-doped
catalyst favoured the formation of 2-ketogluconate rather than glucarate.’ The
kinetics of glucose oxidation by persulfate ion, catalysed by iron salts (Fe(II) or
Fe(III)), has been studied. A radical chain mechanism was proposed with the
initial oxidation occurring at the anomeric centre to give the gluconic acid.®

In a Wittig chain extension of unprotected aldoses (using Ph;P=CHCO,R; and
bulky R groups Bu', Ph,CH), good yields of the acyclic o,B-unsaturated esters
were obtained without recyclization to give pyranosyl-C-glycosides. The E-
isomers were the predominant products.” A facile 4-deoxygenation of some of
their derivatives is discussed in Chapter 13.

Aldol condensation of 2,2-diethyl-1,3-dioxolan-4-one lithium or zirconium
enolates with aldehydo sugars has afforded higher carbon aldonic acid deriva-
tives, e.g. 1.8 The synthesis of L-ribono-1,4-lactone has been achieved from b-
isoascorbic acid by way of the tetrose and pentitol derivatives 2 and 3 and the D-
ribonolactone derivative 4 has been efficiently epimerized to the L-lyxonolactone
5 (Scheme 1).° A selective syn-epoxidation of racemic 2-O-benzyl-4-alkenamides
followed by hydrolysis has afforded 3-deoxy-pentono-1,4-lactones. '°

O T N

oH ©
1 2 3
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TsO 0 OBn

© 0 i o _f > o
4 5

Reagents: i, KOBn, THF; ii, H, Pd/C

Scheme 1

Syntheses of some pentonohydroxamic acid derivatives are covered in
Chapter 10. Alkaline degradation of 5-O-a-D-glucopyranosyl-p-fructopyranose
(leucrose) has afforded two novel saccharinic acids, 2-C-(2-hydroxyethyl)ery-
thronic acid and 2-C-(2-hydroxyethyl)threonic acid.'! Treatment of 4,6-O-ethyl-
idene-D-glucose with the sulfur ylid N,N-diethyl trimethylsulfonium-acetamide
gave the epoxyaldonamide 6 as well as stereoisomers. '

o
o} 0
" OH O CONEL, c{q o <o o
e OH \ o) 0
o} o
OH NHAc NHAc
6 7 8

The acylation of aldonolactones for long periods leading to the formation
of unsaturated lactones has been reviewed.'> Treatment of unsaturated
aldonolactone 7 with tin(IV) chloride has afforded a low yield of the most
unusual rearrangement product 8.'* Methyl 2,3:5,6-di-O-isopropylidene-p-glu-
conate and -D- or -L-galactonate were deoxygenated at C-4 by standard
conditions and then treated with samarium diiodide to give 2,4-dideoxyaldo-
nates.'* Amides of D-glucaric acid have been polymerized into hydroxylated
nylons without OH group protection.'® 2,3,4-Tri-O-methyl-pentonolactones
when treated with DBU generate the 3-deoxy-2,3-unsaturated products, which
on hydrogenation selectively afford 3-deoxy-2,4-di-O-methyl-D-or L-erythro-
pentonolactone. The selectivity of the hydrogenation is governed by the
stereochemistry at C-4."7 A stereocontrolled oxidative addition of Mo(0)
reagents to allylic acetate moieties of some unsaturated aldonolactones has
afforded isolable organomolybdenum products (e.g. 9).'® Azide displacements
applied to some 2-O-triflate derivatives of aldonolactones are discussed in
Chapter 10, as is the addition of N-benzylhydroxylamine to 2,3-unsaturated
aldonolactones. Aryllithium additions to aldonolactones in the synthesis of C-
nucleosides is mentioned in Chapter 20.

Chemically defined glycolipids have been prepared by aminolysis of lacto-
biono-1,5-lactone and coupling of the products with long-chain dialkyl-L-gluta-
mates, %
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TpMo(CO),

9
Tp = hydridotris(1-pyrazolyl)borate

2 Anhydroaldonic Acids and Lactones

Some methyl 3,6- and 3,7-anhydro-8-azido-8-deoxy-octonic acid derivatives have
been reduced to the corresponding 8-amino compounds and coupled via amide
bond formation with the 8-azido precursors to give di- and tri-‘glycotides’.!
Some aldonolactone 2-O-triflates have been found to undergo ring contraction
under acidic conditions in methanol to give methyl 2,5-anhydro-aldonates,?
while others undergo the same ring contraction in methanol under basic
conditions.?

The branched anhydroaldonic acid derivative 10 has been prepared from tri-
O-benzyl-p-glucal (Scheme 2)2* 5-Acetamido-4-O-acetyl-2,6-anhydro-2,3,5-tri-
deoxy-nononic acid derivatives have been prepared as neuraminic acid analo-
gues.?® Treatment of acyclic aldose derivatives with sulfur ylids generates 2,3-
epoxyaldonic acids (such as analogues of 6) which may recyclize to give 3,6-
anhydroaldonates.®® A 3-amino-2,6-anhydro-3-deoxyheptonic acid derivative
has been converted into a lipid A analogue by suitable acylation and
phosphorylation procedures,?’ while the synthesis of isosteric phosphonate
analogues of CMP-NeuAc have utilized anhydroaldonic acid derivatives.”® The
synthesis of some anhydroaldonamides linked to amino acids is covered in
Chapter 10.

BnO BnO

o} . 0 CO,Bu!
o8n i 0Bn 2

BnO BnO COzMe
10

Reagents: i, BusSnLi; ii, BuLi, CICO;Me; iii, N\aHMDS, BrCH,CO,Bu'

Scheme 2

3 Ulosonic Acids

A review on the chemoenzymic synthesis of carbohydrates and carbohydrate
mimetics features the use of aldolases in the synthesis of neuraminic acid and
KDO ana]ogues.29
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A fully enzymic synthesis of N-acetylneuraminic acid from N-acetylglucosa-
mine using N-acetylglucosamine 2-epimerase and N-acetylneuraminic acid aldo-
lase on an industrial scale has been reported.’® Some 9-amino- and 9-N-
acylamino-9-deoxy-5-N-trifluoroacetylneuraminic acid analogues have been pre-
pared by the aldolase catalysed reaction of sodium pyruvate with 6-azido-2-N-
benzyloxycarbonylamino-2,6-dideoxy-p-mannose.>! The enzyme glucarate dehy-
dratase, which catalyses the conversion of D-gluconate to 3-deoxy-L-threo-hex-2-
ulosarate, has been cloned, expressed in E. coli, and purified.>? The pyruvate
addition to aldehydes catalysed by 2-keto-3-deoxy-6-phosphogluconate aldolase
has allowed the synthesis of 3-deoxy-D-erythro-hex-2-ulosonate, 3,6-dideoxy-D-
erythro-hex-2-ulosonate and 3-deoxy-D-ribo-hept-2-ulosonate.>*3* Dihydroxy
acid dehydratase has been used to achieve the conversion of 4-deoxy-L-threo-
pentonic acid into 3,4-dideoxy-pent-2-ulosonic acid on a preparative scale.>®

Further work has been published on the oxidation (Pt, O,) of L-sorbose to 2-
keto-L-gulonic acid in the presence of added bases.*® A 1-deoxy-1-nitroheptitol
derivative has been converted to the 1-aldehyde and then chain-extended
affording another synthesis of 3-deoxy-p-glycero-p-galacto-non-2-ulosonic
acid.’” A synthesis of 3-deoxy-L-threo-hex-2-ulosonic acid from L-(+)-diethyl
tartrate and a dithioacetal of ethyl glyoxylate has been described.’® A stereo-
specific synthesis of a Kdo derivative 11 featured an intramolecular addition step
(Scheme 3) similar to that for an enzymic biosynthesis.*

TsO.
o OH —OTs
HO OH HO | OTs i HO--
= o ———— O
O _COMe cHO )\ @COZMB
\”/ CO,Me HO
i
le) COzMe
OH OH
OH
OH
OTs
Reagents: i, SnCly; ii, H*/H0 11

Scheme 3

The 5-deoxy- and 5-epimer derivatives of 3-deoxy-p-erythro-hex-2-ulosonic
acid have been shown to induce the expression of pectinase genes in the
phytopathogenic bacterium Erwinia chrysanthemi, along with the parent com-
pound. They were synthesized from a D-glucono-1,5-lactone derivative by way of
a P-elimination and subsequent hydrolysis.** Treatment of tetra-O-acetyl-B-D-
glucopyranosyl cyanide with DBU gave the corresponding 2-deoxyglycal deriva-
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tive. The nitrile moiety was saponified to the acid, esterified to the methyl ester,
and then methoxymercuration of the double bond and reduction of the organo-
mercurial afforded 3-deoxy-D-arabino-hept-2-ulosonic acid as its methyl glyco-
side/methy] ester.*!

The application of indium- and tin-mediated Barbier-Grignard reactions in
aqueous solution to the chain extension of unprotected sugars has been
reviewed.*? Some C-5 variants of N-acetylneuraminic acid have been prepared by
the indium-mediated addition of ethyl a~(bromomethyl)acrylate to variously N-
substituted mannosamines,*> and similar chemistry using (bromomethyl)vinyl
phosphonate has led to the phosphonate analogue 12.** The reaction of O-
protected aldono-1,4- and -1,5-lactones with (2-bromomethyl)-acrylate or -acry-
lonitrile or 2-bromobutyrolactone mediated by samarium diodide led to chain-
extended ulosonic acid derivatives.*

3-Deoxy-D-threo-hex-2-ulosonic acid has been synthesized by way of a Lewis
acid catalysed ene reaction between methyl glyoxalate and 1-zert-butyldiphenylsi-
lyloxy-but-3-ene.*6

AcNH fo) AcNH 0

P(OMe), 81 /o,
OH © OH
12 13 OH OH

The disaccharide nucleoside 13 has been prepared as an analogue of CMP-
NeuNAc,*” and some thioglycoside disaccharides of neuraminic acid have been
prepared as potential rotavirus inhibitors.*® 2,3-Unsaturated neuraminic acid
derivatives have been prepared from the corresponding methyl glycosides,*® and
the glucofuranose analogues of hydantocidin 14 and 15 have been synthesized.
Treatment of 14 with Bu'OK caused it to rearrange to 15.°° The L-thamnose
hydantocidin mimic 16 has been prepared as well as the two closely related
diketonepiperazines 17 and 18.>' The use of bacterial a-(2—6)-sialyltransferase in
the synthesis of oligosaccharides is covered in Chapter 4 and the utility of a
glycosyl xanthate of neuraminic acid as a glycosyl donor is discussed in
Chapter 3.

>0 Q ><°
(o] (o) CONHPh
o NPh o)
OH /& OH
N
H 0 NH

OH 0
14 15 0

A new 8-step synthesis of the neuraminidase inhibitor 19 from neuraminic acid
has been outlined,’” and a number of analogues 18 with modified substituents on
N-5, as well as a 6-thio-analogue,>® have been prepared and evaluated as
neuraminidase inhibitors. The carboxamides 20 and 21 have also been synthe-
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sized as potential sialidase inhibitors,>® and !'C-labelled (in the guanidine moiety)
19 has been prepared for use in positron emission studies.>®

Treatment of the peracetylated glycal methyl ester of neuraminic acid with N-
iodosuccinimide in acetic acid followed by radical reduction afforded the
peracylated methyl ester of neuraminic acid which allows the unwanted glycal
byproducts of oligosaccharide synthesis to be reused.’’ Such glycosyl acetates
with trimethylsilyl azide and stannic chloride afforded the B-glycosyl azide
whereas the corresponding B-chloride with lithium azide gave the o-glycosyl
azide.’® Photobromination of methyl 2,5-anhydro-heptonate derivatives followed
by displacement of the bromine with sodium azide and reduction has afforded
the corresponding hept-2-ulsonic acid glycosylamines.>®

Fischer methanolysis (HCl, MeOH) of Kdn gave mainly the methyl ester of the
methyl B-pyranoside along with the a- and B-furanosides, the a-pyranoside and
two furan elimination products.5® The decarboxylation of peracylated neuraminic
acid 22 with lead tetraacetate gave moderate yields of enone 23 and smaller
quantities of 24 rather than the hoped for 25.%' The thiomethylmercury derivative
26 has been prepared and found to be an inhibitor of the sialic acid 9-O-acetyl
esterase from the influenza C virus®? and a similar thiomethylmercury derivative
has also been described.®® The methylene Wittig product from the 4-keto-
neuraminic acid derivative 27 has been epoxidized and the epoxide opened to give
a number of branched derivatives 28.%* Silylation of the primary hydroxy group
of the P-methyl glycoside methyl ester of N-acetylneuraminic acid followed by
per-O-acetylation, desilylation (80% HOACc), Swern oxidation and Wittig reac-
tions has allowed the synthesis of C-9-chain-extended analogues of neuraminic
acid.® The synthesis of 4-N-acetamido-4-deoxy derivatives of Kdo is discussed in
Chapter 9 and the enzymic regioselective O-acetylation of N-acetylneuraminic
acid is mentioned in Chapter 7.
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4 Uronic Acids

The methods of synthesis of uronic acids by catalytic and nonspecific oxidation
of sugars has been reviewed,*® and a study of the oxidation of octyl a-D-
glucopyranoside to octyl a-D-glucopyranosiduronic acid by sodium hypobromite
catalysed by some ruthenium complexes has been reported.®” The stability
constants of metal ion-uronic acid complexes have been reviewed.®

The new sugar 3-O-[(R)-1-carboxyethyl]-D-glucuronic acid has been identified
as a constituent of the exopolysaccharide produced by the bacterium Altermonas
sp.1644 originally from deep sea hydrothermal vents.*®

In a study of the relative reactivity of L-iduronic acid derivatives as glycosyl
donors, trichloroacetimidates and n-pentenyl glycosides were the most effective,
and better than the corresponding thioglycosides or glycosyl fluorides.”® The
reaction of 1,2:3,4-di-O-isopropylidene-a-D-galactopyranuronic acid with p-meth-
oxybenzyl alcohol in the presence of N,N-dimethylformamide dineopentyl acetal
gave the corresponding p-methoxybenzyl D-galactopyranuronate.”' The synthesis
of some C-glucuronosyl glycosides as cancer chemopreventives is mentioned in
Chapter 3.

A route to hexuronic acid derivatives from either enantiomer of tartaric acid
via 29 and 30 has been elaborated,’”> and the synthesis of peptides containing
sugar amino acids such as 31-34 has been described.” The migration of C-1 of
uronic acids in a remarkable tandem fragmentation-cyclization using diacetoxy-
iodobenzene has, for example, led to 35 from 36 in 51% yic‘.ld.74 The two C-6
epimers of the 6-N-acetamido-4,6-dideoxyheptopyranosiduronic acid present in
amipurimycin have been synthesized from a 4-deoxyglucose derivative.””> Some 4-
deoxy-hex-4-enopyranosiduronic acid derivatives have been prepared as potential
sialidase inhibitors but they showed only slight inhibition.”® Oxidation (PdCl,,
Cu(Cl, 0,) of some 5,6-dideoxyhex-5-enofuranosides has led to 5-deoxyhexuronic
acids,”” while some glucuronic acid-substituted polymers have been prepared by
the polymerization of unsaturated glycosides of glucuronic acid.”
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5 Ascorbic Acids

The synthesis of 2-deoxy-L-ascorbic acid has been described,” and the dipole
moment of L-ascorbic acid in dioxane has been calculated by using ‘Guggenheim
Theory’.8® O-Benzyl ether and -benzylidene acetal derivatives of L-ascorbic acid
and D-isoascorbic acid have been found to epimerize partly to the corresponding
derivatives of L-isoascorbic acid and D-ascorbic acid, respectively, on treatment
with triisobutylaluminium.®' The synthesis of [1-'>C]- and [2-'*C]-L-ascorbic acid
by application of the KCN chain-extension to suitable compounds has been
outlined.*?

The kinetics and mechanism of oxidation of L-ascorbic acid by some cobalt(III)
complexes,’>® manganese(II) complexes®® and a copper(Il) complex®® have
been studied. Direct-current cyclic voltammetry has been used to investigate the
suitability of some ferrocene derivatives as mediators for ascorbic acid oxidation
in aqueous solution at low pH.%’

5,6-O-Isopropylidene-L-ascorbic acid has been selectively alkylated at O-3
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(K,CO;, acetone, alkyl halides). With excess alkyl halide the 2,3-di-O-alkylated
derivatives could be obtained and by step-wise alkylation different alkyl moieties
could be introduced at O-3 and O-2.88 Alkylation of L-ascorbic acid derivatives at
0-2 or O-3 with kojic acid and a tocopherol derivative afforded conjugates with
enhanced thermal stability.®*°

The phosphoramidites 37 and 38 have been prepared and were converted into
phosphate esters by condensing with alcohols (including some carbohydrate
derivatives) and oxidation.®’ The synthesis of 6-O-palmitoyl-L-ascorbic acid was
achieved in a non-aqueous medium with an immobilized lipase from Candida
antartica,”® while use of palmitoyl chloride on L-ascorbic acid gave the same
product.”

Some 6-amino-6-deoxy-L-ascorbic acid derivatives have been synthesized and
their cytotoxic properties evaluated,’® and (+) 4-amino-4-deoxy-ascorbic acid
has been prepared.”® Michael-like reactions between L-ascorbic acid and some
nitrostyrenes have led to adducts such as 39.%¢
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Inorganic Derivatives

1 Carbon-bonded Phosphorus Derivatives

Some new C-glycosidic difluoromethylenephosphonates have been prepared by
phosphonyl radical addition to difluoroenol ethers (Scheme 1), while glycosyl
phosphinic acids (e.g. 1) have been produced directly from free sugars.” Phospho-
nate analogues of a-D-N-acetylglucosamine- and «-D-N-acetylmannosamine-1-
phosphate have been synthesized by way of an Arbuzov reaction, using triethyl
phosphite, applied to an iodomethyl «-C-glycoside derivative,’ and the phospho-
nate carbocyclic compounds 2 and 3 have been made by way of an Arbuzov
reaction applied to suitable bromomethyl-substituted cyclitols.* 6-Deoxy-6-phos-
phono-p-glucopyranose and -D-galactopyranose have been synthesized and
shown to be weak inhibitors of 1L-myo-inositol 1-phosphatase.’

TbdmsO TbdmsO o P(O)(OEt),
F F

o 0 o O

X X

BnO FF
0]
OBn P(O)(OEt),
BnO
OBn

Reagents: i, (Et0)3P, Bu'OOBU! or (EtO),P(0)SePh, AIBN, BuaSnH

Scheme 1
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Glycosyl phosphonates 4 have been prepared from the corresponding glycosyl
acetates (Scheme 2), whereas the diethylphosphonate analogue of the p anomer
of 4 (R=Bn) was formed when a C-1 carbanion was treated with chlorodiethyl-
phosphate.® Treatment of tri-O-acetyl-D-glucal with triisopropyl phosphite and
boron trifluoride afforded the glycosyl phosphonates 5 which were converted into
nucleotide analogues with a base moiety attached at C-4. Similar chemistry was
performed on tri-O-acetyl-L-glucal and di-O-acetyl-L-rhamnal.” 3-O-Acetyl-1,2-
O-isopropylidene-a-D-xylo-pento-1,5-dialdose in the presence of diphenyl-
phosphinate has produced phosphonates 6, and one epimer was transformed into
7 which was not an inhibitor (or substrate) of bovine liver glucuronidase.®
Similarly the phenylphosphinates 8 were prepared from the corresponding 5-
aldehydo derivative and were converted into 9, from which all four isomers were
separated.’

Treatment of methyl 6-O-tosyl-2,3,4-tri-O-trimethylsilyl-o-D-glucopyranoside
with lithium diphenylphosphide at reflux temperatures (in THF or ether) afforded
methyl 6-deoxy-6-diphenylphosphino-a-D-glucopyranoside, whereas at lower
temperatures S-O bond cleavage predominated.'® Similar treatment applied
to methyl 2,3-O-isopropylidene-5,6-di-O-methanesulfonyl-a-D-mannofuranoside
gave, after subsequent air oxidation, a mixture of 10 and 11" and a new
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0
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PPh(OMe) PPhy PP,
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OMe H OTs
8 9 10 X =OMs,Y =H 12
11 X=H, Y =OH

carbohydrate diphenylphosphine 12 has been prepared from D-glucitol.!?> The
new analogues 13 of 2-deoxy-D-ribo- and arabino-hexose have been prepared,'?
and all eight diastereomers of the 3-phosphapentopyranoses 14 have been
synthesized and separated.'* Preparation of the phosphine 15 has been reported
and subsequent oxidation by oxygen or hydrogen peroxide gave the corre-
sponding phosphine oxide and phosphinic acid respectively.'®

AcO
o _OAc O_ OMe BnO 0
I e )
AO f— & P OMom
o OPr OMe OAc H
13 14 15
o)
Me
HN |
)\ HO
0N Ho
1]
(RORPCHO HO - O_  P(OH),
M OH
OH
16 R=Me, Pr 17

The phosphonates 16 have been prepared as 4'-branched analogues of
nucleoside 5'-monophosphates'® and 2-diethylphosphonyl-1,3-dithiane has been
lithiated and used in the preparation of the phosphonic acid analogue 17 of
3-deoxy-D-manno-2-octulonic acid!’ while the phosphonate analogue 18 of
N-acetylneuraminic acid has been prepared in excellent yield from N-acetyl-
mannosamine (Scheme 3).'8
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2 Other Carbon-bonded Derivatives

Treatment of 1,2-O-isopropylidene-3,5-di-O-tosyl-a-p-xylofuranose with lithium
diphenylarsinide has afforded 5-deoxy-1,2-O-isopropylidene-5-C-diphenylarsino-
3-0-tosyl-a-D-xylofuranose,'® and the arsenic containing ribosides 19 have been
prepared using standard procedures.?*?!

The displacement of primary iodides in some carbohydrate derivatives by
lithiated 2-trimethylsilyl-1,3-dithiane followed by hydrolysis of the dithioacetal
has allowed the synthesis of some acylsilanes (e.g. 21 from 20),%? and a review on
the oxidation of the carbon-silicon bond has included a number of carbohydrate
examples.?

0
>—SiMe3

CH,l CH,
O, "—O
1
0 (o}
O o}
OH OH
O O

19 R = MeoAs, Me,As(O), Me,As(S), 20 21
MejzAs*
R' = (R)-2,3-dihydroxypropy!
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Lithium bis(dimethylphenylsilyl)cuprate and lithium methyl(dimethylphenyl-
silyl)cuprate have been used to effect a conjugate addition of the dimethylphenyl-
silyl moiety to some carbohydrate enones. Use of trimethylstannyl lithium and
tributylstannyl lithium also afforded conjugate addition products.?* In a new
approach to carbohydrate organotin compounds, tributylstannylcopper has been
used as a source of nucleophilic tributyltin to effect displacements of a primary
tosylate, an allylic bromide and addition to an aldehyde.?

Syntheses of 1,2:3,4-di- O-isopropylidene-6-0-3-(triphenylstannyl)propyl-a-
Dp-galactopyranose and 1,6-anhydro-3,4-0-isopropylidene-2-O-triphenylstannyl
methyl-B-p-galactopyranose have been described’® as well as a family of
[6-0-(1,2:3,4-di-O-isopropylidene-a-pD-galactopyranosyl)methyltin species Ph,Sn-
(CHOR)4_, (n = 1-3; ROH = 1,2:3,4-di-O-isopropylidene-a-D-galacto-
pyranose),?” and 1,2:3,4-di-O-isopropylidene-6-O- triphenylstannylmethyl-a-D-
galactopyranose.”®

Some carbohydrate acetylenic alcohols have been converted to metal carbene
spirocyclic derivatives, e.g. 22 (Scheme 4).* Acetobromoglucose has been
converted into tri-O-acetyl-D-glucal in 90% yield by way of a glycosyl chromium-
(I1T) complex,*® and an organomercury intermediate featured in a synthesis of tri-
0-benzyl-2-C-methyl-D-glucal covered in Chapter 14.

O o]
><Oq/0 i ><O o}
%

(0] e}
OH o—fk-' o O-’k"

Reagents: i, M(CO)s, THF (M = Cr, W)

Scheme 4

3 Oxygen-bonded Derivatives

A series of 3,4-di-O-diarylphosphinite derivatives of fructose have been prepared
as potential chiral ligands for Ni(0) complexes,3 ! and the reaction of 1,2:5,6-di-O-
isopropylidene-a-p-glucofuranose with chlorophosphines (CIPPr'R, R = Ph, Bu')
gave 3-O-phosphinite diastereomers, the ratio of which depended on the base
used in their formation.> Treatment of an anomerically unprotected aldo-
pyranose with N, N-diisopropylchlorophosphoramidite has generated the four
diastereomers of the glycosyl phosphoramidite.>*

Organotin ether derivatives continue to be utilized in the regioselective
acylation and alkylation of carbohydrates. The 3-O-acylation of benzyl o-L-
lyxopyranoside used the dibutylstannylene method®* while a polymer supported
aryl(butyDtin dichloride reagent has been used catalytically in the selective 6-O-
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acylation of sucrose.>> A stannylene-mediated selective silylation of primary
hydroxy groups has been outlined,*® while the use of different stannylenes in a
study of regioselective benzylations is covered in Chapter 5. The synthesis of
4-methoxyphenyl 3,6-di-O-benzyl-2-deoxy-2-N-phthalimido-B-p-glucopyranoside
used dibutylstannylene-mediated selective benzylation.’” A B-p-galactopyrano-
side moiety in an otherwise fully protected trisaccharide has been 3-O- and
3,6-di-O-sulfated using a stannylene intermediate.>®

Semiempirical MO calculations have been used to predict low energy con-
formations for a-D-galacturonate ion, and thus the preferred sites for metal ion
binding which were at the carboxyl group, the pyranose ring oxygen atom, and
the C-4 hydroxy group.® Complexes formed between W(VI) ions and D-
galacturonic acid or D-glucuronic acid were shown to exist as 1:2 (fnetal:sugar)
complexes with the furanose forms of both acids, whereas with Mo(VI) ions,
complexes with the a-pyranoses were also observed.***' p-glycero-L-manno-
Heptose has been found to form tungstate and molybdate complexes in aqueous
solution in a tetradentate fashion and always with the sugar in a furanose or
hydrated acyclic form.*? Similarly p-fructose and p-sorbose form tungstate and
molybdate complexes in aqueous solution only in their acyclic forms.*?

A crystalline sodium salt of bis(D-glucuronato)oxovanadium(IV) has been
reported,* and other saccharide complexes of oxovanadium(IV) have been
synthesized and characterized*’ as have a number of complexes of Mn(II) with
sugars. They were of the general form Na[Mn,(Sugar),X;] or Na[Mn3(Sugar);X,]
where X3 or X4 could be combinations of Cl and OH.*® Similar complexes with
Zn(II) ions have been prepared. They were of the general formula Na[Zn,
(Sugar),Cl;].nH,0 for fructose, galactose and glucose, whereas for xylose and
ribose, hydroxide ions displaced one or more of the chloride ions in the
complex.*’

The use of "B NMR has unambiguously demonstrated that phenylboronic
acid and methyl glycopyranosides in water form two types of cyclic boronate
esters, one involving the vicinal cis 3-OH and 4-OH groups (galactose and
arabinose) and the other involving the 4-OH and 6-OH groups (galactose and
glucose).*® The cooperative binding of boronic acid with saccharides in basic
aqueous media which creates a sugar-diboronic acid macrocycle has been utilized
in the design of molecular receptors. Cooperative binding together with a
photoinduced electron transfer mechanism has been utilized in the design of
sensitive and selective saccharide sensors.*® The complexing of p-tolylboronic acid
with D-fructose has been studied by '>*C NMR>® and complexes of a porphyrin-
substituted phenylboronic acid with D-fucose, D-arabinose, methy! a-pD-manno-
pyranoside and p-threitol have been prepared. Two phenylboronic acid moieties
bind to each sugar unit with different angles between the porphyrin pairs.*’

4 Nitrogen-bonded Derivatives

Some oxorhenium(V) complexes of 2',3'-diamino-2’,3'-dideoxy-nucleosides
have been prepared as inhibitors of purine specific ribonuclease®® and other
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oxorhenium(V) complexes of 3',5-diamino-3’,5'-dideoxy-nucleosides have also
been made.>® The coordination of 1-(2-aminoethylamino)-1-deoxy-p-alditols and
1-(2-aminopropylamino)-1-deoxy-p-alditols with Cd(II) ions at neutral pH in-
volved both the primary and secondary amines whereas at high pH (12) an
additional OH group coordination occurs.® A review on the stability constants
of copper(II) complexes of amino-sugars has appt:ared55 and 1,6-anhydro-2-
deoxy-2-N-methylamino-f-D-mannopyranose has been shown to be very effective
in coordinating to copper(Il) ions, but contrary to the analogous glucosamine
derivative, it does not form dimeric species.>®
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18
Alditols and Cyclitols

1 Alditols and Derivatives

1.1  Alditols — A review on homogenous catalysts used in the hydrogenation of
aldoses with emphasis on mechanistic aspects of their activity and modes of their
deactivation has appeared,' and the hydrogenation of D-fructose to D-mannitol
has been described using ruthenium molecular sieves modified with chiral ligands
as catalysts.”

Density measurements of mannitol in potassium or sodium acetate solutions
have revealed the nature of solute-solvent interactions in these mixtures® and the
kinetics of oxidation of several hexitols (and cyclitols) by molecular oxygen,
catalysed by copper compounds, has been studied.”

The syntheses of all eight 4,6,7,8,9-pentahydroxy-1,2,3,5-tetradeoxy-D-non-1-
enitols, their conversion into 9-O-anthroyl-4,6,7,8-tetra- O-p-methoxycinnamoate
derivatives and their subsequent use in determining the absolute stereochemistry
of polyols by bichromic exciton coupled circular dichroism have been described.
It was found that extension of lower homologues bearing four contiguous OH
groups gave a major difference in spectra when there was a 1,3-anti-extension
compared with a 1,3-syn-extension.’

A study has been conducted on the effects that sugar alditols and aminoalditols
have on the rate of phosphate ester hydrolysis in the substrates bis(4-nitro-
phenyl)phosphate and supercoiled DNA, when catalysed by lanthanide cations.®
See Chapter 23 for the effect of solvents on the relative stabilities of the complexes
formed between alditols and lanthanide cations.

A hydrogenase from Alcaligenes entrophus coupled with a xylulose reductase
from a yeast, have been used to produce xylitol from p-xylulose.”

The preparation of the D-threo compound 1, together with the corresponding
D-erythro derivative, from tartaric acid has been described. These compounds
represent the chiral aryloxy C(8)-O-C(4') ether linkages present in a major class of
neolignans and are structurally related to the major interunit linkage of lignin. The
syntheses of such compounds may help shed some light on why small molecule
neolignans are optically active, whilst polymeric lignin is optically inactive.®

The reaction of 1,2:5,6-di-O-isopropylidene-D-mannitol with the metal oxo
complex, (CsMes)ReOs, in the presence of triphenylphosphine effected a deox-
ydehydration reaction, and gave (E)-2. The same reaction applied to erythritol
gave only 1,3-butadiene.’

Carbohydrate Chemistry, Volume 30
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><g CHgO(CHg)zgouOCHozCHzﬁRa
N7 ome HO clJ-
HO— 7 = OH
8—0 4 1 0>< OH
CHOH o CH,OH
1 2 3 R=MeorH

The preparations of the phosphate derivatives 3 and several analogues as
bipolar phospholipids have been reported.'®

A ‘one pot’ transformation of a tosylated 2,3-epoxy alcohol into an allylic
alcohol is illustrated in Scheme 1. Several similar examples were also described.
In cases involving substrates containing acid sensitive groups, 4-(dimethylamino-
phenyl)diphenylphosphine was used in place of triphenylphosphine.'*

CH,OTs
=il —
(0] OH
CHZOBn
CHgan

Reagents: i, KI (3 eq.), DMF; ii, PhaP (1 eq.); iii, I, 10 mol %

Scheme 1

In their reaction with benzy! chloride-potassium hydroxide-dimethylsulfoxide,
1,3:2,4-di-O-ethylidene-Dp-glucitol and 1,2-O-isopropylidene-3-O-methyl-a-D-glu-
cofuranose showed a marked preference for alkylation at the secondary alcohol
group relative to the primary one. 12

Esterification of xylitol with oleic acid has been reported to take place at a
lower temperature and with the formation of fewer side products when zinc oxide
instead of sodium hydroxide was used as catalyst.'?

The addition of methyllithium or methylmagnesium chloride to 2,3:4,6-di-O-
isopropylidene-pD-mannopyranose yielded a single D-glycero-D-manno-heptitol,
whereas the same reaction with 2,3:5,6-di-O-isopropylidene-D-mannofuranose
produced two diastereomers. The diastereoselectivity in the former case was
attributed to a large ring chelate between the O-5, the aldehyde group and the
metal cation.'

All p-pentoses and six D-hexoses have been transformed into their corre-
sponding 1-deoxy-1-nitroalditols in a ‘one pot’ reaction involving a strongly basic
anion exchange resin in the bicarbonate form as catalyst.'®

Amidothiophosphorylation of 2,5-O-methylene-pD-mannitol afforded 4 as a
mixture of three diastereomers, one of which was characterized by X-ray crystal-
lography.'¢

Reaction of 5-O-benzyl-2,3-O-isopropylidene ribonolactone with diiodo-
methane-samarium diiodide gave a low yield of cyclopropane derivative 5."7
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Sulfoxide 6 has been prepared by treating 1,2:5,6-dianhydro-3,4-O-isopro-
pylidene-D-mannitol successively with the appropriate thiol-potassium carbo-
nate, benzyl bromide-sodium hydride, MCPBA then aqueous acetic acid.
Substitution of MCPBA by meta-periodic acid led to the formation of
sulfone 7. The compounds were tested as potential inhibitors of HIV-1
protease.'?

The diastereoselective reduction of hemiacetals derived from isopropylidene
derivatives of carbohydrate lactones is depicted in Scheme 2. Diastereomeric
ratios ranged from 86:14 to 100:1 (major epimer only shown in the Scheme).'®

CH,OTbdps R
o R HO R=Me, Ph, Zx A7

OH i o
o<

o O
X o
CH,OTbdps
Reagents: i, DiBAL
Scheme 2

A route to 3,5-dideoxy heptitols is depicted in Scheme 3 with the preparation
of 3,5-dideoxy-meso-xyloheptitol which represents the C-16 to C-22 and C-18 to
C-24 fragments found in the macrolide antibiotics roxaticin and mycoticin A
(and B), respectively. Other related studies were also performed.?°

L-Mannitol has been prepared in high yield by reduction of vL-manno-1,4-
lactone using a new Cu-Cr oxide catalyst. It was further converted into the
enantiomer of the pyrrolidine described in Vol. 25, p. 334, ref. 108 and used as a
chiral auxiliary.?'

The synthesis of 3,4-O-isopropylidene-L- and -D-erythrulose from L-ascorbic-
and p-isoascorbic acids, respectively, proceeding through the corresponding
protected tetritols, is covered in Chapter 2. The syntheses of natural and modified
trapoxins and (+)-lanomycin by way of suitably protected tetritol derivatives, and
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o H o CH,OH
0 i = O i —OH
OBz OBz OBz OBz HO—|
0Bz CH,08z Hel—H
OBz —OH
CH,0Bz CH,OH

Reagents: i, Et3N, CHCl3, 20 °C, 45 min; ii, Hp, Pd/C; iii, NaOMe/MeOH; iv, NaBH,
Scheme 3

the use of 1,2:5,6-di-O-cyclohexylidene-D-mannitol as a covalently binding aux-
illiary for the low valent McMurry reaction of acetophenone are mentioned in
Chapter 24.

1.2 Anhydro-alditols — The preparations of polyesters based on 1,4:3,6-di-
anhydro-p-glucitol and -D-mannitol with succinyl-, glutaryl- and adipoyl-dichlor-
ides have been reported.>? Also reported have been the syntheses of poly(1—6)-
2,5-anhydro-D-glucitol and its 3,4-di-O-alkylated derivatives by; Lewis acid
induced polymerization of 3,4-di-0-alkyl-1,2:5,6-diar1hydro-D-mannitol;23 base
induced polymerization of 1,2:5,6-dianhydro-3,4-di-O-methyl- or 3,4-di-O-iso-
propylidene-p-mannitol;?* base induced polymerization of 1,2:5,6-dianhydro-3,4-
di-O-pentyl- or di-O-decyl-p-mannitol;>> and base induced polymerization of
1,2:5,6-dianhydro-3,4-di-O-methyl-L-iditol.?® The solubilities of these 3,4-di-O-
alkylated and deprotected polymers in aqueous and organic media were studied.
Further, it has been reported that 2,5-anhydro-3,4-di-O-methyl-p-glucitol linked
1,6 t%silica gel was useful for the optical resolution of amines and amino acid
salts.

The synthesis of the anhydroglucitol 8 and its 1,2[*H]-labelled analogue by
addition of hydrogen or tritium to a protected terminal alkene followed by
treatment with MCPBA has been described as an affinity label for E. coli derived
glucosamine 6-phosphate synthase.?

Several O-benzylated glycal derivatives have been hydroborated and oxida-
tively worked-up to afford anhydroalditols in which the newly introduced 2-OH
group is formed anti- to the 3-O-benzyl substituent. For example, tri-O-benzyl-D-
glucal gave 9.

o) CHQOBH

CH,OPO3H,
0 0
HO OBn * o
1t 1
OH BnO CHQIID—O—FI’—OH
OH OH OH OH OH
CH,0PO,Na, ® 10
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The anhydropentitol phosphonate derivative 10 has been synthesized, together
with the epimer at the indicated carbon as a 2’-deoxy analogue of S-phosphor-
ylribose 1-a-diphosphate and found to be a competitive inhibitor of yeast orotate
phophoribosyltransferase.>

Per-acylated pyranoid and furanoid glycosyl bromides were easily reduced in
high yield to the corresponding anhydroalditols by catalytic quantities of
titanocene borohydride (prepared in situ from Cp,TiCl, and NaBH,).*!

The reaction of methyl 2,3,4,6-tetra- O-benzyl-a-D-glucopyranoside or -manno-
pyranoside with triethylsilane-Tms triflate gave the corresponding 1,5-anhydro-
hexitols, which can be viewed as hydroxymethyl-C-glycosides of B-L-
xylopyranose and a-D-arabinopyranose, respectively.

Wittig methylenation of 3,5-di-O-benzyl-2-deoxy-D-erythrofuranose then reac-
tion with MCPBA-boron trifluoride etherate afforded 2,5-anhydro-4,6-di-O-
benzyl-3-deoxy-D-ribohexitol. Mesylation of the latter followed by addition of
the anion derived from adenine, furnished derivative 11. Cytidine and thymidine
could be treated in a similar manner and de-O-benzylated by standard methods.
Structures were verified by X-ray analysis.>?

Addition of the anion derived from uracil to 1,5:2,3-dianhydro-4,6-O-benzyli-
dene-D-allohexitol, followed by inversion of configuration of the resulting 3-OH
group by displace,ment of its mesylate derivative with sodium hydroxide,
afforded 12. Compound 12 was a useful intermediate for making 1,5-anhydro-2-
deoxy-p-mannitol-containing pyrimidine nucleoside analogues.>*

The anhydroalditol 13 has been prepared in several steps from L-glucose, the
anhydride being formed by tributyltin hydride reduction of the corresponding
glycosyl bromide. Compound 13 was further transformed into the nucleoside
analogues 14 (nucleobase = Ura, Thy, Gua, Ade). The enantiomer of 13,
prepared from D-glucose by an improved procedure to that previously reported
(see Vol. 27, p. 269, ref. 250 and 251), was similarly transformed into its 7- and 8-
deazaguanine analogues.®

NH;
" CH,0H
Fam o R2 o CHOR!
BrOH,C HG” Yy N/) OH Ur
HO R3
12 OR!
OBn 1 13 R'=Ac, R2=H, R®=0Ac
14 R' =R = H, R? = Nucleobase
CHoN3
o)
o o)
CH,NH4*F~ HO
OH OH OH OH on
15 HO 17
CHoNH3*F~

16
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The reaction of 1-amino-1-deoxy-D-arabinitol with anhydrous hydrofluoric
acid-formic acid afforded the anhydroalditol 15. Likewise, 1-amino-1-deoxy-D-
glucitol was converted into 16. Other 1-amino-1-deoxy-pentitols and -hexitols
reacted similarly.*®

It has previously been reported that 2,5-anhydro-3,6-di-O-mesyl-L-idose ethy-
lene acetal (see Vol. 29, p. 229, ref. 40), prepared from p-glucose, was converted
into (+)-epiallo-muscarine. It has now been disclosed that the same intermediate
has been converted into (—)-allo-muscarine which is the C-4 epimer of (+)-
epiallo-muscarine.”’

Pentitols, for example D-arabinitol, reacted with thionyl chloride in pyridine at
—30 °C and gave the corresponding 1,2:4,5-di-O-cyclic sulfites which reacted
further with sodium azide in dimethyformamide affording a small quantity of
anhydro derivative 17 together with the expected 1,5-diazido-dideoxy-p-arabi-
nitol as major product.®®

The use of dianhydro sugars derived from p-glucose as novel chiral auxilliaries
is covered in Chapter 24.

1.3 Amino- and Imino-alditols — Reviews on the syntheses of azasugars (imi-
noalditols) from non-carbohydrate sources;>® on the syntheses of azasugars,
sugar amidines and related structures as inhibitors of carbohydrate-processing
enzymes;*’ on the syntheses of glycosidase inhibitors with reference to nag-
statin;*' and on the use of aldolases in the chemo-enzymatic syntheses of
iminoalditols**** have appeared.

1.3.1 Acyclic Derivatives — 1,5-Diazido-1,5-dideoxy-D-pentitols are readily
reduced to the corresponding 1,5-amino-1,5-dideoxy derivatives. (See above for
the preparation of the diazido compounds).*®

The reductive amination of monosaccharides with 8-aminopyrene-1,3,6-trisul-
fate in a variety of organic acids, which act as catalysts, has been studied by
capillary electrophoresis with laser-induced fluorescence detection.*

Scheme 4 shows the preparation of a pyrrolidine-based alditol by addition of a

NO, B h'ﬂe ]
2 - o) AV Ph
OAc -O\/k ?/ NO, i NMe
AcO + o/ Mo —| 0 T €0, "
OAc \( OAc -HNO, OAc
OAc Ar AcO ACO
CH,0Ac OAc OAc
OAc OAc
Ar= ONOg B CH,0Ac ] CH,OAc
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miinchnone to an unsaturated nitro derivative. The regioselectivity shown in the
reaction is opposite to that expected from the FMO calculations.

The thiazole-alditol derivative 18 has been synthesized by an asymmetric
dihydroxylation of a diene-substituted thiazole derivative.*®

COMe

0
N\:<s /[lN/COMe
HO Me N)§/N
OH }:N
OH (CiHZOH)n
CH,0H CH,OH
18 19

Condensation of p- and L-arabinose, D-ribose, D-xylose, D-galactose, D-glucose
and D-mannose with 2-hydrazino-6-methyl-4-oxopyrimidine afforded inter-
mediate sugar (6-methyl-4-oxo-2-pyrimidinyl)hydrazones. Treatment of the latter
in ‘one pot’ with bromine-acetic acid-sodium acetate then acetic anhydride (to
effect a cyclization-acetylation reaction) gave, after purification and de-O-acetyla-
tion, derivatives 19 (n = 3 or 4, stereochemistry as defined by the starting
aldose).*’

The sodium borohydride reduction of 2-amino-2,3 (and 2,6)-dideoxy-D-
glucopyranose-3 (and 6)-sulfonic acids afforded 2-amino-2,3-dideoxy-D-glucitol-
3-sulfonic acid and 2-amino-2,6-dideoxy-p-glucitol-6-sulfonic acid, respec-
tively.*®

Differentially O-benzylated derivatives of 1,6-diamino-1,6-dideoxy-D-mannitol
or -D-talitol have been prepared from a common precursor, 1,6-diazido-1,6-
dide?;(y-3,4-O-isopropylidene-l)-mannitol as potential HIV-1 protease inhibi-
tors.

The aminotetritol compound 20 has been synthesized from ethyl 3,4-O-
isopropylidene-p-erythronate (available from bp-isoascorbic acid according to
Vol. 26, p. 190, ref. 22) by azide displacement of the 2-O-triflate followed by a
reduction-de-O-isopropylidenation-reprotection sequence, as an intermediate for
the preparation of p-threo-C-18-sphingosine.*’

CHzoPiV

CH,OTbdps CH,OTbdms
Boc, 2 P R'——R2
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/ld H=—H HO—
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CH,OH OV CbzHN—
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21 R' = H, R? = Ura, Ade, Thy. 2
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The nucleoside analogues 21 have been prepared by Mitsunobu reaction of
alcohol 22 followed by deprotection. Several related examples were also de-
scribed; no antiviral activity was noted.>°

The aminoalditol 23 was prepared by a pinacol-like homocoupling of an
appropriately protected L-serine-derived aldehyde and promoted by a vanadium-
zinc complex [V,Cly(THF)g)),[Zn,Clg).>' (See Section 2.2 for the further transfor-
mation of compound 23).

1.3.2 Cyclic Imino Compounds — The phosphoramidite derivative 24 of a
previously described phenyliminoribitol (see Vol. 27, p. 211, ref. 68) has been
incorporated into a synthetic oligonucleotide chain (10 mer) and the inhibitory
activity of the product against ricin toxin A-chain assessed.>

The preparation of the ‘C-azanucleosides’ 25 in a straightforward manner by
the addition of aryllithium to 5-O-Tbdms-2,3-isopropylidene-p-ribofuranose
followed by Swern oxidation, reductive amination and acid-catalysed hydrolysis
has been reported.>

oo, CH,OH
DmtoH,C [~ Ph Ho A B 4
N
A HOQ
O OTobdms OH OH = 1\ MeOH OH
P—NPr, 0 26
o/\/CN 25 ﬂ
s

24

Acid-catalysed hydrolysis, followed by hydrogenation of the known methyl 4-
azido-4,6-dideoxy-2,3-O-isopropylidene-a-L-mannopyranoside gave the 14-
imino alditol 26, which had L-rhamnosidase inhibitory activity. The corre-
sponding lactam was also made but was devoid of glycosidase activity.>*

The branched-chain compound 27 has been synthesized from 28 (available
from D-mannose) by reductive amination then acid-catalysed hydrolysis. Com-
pounds 27 thus prepared together with related compounds were tested for their
inhibition against human blood purine nucleoside phosphorylase and a- and -
glucosidases. >

The aza-thymidine derivative 29 has been prepared and incorporated into
oligodeoxyribonucleotides in an effort to resist nuclease activity,”® and racemic
nucleoside analogues 30°7 and 31°® have been prepared as potential anti-AIDS
agents. ‘

The use of p-ribonolactone derived pyrrolidines as chiral catalysts for the
addition of diethylzinc to aldehydes is mentioned in Chapter 24 and the synthesis
of the pyrrolidine based antibiotic (+)-preussin is covered in Chapter 19.

Heating  N-benzyl-1,4-dideoxy-2,3-O-isopropylidene-5-O-mesyl-1,4-imino-L-
lyxitol, prepared in several steps from a known D-ribofuranose derivative, pro-
duced intermediate 32 which reacted with various nucleophiles giving 1,5-imino-D-
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CH,OH
H A
N C  Thy
OHHO HO >O< OH N
0 g
CH;OH CH,OH OH
27 28 29
R1
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N
CH,0
RZ

30 R’ = various 5-substituted Ura, R? = OH,F,N;
31 R' = various 5-substituted Cyt, RZ = OH, F, N3

ribitol derivatives 33 as major products, after deprotection.” The syntheses of
1,2,5-trideoxy-2-fluoro-1,5-imino-D-glucitol, as an analogue of 1-deoxynojiri-
mycin (DNJ), and of the 2,5-imino-p-mannitol derivative 34 have been described
and their glucosidase activity compared with that of the parent compounds.®°

Bn

| MsO™
/N* NH
i R
0><3 OH OH
33 R=NH,, F, OH
32
0
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HOHzC N N/
HO Ph OH
CHoF 0
OH NHAc
34 35

The 2-acetamido derivative of DNJ (35) has been prepared by reaction of azide
followed by reduction and acetylation of the corresponding 2,3-anhydro-b-
mannose derivative. Compound 35 was incorporated into oligosaccharide mimics
of sialyl Le? and sialyl Le*.5!

1,5-Dideoxy-1,5-imino-2,3-O-isopropylidene-D-ribitol has been prepared from
S-azido-1-0-benzoyl-5-deoxy-2,3-O-isopropylidene-D-ribofuranose by reaction
with sodium methoxide then hydrogen. It was further transformed into deriva-
tives 36 from which it was found that the compound with R = H, R” = Me was a
good a-fucosidase inhibitor.> The same compound has also been prepared
independently from benzyl 2-deoxy-3,4-O-isopropylidene-2-C-methylene-B-L-
erythro-pyranoside in six straightforward steps.®®
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COH
NR] HOHzc NH NH
HO OH
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OH OH OH OH
36 R'=H,R?2=Me 37 38
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39 R'=0H,R?=H,R%= NH)kNHz
40 R'=0OH, R?= H, R®=NH,
41 R'=H, R2=0H, R®=NH,

Reductive amination of 5-azido-2,3-di-O-benzyl-5-deoxy-D-arabinofuranose
afforded 2,3-di-O-benzyl-1,5-dideoxy-1,5-imino-D-arabinitol from which the hy-
droxymethyl derivative 37 has been prepared (via hydroboration of the 4-C-
methylene analogue) together with its C-4 epimer as a minor constituent. The
hydroxymethyl group in 37 was further oxidized to a carboxylic acid function
and the resulting product was found to be a good inhibitor of p-glucosidase.**

The homo proline mimic 38 has been synthesized by standard means and
incorporated into peptides. Conformational aspects of the products were deter-
mined by 'H NMR and molecular dynamics simulation.®®

The L-iduronic acid-like 1-N-imino sugars 39-41 have been prepared from a
siastatin B derivative (See Vol. 27, p. 237, ref. 96) as metastasis inhibitors.®® The
synthesis and glycosidase activity of other siastatin B analogues are mentioned in
Chapter 19.

Further examples on the use of 2,3:5,6-di-O-isopropylidene-1-C-nitroso-b-
mannofuranosyl chloride as a chiral dienophile for Diels-Alder reactions has
been demonstrated by the preparation of 1,5-imino-1,5,6-trideoxy-D-allitol, -D-
gulitol and -p-glucitol.®’ (See Vol. 29, p. 236, ref. 86 for other examples).

A conventional route has been reported from diacetone glucose to 3-O-benzyl-
1,5-dideoxy-1,5-imino-D-glucitol and subsequently to 2-amino-4,6-di-O-benzoyl-
3-O-benzyl-1,2,5-trideoxy-1,5-imino-D-mannitol which proceeded by way of an
azide substitution reaction at the C-2 position.°® A straightforward synthesis of
1,5-dideoxy-1,5-imino-L-glucitol together with the corresponding trihydroxypipe-
colic acid has been reported in which the piperidine ring was formed by an
intramolecular displacement of a 6-O-mesyl group by the 2-amino group of a
protected D-glucosamic acid derivative.%

A short synthesis of 3,4,6-tri-O-benzyl-1,5-dideoxy-1,5-imino-pD-mannitol has
been achieved by acid-catalysed hydrolysis, followed by controlled reductive
amination of a per-benzylated 1,6'-diazido-1,6"-dideoxy-sucrose derivative.
Further transformation by way of an azide displacement of a 2-O-triflyl deriva-
tive afforded ultimately 2-acetamido-1,2,5-trideoxy-1,5-imino-D-glucitol (2-acet-
amido-1,2-dideoxynojirimycin).”



18: Alditols and Cyclitols 233

The syntheses of 1,5,6-trideoxy-1,5-diimino-p-gulitol (5-epi-L-rthamnojiri-
mycin), 2,6,7-tri-deoxy-2,6-imino-L-glycero-L-galacto-heptitol (B-homo-L-rham-
nojirimycin), 2,6,7-trideoxy-2,6-imino-L-glycero-L-manno-heptitol  (a-L-rham-
nojirimycin) and of the tetrazole 42 have all been achieved from known 1,4- or
1,5-lactone derivatives as potential inhibitors of L-rhamnosidases.”!

The DNIJ analogue 43 has been prepared conveniently from a castanospermine
derivative.”

Reduction of 6-azido-6-deoxy-D-galactose N,N'-diphenylformazan with triphe-
nylphosphine afforded the 1,5-imino-p-lyxitol compound 44.

/N l*{ HO
NH NH
~N
OH OH HO
HO

OH OH OH NTSN
2 - “NPh NHPh

An interesting synthesis of iminoheptitols by a tandem Wittig [1+3] cycloaddi-
tion reaction is depicted in Scheme 5 with the preparation of a D-talo derivative.
The paper also described the preparation of the L-allo-isomer in a similar way
starting from the diazo-ester intermediate shown.”*

CH,OH

Me HO CH,OH o] /CbZ
NH N
OH Me Ph‘< OTbdms
HO o]

47

The readily available 2,3:6,7-di-O-isopropylidene-D-glycero-D-gulo-heptano-
1,4-lactone has been converted into the iminooctitol 45 as a potential galacto-
sidase inhibitor, but in practice was found to be a good P-glucosidase

CH2N3

inhibitor.”
NH
CO,Et
HO CHZCH,OH

OH HO
Reagents: i, PhP—CHCO,EY; ii, 90-100 °C; iii, Hp, Pd/C; iv, (Boc)z0; v, LAH; vi, H:O*

Scheme 5
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The 2-C-methyl-branched iminoalditol 46 (together with the C-2 epimer) has
been prepared by addition of methylmagnesium bromide to ketone 47, followed
by hydrolysis. The stereoselectivity of the Grignard addition was very dependent
on the nature of the ether group adjacent to the ketone.’®

Further examples have been reported of the addition of nucleophiles to the
1,2:5,6-diimino-L-iditol derivative 48 resulting in 6-amino-2,5-imino-D-glucitol or
6-amino-1,5-imino-D-mannitol derivatives depending on whether the primary or
secondary carbon of the 1,2- or 5,6-imino group in 48 was attacked. The same
compound, 48, also served as starting material for 2,5-dideoxy-2,5-imino-p-
glucitol.”” (See Vol. 23, p. 231, refs. 48 and 49).

NBoc
2
BnO A
OBn N—AIl NH
R OH
OAll R! OH R!
BocN AlIO HO
R2 R2
48 1 2 1 2
49 R'=H, R2=0OH 51 R'=OH,R2=H
50 R'=0OH,R2=H 52 R'=H, R? = OH

The additions of excess allylamine in the presence of perchloric acid to 1,2:5,6-
dianhydro-3,4-di-O-allyl-L-iditol or -D-mannitol afforded the seven membered
ring compounds 49 and 50, respectively. The reaction proceeded via a preferred
7-endo-tet cyclization. Minor amounts of the piperidines formed by the 6-exo-tet
ring closure were also produced. Some of the derivatives were very good
glycosidase inhibitors.”® The related azepane 51 has also been prepared from
benzyl a-D-mannopyranoside by 6-O-tosylation, displacement with azide fol-
lowed by hydrogenation-hydrogenolysis, and the preparation of 52 utilized an
aldolase-catalysed reaction between (:)-3-azido-2-hydroxypropanaldehyde and
dihydroxyacetonephosphate to produce 6-azido-6-deoxy-p-glucopyranose which
was hydrogenated.”

Addition of tryptamine, catalysed by perchloric acid, to 1,2:5,6-dianhydro-3,4-
di-O-benzyl-pD-mannitol produced a mixture of the six-membered ring derivative
53 together with the corresponding seven-membered ring compound. Further
sequential reaction of 53 with (Boc),O, TbdmsCl, MSCI-Et;N,
H,N(CH,)¢NHBoc followed by HCI gave the ring-contracted pyrrolidine 54. A
similar ring contraction occurred to give six-membered rings from seven-mem-
bered ones. The products were designed as non-peptide mimics of the cycloneur-
opeptide somatostatin.*

Some interesting interconversions have been observed between five-, six- and
seven-membered rings. For example, conversion of the L-gulo-piperidine deriva-
tive 55 to its dimesylate followed by reaction with caesium acetate gave the
ring contracted pyrrolidine 56 as the main product together with the ring-
expanded derivative 57. On the other hand the expected inversion at C-2 of 55
takes place under Mitsunobu conditions to afford the corresponding L-ido
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form of 55.8! Similarly, reaction of the seven-membered ring derivative 57 with
mesyl chloride-triethylamine gave the piperidine chloride 59, whilst reaction of
57 under Mitsunobu conditions with benzoic acid gave a mixture of 58 and
60.82
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CH,OH N CHaNH(CH)gNH, _Bn
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OBn OBn OH OH
56 61
57 R=H
58 R =Bz

In the area of di- or tri-saccharides containing an iminoalditol group as
pyranose or furanose mimics, it has been reported that 3-O- and 4-O-B-D-
galactopyranosyl-DNJ can be formed by a B-galactosidase-catalysed transglyco-
sylation reaction from lactose to DNJ.®> Reaction of the anion derived from
1,2:5,6-di-O-isopropylidene-3-thio-a-D-glucofuranose with the diiminoalditol 48,
followed by deprotection, gave the pseudo disaccharide 61 as a potential
glycosidase inhibitor.®*

N,N'-Diacetylchitobiose has been converted into the pseudo disaccharide,
B-D-GlcNAcp-(1-4)-2-acetamido-1,2,5-trideoxy-1,5-imino-D-glucitol by way of
intermediate 62. This was oxidized and reduced to give the 5-OH epimer of
62, converted to a mesylate, reduced to the l-amino compound (which
effects cyclization) with displacement of mesic acid and finally de-benzyl-
ated.?>3¢

The B-homonojirimycin derivative 63, has been made by reductive amination
of the corresponding 2,6-diketone. Compound 63, after deprotection, was
converted into the ‘homoaza methylcellobioside’ 64.5

The aza C-glycosyl compound 65 was the product from the samarium diiodide
coupling of 1,2:3,4-di-O-isopropylidene-a-D-galactodialdose with the iodo deriva-
tive 66.%

The pseudo trisaccharide 67 has been prepared by coupling of 1,3,4,5-tetra-O-
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benzyl-2,6,7-trideoxy-2,6-imino-L-galactitol (a B-L-homofuconojirimycin deriva-
tive)g:vith a 3'-hydroxyethyl ether lactosamine derivative, followed by deprotec-
tion.

Several iminoalditols have been prepared from non-carbohydrate sources.
Thus 1,4-dideoxy-1,4-imino-D-lyxitol and 1,4,5-trideoxy-1,5-imino-D-lyxitol have
been made via a ‘Meyers bicyclic lactam’ derived from cyclocondensation of (S)-
phenylglycinol with the keto-acid derived from Jones oxidation of 2-benzyloxy-
methyl-4,5-dihydrofuran,* and a protected L-serine derivative,”! respectively. 1-
Deoxymannojirimycin has been prepared from a chiral a-furfurylamine deriva-
tive”? and 1,3,4,5-tetradeoxy-3-fluoro-1,5-imino-p-xylitol, together with its C-5
epimer, have been prepared from the fluorosulfinylhexenol, 68.2> Periodate
oxidation of 1-pD-myo-inositol 1,2,6-trisphosphate (a-trinositol) followed by re-
ductive amination with a large range of amines afforded N-alkylated p-arabino-
iminoalditols 69.>* A synthesis of calystegin B2 from a reduced tropanone-iron
carbonyl complex,® and the isolation of seven calystegins, including two novel
ones, calystegin Ag (70) and calystegin N, (71), from the plant Hyoscyamus niger,
have been reported.®®
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2 Cyclitols and Derivatives

Reviews have appeared on the synthesis of inositols, carba sugars, conduritols
and amino conduritols utilizing the non-carbohydrate sources of benzene cis-
diols, quinic acid and Vogel’s ‘naked sugar’ methodology.**°” Other reviews on
the preparation of cyclophellitol and epi-cyclophellitol from glycals®® and the use
of D-glyceraldehyde as a chiral precursor in Diels-Alder and 1,3-dipolar cycload-
dition approaches to carbocyclic derivatives® have also been reported.

2.1 Cyclopentane Derivatives — The isoxazolidinocarbocyclic derivative 72 was
produced (together with a six-membered compound (89)-see Section 2.2) from
cyclization of the nitrone 73, itself generated in situ from the N-benzylhydroxyl-
amine derivative of 3-C-allyl-1,2-O-isopropylidene-a-D-ribo-pentodialdofuranose.
The formation of the cyclopentane adduct predominated in non polar and polar
aprotic solvents while the cyclohexane adduct predominated in polar protic
solvents.'®

P fn om
AN g N-0 ' 0
) 7: f ) HO ' --OMe
. AN 1
HO Y 72 i AL oH
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72 73 74

Caryose, a carbocyclic monosaccharide-like compound from the lipopolysac-
charide fraction of Pseudomonas caryophylli has been characterized as its glyco-
side with the L-erythro-p-ido-spiro-bicyclic structure 74.'°" (See Vol. 29, p. 193,
ref. 10 and 11 for the isolation-structure of a related sugar).

Several examples of the stereoselective formation of cyclopentane rings pro-
moted by samarium diiodide have been reported. Thus a pinacol-like coupling of
a 1,5-dialdehyde derivative produced 75 in which the newly formed hydroxyl
groups R', R® were in a syn-arrangement.'® (See Vol. 29, p.238, ref. 95 for a
related reaction). In contrast, reaction of a 5-hexenal, produced by zinc-assisted
Grob fragmentation of a methyl 6-deoxy-6-iodopyranoside, produced 76 and 77
in which the exocyclic groups R', R* (or R? R’) were anti to each other.'%
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However, it appears unnecessary to perform the Grob fragmentation. For
example, direct reaction of phenyl 2,6-dideoxy-6-iodopyranosides or the corre-
sponding glycosyl acetates (these compounds being more reactive than the O-
methyl glycosides) with samarium diiodide afforded (via a presumed S-hexenal
intermediate) compound 78.!®* Similarly and independently, it was also found
that reaction of various protected 6-deoxy-6-iodo-pyranosides with two equiva-
lents of samarium diiodide gave cyclopentane rings directly, again via a 5-hexenal
intermediate.'%®

75 R'=R®=0H,R2=R*=H, R® = OBn
76 R' = Me, R? = R® = H, R® = OBn, R* = OH
7 R‘=H‘=H,R2=Me. RBSOBH,R5=0H
78 R'=Me, RZ=R¥=R5=H, R* = OH

CH,OH 0=P(OEt),
o® pZ |

o
BnO 0 5 N 0OBn
M
79 OBn H
CHgTe<©‘OMe OBn

80 81

The cyclopentane-based phosphate 79, designed as a mimic for myo-inositol
1,4,5-trisphosphate, has been synthesized by two different routes. The cyclitol
ring was formed firstly by a ‘Cp,Zr’ induced ring contraction of a hept-6-enose
derivative, essentially as previously reported (Vol. 29, p. 238, ref. 94); secondly by
a samarium diiodide promoted pinacol-like coupling of a 1,6-dialdehyde derived
from ggxethyl 2-0-benzyl-3,4-bis-(p-methoxybenzyl)-a-D-gluco-hexodialdopyrano-
side.!

Reaction of the D-arabino-derived anisyl telluride 80 with 1-acetoxypyridin-
2(1 H)-thione under the influence of light, afforded 81 in which the initial cyclized
radical was trapped as the thiopyridone adduct.'”” (See next Section for a
different outcome when the D-galacto analogue of 80 was used).

In the area of carbocyclic nucleosides, (—)-2-azabicyclo[2.2.1]hept-5-en-3-one
(see Vol. 29, p. 239, refs. 98 and 99 for applications of this material) has been
transformed into the phosphoribosylamine analogue 82 and the glycinimide
derivative 83,'° norbornadiene has served as starting material for cis-[4-(amino-
methyl)-2-cyclopentenyljmethanol,'® and compound 84 has been made by an
initial Diels-Alder reaction of a carbomethoxy imine with cyclopentadiene, and
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enzymatically resolved.''® (+)-Cyclopent-3-enol has been converted in several
steps into 85 and resolved using vinyl acetate and a lipase and further
transformed into a range of nucleotide analogues by displacement, with inversion
of configuration at the indicated centre, with nucleobases.'!! (See Vol. 28, p. 235,
ref.91 for an alternative synthesis).

] n
o™
CH,P(OH), NHR CH,OH NHTs P(OEY),
*
OH
OH OH o0 OH
82 R=H X
83 R = C(O)CHyNH, 84 85

The C-1 branched ribofuranose analogues 86 have been prepared by the
addition of the appropriate Grignard or alkyllithium to the corresponding
ketone, itself prepared from D-ribono-1,4-lactone by known methods.!'

5

86 R =Me, CH=CH,, CH,CH=CH,
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Standard conversion of the alcohol of 87 into a phenylthionocarbonate
derivative, then reaction with tributyltin hydride-AIBN, produced a radical
centred at C-5 which added to the oxime ether double bond to produce the
corresponding cyclitol. Further standard conversions gave 88.'"

The carbocyclic analogue of the trehalase inhibitor, trehazolin, has been
prepared and reported to have potency indistinguishable from the natural
product.'* The synthesis of other antibiotic-related cyclopentane derivatives such
as analogues of mannostatin A, allosamidin (and allosamizolin) and a 4-membered
carbocyclic thiazole analogue of oxetanocin, are covered in Chapter 19.
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2.2 Inositols and Other Cyclohexane Derivatives — The isoxazolidinocarbocyclic
derivative 89 has been produced together with a five-membered carbocyclic
compound (diagram 72 in Section 2.1) by cycloaddition from nitrone 73. The
formation of 89 predominated in polar protic solvents whilst the reverse was
observed in non polar and polar aprotic solvents.'®

| H OAc OAc
N---— i -0 BnO BnO
OH ~'o/|/ S
OBn 0Bn
89 90 91

Access to new cyclitol thiirane derivatives has been reported by reaction of
cyclitol epoxides with dimethylthioformamide in trifluoroacetic acid. For
example the episulfide analogue 90 was produced from the conduritol B epoxide
compound 91. Several similar examples were described starting from cyclitol
epoxides prepared by known methods.'*?

A systematic study on various salts used to catalyse the well known conver-
sion of hex-5-enose derivatives into cyclohexanone compounds has revealed
palladium(II) chloride to be the best, even working without the assistance of
acid.''®

A new, related synthesis of cyclohexanes from pyranose derivatives is illu-
strated in Scheme 6.'!”
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Reagents: i, TmsOCH,CH,OTms, TmsOTf; ii, Nal; iii, DBH; iv, TiCls, =78 °C
Scheme 6
Reaction of 1,4,5,6-tetra-O-benzyl-3-O-tosyl-D,L-myo-inositol with triethyl-

borane afforded a high yield of the deoxygenated derivative 92.''8
2,3-Anhydro-1,5,6-tri-O-mesyl-epi-inositol reacted with pyridine or nicotina-
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mide by opening at the 3-position of the epoxide to produce 6-membered muco-
carbocyclic nucleoside analogues containing quaternary ammonium centres.
Hydrogenation of these compounds led to saturation of the aromatic groups
giving the piperidinyl and 3-carboxamidopiperidinyl derivatives.''?

The known (S.M. Kupchan et. al.,, J. Org. Chem., 1969, 34, 3898) natural
product, crotepoxide A has been isolated from the rhizomes of Kaempferia
rotunda and identified as the source of the plants’ moderate insecticidal
activity.!?® It has also been synthesized along with its isomer 93 from a quinic
acid derivative as a potential glycosidase inhibitor. (See Vol. 28, p. 239, ref. 123
and 124).'?!

The syntheses of carba-B-p,L-fucopyranose and carba-f-D,L-galactopyranose
have been reported from 3-O-benzyl-1,2:4,5-di-O-cyclohexylidene-myo-inositol.
They involved the deoxygenation of the 6-OH, the conversion of the 1-OH into a
ketone, and the addition of methylmagnesium bromide (for producing the fuco
derivative) or benzyloxymethyllithium (for producing the galacto derivative)
followed by deoxygenation and deprotection as the key step.'?

Compound 23 (see Section 1.3.1) has been transformed into N-demethyl-epi-
fortamine by a process involving a pinacol ring closure promoted with the
complex [V,Cl3(THF)g]:[Zn,Clg].”"!

Benzene and its derivatives continue to be useful starting materials for cyclitol
syntheses owing to their easy conversion into cis-diol derivatives by microbial
oxidation. Products made from this kind of starting material include; a cyclophel-
litol analogue and a metabololite of chorismic acid;'** (+)- and (—)- conduritols
F involving an enzymatic asymmetrization step;'?* carba-a-L-fucopyranose and
carba-6-deoxy-p-p-altropyranose from benzonitrile,'?® (—)-6(R)-hydroxyshi-
kimic acid from benzonitrile;'?*'?” cyanocyclitol 94;'*” a conduritol D per-
acetate which was kinetically resolved with a lipase (e.e. > 95 %) and the
intermediate transformed into a variety of products including aminocyclitols and
(+)-conduramine C;'?® and bis-carba disaccharide 95 together with some related
carba tri- and tetra-saccharides.'?

NC OH OH
OH HO OH 8n0 0
1
OH OH OH NH, OR
94 95 96 R=HorBz
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Reaction of the D-galacto homologue of 80 with 1-acetoxypyridin-2(1 H)-thione
under the influence of light resulted in cyclohexanoids 96.'°”

A 1-0-silyl-2,5-cyclohexylidene derivative has been transformed into condur-
itol E and 2-deoxy-allo-inositol in which chirality was introduced using a
Sharpless asymmetric epoxidation reaction,'* and 1,4- and 1,3-cyclohexadienes
have been bis-epoxidized and the epoxide rings cleaved with azide to afford di-
azido diol compounds which were asymmetrized enzymatically.'®!

Of several lipases tested, porcine pancreatic lipase resulted in the highest
enantioselectivity (> 97% e.e.) when used to resolve 1,2-O-cyclohexylidene-myo-
inositol through esterification at O-5, although overall yield was only 10%.'*?

The controlled catalysed acylation of myo-inositol afforded 1,3,4,6-tetra- and
1,3,4,5,6-penta-acyl-myo-inositols These products were converted to the 2-keto
derivatives by oxidation and were observed to undergo a stepwise deacylation
under electron impact conditions.'**

The regioselective etherification of 4,6-di-O-benzyl-1,2-O-isopropylidene-myo-
inositol in the 3- or 5-position has been found to be strongly dependent on the
nature of the alkylating agent used.'**

myo-Inositol has been cyanoethylated with acrylonitrile and the product
converted by ethanolysis and hydride reduction to the per-hydroxypropyl ether
derivative.'®

Carba disaccharide 97 has been prepared by insertion of a sugar glycosylidene
carbene (made in situ from a glycosyl diazirine derivative) into OH groups of
protected deoxy myo-inositol orthoformate derivatives. 136

Other carba disaccharides to have been prepared include carba-a-p-Glcp-,
carba-a-D-Manp-, carba-B-D-Manp- and carba-pB-D-GIcNAcp- (1-—4)-1,6-
anhydro-2,3-0-isopropylidene-p-pD-mannopyranoses. The a-linked compounds
were prepared by adding the anion of 1,6-anhydro-2,3-O-isopropylidene-B-p-
mannopyranose to epoxide 98 and the B-linked derivatives were obtained from
the o-linked compounds by epimerization after oxidation of the free cyclitol OH
group. Further standard transformations of the free cyclitol OH also gave the
cyclitol configurations noted above.!®” In a similar way, opening of a cyclitol
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OBn o) (e}
BnO o X Ph
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epoxide with N, O and S nucleophilic groups contained in methyl glucoside
analogues afforded the carba maltose derivatives 99.'%

(+)-Pinitol has been prepared from a non-carbohydrate source by a Diels-
Alder condensation of furan and trans-1,2-bis-phenylsulfonyl ethylene and
resolved using an intermediate camphanic acid ester.'* (+)-Cyclophellitol and
its (1R, 6S)-enantiomer have been prepared from a 7-oxabicyclo[2.2.1]hept-5-ene-
2-endo-carboxylic acid.'*

Valiolamine and its C-1 and C-2 epimers, together with other analogues, have
been prepared from (—)-quinic acid'*' and racemic validamine, together with its
C-1 and C-2 isomers, have been synthesized from (phenylsulfonyl)-7-oxa-bi-
cyclo[2.2.1]heptane derivatives.'*? Six N-alkyl derivatives of B-valienamine have
been made and shown to be potent and specific inhibitors of B-glucocerebrosi-
dase; the best was the n-octyl derivative.'*?

A GLC-MS approach to identifying the isomers of coumaroyl- and caffeoyl-p-
quinic acid,'* and syntheses of 3,4,5-tri- and 1,3,4,5-tetra-galloylquinic acids
involving a description of their chirotopical properties using the benzoate
chirality rule,'** have been reported.

Stereospecific syntheses of (—)-3-epi-, 3(R)-fluoro- and 3(S)-fluoro-shikimic
acids'*® and 3(R)-amino-4(R),5(R)-dihydroxy-1-cyclohexene-1-carboxylic acid
(3(R)-aminoshikimic acid) which used a method for obtaining gram quantities of
shikimic acid from the seeds of IHllicium anistum (star aniseed)'*”'“*® have been
described.

The synthesis of a lincosaminide derivative (a compound found in the
antibiotic lincomycin) from a myo-inositol derivative is mentioned in Chapter 19.

2.3 Inositol Phophates and Derivatives — Reviews on the preparation and
separation of inositol phosphates'*’ and on the preparation of inositol polyphos-
phates from glucose'*® have appeared.

The total syntheses of all regioisomers of myo-inositol pentakisphosphate (4
isomers),'>! of myo-inositol tetrakisphosphate (9 isomers)'*? and of myo-inositol
trisphosphate (12 isomers)'*>!> using base-catalysed acyl migration of mono-,
di- and tri-benzoate derivatives, respectively, in a similar way to that described in
Vol. 29, p. 246, ref. 156 and 157 have been reported. The separated, individual
benzoates were phosphorylated and deprotected to afford products. The same
group has also transformed the enol-acetates 100, by way of a Ferrier reaction,
into L-chiro-inositol 1,2,3-trisphosphate and L-chiro-inositol 1,2,3,5-tetrakisphos-
phate using standard chemical transformations.'**!>* Other inositols prepared by
this type of carbocyclic ring forming reaction include pD-myo-inositol 1,2,4,5-
tetrakisphosphate and its P-2-(O-aminopropyl) analogue,'>® 2-deoxy-D-myo-
inositol 1,3,4,5-tetrakisphosphate,'>” 1-L-phophatidyl-D-nyo-inositol 4,5-bisphos-
phate and -3,4,5-trisphosphate containing benzophenone or 4-amino-7-nitro-2-
oxa-1,3-diazobenzene photoactivatable groups'>® and a phosphatidyl-D-myo-
inositol 3,4-bisphosphate incorporating a benzophenone photoactivatable
group.'®

Both enantiomers of 1,2:5,6-di-O-cyclohexylidene-myo-inositol have been pre-
pared by standard kinetic resolution involving a lipase and each converted into 3-
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mono-, 3,4-bis- and 3,4,5-tris-phosphate derivatives of L-a-phophatidyl-myo-
inositol'®® and both enantiomers of 1,2:4,5-di-O-cyclohexylidene-3-0-allyl-myo-
inositol as versatile starting materials for the synthesis of phospahtidyl derivatives
in the 1-D-myo-inositol series have also been described.'®!

Glycosylation using 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-D-glucal of a
protected deoxy D-chiro-inositol derivative in the presence of boron trifluoride
etherate afforded the expected O-glycoside with allylic rearrangement which was
transformed into 101 for incorporation into GPI-anchor analogues.'®? The GPI
membrane anchor analogue 102 has been prepared from a chiral myo-inositol
derivative using standard trichloracetimidate methodology for glycosylating the
inositol ring.'%® The glycosylation of a substituted myo-inositol has also been
performed and led to the preparations of 1(3)-O-(( £ )-1,2-dipalmitoylglyceropho-
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spho)-4,6-0-B-p-glucopyranosyl-sn-myo-inositol'** and the phosphatidyl myo-
inositol 103 containing a polyene has also been reported. '’

Twenty inositol phosphodiester derivatives 104 have been prepared by reaction
of inositol 1,2-cyclic phosphates with the corresponding alcohol catalysed by
phosphatidylinositol-specific phospholipase C.'%¢

The heterocycle, quercetin, has been rendered more water soluble by conjuga-
tion through a 1-O-succinyl-myo-inositol-L-phosphate linkage.'®’

A full paper has appeared on the tin-mediated allylation and benzylation of
1,2-O-isopropylidene-myo-inositol (see Vol. 27, p. 219, ref. 126 and Vol. 25, p.
215, ref. 108 for preliminary report) which resulted in the preparation of various
protected myo-inositol 1,6-bis- and 1,5,6-tris-phosphates.'*®

A wide range of myo- (both chiral and (1)) and scyllo-tetrakisphosphate
derivatives have been prepared by standard means and the importance of their H-
bonding with their target proteins probed. Several of the compounds were
converted into acetoxymethyl esters in order to increase membrane perme-
ability.'®

Syntheses of (1) myo-inositol 1,2-bisphosphate and myo-inositol 1,2,3-trispho-
sphate by phosphorylation of (+) 3,4,5,6-tetra-O-benzyl-myo-inositol and 4,5,6-
tri-O-benzoyl-myo-inositol, respectively, using dibenzyl N,N'-diisopropylpho-
sphoramidite then oxidation have been reported,'’® and p- and L-myo-inositol
1,4,6-trisphosphate has been made from a myo-inositol derivative and resolved
with (S)-(+)-O-acetylmandelic acid to obtain the required pure enantiomers.!”'

Full details of an earlier report (see Vol. 27, p. 222, ref. 146) on the syntheses of
L-scyllo-inositol  1,2,4-trisphosphate, scyllo-inositol 1,2,4,5-tetrakis-phosphate
and -phosphorothioate and 2-deoxy-2-fluoro-p,L-myo-inositol have been re-
ported.'”?

myo-Inositol orthoformate has been transformed via an intermediate 4,6-di-O-
benzoyl-1-O-butyryl derivative into 1-D-myo-inositol 1,2,6-trisphosphate (a-trino-
sitol), as described in Vol. 27, p. 219, ref. 124.!”> The product, which has been
reported to have antiinflammatory and analgesic properties, has also been
converted into several 3,4,5-triester analogues with the aim of obtaining orally
active compounds.'”!'” myo-Inositol orthoformate has also been used to
prepare (+)-6-deoxy-6-hydroxymethyl scyllo-inositol 1,2,4-trisphosphate and
found to be a potent agonist at the platelet D-myo-inositol 1,4,5-trisphosphate
receptor.'7®

The syntheses from mpyo-inositol of 1-deoxy-1-(phosphonomethyl)-myo-2-
inosose and 2-deoxy-myo-inositol trisphosphate as potential inhibitors of myo-
inositol 1-monophosphate synthase have been described.'”’

(+)-1,4,5-Tri-O-benzyl-2,3-O-cyclohexylidene-myo-inositol has been trans-
formed into (4 )-6-deoxy-6-fluoro-myo-inosito! 1,4,5-trisphosphate and informa-
tion obtained about relative acceptor-donor effects of either the lone pair
electrons or hydroxyl hydrogen in their affinities for the endoplasmic reticulum
receptor.'”®

1,2-Dideoxy-1,2-difluoro-b,L-myo- and -scyllo-inositols have been prepared as
analogues of p,L-myo-inositol 3,4,5,6-tetrakisphosphate.'™

The syntheses of the 4,5-bisphosphorofluoridate 105 and the 4- and 5-mono-
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phosphorofluoridates have been described with the first reported to have twenty
fold the inhibitory potency of myo-inositol 1,4,5-trisphosphate against a S-
phosphatase. The fluorines were introduced by reaction of a phosphate with 2-
fluoro-1-methylpyridinium tosylate. '8

105 106

The thioinositol derivative 106 has been made as an inhibitory analogue of
myo-inositol 1-monophosphate, but only displayed poor activity against myo-
inositol 1-phosphatase. '8!
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Antibiotics

1 Aminoglycosides and Aminocyclitols

The analogue 2 of kanamycin A has been synthesized by condensation of the
thioglycoside 1 with a protected deoxystreptamine-3-amino-3-deoxyglucose unit
followed by deprotection. Similar chemistry was carried out with the L-
enantiomer of 1, in which case the B-glycoside was also isolated, as was a
regioisomer where the oxasugar unit was attached to O-5.' The same workers
have also described a series of analogues of dibekacin in which the 3-amino-3-
deoxy-D-glucose unit is replaced with an acyclic fragment (as in 3) or with a 3-
oxa- or 3-aza-sugar moiety. Analogue 3 was made by selective tetra-N-tosylation
of dibekacin, followed by periodate cleavage, reduction and deprotection, whilst
the 3-oxa-analogue was made by removal of the 3-amino-3-deoxyglucose unit
and then condensation with a thioglycoside similar to 1.2 The related semisyn-
thetic aminoglycoside arbekacin could be acetylated selectively at N-2' by an
enzymic method.>

The aldehyde 4 can be prepared from neomycin B, and this has been used in a
combinatorial synthesis of neomycin B mimetics 5 (R = Bu’ or CH,CO,Me, R’ =
side-chains of 12 different aminoacids), using Ugi-type four-component conden-
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sations in which the glycine unit was linked to polyethylene glycol. The products
were tested as inhibitors of the HIV Rev-RRA interaction, and several of them
were found to be more effective than neomycin B itself.*

A new semisynthetic antibiotic, 89-07, has been prepared by N-ethylation of
N-1 of the deoxystreptamine unit in gentamycin C,,.> A study of the reaction of
gentamycin with hydrated electrons, using pulse radiolysis, has been described.®

A cell-free extract of an acarbose-producing Actinoplanes sp. phosphorylates
acarbose at O-7 (i.e. the primary hydroxyl of the aminocyclitol unit).” Some other
papers of relevance to the chemistry of acarbose-like compounds are mentioned
in Chapter 18.

In the area of aminocyclopentitol antibiotics, Griffith and Danishefsky have
given a full account of their synthesis of allosamidin (Vol. 25, p. 235). They also
describe the synthesis of the disaccharide analogue 6, in which the allosamizoline
unit is replaced by an azasugar, and which displays strong chitinase inhibition;
the corresponding GlcNAc derivative was also made.® Various analogues of
allosamidin have been reported, including ones in which glycosylation has
occurred on the alternative secondary alcohol of allosamizoline, and one (7) in
which the oxazoline ring is fused to the cyclopentane in the reversed sense.’ Some
studies on the biosynthesis of allosamizoline have been reported.'® The synthesis
of trehazolin and its derivatives, and their biological evaluation, has been
reviewed in Japanese.!! The tetrahydropyrano[2,3-djoxazoline analogue 8 of
trehazolin has been prepared, but the equivalent product with a cis-ring junction
underwent rearrangement to the furano-fused compound 9.'? A paper on related
glycosylamino-oxazolines is mentioned in Chapter 10. Mannostatins A and B,
and their enantiomers and the diastereomer of mannostatin B with the (S)-sulfinyl
function, have been prepared from myo-inositol, and their inhibitory activity
against jack-bean a-mannosidase was assessed.'® 2-Epi-mannostatin A (10), its
enantiomer, and some positional isomers have been prepared from optically-pure
4-hydroxy-2-cyclopentenone.'*
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2 Macrolide Antibiotics

The new antitumour antibiotic pyrrolosporin A (11) is a macrolide with an
unusual spiro-a-acyl tetronic acid moiety. It also contains a 4-amino-2,4,6-
trideoxy-p-D-arabino-hexopyranose unit, a sugar not previously found in nature
(see Vol. 24, p. 148-9 for the synthesis of this sugar in studies of antibiotic
analogues), and methanolysis of pyrrolosporin A gave the methyl a-pyranoside,
with the pyrrole unit still linked to the sugar.'®

CH,0H
O OMe

OH Oj

N
HO |
W
erythromycin A
12

Coupling of 2',4"-di-O-acetyl-4’-O-demycarosyltylosin ethylene acetal N-oxide
with phenyl 2,3,4-tri-O-acetyl-1-thio-a-L-thamnopyranoside in the presence of
NIS and triflic acid gave the a-L-rhamnoside with complete regioselectivity for
0-3 of the macrolide, and this product was then deprotected.'® When the 9-oxime
of erythromycin A was converted to its oximate anion, reaction with carbohy-
drate triflates and subsequent deprotection of the sugar gave 9-O-glycosyl oxime
derivatives such as 12. This work, which could be carried out with no protection
of the erythromycin, was designed to make more hydrophilic analogues,'”"'® and
similar work was done on 9-oximes of tylosin.'®

Cladinose analogues of 16-membered macrolide antibiotics have been pre-
pared. Ethyl B-L-cladinoside was produced by ethanolysis of erythromycin A,
and, after alkylation at O-4, the alkylated products were linked to O-4 of the
mycaminose residue to give 3”-O-methyl-4”-0O-alkyl derivatives of 9-dehydro-3-
O-propionyl-leucomycin V.!® Microbial glycosylation by a strain of Streptomyces
hygroscopicus has been used to make the 2’-O-B-D-glucopyranosyl derivatives of
erythromycin B, erythromycin A oxime and azithromycin.*

3 Anthracyclines and Other Glycosylated Polycyclic Aromatics

The daunorubicin analogues 13 (X = N3 and CF;CONH) have been made by
linking the sugar (Chapter 9) with daunomycinone,?’ and the doxorubicin
analogue 14, with a trifluoromethyl group, was similarly prepared (see Chapter 8
for the synthesis of the sugar).?? Similar analogues in which the daunosamine unit
has been replaced with either an a-L-rhamnopyranosyl or -4-amino-4-deoxyrham-
nopyranosyl moiety have also been described.”> Linking of the appropriate



256 Carbohydrate Chemistry

protected disaccharide to the anthracyclinones was used to make the anthra-
cycline disaccharides 15 (R = H or OMe), and also the epimers at C-4".2
Microbial conversion of B-rhodomycinone and aclavinone using an aclarubicin-
negative Streptomyces mutant gave the new anthracyclinone trisaccharides
CG21-C (16, X=Y=0H) and CG1-C (16, X=H, Y=CO,Me), with a rednosyl-2-
deoxyfucosyl-rhodosaminyl trisaccharide at C-7.2° The amino function of doxo-
rubicin has been coupled to 3,3-bis(diethylphosphono)propanoic acid, to give
after deprotection a gem-bisphosphonic acid - doxorubicin conjugate, and some
other related bisphosphonates were also prepared.?®
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A variety of anthracyclines fluorinated in ring A have been reported. Glycosy-
lation of fluorinated aglycones was used to make 8-fluorocompounds such as 17,
whilst 10-fluoro-derivatives were prepared by modification of daunorubicin or
idarubicin. Some C-4' epimers were also described.”” 8-Fluoroanthracyclines
have also been the subject of a symposium report.?®

Formaldehyde efficiently cross-links the 3'-amino function of daunorubicin to
the 2-amino group of guanine in some synthetic deoxyoligonucleotides and in
natural DNA. In the latter case, the cross-linked drug remains intercalated.”
Calicheamicin-daunorubicin hybrids have been prepared, by linking daunomyci-
none to the carbohydrate domain of the calicheamicins via a spacer unit.*

The benz[ajanthraquinone-related antibiotic urdamycinone B (21), formed
from urdamycin B by cleavage of two O-glycosyl moieties, has been prepared by
condensation of 18 with unprotected olivose (19) to give in 27% yield the C-
glycoside (Scheme 1), which on hydrogenation gave directly the C-glycosyl
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juglone 20. This was then converted to urdamycinone B (21) and its C-3 epimer
by a Diels-Alder protocol.’! The juglone derivative 20, and similar compounds
with other 2,6-dideoxyhexoses, could also be made by condensation of the
unprotected sugar with naphthalene-1,5-diol followed by photooxygenation, thus
giving a direct access to the common structural feature of the angucycline
antibiotics.”> Galtamycinone (22), the common aglycone of the C-glycosyl
naphthacenequinone antibiotics, has been made by condensation of a previously-
described intermediate (Vol. 29, p. 47), with the enolate of a substituted
homophthalic anhydride.*?

OBn
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OH OBn Me
18 i, ii o)
Me OH \OH o
Q HO
OH OH 20
HO Reagents: i, TmsOTf; i, Ho, PA/C
19 Scheme 1

(o]
Me. o
O |
MeO

J— OH
— HO OO
Me
BnO OBn HO OH
23 24

The total synthesis of the gilvocarcin class of aryl C-glycoside antibiotics has
been reviewed.* The O-glycoside 23 was formed by condensation of the phenol
with the a-glycosyl fluoride in the presence of Cp,HfCl,, AgClO, and 2,6-di-t-
butyl-4-methylpyridine, conditions designed to suppress C-glycosylation, which
was the major course of reaction in the absence of base. Subsequent manipulations
led to the synthesis of BE-12406-A (24), which is related to the gilvocarcin-
ravidomycin class of antibiotics, but is an O-glycoside rather than a C-glycoside.>

4 Nucleoside Antibiotics
A full account has been given of the synthesis of cordycepin via a furanoid glycal

intermediate (Vol. 29, p. 258), and a similar approach has been adopted for the
synthesis of the puromycin aminonucleoside (25), as outlined in Scheme 2.*¢
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The 2'-deoxy analogue 26 of the immunosuppressant bredinin has been
prepared using radical deoxygenation, and the 5'-phosphate of bredinin has also
been made; in both cases, bredinin was used as a precursor, but the reaction
sequences involved photochemical ring opening of the imidazole, followed by
recyclization after the appropriate modification had been made.*’

Two syntheses have been reported of the antifungal polycyclopropane FR-
900858 (27), both of which rely on Charette’s asymmetric cyclopropanation to
induce chirality, with the dihydrouridine nucleoside being introduced at a late
stage.’8°
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Another route to the IP; receptor agonist adenophostin A (29) has been
reported. In this approach, in contrast to an earlier synthesis (Vol. 29, p. 258-9),
the selectively-protected disaccharide 28 was prepared, and adenine was intro-
duced at a late step.*

A review has been published, in Russian, on uronic acid nucleosides as a
component of natural antibiotics.*! The compound with the originally-proposed
structure of diacetyl neosidomycin has been prepared, although the structure of
neosidomycin has since been revised (see Vol. 28, p. 254).%

Two syntheses have been reported of the nucleoside disaccharide 30 of the
cytotoxic tunicate metabolite shimofuridin. Both involve the reaction of 3',5-O-
Tips-inosine, protected at N-2, with a fucosyl donor.*>** Shimofuridin has an
unsaturated fatty acid moiety attached at O-4”, and in one of the syntheses a
differentially-protected fucose unit was used, permitting selective access to O-4",
to which sorbic acid was linked as a simple analogue of the natural fatty acid.**

In studies directed towards the synthesis of the bacteriocin Agrocin 84, the
phosphoramidate 31, and the equivalent ribofuranosyl compound, have been
prepared. The key step involved reactions of anomeric phosphoramidites with tri-
O-benzoyladenosine, followed by oxidation at phosphorus.*®
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In the area of compounds based on higher sugars, synthesis of the tunicamycin
system has been reviewed.*® Conformational studies have been carried out on
tunicamycin V and related model compounds, and on the natural substrate UDP-
GlcNAc, to investigate the details of the inhibition of GlcNAc transferase by
tunicamycin.*’
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A report from Gallagher’s laboratory has described recent synthetic studies
towards herbicidin,*® and the first nucleoside analogue 32 with a close resem-
blance to herbicidin has been made by coupling adenine to a previously-described
intermediate.” A new synthesis of sinefungin (33) has been reported in which
both acyclic stereocentres were created with high diastereomeric purity, in the
case of the centre at C-6' by asymmetric alkylation of an enolate followed by
Curtius degradation, whilst the centre at C-9' was created by asymmetric
homogeneous hydrogenation.”® Various sinefungin analogues have also been
prepared, including 6'-desaminosinefungin, and the decarboxylated compound.”!

The analogue 34 of miharamycin, lacking the chain-branch at C-3', has been
prepared by extension of previous work (Vol. 29, p. 123-4) in which the sugar was
prepared; in this new report both the 2-aminopurine and the aminoacid have
been attached.’? In an improved synthesis of uracil polyoxin C (37) which
involves stereocontrol at C-5, the mesylate 35 (Scheme 3) was made via
asymmetric dihydroxylation of the 5'-ene; cyclization with base gave the anhy-
dronucleoside 36, convertible as indicated into 37.5> A new approach to the
synthesis of nucleosides from furan using asymmetric organopalladium chemistry
(see Chapter 20, Scheme 1) has also been applied to the synthesis of 37, together
with the 5"-epimer.>*

Organopalladium chemistry was also used in the synthesis of the carbocyclic
analogue of 37, in order to link the base to an unsaturated bicyclic lactone.”” The
carbocyclic analogue 38 of oxanosine has also been prepared from a known
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cyclopentane derivative by insertion of an amine function and subsequent
elaboration of the heterocycle.*®

Aristeromycin 5'-aldehyde has been prepared, and was shown to be a potent
inhibitor of SAH hydrolase; this study indicated that the fluoromethylene
compounds (Vol. 26, p. 247), which are also inhibitors, do not act as precursors
of the aldehyde.’” 2-Halo-derivatives 39 (X=F, CI) of neplanocin A have been
prepared, as have the equivalent structures lacking the CH,OH group and the
analogue 40.°® Neplanocin analogues with the primary alcohol oxidized to the
carboxylic acid level have also been made by oxidation,” and aristeromycin and
its cytosine analogue (carbodine) have been incorporated into a hammerhead
ribozyme domain.*°
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Further analogues of oxetanocin have been made, including the racemic aryl
compounds 41 (Ar=Ph, p-MeO-Ph, m-tolyl),’ and the phenyl carbocyclic
oxetanocins 42 (X=H, CN, CONH,).®?> The fluoromethyl derivative 43 of
carbocyclic oxetanocin A has been prepared, as has the alternative regioisomer
with F and OH interchanged.®* The analogue 44 incorporating the heterocycle of
tiazofurin has been prepared, the thiazole being elaborated from a known
intermediate (Vol. 24, p. 176 and Vol. 26, p. 169) derived by ring contraction of a
2-O-triflyl-furanonolactone, and the carbocyclic system 45 was also made from a
known cyclopropane.®*

5 Miscellaneous Antibiotics

The desacetamido analogue of staurosporine (i.e. the compound lacking the
y-lactam ring), has been synthesized, along with some related structures.®® A
series of new antibiotics, the pyralomycins, containing a benzopyranopyrrole
chromophore, have been isolated from Microtetraspora spiralis, and their struc-
tures were established by extensive NMR work. Pyralomycin 1a - 1d contain a
cyclito] unit, as in pyralomycin la (46), whilst pyralomycin 2a (47) - 2c have a
glucopyranose residue, although the absolute configurations of these compounds
were not determined. The other pyralomycins have alternative chlorination
patterns in the heterocycle.%
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Full details have been given of the the synthesis of (+)-hydantocidin and 5-epi-
hydantocidin from p-fructose carried out in Terashima’s laboratory (see Vol. 27,
p. 339-340).%7 The same group has also described a one-step synthesis of 5-epi-
hydantocidin from D-isoascorbic acid and urea, by heating them together at
130 °C with no solvent, although the yield was very low. Studies on the acid-
catalysed epimerization of hydantocidin to the 5-epi-compound were also
reported, with the epimer being preferred at equilibrium.®®

The o-L-arabinopyranosyl derivative of 9-hydroxyellipticine shows good anti-
tumour activity. All three isomers with an O-methyl group specifically located on
the sugar have now been made, the 2'-O-methyl compound 48 by alkylation of
the 3',4'-O-isopropylidene derivative, and the other two isomers by glycosylation
with an O-methylated glycosyl bromide. The antitumour activity suggested that
all three hydroxy groups are important.®®

The triazole 49 related to nagstatin has been prepared from tri-O-benzyl-L-
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ribofuranose by a route similar to that used for nagstatin itself (Vol. 29, p. 262),
and the compound of D-manno-configuration was also made from tri-O-benzyl-L-
xylofuranose.” The synthesis, chemistry and potential application in antiviral
and antitumour chemotherapy of siastatin B (50) has been reviewed.’' Siastatin B
has been isolated from a strain of Streptomyces nobilis, along with the structu-
rally-related novel heparanase inhibitors A-72363 A-1 (51), A-72363 A-2 (52) and
A-72363 C (53), the absolute configurations of which were not determined.”
Various analogues of siastatin B such as 54 and the corresponding 4-deoxy-
compound have been prepared,” as have the analogues with the N-acetyl group
replaced by NHCOCF; or a guanidino group.”
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Methyl penta-N,O-acetyl-a-D-lincosaminide, related to lincomycin (55,
X=0H), has been prepared from myo-inosotol.”” Lincomycin has been converted
by a double inversion sequence via the chloride (clindamycin) into the analogues
55, X=N,, imidazol-2-thiyl, etc.”® and the lincosamine-related structure 56 has
been made from 1,2:3,4-diO-isopropylidene-p-galactose.”’

Calaporoside (57) (Vol. 28, p. 258) is a phospholipase C inhibitor. Deacetyl
calaporoside, which is itself an inhibitor of the GABA 5 receptor ion channel, has
been synthesized, in a process which had ~3:1 selectivity in favour of the -
linkage using 2-naphthyl tetra-O-benzyl-1-thio-D-mannopyranoside as glycosyl
donor, and NIS-TfOH as activator.”®”® The glycoside 58, lacking the mannonic
acid unit, was also made along with its a-anomer. Both of these compounds, as
well as both anomers of deacetyl calaporoside, have PLC inhibitory activity at
similar levels.”

New glycopeptide antibiotics has been isolated which contain a 4-oxovancos-
amine (dehydrovancosamine) unit, which is largely hydrated (see Vol. 28, p. 257
for previous occurrence of this sugar).®’ Reductive alkylation of the A 82846
family of glycopeptide antibiotics, which occurred selectively on the amino
function of the disaccharide, gives increased antibiotic activity.®'

A new enediyne antitumour antibiotic, namenamycin (59), has been isolated
from the marine ascidian Polysyncraton lithostrotum. This structure has a
significantly different mode of linkage between rings A and B in the trisaccharide,
as compared with the hydroxylamino link in the calicheamicins.®> A dimer of the
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calicheamicin oligosaccharide has been synthesized, linked head-to-tail via a
butane-1,4-diol spacer.83

Various glycosylated derivatives of rifamycins have bee prepared, in which the
sugar unit is linked to the side-chain amino function, and some of these had
activity against Gram-positive bacteria.®*

In the papulacandin area, new structures continue to emerge. Saricandin has
the spirocyclic galactopyranosyl-glucopyranosyl core structure found in many of
these compounds, but with a cinnamyl unit attached at 0-6”,%° whilst BE-29602
has a C,, side-chain at C-6” which is identical to that of chaetiacandin (see Vol.
29, p. 262-3).* Furanocandin, from a Tricothecium species, has been assigned
structure 60, which does not have the spiro-system, and also contains the
Dp-galactose unit in the furanose form (again see Vol. 29, p. 262-3).87

Extensive spectroscopic evidence supports the presence of a 1,2-linkage in the
antifungal rhamnolipid produced by Pseudomonas aeruginosa.®®
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Two new hydrolyzable tannins, shephagenins A and B, with a glucuronic acid
core, have been isolated from the leaves of Sheperdia argentea, and shown to be
potent inhibitors of HIV-1 reverse transcriptase.?®
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Nucleosides

1 Synthesis

Vorbriiggen has reviewed recent trends in nucleoside synthesis, including the new
method developed recently in his laboratory involving the condensation of
persilylated sugars and persilylated bases (see Vol. 29, p. 268-269).' Reports from
Mukaiyama’s group have elaborated further on the use of methyl 2,3,5-tri-O-
benzoyl-B-D-ribofuranosyl carbonate as a glycosyl donor (see Vol. 28, p. 213);
various iodides (e.g. Sbl;, Tel,) can function as Lewis acids in such condensations
to form protected nucleosides,? and use of catalytic quantities of either Sbl; or
Tel, with sulfated N-benzoyladenine gives high yields of tetrabenzoyl adenosine.’
The use of pyridine-containing leaving groups in the synthesis of a-ribonucleo-
sides reported last year (Vol. 29, p. 269) has now been extended to the formation
of D-galactopyranosyl and L-fucopyranosyl nucleosides; in these pyranose cases,
O-benzylated glycosyl donors gave predominantly 1,2-trans-nucleosides.*

A novel de novo synthesis of nucleosides (Scheme 1) involves the conversion of
the meso-compound 1, derived from furan, into the pure enantiomer 2 by two
successive allylations using organopalladium intermediates. The first reaction
uses 6-chloropurine as nucleophile, in the presence of a chiral bisphosphine. The
subsequent elaboration of 2 indicates the use of the substituted malonate as an
ingenious CO,H synthon. Use of the enantiomeric catalyst in the first step gives
the p-nucleoside.’

CI
k | \) Cbz0 COBn AALOM e oM
BzO o_ OBz CO2Bn COzH
k j N iii iv
0. _0
2

1 MeXMe Me><Me
Ade  CHOH

Reagents: i, 0sO4, NMO; i, Me;C(OMe),, H*; iii, Ha, Pd/BaSOs; i ;

iv, o-nitrophenyl sulfony! chloride, then moist EtOAc o. .0

MeXMe

Scheme 1
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The first chemical synthesis of SAICAR (3), an intermediate in purine nucleo-
tide biosynthesis, has been reported. The imidazole ring was elaborated around
the amino group of 2,3-O-isopropylidene-B-p-ribofuranosylamine.®

When per-O-Tms-2-N-acylguanines and O-acetylated pentofuranoses are
coupled in the presence of TiCly, the reaction gives mainly the 7-glycosylguanines,
and the 7- and 9-glycosylated products are fortuitously separable by simple
partitioning. Use of persilylated 2-N-acyl-6-O-diphenylcarbamoylguanine gives
the 9-linked nucleosides. This finding, applicable to the formation of B-p-ribo-,
a-D-arabino- and B-p-xylo-furanosylguanines, provides a solution to the long-
standing problem of regiochemical control in glycosylation of guanine.’

Conventional base-sugar coupling procedures have been used to make the p-n-
ribofuranosyl derivatives of 2- and 4-pyridone,® and to prepare uridine and
cytidine multiply-labelled with 'O and '°N in the bases,” [5-'*C]-ribonucleo-
sides,'® S%-alkyl-2-thiouridines,'' and 5-thioalkyluridines.'? 6-Alkyluridines have
been prepared by couplings where the 3-position of the uracil unit is blocked in
one of two ways to avoid N>-ribosylation.!* Also reported have been B-p-
ribofuranosyl derivatives of 5-amino-4-sulfonamidoimidazoles (see Vol. 28,
p. 264),'* 5-amino-3-pyrazolone,'® pyrazone-2-ones 4 (R=H, Me, C,oH,,) from
which 3-alkylpiperazin-2-ones, also accessible by direct condensation, could be
made by reduction,'® triazindiones 5, reducible to their 2,3-dihydroderivatives,
the 2-ribosylated analogues of which were made by ribosylation at the reduced
level,"” sulfahydantoins 6,'® 1,2,4-triazole-5(4H)-thiones,'® quinolones such as
7,2 2,5- and 2,6-disubstituted benzimidazoles (e.g. 8),>! and 2-thioxo-3,5,7-
trisubstituted pyrido[2,3-d]pyrimidine-4(1H)-ones.?* Either the betaine structures
9 (X=CH or N) or the corresponding N'-ribosylated compounds could be
obtained by condensation depending on the conditions.?

o '[COZH
SN X 3
H R
®0CH, , "y NH, [I rj\/um@ R-g\er
s ? N (0] fo) N/Nz N/SOZ
t | |
OH OH B-D-Rib-f B-D-Rib-f B-D-Rib-f
3 4 5 6
R COM i X
- N\
| Meo~ I:L (U\ N7\ | N
rix T (o] /Ntﬁ/li}? o)\rél 'l‘l
B-D-Rib-f B-D-Rib-f B-D-Rib-f B-D-Rib-f
7 8 9 10

Pyrazolo[3,4-d]pyrimidine nucleosides 10 (R=H, Me) have been made in a new
way by reaction between 2,3,6-tri-O-benzyl-B-p-ribofuranosylhydrazine and 6-
chloro-pyrimidinone-5-carboxaldehydes.*

Either 11 or the N-1 ribosylated compound could be prepared selectively
depending on the coupling conditions, the products being stretched analogues of
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the antiviral 1-B-p-ribofuranosyl-2,5,6-trichlorobenzimidazole.”* The pyrazolo
[3,4-b]quinoline nucleoside 12 has been prepared by silyl coupling and some
5-chain-extended compounds were also described.?

A study has been made of the further ribosylation of inosine derivatives. Use of
tri-O benzoylribofuranosyl bromide as glycosyl donor gave some of the N'-p-
product 13, required for the synthesis of cCADPR analogues, but other products
were produced as well.?” Bis(B-D-ribofuranosyl)-imidazolium species have also
been described.?®

A high-yielding and direct route to (B-D-lyxofuranosyl)uracil has been re-
ported,” and S5-phenyl-1-(B-p-xylofuranosyl)-2-pyrimidinone and some related
nucleosides have been prepared.’

Condensation methods have been used to make B-p-gluco- and B-bp-galacto-
pyranosyl nucleosides of some condensed pyridinethiones®' and hydantoins with
naphthylmethylene substituents at C-5,>* and glucopyranosyl derivatives of
4-amino-1,2,4-triazin-5-on-3-thiones have been described.’> When the acyclic
amine 14 was treated with (EtO),CHOAc, 7-(B-D-glucopyranosyl)theophylline
(15) was obtained, and the analogous o-L-arabinopyranosyl compound was
similarly prepared.>*

Gl Me 0

c N\ n1 Me N4 y O KO0BzBz0
| | >=o A ¢ fJN CH,0Bz
c ?‘ N | TbdmsOCH, NN
B-D-Rib-f B-D-Rib-f
n 12 TbdmsO  OTbdms 12
0
Me
MeN)J\NMe N
N YO TrOCH
[
HoN 0 HocH, L Nwme 2o U TooHe | Ura
Na o S OH o
OH OH -
HO HO OTbdms .
OH OH O:P(0EY), O:P(OEY),
OH
14 16 17
CH,0H 15

2 Anhydro- and Cyclo-nucleosides

2',3-Anhydronucleosides of pyrazolo[3,4-d]pyrimidines have been prepared by
2',3-trans-elimination of the corresponding xylofuranosyl systems.*> When the a-
hydroxyphosphonate 16 (see Vol. 29, p. 291 and earlier) was desilylated and then
treated with triflyl chloride, the epoxyphosphonate 17 was obtained, and a 2',3'-
epoxy-2'-phosphonate was made similarly.>

There have been reports extending earlier work (Vol. 28, p. 281) concerning the
formation of spirocyclic systems at C-1’ using radical chemistry. When the 1',2'-
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ene 18 of the earlier work was treated with tributylstannane-AIBN in the presence
of oxygen, a moderate yield of the arabinofuranosyl compound 19 was obtained.
The stereochemistry at C-2’ could subsequently be inverted.>” Such a cyclization,
in the purine series, and in the absence of oxygen, gave some of the spiro-
compound but a greater amount of the product 20, together with the isomer with
the alternative cis-ring fusion.’® In the absence of a 1’-ene as is present in 18,
spiro-compounds are formed by a sequence involving 1,5-radical translocation,
subsequent 5-endo-trig cyclization, and loss of a bromine atom; the example of
the formation of 22 from 21 by action of Bu;SnH-AIBN is illustrative, and
similar sequences have been carried out on purine®® and 2-deoxypurine
compounds. >4

Né\{“
o]
CHngbdmsO»_ HN O-CHyy  H AN cl
N o] demsocmo’(N 4 / N
= o Tips,
—_— HOJ ¢ s
TbdmsO I Br (0] H
Br” "Br OTbdms Br
18 19 20
o
Hﬂ'\ | o o
TodmsOCHS N oH=(N N7 HMe
ms! % || TbdmsOCH, N / CH,08z CH,0B2'\ |
Br™Br 0. ) 8204 Jhyura B0 o /*N
g OMs o)
0_0
Me”Me Me”Me OH OH
21 22 23 24

Treatment of compounds 23 with DBU gave the 2,2"-anhydronucleosides 244
When the 1’-cyanocompound 25 (Vol. 29, p. 275-76) was treated with BuyNF, the
anhydrosystem 26 was obtained; it was speculated that the nitrile hydrolysis
occurs by the participation of the 3'-OH as a general base. The amide 26 could be
converted into 1’-cyano-B-D-arabinofuranosylcytosine (27).%2

2,3’-Anhydrothymidine (28) has been prepared in 81% yield by a Mitsunobu
reaction on unprotected thymidine,** whilst 29 can be obtained by treatment of
5’-O-tritylthymidine with perfluorobutane sulfonyl fluoride. Use of this reagent
on thymidine itself gives the 5'-deoxy-5'-fluoro compound 30.* 2,3'-Anhydro-
quinazoline nucleosides 31 (R=H, Me) have been made by cyclization of 3'-O-
tosylates.*> Intramolecular glycosylation was used during the synthesis of the
methylene-bridged analogues 32 and 33 of nicotinamide ribotide; these were
converted into NAD analogues in which the central oxygen of the diphosphate
was replaced by a methylene unit, and these products were found to be unstable
with regard to hydrolysis of the nicotinamide-sugar link.*¢

The bridged compounds 34 (R=H, allyl) have been made from the 5'-
phenylselenouridine derivative, produced by a Pummerer reaction (Vol. 26,
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p. 239), with either tributylstannane or allyltributylstannane and AIBN.*” When
S-aminocytosine was treated with N-methylisatin in aqueous ethanol, a high yield
of 35 was obtained. Seemingly condensation of the diaminopyrimidine with the
isatin makes C-6 of the pyrimidine more liable to nucleophilic attack.*

There has been a further report on the intramolecular hemiacetals formed from
uridine-6-carboxaldehyde and related compounds (see Vol. 27, p. 244 and Vol.
26, p. 227-8), including evidence for the configuration at the hemiacetal
carbons.*

A number of uses of anhydronucleosides in the synthesis of other types of
nucleoside are mentioned elsewhere in this Chapter.

3 Deoxynucleosides

A new method for the stereocontrolled synthesis of pyrimidine B-p-2"-deoxy-
ribonucleosides involves the use of a photolabile directing group at C-2', and is
illustrated by the case in Scheme 2.°° New glycosyl donors that have been
employed with good to excellent stereoselectivity in reactions with silylated
pyrimidines are the deoxyribofuranosyl phosphoramidate 36>' and the thiocarba-
mate 37; in this latter case, intramolecular participation by the sulfur is thought
to be involved in ensuring B-selectivity.*?

2'-Deoxy-2-thiouridine has been prepared using immobilized N-deoxyribosyl
transferase from Lactobacillus leichmanii,>® whilst radical deoxygenation was
used to prepare 2'-deoxy-3-isoadenosine (38), which was converted into the two
regioisomeric dinucleoside monophosphates with thymidine.>*

Base-sugar coupling procedures have been used to prepare 1-(2’-deoxy-f-D-
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ribofuranosyl)-imidazole-4-carboxamide and -pyrazole-3-carboxamide,>® 2'-
deoxydiazepinone ribonucleosides,*®  6-methyl-9-(2"-deoxy-B-p-ribofuranosyl)
purine,”’ NZ-(p-n-octylphenyl)—deoxyguanosine (converted to the dGTP ana-
logue),*® the N”-regioisomer of deoxyguanosine (39), the precursor of which was
produced in significant amounts when 2-amino-6-methoxypurine was condensed
with 2-deoxy-3,5-di-O-toluoyl-a-p-erythro-pentofuranosyl chloride,” 1-deaza-
purine 2’-deoxyribonucleosides 40 (R=NO,, H, Cl), where the major regioisomer
was as shown,® benzimidazoles 41 (R=NO,, F, Me) and the regioisomers formed
in the coupling,®' the 7-deaza-analogue 42 of deoxyadenosine, to which various
alkynes were subsequently coupled by palladium-catalysed processes,®? 6- and 7-
aryllumazine 2'-deoxy-B-D-ribofuranosides such as 43,%% and N8-(2’-deoxy-B-D-
ribofuranosyl)pteridines (c.g. 44).54%

R NH, | N (o] NH,
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O CD U Tr
HOCH; HOCH2 HOCHg HOCHz
0. o) O O
OH
44

41 X=CH

A stereospecific synthesis of a-2'-deoxycytidine (45) is outlined in Scheme 3,°

and o-N’-deoxyinosine (46) has been synthesized by a coupling procedure,’” both
a-nucleosides being incorporated into oligonucleotides.

There has been a report concerning the synthesis of 2'-deoxy-B-D-xylofurano-
sylpurines 47 (B=Gua, isoguanine, xanthine) and their assembly into oligodeoxy-
nucleotides; in this work, the sugar configuration was established by a means
previously reported (Vol. 23, p. 215).%8
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A previously described intermediate (Vol. 29, p. 275-6) has been reductively
debrominated to give 1’-cyano-2'-deoxyuridine (48), and the thymidine analogue
has been made by an analogous method.*

CHz0H CH,0Ac CH,0H
(0] o fo) (e]
L BI' t=v
Py
OH 0%, A0 Thy oH Oont
Reagents: i, methyl propiolate; ii, MeCOBEr; iii, BuzSnH; iv, POCls, triazole; v, NH4OH
Scheme 3
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O HOCH, o B 20 o
o OH
N CN
LA /)NH OH OH
a6 NVON 47 48 49

There have been reports on the synthesis of 2’-deoxynucleosides chain-extended
at C-5. The homologue 49 of deoxyadenosine has been prepared from 1,2:5,6-di-
O-isopropylidene-a-D-allofuranose, with radical deoxygenations at C-2' and
C-5",%° whilst various compounds of type 50 (R=CN, N3, OMe, -CH=CH,, NO-)
have been made either by opening of a 5',6’-epoxide or by addition of nucleo-
philes to the 5-aldehyde.”® Other workers have shown that reaction of the same
thymidine 5'-aldehyde with the silyl ketene acetal 1-z-butoxy-1-(Tbdms)oxyethene
gives the product 50 (R=CO,Bu‘) stereoselectively.”!

With regard to 2',3’-dideoxynucleosides, a photochemical method previously
applied to the synthesis of branched-chain nucleosides (Vol. 28, p. 278) has now
been carried out with optically-pure cyclobutanone 51; photolysis of this in the
presence of purines gives the dideoxynucleosides 52 (X=H, Cl, OMe).”> Dide-
oxypurine nucleosides have also been made by the Pd-catalysed reduction of 9-
(2,5-di-O-acetyl-3-bromo-B-D-xylofuranosyl)purines, the dideoxy-product, rather
than the 3'-deoxy-, being obtained with the pH controlled at 9.5.> The 6-
benzyluridine derivative 53 has been made by condensation using an intermediate
similar to 37, followed by deoxygenation at C-3',”* and both 2',3'-dideoxy- and
2',3'-didehydro-2’',3’-dideoxy-derivatives of isoguanosine have been made using
Corey-Winter deoxygenation.”> A new coenzyme B,, analogue containing 2',3"-
dideoxyuridine has been prepared and characterized.”®
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In the area of 2',3'-didehydro-2',3'-dideoxynucleosides, a new route to
compounds of this type in the pyrimidine series is outlined in Scheme 4. The
thioglycoside 54 was produced directly from deoxyribose and thiophenol in acidic
conditions, and the condensations to form the nucleoside derivatives were
B-selective by about 2:1.77 A full account has been given of the formation of 2/,3'-
didehydro-2’,3’-dideoxy systems from 2',3’-dimesylates, protected at O-5', by
treatment with telluride anion (see Vol. 27, p. 247).”® Treatment of the furanoid
glycal 55, made by cyclization of an acetylenic alcohol (Chapter 13), with silylated
thymine in the presence of iodine, followed by sodium methoxide, provides a new
route to d4T (56).”° A new synthesis of d4T (56) from 5-methyluridine has also
been described,®® as has a route to d4T labelled with '*C at C-1’, which starts
from [1-'*C]-ribose and proceeds via [1’-'4C]-5-methyluridine, convertible in very
high yield to [1’-'*C]-d4T.®!

HOCH, ROCH, ROCH,

B
1;0-\/ ~SPh CO) ~SPh :0: |
il v

OH 54
Reagents: i, RCI, py (R = Tbdms, Tbdps, Tr); i, Tf;O, py; iii, DBU; iv, silylated pyrimidine base, NBS
Scheme 4
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In a study related to the mechanism of inactivation of ribonucleotide diphos-
phate reductase (RDPR) by 2’-deoxy-2'-substituted nucleotide analogues, it was
found that treatment of nucleosides of type 57 (B=Ura, Ade, X=I, Br, Cl, SMe,
N;) with tributylstannane and AIBN gave the d4 products 58, whilst with X=F,
OMs or OTs, the 3'-deoxysystem 59 was the product. The results pointed to the
loss of radicals rather than anions from C-2’ during mechanism-based inactiva-
tion of RDPR, and the authors suggest some modifications to Stubbe’s mechan-
istic proposals.®?

Routes have been developed for the synthesis of B-L-didehydrodideoxy-
nucleosides in the purine series (60, B=Ade, Gua, Hypoxanthine), and the
corresponding hydrogenated compounds, starting from either L-xylose or from
p-glutamic acid.®®> The L-nucleoside derivative 61 has been prepared by known
methods from L-arabinose, and was converted to B-L-d4C (60, B=Cyt), via 62 as
an intermediate. Transglycosylation of 61 with 5-fluorouracil was used to make
the L-enantiomer of 5-fluoro-d4C (60, B=5-fluoro-Ura).* Some of these
L-enantiomers have potent anti-HIV and anti-HBV activity.
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4 Halogenonucleosides

An enzymic synthesis of 2'-deoxy-2'-fluororibavirin (63) has been reported,
involving the use of nucleoside transferase to exchange the triazole of ribavirin
with the base of 2'-deoxy-2'-fluorouridine.?

Fluorination using DAST was employed in the synthesis of the 2'-deoxy-2'-
fluoro-B-p-arabinofuranoside of 6-chloropurine (64),%¢ and a number of pyrimi-
dine nucleosides with a 2’-deoxy-2'-fluoro-B-L-arabinofuranose unit have been
prepared using base-sugar coupling procedures; the thymine compound 65
(L-FMAU) had particular potency against HBV.%’

The synthesis and antitumour activity of 2’,2’-difluoro-deoxycytidine (gemcyta-
bine) has been reviewed by workers at Eli Lilly.®®

Nucleophilic attack on 2',3'-cyclic sulfates of inosine and adenosine occurs
predominantly at C-3’, and in this way the 3'-deoxy-3'-fluoroxylofuranosides 66
(X=F) were prepared.® 5-Chloro-2',3'-dideoxy-3'-fluorouridine labelled with
tritium at C-5’ has been prepared by an oxidation-reduction sequence,” and the
2-0O-ethyl analogues of 3’-fluoro-2’,3'-dideoxyuridine and 3'-fluorothymidine have
been made by silyl base-sugar coupling procedures.”!

The 2'-bromo-2'-deoxynucleosides 67 (B=Ura, Thy) have been made efficiently
by treatment of the 2,3’-anhydronucleoside analogues with LiBr in the presence
of BF;.Et,0,”? whilst 67 (B=Ade) has been prepared by displacement of a 2'-‘up’
triflate. The arabinofuranosyl epimer of 67 (B=Ade) was similarly made, and
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Reagents: i, LICH,SO,0Pr; ii, PPhg, I
Scheme 5
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both these compounds were incorporated into oligonucleotides using phosphor-
amidite methods.”

The homologated iodide 68, required for making sulfone-linked oligonucleo-
tide analogues, has been prepared by the interesting sequence of reagents shown

in Scheme 5.9

5 Nucleosides with Nitrogen-substituted Sugars

A report from Pfleiderer’s laboratory has described propected 2’-amino-2'-
deoxyarabinofuranosyl nucleosides of the five main nucleobases and their conver-
sion into phosphoramidites.®®

In a new approach to 2’-amino-2'-deoxyuridine (70) and related compounds,
involving intramolecular delivery of a nitrogen nucleophile, the anhydronucleo-
side 69 was treated as outlined in Scheme 6. The cytidine analogue was also
prepared.®® In a similar way (Scheme 7), 2'-alkoxyamino derivatives could be
made from N-alkoxyurethanes,””?® and the same type of cyclization was possible
with N-alkylurethanes, but required more vigorous conditions.”®
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Reagents: i, DBU; ii, Cs;CO3, MeOH; iii, Pd(OH),, cyclohexene
Scheme 7

Other workers have used a similar approach to deliver a nitrogen nucleophile
at C-3' via attachment at O-5'. An example is the case in Scheme 8; similar
chemistry was used to make the uracil analogue 72, and in this case a 2,2'-
anhydronucleoside 71 was used as precursor, with the epoxide ring being
generated in situ on treatment with NaH. 2’-Deoxyprecursors also could be used,
with a 3'-mesylate acting as leaving group. In this work, the urethanes were
generated by use of lipase-catalysed reactions (see Vol. 28, p. 295).%

A further report on the synthesis of AZT describes the reaction of anhydro-
nucleoside 28, prepared in a new way, with azide ion.** 3'-Azido-2-O-ethyl-2,3'-
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dideoxyuridine and the 5-methyl compound (2-O-ethyl-AZT) have been made by
condensation routes,”’ as has the 3-azido-2',3'-dideoxynucleoside of 5-phenyl-2-
pyrimidinone,'® whilst opening of a 2',3'-cyclic sulfate by azide ion was used to
make the 3’-azido-3'-deoxy-xylofuranosides 66 (X=N;).¥

The tetrazole 73 was made by the opening of a 2,3'-anhydronucleoside.'"
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K 7 o NBn ) i, dii NH,
OH OH

Reagents: i, NaH, DMF; ii, LIOH, EtOH; iii, Pd, HCO.H, MeOH
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Two groups have independently described chemistry of the nitrocompound 74,
prepared via a seconucleoside, some of which is summarized in Scheme 9,102,103
Similar chemistry was carried out in the D-galacto-series,'® and some partial
reductions of 75 to a hydroxylamine were carried out, followed by formation of a
nitrone.'%
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4'-Azido-2'-deoxy-2'-fluoro-arabinofuranosylpyrimidines of type 76 (R=H, Cl,
Me) have been prepared from 2-deoxy-2-fluoro-1,3,5-tri-O-benzoyl-a-p-arabino-
furanose in six-step syntheses; the products were not active against HIV. 104

The interesting analogue 77 of S-adenosylmethionine has been made by a
process in which 5'-deoxy-2',3’-O-isopropylidene-5'-methylaminoadenosine was
first prepared, and then linked to a side-chain unit derived from L-glutamic
acid.'® Thymidine analogues with a hydroxyalkylammonium moiety, such as
78,'% and 5'-amino- and §'-azido-2',5'-dideoxynucleosides of thieno[2,3-d]pyrimi-
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dine-2,4-dione have been made by base-sugar condensations.'®” The O-(1-benzo-
triazolyl)sulfate leaving group has been used at O-5’ of an adenosine derivative,
and gave 5'-deoxy-5'-dialkylaminoadenosines in high yield on reaction with
secondary amines.'® Nucleophilic substitution of a 5'-tosylate with azole salts
gave access to products such as 79,'% and a series of amides based on 5’-amino-5-
(2-thienyl)-2’,3,5"-trideoxyuridine has been prepared.!!°
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The oxorhenium(V) complex 80 has been prepared from 2’,3’-diamino-2',3'-
dideoxyadenosine, and exists as a 2:1 mixture of syn- and anti-isomers. Both were
inhibitors of purine-specific ribonuclease, with the syn-isomer being more effec-
tive.'!! The same group has described a route to 3',5'-diamino-3',5'-dideoxy-
adenosine (82) from the lyxo-epoxide 81 (Vol. 25, p. 251-2), as outlined in
Scheme 10. The Mitsunobu inversion using benzyl alcohol as nucleophile is
noteworthy, and proved superior to other strategies. An oxorhenium(V) complex
was also formed from 82.''? Thymidine can be converted into the anhydronucleo-
side 83 by two successive Mitsunobu reactions, and 83 was converted into the
aminoderivative 84 of AZT, and some phosphoramidates were produced from
84.'"> Some 5'-deoxy-5'-sulfonylamido derivatives of AZT have also been pro-
duced by successive displacements at O-5’ and O-3' by nitrogen nucleophiles.''*

6 Thionucleosides

The carbaboranyluridine 85, with a 2'-thiophenyl substituent, has been prepared
by base-sugar coupling.''*

There have been further reports (see Vol. 28, p. 287) on the preparation of
nucleosidyl aryl disulfides such as 86, and 2'-deoxyanalogues, by interaction of a
3-thiol and either bis(o-nitrophenyl)-disulfide!'® or 2,2-dithiobis-(5-nitro-
pyridine).'!” The disulfides react with phosphites to give 3'-S-phosphorothiolate
triesters,''® and 86 was treated with a protected uridyl bis(Tms) phosphite to give
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the phosphorothiolate 87 after deprotection. Base-catalysed cleavage of this was
found to be 2000 times faster than for the equivalent phosphate.'!” Other
workers have also described a similar route to the bis(uridylyl) analogue of 87.''8

In an approach to 2',3'-dideoxynucleoside libraries, reaction of 88 with thiols,
followed by acetylation, gave the furanose mixture 89 and the equivalent
pyranoses, which could be coupled to silylated thymine. With R=Bu", seven of
the eight possible isomers could be detected in the product mixture.''®

There is continued interest in 4'-thionucleosides. Reaction of 90 with silylated
5-ethyluracil in the presence of NBS gave a route to 2'-deoxy-S-ethyl-4'-thio-
uridine (91) with reasonable stereocontrol (B:a, 3.7:1), although the effect of the
same directing group had been more pronounced in making normal 2'-deoxy-
nucleosides (Vol. 28, p. 267-8).!2° The B-D-compound 91 has high antiherpetic
activity; the B-L-, a-L- and a-D-isomers have been made, along with 91, by a de
novo synthesis. The isomers were separated by chiral HPLC, and only 91 had
anti-HSV activity.'?' Various other 5-alkyl-2'-deoxy-4"-thiouridines (Alkyl = Pr,
Bu’, cyclopropyl, adamantyl) have also been made by similar coupling proce-
dures, and some had significant anti-HSV and anti-VZV activity. NMR analysis
supported a C-2'-endo-conformation for both the «- and B-anomers.'*

A report from Walker’s laboratory discusses some interesting reactions of 2'’-
deoxy-3'-thionucleosides and their sulfones, presenting evidence for the involve-
ment of a bicyclic episulfonium ion in reactions of 4'-thiothymidine when a
leaving group is present at C-5, and some reactions of sulfones which can be
ascribed to the ease of anion formation at C-4".'?}

Various NMR and physical data have been tabulated for about a hundred 2'-
deoxy-4'-thio-pyrimidine nucleosides and examined as an indicator of anomeric
configuration. Although there was not a single criterion which permitted an
unequivocal assignment for all the structural variants examined, the authors
suggest that if a set of criteria are examined and each considered in the light of
their tabulation, then the anomeric configuration can be assigned with confi-
dence, even if only one anomer is available.'?*

2'-Deoxy-4'-thio-purine nucleosides 92 (X=0OMe, SMe, Cl, etc.) can be pre-
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pared from 2'-deoxy-4'-thiouridine, used as an anomeric mixture, by base
exchange catalysed by trans-N-deoxy-ribosylase. This process effects a high
conversion of the B-anomer of the precursor, and contrasts with chemical routes
which tend to be a-selective. In the case of 92 (X=OMe), treatment with
adenosine deaminase gave the guanosine analogue.'?® The 4'-thio-purine nucleo-
side 93 has been made by Vorbriiggen-type coupling, and converted to the
thioanalogue of N*-cyclopentyl-adenosine, a potent adenosine A, agonist.'2¢

The ‘sulfur-in-ring’ analogues of two important antitumour agents have been
prepared (Scheme 11). The tetrahydrothiophene 94 was prepared from Dp-glucose
(sugar carbons indicated) in a way reminiscent of previous work by others (Vol.
29, p. 161), and converted as indicated into the 4'-thioanalogues of 2’-deoxy-2'-
methylenecytosine (95) and gemcytabine (96); the use of Pummerer chemistry to
attach the base to the thiosugar is noteworthy, and in both cases the a-anomer
was also produced.'?’

1
TbdpsOCH TbdpsOCH TbdpsOCH, 7 HOCH
p 29 o 25 ps 24 0C 25 Oyt
HO. ! ii-iv v=vii k j
0OBn oBn © OH Che OH CH,
94 depsOCHz.Q HOCH. 8
2
viii,ii\\ S s.on
ix, iv F v=vii F,
oBz F OH F 96

Reagents: i, DMSO, Ac,0; ii, Ph3P=CHy; iii, BClg; iv, MCPBA,; v, silylated N-AcCyt;
vi, TBAF; vii, NH3, MeOH; viii, DAST,; ix, Bz,0

Scheme 11
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3',5’-Dithiothymidine (98) has been prepared as outlined in Scheme 12. The
dimesylate 97 could be converted into the threo-bis(disulfide) 99, but all attempts
to isolate the threo-dithiol led to the formation of the cyclic disulfide 100, even
though the dithiol could be trapped as an isopropylidene derivative.'*®

A reference to thietan nucleosides is mentioned in Section 14.
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Reagents: i, EtsN, MeOH; ii, PmbSNa; iii, o-nitrophenyl sulfenyl chloride, AcOH; iv, Zn, AcOH
Scheme 12

7 Nucleosides with Branched-chain Sugars

The lactone 101 was prepared diastereoselectively by C-methylation of the
unsubstituted system, made from D-mannitol, and 101 could be converted to the
nucleosides 102, with all the principal nucleobases.'”® Deoxygenation of C-2'
tertiary alcohols via their methyl oxalyl esters was a key reaction in the synthesis
of a range of S-substituted uracil nucleosides 103, and the equivalent cytidine
analogues; the 5-iodouracil compound (103, R=I) showed the most potent anti-
HSV activity.'*® Additions of acetylide anions to a 2'-ketonucleoside, followed by
hydrogenation and deoxygenation, again via methyl oxalyl esters, were used to
make a range of branched deoxyuridines 104."*! There has been a full account of
the preparation of deoxyuridine analogues 105 (R=CO,H, CONH,, CH,0H,
CHOH.CH,0H) from the corresponding 2'-C-allyl compound, and their incor-
poration into dinucleotides.'*?

The Z-alkene 106, produced by a Wittig reaction, could be isomerized to the E-
isomer 107 by Michael addition of thiophenol (selectively from the a-face),
followed by oxidation to the sulfoxide and thermal elimination.'*?

The fused isoxazolidine 108 was made by regioselective and diastereoselective
[3+2] cycloaddition, and has been converted to the nucleosides 109.'**

A full and extended account has been given of the synthesis of 2,3'-dideoxy-3'-
C—hydr0)3(5)'methyl purine nucleosides by a photochemical method (see Vol. 28,
p. 278).!
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The branched glycosyl acetate 110 has been prepared from diisopropylidene-p-
glucose and used to make the branched adenine nucleosides 111 - 114.'*¢ Various
fluorinated, branched nucleosides 115 (X=H, Me, Hal) have been described,'’
whilst 116 has been made by hydroboration-oxidation of the 3’-C-methylene
compound and converted into the bicyclic species 117.!8
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Acetolysis of the anhydrosugar 118 gave a mixture of pyranosyl and furanosyl
glycosyl acetates, which could be converted to the 3'-hydroxymethyl nucleosides
119 and, after a deacetylation-periodate-borohydride sequence, 120
respectively.'>®

A new radical allylation procedure has been applied to the synthesis of a 3'-C-
allyl-2’,3"-dideoxypyrimidine nucleoside,'*® and lactone 121, made by photoche-
mical addition of isopropanol to the corresponding 2,3-ene, has been converted
to the nucleoside 122.'*! Branched-chain sulfonates 123 have been made from 3'-
ketonucleosides, and the isobutyl group was found to be superior to other
possibilities, it being cleavable by iodide ion to give the sulfonic acid, an analogue
of a 3’-phosphate.142 An ingenious route to related phosphonates is outlined in
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Scheme 13; although the case shown gave mostly a-nucleoside, the process was
strongly B-selective when the 5-O-acetyl glycosy! acetate was used, in conjunction
with BF;.Et,0, in the reaction with silylated thymine.'** A related cyclization of
125 to give 126, using Bu;SnH and AIBN, has been reported, and the same
worllcgs also describe a similar process involving a 5'-propargyl ether to give
127.
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Scheme 13

3’-Deoxy-3'-difluoromethyleneuridine (128), the first example of a 3'-difluoro-
methylene nucleoside, has been made by use of the Wittig-type reagent derived
from CF,Br,, HMPT and zinc metal. The 2’-difluoromethylene isomer could be
similarly prepared; an earlier approach to 2'-difluoromethylene nucleosides (Vol.
26, p. 240) was not successful when applied to a 3'-keto-compound. 5'-O-Dmtr-
3’-O-phosphoramidites of these difluoromethylene compounds were also made
for assembly into oligonucleotides.'**

The acetylenic nucleosides 130 (B=normal bases, 5-F-Ura, 5-F-Cyt) have been
prepared by stereoselective addition of lithium Tms-acetylide to 129, followed by
nucleoside formation. The Ura and Cyt compounds had particular antitumour
activity.'**'47 The allofuranosyl analogue 131 of TSAO-T has been prepared,'*®
and 3'-ketonucleosides were treated with N-methylhydroxylamine, followed by
reaction of the nitrones with lithioethyl acetate, to give the spirocyclic compounds
132, also related to TSAO-T.' Some other compounds with branches at C-3,
prepared in connection with making antisense oligonucleotides, are mentioned in
Section 12.
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As regards compounds branched at C-4’, deoxygenations on the previously-
described 4'-C-methylribonucleosides (Vol. 27, p. 256) has given rise to the 2'-
deoxycompounds 133 (X=0H) and dideoxycompounds 133 (X=H), and also the
d4 systems.'*® Modification of the 4'-hydroxymethyl compounds has led to the
formation of the phosphoramidites 134 (X=0OMe, NHCOCF:s) for incorporation
into oligodeoxynucleotides.'”! Similarly, 4'-C-acylthymidines 135 (R=Me, Et,
Bu’, Ph) have been made either by regioselective modification of the 4’-hyd-
roxymethyl compound or, in the cases of R=Ph or Bu’, by initial conversion of
the CH,OH group of thymidine into an acyl group followed by aldol condensa-
tion with formaldehyde, a procedure which also gave the 4'-B-acyl derivatives.
The a-acyl compounds 135 were converted to derivatives for automated oligonu-
cleotide synthesis.'*> The fluorinated compounds 136 (R=CF;, CHF,, CH,F)
have been made by base-‘sugar’ condensation.'>® Treatment of the 3'-ene 137
with allyl trimethylsilane in the presence of SnCly gave 138 in good yield with
high stereoselectivity. Similar processes occur with silyl enol ethers and TmsCN,
but with somewhat reduced diastereoselectivity.'>* The pyranosyl nucleoside 139
has been made by condensation of silylated thymine with a sugar unit prepared
from a ribopyranose derivative (Chapter 14),'%
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The bicyclic analogue 140 was prepared from the previously-described
3’-deoxy-3'-C-allylthymidine (Vol. 23, p. 218) by Cannizzaro reaction to establish
a 4-hydroxymethyl substituent followed by iodoetherification and hydro-
genolysis.'*®

8 Nucleosides of Unsaturated Sugars, Ketosugars and Uronic Acids

As in previous volumes, 2',3'-didehydro-2',3'-dideoxyfuranosyl nucleosides (d4
systems) are discussed in Section 3, together with their saturated analogues.

When the 3'-mesylate 141 was treated with secondary amines, enamines of type
142 were obtained, as anomeric mixtures. The authors theorise that a
2’-ketonucleoside is involved, formed by a hydride shift under metal-free condi-
tions;'”” for a similar reaction starting from a D-lyxo-precursor see Vol. 28,
p- 273. Hydrolysis of the a-anomer of 142 (-NR, = morpholinyl) gave the o-2'-
ketonucleoside 143, the structure of which was secured by crystallography of a
derivative, and some earlier structural assignments were revised.

The 4'-ene 144 was obtained by elimination from the 5'-O-tosyl derivative.''*
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An improved route has been developed for the synthesis of adenosine receptor
agonists of type 145, involving the high-yield oxidation of 2',3'-O-isopropylidene-
adenosine with KMnO, at pH 12."* Esters and amides of adenosine-5'-
carboxylic acid have also been prepared for investigation as inhibitors of S-
adenosylhomocysteine hydrolase.'®

9 C-Nucleosides

The deoxygenated analogues 146'¢' and 147'®? of nicotinamide riboside have
both been made by addition of a lithiated pyridine to an appropriate lactone,
followed by further manipulation. Similarly, reaction of 2,3,5-tri-O-benzyl-p-
ribonolactone with a lithiated pyridine, followed by ionic hydrogenation at the
anomeric centre and further deoxygenation at C-2’, gave access to the more basic
analogue 148 of deoxycytidine, which was incorporated into oligodeoxynucleo-
tides.'®> Reaction of lithiated pyrazines with 2,3,5-tri-O-benzyl-p-ribonolactone,
followed again by treatment with Et;SiH and BF;.Et,O. has led to the prepara-
tion of pyrazine C-nucleosides such as 149.'®* The interesting 6-amino-pyrazine
2(1H)-one C-nucleoside 150 has been synthesized by elaboration of the hetero-
cycle from a B-pD-ribosylated o-aminonitrile; its 5'-triphosphate was also
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described, along with the base-pairing properties of oligonucleotides containing
this base. The furanoside 150 rearranges on standing in solution to the
B-pyranose isomer.'®®
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Various 3-ribofuranosyl-indoles, -pyrroles and -pyrazoles have been made by
reaction of N-blocked heterocycles with 2,3,5-tri-O-benzyl-B-D-ribofuranosyl
fluoride.'®® Lithiation of 2,6-dichloroimidazo[1,2-ajpyridine occurs predominantly
at C-5, and reaction with a ribono-y-lactone derivative and anomeric deoxy-
genation gives the 5-ribofuranosyl system 151 with good B-selectivity.'®” The
alternative 3-glycosylation pattern 152 could be obtained by palladium-catalysed
coupling of 2,6-dichloro-3-iodoimidazo[1,2-a]pyridine with 2,3-dihydrofuran, fol-
lowed by hydroxylation.'® Various pyrazolo[4,3-c]pyridine C-nucleosides such as
153 have been made using an effective tetrazole-to-pyrazole transformation
carried out on a C-ribofuranosyltetrazole.'® A paper on the conformational
properties of some purine-like C-nucleosides is mentioned in Chapter 21.

Condensation between 4,5-dichloro-o-phenylene diamine, D-glycero-p-gulo-
heptose and an arylhydrazine gave acyclic systems, which, on acid-catalysed
cyclization, gave C-nucleosides of type 154, predominantly of f-configuration.'”

The acetonitrile derivative 155 has been converted into a range of C-nucleo-
sides with a dideoxy-motif, including the pyrazolotriazine 156 and a pyrrolo-
[3,2-d)pyrimidine, the a-anomers also being obtained,'”! and the enantiomers of
these compounds have been made from the enantiomer of 155.'7

Some N-alkyl 3-(4’-deoxy-4'-fluoro-a-L-arabinopyranosyl)-1,2,4-oxadiazole-5-
carboxamides have been made by fluorination of the corresponding 3-B-D-
xylofuranosyl compounds using DAST.'”

10  Carbocyclic Nucleoside Analogues

The homologue 157 of neplanocin A, and several other analogues with different
bases, have been synthesized from a known chiral cyclopentenone unit (Vol. 24,



288 Carbohydrate Chemistry

Ar TrOCH,

H
: NN CH,CN
N N\ NH, N ] N Ci 0. 2
N | \I’ \ P>
Q NH o N cl 155
B-D-Rib-© I NH,
153 OH OH 154 /N\N/gN
OH HOCH,  \=L_
CH,OH _ Ade 8 Ho  Ade HO o N
e -
Ade
OH OH
157 158 159 160

p. 302).'" Similar homologues of carbovir and its adenine analogue have also
been made as racemates, using n-allyl palladium coupling procedures,!”> whilst
structures of type 158 (B =various purines) and their enantiomers have been
prepared from chiral bicyclic lactones; the inosine analogue had some anti-HIV
activity.'”®

The nor-analogue 159 has been made by a Pd-catalysed reaction involving an
altylic phosphate as reactant,'”” whilst others have also described routes to 159,
its hydrogenated analogue,'’® and the enantiomer and diastereoisomers of this,!”
using enzymic desymmetrization to introduce chirality; the products were evalu-
ated for their ability to inhibit tumour necrosis factor-a.'”® A chemo-enzymatic
approach has also been used to make the cyclopropane-fused analogue 160 and
its enantiomer.'%°

There have been further reports on fused cyclopropanes of type 161. Marquez
and Siddiqui have prepared the adenine-containing compound from Altmann’s
previously-reported cyclopentene precursor 162 (Vol. 28, p. 285-6), using some
improvements in methodology for introducing the cyclopropane ring with stereo-
control, and have shown it to have good activity against CMV and EBV.'®! The
same laboratory has also made the compounds 161 with the other main
nucleobases, the thymidine analogue having high anti-HIV activity, and carried
out detailed conformational studies on these analogues and also the bicyclic
compounds with the cyclopropane ring fused in the 1',6'-position and which have
a locked ‘southern’ conformation.'®? The cyclopentene 162 has also been used to
make the cyclic sulfite 163; regioselective reaction of this with azide ion was the
key to the synthesis of the nucleoside analogue 164.'®> Altmann’s group have
used their intermediate 165, previously used to make 1’,6'-methylene-bridged
species (Vol. 28, p. 286), to provide a route to the thymidine analogues 166 (for
an alternative synthesis, see Vol. 24, p. 240) and 167.'%*
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Enzymic desymmetrization was used to develop an enantiospecific synthesis of
(—)-BCA (168), and the same approach was also used to make (— )-carbovir.'®’

The carbocyclic nucleoside analogues 169'%¢ and 170'®” have been synthesized
as racemates.

A number of reports on cyclohexenyl and cyclohexyl analogues have appeared.
Compounds of type 171 (B=purines) have been prepared as racemates,'® and the
guanine member, a homologue of carbavir, has been produced in chiral form by
the use of adenosine deaminase at high pressure on the racemic 2,6-diamino-
purine analogue. Various other carbocyclic 6-aminopurine nucleosides were
similarly resolved by this method, including carbovir.'® Racemic compounds of
type 172 (B=purine) have been prepared,'*® as have doubly-hydroxymethylated
compounds such as 173, related to (—)-BCA, and 174, the guanine member of
which can be regarded as a ring-expanded analogue of carbovir. Enzymic
resolution was used during the syntheses.'®! Also reported have been compounds
of type 175 (B=Ade, Thy, Cyt, X=OH), produced by opening of a racemic
epoxide, and the deoxygenated systems, X=H."'*?

Some references to cyclopropyl analogues are mentioned in Section 14, and
some phosphates and phosphonates of carbocyclic nucleosides are discussed in
the next Section. Some papers concerned with carbocyclic nucleoside antibiotics
and their close analogues are mentioned in Chapter 19.
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11  Nucleoside Phosphates and Phosphonates

Triethylammonium salts of aryl H-phosphonates have been coupled to the 3'-OH
of deoxynucleosides using pivaloyl chloride as condensing agent; subsequent
hydrolysis by aqueous pyridine gives nucleoside H-phosphonate building blocks
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for oligonucleoside synthesis.'”> The 4-cyano-2-butenyl group, as in 176, has been
developed as a new type of protecting group for use during oligodeoxynucleotide
synthesis by the phosphoramidite method. It is stable to acid, but can be removed
with aqueous ammonia by a 1,4-elimination process.'** The nitrotriazole 177 has
been used as a new phosphitylating agent for 2'-deoxynucleosides, and can
generate the 3'-phosphoramidite in situ during oligodeoxynucleotide synthesis.!>
Stereocontrolled transesterification has been used to make chiral bis(nucleosidyl)
2-cyanoethyl phosphate units.'%

As regards modified internucleotidic links, bis(deoxynucleosidyl)-long-chain
alkyl triphosphates have been reported, along with thymidine linked via either
0-3' or O-5 to O-6 of methyl a-D-glucopyranoside through a hydrophobic
phosphotriester.'”” A known derivative of 3'-deoxy-3'-C-formylthymidine (Vol.
28, p. 277-8) has been converted into a phosphoramidite which was used to make
oligomers with a five-atom phosphate link, as in 178.!%
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In an extension of a method previously used in the 2’-deoxy-series(Vol. 29,
p. 288), oxathiaphospholanes of type 179 have been used to make 3',5'-phos-
phorothioates.'® The efficiency of coupling in the synthesis of a bis(thymidylyl)-
o-chlorophenyl phosphorothioate triester, when various coupling reagents are
used, has been studied,>® and the use of sulfur and Et;N has been shown to
convert internucleotidic phosphite triesters into phosphorothioate triesters with
high efficiency; in this study, the diphenylmethylsilylethyl protecting group (Vol.
29, p. 288) was used as the third substituent on the dinucleosidyl phosphite.?’! In
an ingenious route to pure diastereomers of phosphorothioates (Scheme 14), the
phosphite triester 181 was prepared with 6:1 diastereoselectivity by sequential
addition of thymidine units to the cyclic P(III) species 180 as indicated.
Subsequent thionation and acid hydrolysis then gave the Rp-isomer 182.%%

Triesters 183 (R=Me, Bu’, Ph) have been prepared by S-alkylation of the
bis(thymidylyl) phosphorodithioate. The species 183, particularly with R=Me,
were rapidly converted back to the phosphorodithioate using various cell
extracts, raising the possibility of using the S-acylthioethyl (SATE) blocking
groupzoisn delivery of antisense oligonucleotides containing phosphorodithioate
units.

There has been interest in methylphosphonate analogues of internucleotidic
linkages. Work in this area in Stawinski’s laboratory has been reviewed, together
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with studies on making H-phosphonate and H-phosphonothiate esters and
reagents for converting these into phosphate derivatives.®* 3'O-Methane-
phosphonofluoridates (184) can be prepared non-stereoselectively from methyl-
selenylphosphonates as indicated in Scheme 15, and used to make
methylphosphonates (185). It is possible to generate and use 184 in situ.”® Others
have generated 184 (B=Thy) from the corresponding methylphosphonothioate,
made in a new way, by treatment with 2,6-dinitro-4-trifluoromethylfluoroben-
zene; subsequent reaction of 184 (B=Thy) with 5'-O-silylated nucleosides in the
presence of KF gave methylphosphonates of type 185.2° In related work, 3'-O-
methylphosphonates could be activated as their mixed anhydrides such as 186;
methanolysis in the presence of Ag(I) then gave the methyl methylphosphonate
187 with inversion, in a procedure that should be applicable to dinucleotide
analogues.””’ Both stereoisomers of dicytidylyl methylphosphonate have been
prepared and used to make ribozyme substrates with a chiral methylphosphonate

DmirOCH, g
o}
HOCH
20 Thy DmtrOCHzo B o
i \-—% i 0
.S 0 0 0=P-Me
O\T"S/\’SJ(R o o e |
. Me” ~F -0
O‘CHZO Thy Me” “SeMe CH2 S’ Thy
| iii
OH OAc 185
183 Reagents: i, AgF, H,0, MeCN; ii, 3'-O-acetylthymidine; iii, EtaN.3HF,

3-O-acetylthymidine, DBU
Scheme 15



292 Carbohydrate Chemistry

at the cleavage site.”%® It has proved possible to prepare diastercomerically-pure
dinucleoside methylphosphonates on a solid support by Grignard-induced cou-
pling of 188 with another nucleoside which is linked to the support at O-3' via a
spacer.”””
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The 1,1-dianisyl-2,2,2-trichloroethyl (DATE) moiety (Vol. 29, p. 295) has been
used as a protecting group for O-5 in the synthesis of dinucleoside trifluor-
omethylphosphonates,?'® and a phosphonoacetate unit has been introduced into
a dinucleotide analogue 189.%'!

As regards in-chain phosphonates, the novel type of analogue 190 has been
made by coupling a 5-phosphonate with a derivative of 3'-deoxy-3'-hydroxy-
methylthymidine, prepared from a known 3'-cyano-3'-deoxy-derivative (Vol. 22,
p. 214). This isosteric replacement was incorporated into oligodeoxynucleo-
tides.”'? A related branched-chain phosphonate was mentioned earlier in Section
7. A one-pot synthesis of the dinucleotide phosphonate GpCH,U has been
reported.?'?

A phosphoramidite and a methylphosphonamidite of 2'-O-methylisocytidine
have been prepared, and used for incorporation into oligonucleotide analo-
gues.?'* Di(2'-deoxy-2'-fluoro)nucleoside phosphates and phosphorothioates
have been prepared, and their stability to snake venom phosphodiesterase was
investigated !

1-Deaza-analogues of (2'—5)ApApA, with the replacement specifically in each
position, have been described,?'® and an analogue has also been made with two
3'-deoxy- (cordycepin) units and with a 2-hydroxyethyl spacer attached to the 3'-
OH at the 2'-terminal unit.?"’

A number of aryl 3'-uridylyl phosphorothioates have been prepared, using a
new method involving the 3’-H-phosphonate as an intermediate; the kinetics of
base catalysis and leaving group dependence in the intramolecular alcoholysis of
the phosphorothioates was studied.’'® The 3'-phenylphosphonates of adenosine
and uridine have been made and evaluated as substrates of 3'-nucleotidases.’!®
Reaction of thymidine with an oxyphosphorane was used to make thymidin-3'-yl
benzoin phosphate.??

In the area of 5-phosphates, a chemical synthesis of SAICAR (3) has been
described, along with a route to carbocyclic AMP and carbocyclic adenylosucci-
nate.® Ferrocene has been attached, via a 5'-phosphodiester and a spacer arm, to
thymidine. Subsequent attachment of a thioethanol unit, via a 3'-phosphodiester,
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gave a compound used to prepare a redox-active nucleotide monolayer on a gold
surface.”?! 5'-Fluorophosphates and 5'-H-phosphonates of various 2'-modified
nucleosides have been prepared as potential antiviral agents,”?? and 1,2-cyclic
monoalkyl-glycero-5'-thiophosphates of isopropylidene adenosine have been
described.??*
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Scheme 16

Scheme 16 outlines the use of a known intermediate 191 (Vol. 26, p. 252 and
Vol. 23, p. 224) to prepare the a-fluoromethylene phosphonate 192 using
electrophilic fluorination and radical-mediated cleavage of a n-deficient
sulfone.??*

In the area of sugar nucleotides, various labelled analogues of CMP-NeuNAc
have been prepared in order to study the mechanism of solvolysis,’?® and a
chemical synthesis of CMP-N-glycolylneuraminic acid has been described.??® In
elegant work, Imamura and Hashimoto have prepared the phosphonate analogue
195 of CMP-NeuNAc, the key step (Scheme 17) being the conversion of
phosphite 193 into phosphonate 194.%2” The same workers have also reported the
isosteric phosphonates 196 (X=OH, H), starting from a known C-allyl derivative
of NeuNAc (Vol. 25, p. 52).*® UDPG, and its analogues with adenine and
cytosine as bases, have been prepared from the nucleoside monophosphates and
sucrose by the combined use of nucleoside monophosphate kinase and sucrose
synthase. A similar enzymic route was also used to make dUTP-6-deoxy-a-D-
xylo-4-hexulose.??
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There have been a number of reports of 5'-phosphates of bioactive nucleosides
being linked, via the 5'-triphosphate, to other entities as a means of devising
prodrugs of the nucleoside monophosphate. New alkoxy- and aryloxy-phosphate
derivatives of AZT have been described,”® and specifically-deuteriated alk-



294 Carbohydrate Chemistry

oxyethyl phosphodiesters of AZT have been made to study interactions with
membranes.”®' Acyl phosphates of AZT and d4T have been reported.”*?
5’-Phosphatidyl derivatives have been described for the antitumour agents 2'-
cyano-2'-deoxy-ara-C (e.g. 197),>*® 2'-deoxy-2'-methylenecytidine (DMDC), and
its 5-fluoro-congener, these being made by enzymic transfer of the phosphatidyl
group from phosphatidylcholine.”> Similar phosphatidyl derivatives have been
made chemically from AZT,?*>#3¢ ddI**¢ and ara-C.%*’ Ether and thioether
phospholipids have also been conjugated with AZT, ddC and related compounds
via a 5'-diphosphate linkage.>*

Phosphoramidates of d4T,>* d4A (e.e. 198),2*° FdU and ara-C,**! and iso-
ddA have been reported; the last paper also describes the bis(SATE) esters 199
(R=Me, Bu’) of iso-ddA monophosphate as an alternative prodrug.*> N,N-
Bis(2-chloroethyl)phosphoramidates of 2',3'-O-isopropylidene nucleosides have
been described.***
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A new type of prodrug of d4T, 200, has been prepared. Such compounds, and
the analogous ddT species, degrade hydrolytically under physiological conditions
without the need for an enzyme.”* AZT and ddT derivatives 201 (R=Me, Ph)
have also been prepared. Hydrolysis of the carboxylic ester leads to rapid release
of the 5',5'-dinucleosidyl phosphate by a process of neighbouring group catalysis,
with a mixed phosphoric-carboxylic anhydride as an intermediate.?*

In the area of 5'-di- and tri-phosphates, ATP, GTP, UTP and CTP, with
deuterium in all of the 3'-, 4-, and 5-positions, have been made enzymically from
the labelled ribose (Chapter 2),>*® whilst chemical routes to the 5'-triphosphates
of 4-thiouridine, 2-thiocytidine, 5-bromocytidine and [6-'°N]-adenosine have
been described.?*’ Azidonucleosides can be converted by treatment with a
polystyryl diphenylphosphine into polymer-bound phosphine imines (Vol. 28,
p- 272); it has now been reported that the nucleoside phosphine imine can be
converted to its 5'-triphosphate before hydrolysis to give the amine. The method
was used to convert AZT into the 5'-triphosphate of 3'-amino-3'-deoxythymidine,
amongst other cases.”*® A method previously used to make the P*-methyl-
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phosphonyl analogue of TTP (Vol. 28, p. 289) has now been extended to the
same analogues of dATP, dCTP and dGTP; in these cases, penicillin amidase was
used to remove an acyl protecting group from each of the bases, the methyl-
phosphonate being incompatible with chemical deprotection.”*® The 5-a,p-
imido-analogue of dUTP has been prepared by a combination of chemistry and
enzymic phosphorylation, and was found to be a potent competitive inhibitor of
dUTPase.?>® The mixed anhydride formed from a long-chain fatty acid and ethyl
chloroformate interacts with ADP, GDP or ATP to form the appropriate acyl di-
or triphosphate.””!

The diphosphate-phosphinate 202 has been prepared, as a mixture of diaster-
eoisomers, by Khorana coupling of uridine 5-phosphomorpholidate with the
‘lower’ phosphinate-monophosphate in unprotected form. The product 202 is a
good inhibitor of the ligase which adds p-glutamate during peptidoglycan
biosynthesis, and the pentamethylene chain acts as a replacement for the N-acetyl
muramyl unit in the natural substrate.?>

The 3',5'-cyclic phosphorofluoridate of thymidine has been prepared,?>® whilst
phosphorylation of AMP with cyclo-triphosphate gives a separable mixture of
the 2',5"- and ¥,5'-diphosphates.?**

Cyclic ADP-ribose (cADPR) and related compounds continue to attract atten-
tion. Chemical cyclization of the appropriate etheno-bridged analogue of NAD*
(NaBr, Et;N, DMSO) gave the cADPR analogue 203, with a different position of
linkage to the product of enzymic cyclization (Vol. 29, p. 292); a similar cytidine
analogue was also prepared either enzymically or chemically.”®® The cyclase
enzyme will also convert nicotinamide adenine trinucleotide to cyclic ATP-ribose,
a more potent inhibitor of Ca?" release from rat-brain microsomes than is
¢ADPR.?*¢ The carbocyclic analogue 204 of NAD", also containing a phos-
phonate replacement, has been prepared as a potential inhibitor of the cyclase.?’

The C-glycoside m-(B-p-ribofuranosyl)benzamide (Vol. 26, p. 245-6) has been
converted to benzamide adenine dinucleotide, which was an IMP dehydrogenase
inhibitor, but without selectivity between type I and type 11, which is upregulated
in neoplastic cells.?>®

The metabolite 205, produced during t-RNA splicing, has been synthesized by
making the pyrophosphate bond through interaction of a-b-ribofuranose-1,2-
cyclic phosphate and a mixed anhydride of AMP.?*® Cyclic dinucleotides of type
206 have been prepared by an H-phosphonate method in solution.?*

The cyclic phosphate 207 has been prepared, in which the sugar ring is fixed in
a C-3'-endo-conformation.?®’!

Some carbocyclic nucleoside phosphonates have been described. There has
been a further report on compounds of type 208 (see Vol. 28, p. 291), with both
purine and pyrimidine bases. Although initially made as racemates, a precursor
diol could be resolved by enantioselective acetylation using a lipase and vinyl
acetate.®? The triphosphate analogues 209 (B=Gua, Ade) have been made from
the previously-described monophosphonates (Vol. 29, p. 285), and the cyclo-
propyl-fused diphosphate analogues 210 (X=CH, and O) were also reported,
along with their enantiomers.’®® Trans-compounds of type 211 (n=1-3) have been

made as racemates,”* and so have the related cis-isomers (n=1 or 2).%%°
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Some papers relating to mechanistic aspects of nucleoside phosphates are
mentioned in Section 15, some 2’,3’-epoxy-2’- and 3’-phosphates were discussed
earlier,*® and phosphonoalkylidene derivatives of nucleosides are referred to in
Section 13.

12 Oligonucleotide Analogues with Phosphorus-free Linkages

The Ciba-Geigy group have reported further work on their promising amide-
linked systems. N-Alkylated dimers of type 212 [Tttr = tris(p-t-butyl)trityl] have
been prepared, and incorporated into oligonucleotides, to probe hydrophobic
effects in duplexes with RNA complements.?®® The same team has also prepared
building blocks of types 213 - 216 (B=Thy or 5-Me-Cyt) and investigated the
effects of the methoxy/hydroxy substituents on hybridization with RNA
sequences, and types 214 and 216 increased T, by ~2-3 °C per replacement. In
this work, a route was developed to the branched-chain unit 217, in which an
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allyl group was introduced at C-3' using radical chemistry, whilst for the synthesis
of the hydroxy-compound 2185, the ‘upper’ base was introduced by coupling to a
unit 218 already containing the internucleotidic replacement.?®’” Meanwhile, other
workers have synthesized the diribonucleotide analogue 221 by reaction between
the lactone 219 and amine 220 in the presence of 2-hydroxypyridine as conden-
sing agent.”®®

Compounds 222 (R=Me, Et) containing five-atom amide replacements have
been prepared and incorporated into oligomers, as have others containing the
related piperazine-type linkages (see Vol. 29, p. 293-4).2° Other extended
carbamate and urea-linked dimers, with a seven-atom link, have also been
reported.?’®

The conformationally-constrained amide dimer 223 has been reported;>”’ the
cyclopropyl amine was made by reduction of a nitrocompound, which itself was
prepared by chemistry similar to that described in Vol. 23, p. 218.
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The group at Isis Pharmaceuticals have reported further on their methylene-
imino-linked dimers (see Vol. 26, p. 242) and, significantly, have extended their
work to the preparation of 2’-O-methylated diribonucleotide analogues 226 by
linking units of type 224 and 225 under radical conditions. The compounds of
type 226 could also be N-methylated.>”?
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The acetylenic linkages of 227 (X=0 or S) have been developed, as has the all-
carbon species 228 and its epimer. When incorporated into oligomers, the (R)-
isomer 228 of the all-carbon species proved most effective in giving good
hybridization properties with complementary RNA when five replacements were
present.?”
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A report from Matteucci’s laboratory has described the hexafluoroisopropyl-
idene replacement, as in the unit 229, but, when incorporated into two positions
of a 15-mer, significant depression of T, was observed.?™

In elegant work, Benner has developed a route to oligoribonucleotide analo-
gues with sulfone internucleotidic links. Reaction of 230 and 231, both accessible
from diacetone glucose, as outlined in Scheme 18, gave the dimer 232. By selective
deprotection at the ‘top’ and ‘bottom’, 232 and related dimers containing other
bases can be converted, by chemistry as in the synthesis of 230 and 231, into units
with either a bromide at the ‘top’ or a thioacetyl group at the ‘bottom’, which can
then be linked to give tetramers using the reagents of Scheme 18. This iterative
process was used to produce several tetramers, and also octamers with seven
sulfone links.””
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+
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229 231 232
Reagents: i, Cs,COs3; ii, oxone
Scheme 18

Dimers with a novel three-atom 2'—5-linkage, as in 233, have been synthe-
sized, and their binding affinity to poly-U was reported.?’®
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13 Ethers, Esters and Acetals of Nucleosides

An extensive study has been reported on the O-methylation of 5'-O-protected
ribonucleosides by diazomethane in the presence of Lewis acids, with a view to
optimization of the amount of 2'-O-methylated product.’’” Phase-transfer methyl-
ation has been used to obtain 2'-O-methyl-N°-cyclohexyladenosine,?’® whilst
treatment of the anhydronucleoside 69 with magnesium or calcium alkoxides in
DMF at 100°C led to the 2'-O-alkylated uridine derivatives. It was argued that the
free hydroxy group at C-3' delivered the reagent from the a-face, since the 3'-O-
methyl analogue of 69 underwent reaction at C-2 to give an arabino-product.?”
2’-0-Methyl-p-p-arabinofuranosylthymine, and the a-anomer, have been pre-
pared by base-sugar condensation, and incorporated into oligonucleotides by
phosphoramidite chemistry.?s® 2-O-Methoxyethyl ethers 234, of use in making
antisense constructs, have been prepared by base-sugar condensation with the
a-methyl ribofuranoside, although prior conversion of the methyl glycoside into a
glycosyl fluoride gave improved yields for B=Thy.?®' 2'-0-Aminopropyl ribonu-
cleosides have also been prepared, by direct 2'-O-alkylation for purines and by the
stannylene method for pyrimidines, and incorporated into oligonucleotides.?®?

3’- And 5-O-alkyl derivatives of 2'-deoxy-5-fluorouridine, and some 5'-O-
aminoacyl derivatives, have been described,?®> as have 3'- or 5'-O-arylmethyl
derivgst“ives of FdU which also have an aminoacyloxymethyl group at N-3 (e.g.
235).

The 1,1-dianisyl-2,2,2-trichloroethyl (DATE) protecting group (see Vol. 29,
p. 295) has been used for propection at O-2' in ribonucleotide synthesis.?®> The
dimethoxytrityl protecting group can be introduced at O-5 in highly electrophilic
nucleosides using dimethoxytrityl borofluoride in the absence of any nucleophilic
species,?®® whilst it has been shown that trityl and monomethoxytrityl groups can
be removed in high yield using ceric ammonium nitrate in DMF-MeCN-H,0.%’
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Selective enzymic acylation and deacylation of nucleosides have been
reviewed.”®® Cordycepin (3'-deoxyadenosine) has been linked to various lipophilic
vitamins and to diacylglycerols via dicarboxylic acid spacers at O-2' and O-5',2%°
and similar conjugates have been made to the cordycepin trimer core, with
linkages at either the 5'- or the 2-end.” 3'-O-Aminoacyl-2'-deoxynucleosides
have been made using Fmoc aminoacid fluorides as acylating agents.?"
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The diacetylated derivative 236 of (B-D-glucopyranosyl)thymine has been
prepared as an intermediate for incorporation of this nucleoside into oligonucleo-
tides by 4'-6'-links.??

Dicarboxylic acid 5'-monoesters of thymidine and of 5-(2-thienyl)-2’-deoxy-
uridine have been prepared as triphosphate mimics.””> The ester of d4T with
citric acid has also been made with the same objective,?®* and more lipophilic
bioisosteres 237 and the AZT equivalent have been reported, these being designed
to mimic the conformation of the nucleoside triphosphate when complexed to a
metal ion.?>® Neither of these last two classes were effective, since all the activity
against HIV could be shown to be due to hydrolysis to the parent nucleoside.

A tripyridyl unit has been linked to a known ketose nucleoside via a spacer
arm to give 238; this, and similar structures with the tripyridyl group linked to
C-5 of the uracil, were incorporated into oligonucleotides, and the Cu(II)
complexes were functional mimics of ribozymes.?®

The p-nitrobenzyloxymethyl group has been used for the protection of the
2"-hydroxy function in solid-phase oligonucleotide synthesis, It is easily removed
with fluoride ion and stable to basic and acidic conditions.?*’

Treatment of nucleoside 2',3'-orthoesters of type 239 (R=H, Me, Ph,
B=normal bases) with (EtO),PCl in acetonitrile gives high yields of the phos-
phonoalkylidene compounds 240, mostly as the exo-anomers, and similar 3',5'-0-
phosphonoalkylidene derivatives were obtained from 2'-deoxy-D-threo-
nucleosides.?*®

The ethylene-linked analogue 241 of CMP-NeuNAc has been prepared by
Wittig chain extension of a cytosine S5-aldehyde, followed by glycoside
formation.?*®
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14  Miscellaneous Nucleoside Analogues

There has been an extended report on the synthesis of 5'-epi-bicyclonucieosides of
type 242 (see Vol. 29, p. 297) and their incorporation into oligodeoxy-
nucleotides.>®

The bicyclic nucleoside analogues 243 (B=Ade, Gua, Thy, Ura), related to
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isodideoxynucleosides, have been prepared starting from isosorbide,*®' and the
3’-deaza-analogue of (S,S)-iso-ddA has been reported, along with the 8-aza-
analogue and some related 1,2,4-triazoles.’*> Some deaza-analogues of (R, R)-iso-
ddA have also been prepared,®® and there have been reports on the hydroxylated
species 245 (B=Ade, Chyt, Ura),’® and the branched azidocompounds 246
(B=Ade, Thy, Ura).>*’
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1,5-Anhydrohexitol-based nucleosides continue to attract attention in Herde-
wijn’s laboratory. The thymine compound 247 (Vol. 27, p. 269) has been
converted into the azido-species 248 and into the d4-type compound 249,°°¢
whilst 249 and related species with other bases have also been made starting from
a 1,5-anhydro-p-glucitol derivative.>*” The enantiomer of 247, and related species
with other bases, have been made from L-glucose, whilst the 8-aza- and 7-deaza-
guanine analogues of 247 (D-series) have also been reported.’® A route has been
developed to make the nucleoside analogues 250 (B=Ura, Crt) based on 1,5-
anhydro-p-mannitol.>%

In the area of dioxolanyl and oxathiolanyl nucleoside analogues, a series of 5-
substituted oxathiolanyl systems 251 [R=I, CO,H, CONH(CH,),NH,] have been
reported,>'® as has 251 (R=SePh) and its dioxolanyl and 6-aza-analogues,*'' and
a species 251 with a carboranyl group at C-5.''*> Racemic thiazolidines 252, and
the regioisomers with sulfur and nitrogen interchanged, have been described.*'?
An interesting series of compounds, namely the dioxolanyl species 253,%'* the
oxathiolanes 254 and 255,>'* and the dithiolanyl compounds 256*'* have been
described by Swedish workers. The isoxazolidine systems 257 have been prepared
by diastereoselective addition of N-methylhydroxylamine to a chiral «,p-unsatu-
rated lactone, followed by base-‘sugar’ linkage.*'® Racemic isoxazolidine nucleo-
sides have been made by condensation between bases and S-acetoxy-
isoxazolidines,’!” whilst dipolar cycloaddition between a nitrile oxide and an
N-vinylpurine gave (+)-258.%'® Pyrrolidine analogues of type 259 (X=OH, N3, F;
B=5-substituted-Cyt or -Ura) have been reported.>'**

A novel type of nucleoside analogue reported for the first time is the thietane
261. This was prepared from L-ascorbic acid, which was converted into the
thietane 260 (sugar carbons numbered) by a process involving inversion of
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configuration at C-5. Formation of the nucleoside used Pummerer chemistry
(Scheme 19), and was B-selective, presumably as a result of benzoyloxy participa-
tion, although the yield was only moderate.>?!

There have been reports on the synthesis of chiral cyclopropyl analogues of
type 262,232 and earlier work (Vol. 28, p- 298, and Vol. 29, p. 298-9) has been
extended to the preparation of the homologues 263, designed to give a better fit
of the hydroxy group with the corresponding OH of the substrate, but the
compounds did not have anti-HIV activity.**

The extended thymidine analogues 264°2>32¢ and 265°2® (both anomers in both
cases) have been prepared and incorporated into oligodeoxynucleosides by both
3'—3 and 3'>5 linkages to study conformational aspects of alt-DNA sequences.
The synthesis of 264 involved reduction of a glycosyl cyanide, followed by
elaboration of the heterocycle, whilst 265 was made by Wittig reaction-Michael
cyclization on a 2-deoxyribose derivative, again followed by reduction and
heterocycle synthesis. Some compounds with heterocyclic groups attached at C-5
of a ribose unit are mentioned in Chapter 10.

5’-Dimethylarsinyloxy nucleosides have been prepared for the first time, from
dimethylarsinic acid and isopropylidene-protected nucleosides.*’
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15  Reactions

A review has been published on the hydrolysis of the N-glycosidic bond in
nucleosides and nucleotides.>?® The electron distributions, proton affinities, and
energies of the heterolytic fission of the N-glycosidic bond of adenosine,
3-methyladenosine and several related compounds have been calculated by
semiempirical and ab initio methods. Preferred sites of protonation were calcu-
lated, together with the effect on the N-glycosidic bond.>?® Transglycosylation
reactions of purine nucleosides have been reviewed, including both 3—9 and 79
transglycosylations.3*

Various nucleoside dialdehydes, obtained by periodate cleavage, have been
tested for antitumour activity.>®' The periodate forms of strongly basic anion
exchangers have been used for the selective oxidation of ribofuranosyl nucleo-
sides in the presence of galacto- and gluco-pyranosides.332 Routes have been
developed for the regioselective synthesis of both adenosine monoaldehydes; the
previously-unknown 3’-monoaldehyde 266 was made from the dialdehyde by
selective protection of the 3’-aldehyde as the N, N'-diphenylimidazolidine deriva-
tive, followed by borohydride reduction.*

A detailed investigation has been reported into the cleavage of 3'—5'-
uridyluridine to form the 2’,3'cyclic phosphate, and its isomerization to 2'—5'-
uridyluridine.>** The hydrolysis of uridine 2'-, 3'- and 5'-phosphoromonothio-
ates under acidic and neutral conditions has been investigated; in mild acid
only hydrolysis to uridine occurs, whilst at low pH desulfurization occurs in the
cases of the 2'- and 3'-thioates.>*® The same workers have also studied the
kinetics of hydrolysis and desulfurization of the diastereomeric monothio-
analogues of uridine 2',3'-cyclic phosphate; under neutral or acidic conditions
desulfurization competes with phosphoester hydrolysis.>*® The hydrolysis of the
2'-thionucleoside 3’-phosphate 267 (X=SH) has been studied; the predominant
reaction pathway at pH 13 is the formation of the S-phosphate 268, whilst at
pH 7-10 mostly the 2,3'-cyclic monothiophosphate was produced.**” The
2'-fluorocompound 267 (X=F), which has a C-3'-endo- conformation, under-
went hydrolysis ten times faster than did the deoxycompound 267 (X=H).**®
The kinetics of hydrolysis of thymidine 5'-boranomonophosphate (269) have
been studied by NMR. It was found that 269 hydrolyses slowly to thymidine
and [O;P-BH,>~], with the latter hydrolysing even more slowly to phosphonate
and boric acid.***
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In studies on DNA cleavage by radical processes, the ¢-butyl ketone 270, made
from p-fructose, was photolysed to give the radical 271. Under anaerobic
conditions, with a hydrogen donor present, an a,B-mixture of deoxyuridines was
formed, whilst aerobic photolysis in the absence of H-donors gave uracil and
2’-deoxyribonolactone. Experiments in the presence of oxygen and a thiol
permitted an assessment of the relative importance of the two processes under
physiological conditions.**® The 4-radical 272 has also been generated by
photolysis of the 4'-C-pivaloyl compound (Vol. 28, p. 280), and, in the presence
of methanol and Bu;SnH, gives a mixture of 273 and 274. Additional evidence
from non-nucleosidic systems implicated a mesomeric radical cation, which reacts
by an Sy 1-type process.®*!

The reaction of 2’-deoxyguanosine with hydroxyl radicals gives two main
products 275 and 276, which have been the subject of a detailed study by
NMR 342
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When the nitrate ester 277 was treated with Bu;SnD and AIBN, the deuteriated
alcohol 278 was formed, by 1,5-radical translocation. However, the 2'-chloro-2'-
deoxy-system 279 gave the furanone 280 under the same conditions. These results
suggest that the inhibition of ribonucleoside diphosphate reductase by 2’-chloro-
2'-deoxynucleosides involves loss of Cl from a radical at C-3'3% Some related
studies from the same team, also supporting this conclusion, were mentioned
earlier.®?
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NMR Spectroscopy and Conformational
Features

1 General Aspects

Three major reviews with the following titles have been published: i, ‘Molecular
modelling of carbohydrates’ (52 pp., 108 refs.);' ii, “Carbon-proton coupling
constants in the conformational analysis of sugar molecules’ (46 pp., 156 refs.);>
iii, ‘Carbon-13 nuclear magnetic relaxation and motional behaviour of carbohy-
drate molecules in solution (68 pp., 160 refs.).> Two further reviews, one in
English (77 refs.)* and one in Japanese (77 refs.),’ deal with the determination of
the absolute configurations of sugars based on a combination of novel chemical
derivatizations with HPLC and NMR techniques, and a short (3 pp.) conference
report discusses the internal motions of carbohydrates as probed by NMR
spectroscopy and molecular modelling.6

By use of neural networks and a data set comprising 56 furanoid and 55
pyranoid compounds, a mathematical model for the computer-assisted simula-
tion of '*C-NMR spectra of monosaccharides has been developed.” A new
computer simulation method of conformational movement, based on intercon-
version phenomena, has been proposed as an alternative to molecular dynamics.
It has been illustrated for methyl a-D-glucopyranoside and a-p-GalpNAc-(1-3)-
[a-L-Fucp-(1-2)]-D-Galp-OMe.®? A 'H-NMR data base aimed at assisiting
carbohydrate chemists in the spectral identification of sugars of unknown
structures has been established.” Application of the PASS-TOCSY pulse sequence
to the 2D HETLOC (heteronuclear coupled hetero half filled proton-proton
correlation) experiment allowed the accurate measurement of long-range cou-
pling constants in crowded spectral regions from 1D subspectra; the technique
has been applied to the conformational analysis of AZT.'°

The ring 'H- and '*C-chemical shifts of 8 aldofuranoses have been recorded in
DMSO-dg and those of 14 aldopyranoses in DMSO-dg as well as D,O, to assess
the solvent dependencies and the accuracy in calculated predictions of chemical
shifts.'’ A new method for determining the absolute configuration of optically
active secondary alcohols (menthol, cholesterol, etc.) involves measurement of
the differences in the pyridine-induced chemical shifts of their B-b- and B-L-
fucofuranosyl derivatives.'?

Strong intramolecular hydrogen bonds were detected in DMSO solutions of
sugars with syn-diaxial OH pairs by use of the SIMPLE (secondary isotope

Carbohydrate Chemistry, Volume 30
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multiple NMR spectroscopy of partially labelled entities) technique; weaker H-
bonds were observed when one of the two diaxial groups was a hydroxymethyl
function.'?

New molecular simulations on D-xylose support earlier findings on D-glucose
that the observed anomeric equilibration of aldoses results from a competition
between internal energy and solvation terms of opposite signs.'* Ab initio
molecular orbital calculations have been employed in an investigation of the
anomeric, exo-anomeric and reverse anomeric effects in C-, N- and S-glycosides.
The anomeric effect was found to decrease in the order Cl > OMe > F > SMe >
NHMe > Et > NH,;Me for the anomeric substituents, the last three exhibiting
reverse anomeric effects.'> Extensive semiempirical SCF-MO calculations indi-
cated that n-character along the anomeric bond contributes to restricted internal
rotation and hence to the exo-anomeric effect in O-, N- and S-glycosides.'s A
reconsideration of the reverse anomeric effect in glycosylimidazoles, using N-tri-
O-acetyl-a-D-xylopyranosylimidazole (1) as representative compound, suggests
that stabilization of the 'C,-form may be dependent on N-protonation rather
than solution ionic strength.'’

2 Acyclic Systems
A comparative study of MM2 and MM3 force fields for all 16 diastereomeric

peracetylated 1-deoxy-1-nitroheptitols and peracetylated 2-deoxyaldooctoses has
been presented.'®

(o]
o HOCH, OH CGHZ0H ><o
OH o PMe o
pr— RI
HO N }
o N on on O 7
OH OH R? o#
1 2 3 4 R’ = NHC(S)NHX, R? = H
§ R' = H, RZ = NHC(S)NHX
X =MeorPh
3 Furanose Systems

An analysis of the geometric parameters (bond lengths, bond angles, torsion
angles) of over 100 ribose and deoxyribose derivatives using well-defined crystal
structures from the Cambridge Crystallographic Database has been published.'®
In continuation of previous studies on the ribofuranosyl sugars present in RNA
(see Vol. 24, Chapter 21, Ref. 34), 'Jey-, *Jen- and 3Jey-values for B-p-
ribofuranose (2) as functions of the ring conformation were calculated from MO-
derived structural data and confirmed experimentally through the measurement
of Jcy values of conformationally rigid aldopyranosides, e.g., compound 3,
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containing '*C-'H coupling pathways similar to those found in specific confor-
mers of 2.2° The conformation of 4-thio-L-lyxono-1,4-lactone in aqueous solution
has been investigated by NMR spectroscopy.’®® On the basis of variable
temperature NMR experiments with 3-deoxy-3-thioureido-furanose derivatives 4
and 5 in CDCl;, hydrogen bonding between NH-3' and the ring oxygen atom in
the gluco compounds 4 has been proposed.?!

NMR spectroscopic experiments on L-ascorbic acid and on metal complexes of
D-glucuronic and D-galacturonic acid in the furanose form are covered in Section
8 below and a conformational analysis of AZT is referred to in Section 1 above.

Quantum mechanical studies on 2a’-deoxycytosin and its 2',2'-difluoro ana-
logue (gemcitabine),”®> and on cyclic 3,5-AMP?* have been reported. In an
extensive new investigation, the pseudorotational equilibria of B-pD-ribo- and 2-
deoxy-p-p-ribo-furanosyl nucleosides have been correlated with the anomeric
effects and pK, values of the nucleoside bases.?*

'"H-NMR spectroscopic analysis of purine-like C-nucleosides revealed the
presence of a hydrogen bond between N-1 and OH-5', an indicator of syn- over
anti-conformational preference, in compound 6, but not in 7. The bicyclic
deoxynucleoside derivatives 8 have been subjected to conformational analysis by
"H-NMR spectroscopy, to show that a 1’-exo/2-endo-arrangement is preferred
and that the acetoxy group at C-5' is axially disposed, i.e., the torsion angle vy is in
the unusual syn-clinal range.?

AcO H
5, -0
4 ” Base
\ 2
OAc
6 7 8

Base = Thy or Bz® Ade

D-Glycero-D-ido-2-octulose, the major sugar found in the resurrection plant
Craterostigma plantagineum, has been identified by an NMR analysis of its
1,3:4,6:7,8-tri-O-isopropylidene-a-furanose derivative. 6

4 Pyranose and Related Systems

A united atom molecular mechanics parameter set for pyranoses has been
developed from ab initio molecular orbital calculations and used to compute
anomeric free energies for a series of simple monosaccharides in water.?” An
empirical method has been employed to predict the magnitudes and signs of two-
bond '*C-'3C spin coupling constants in aldopyranosyl rings. Although designed
mainly for the prediction of 2Jecc values, application to the interpretation of
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2Jcoc values and conformational analysis of O-glycosidic linkages has not been
excluded.?®

In a density functional study, the relative stabilities of the 'C, and *C, chair
forms of B-D-glucopyranose have been calculated for two selected low-energy
hydroxyl rotamers.” 1D and 2D NMR studies on D-galacturonic and D-
glucuronic acid in aqueous solution showed these compounds to exist mainly in
pyranose forms, in contrast to their complexes with W(VI) and Mo(IV) ions
which prefer furanose forms (see Section 8 below).>® Semiempirical MO calcula-
tions, on the other hand, suggested that the preferred sites for metal ion binding
in D-galacturonic acid are the ring oxygen atom, the axial oxygen atom at C-4 of
the pyranose form, and a carboxylate oxygen.>'

CHoX

o CN AcO o0 OMe %o
0Bz Me %0
BzO O
0Bz OAc X 07L'
9 10 X=F,Cl,Br,or1 11 X=Nj3

12 X = O(CH5)3SnPh;
13 X = O(CH5)3SniPh;

[o]
14 x=s—<\©
N

Conformational analyses by use of NMR spectroscopy and/or theoretical
calculations have also been reported for the following compounds: methyl o-L-
arabinopyranoside monoacetates;*> 1-C-cyano sugar 9;>* 2-deoxy-2-sulfoamino-
p-glucopyranoside anions;** several methyl 2,6-dideoxy-6-halo-o-L-hexopyrano-
sides, e.g., compounds 10;*° 6-azido-6-deoxy-1,2:3,4-di-O-a-D-galactopyranose
11;*® a number of stannylated a-D-galactopyranose derivatives, such as 12 and
13;*” the 6-S-benzoxazol-2-yl derivative 14, as a representative azaheterocycle/
thiosugar hybrid;*® the S-glycoside 15 of 1,5-dithio-B-D-xylopyranose, a new
antithrombotic agent;*® all nine inositols;*® the myo-inositol derivatives 16 and
17,%! and a number of myo-inositol mono- to hexakis-phosphates over the entire
pH range.*

Special attention was given to the conformations about the C-5-C-6 bond in
semiempirical quantum mechanical nuclear shielding calculations on a series of
hexopyranoses,** and in molecular mechanics simulations of methyl a- and B-D-
gluco-, -galacto-, and talo-pyranoside in aqueous solution,* as well as to the
conformation of the acetamido group in 2-acetamido-2-deoxy-D-allo- and -D-
gluco-pyranose derivatives, such as 18-20.*°

Examination of spin-lattice relaxation times and second moment measurements
of crystalline monosaccharides revealed jump motions of a hydrogen-bonded
hydroxyl proton in B-p-allopyranose and trams/gauche reorientations of the
CH,OH group in p-allopyranose and methyl a-D-mannopyranoside.*® Structural
and conformational studies on the mannose-derived amidine 21 and related
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OH lo)
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15
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R2O 0 R?
0Bz 0OBn NHAc
Me
16 R‘.R‘=><M R2=H 18 R' = H, R? = OMe
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19 R' = OMe, R2 =H
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1 R2_~
20 R, R = “NH
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17 R' =H, R, R -:><Me

compounds by NMR spectroscopy, as well as computational methods, showed

that the orientation of its exocyclic NHBn-group differs significantly from that of

the anomeric substituent of B-D-glucopyranosides, ie., amidine-sugars are not

perfect mimics of the transition state of p-glycosidase hydrolysis.*” The '*C CP

MAS solid-state NMR spectrum of ureido sugar 22 has been compared with its

solution spectrum,*® and a '"H-NMR investigation of the corresponding iso-butyl

and L-leucine derivatives 23 and 24, respectively, showed that N-1', protons are
more acidic than those attached to N-3'.%°

CHQOH CHZOAC
NH 0_OMe
OH HO NHBn OAc
HO AcO
NHC(O)NHR
21 22 R = CH,CH,Ph

23 R= CHQCHMeg
24 R = CHCO,Et

CH2CHMe;

5 Disaccharides

NMR spectroscopy played a vital role in the identification of disaccharides 25
and 26, the former obtained in the chitosanase digestion of the chitinous
component of a fungal cell wall,*® the latter isolated as an aroma precursor of tea
leaves.’' In connection with the complete 'H- and '*C-NMR assignment of a
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natural flavonol rhamnosylrhamnoside, the NMR distinction of (1 -2)-, (1-3)-,
and (1—4)-linked rhamnopyranosylrhamnopyranosides has been discussed.>'?

B-D-GlcpNH2-(1 —4)-p-GlcpNAc a-L-Arap-(1—6)-p-p-Glcp-O-geranyl
25 26

The structure, conformation and intramolecular hydrogen bonds of crystalline
and aqueous sucrose have been discussed in detail.’?> Evidence for a transient
inter-residue hydrogen bond in aqueous sucrose (O-2.---H:--O-1') has been
discovered by ROESY spectroscopy under supercooled conditions.>> Combined
use of high resolution NMR techniques and dynamics simulations furnished a
new model for the dynamical conformational behaviour of sucrose in water in
which internal motions occur at the same rate as overall tumbling.>* A
GROMOS force field analysis, modified to include a potential energy term for the
exo-anomeric effect, has been assessed for efficiency by application to a con-
formational analysis of a-maltose.>>>

Conformational analyses by use of NMR-spectroscopy and/or computational
methods have been undertaken with lactose,’’ the methyl glycosides of disacchar-
idess 27°® and 28,%° six different monosulfates of disaccharide 29%° and with
uniformly '*C-labelled digalactosyldiacylglycerols 30 in a membrane environ-
ment.®! Addition of NaCl or CaCl, to the solution of methyl glycoside of
disaccharide 31, the repeating unit of hyaluronan, in D,O caused only small,
although measurable changes in the 'H- and '*C-chemical shifts and the 'H-'H
coupling constants remained unchanged.®?

B-p-Glcp-(1 —4)-a-D-Glcp  a-D-Manp-(1-+3)-p-D-Glcp  «-p-Galp-(1-3)-p-p-Galp
27 28 29

a-p-Galp-(1—6)-p-p-Galp-OCH[CH,OCO(CH,),Me], B-D-GlicpUA-(1—4)-B-p-GlcpNAc
30 31

The solution conformations of the C-linked lactose analogues 32-34, and in
particular the flexibility of the interglycosidic linkages, have been examined by
NMR spectroscopy, as well as computational methods. Compound 32 is very
similar to natural lactose around the glycosidic bond but more flexible about the
aglyconic bond.®> Analogue 33 is similar to 32, its isomer 34, however, is more

CH,OH OH
X -

HO
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flexible than natural lactose about both, the aglyconic and glycosidic bond.** C-
Lactose 32 adopts a different conformation to that of the native O-disaccharide
when bound to the protein target ricin B, contrary to expectations based on
Kishi’s work.%%*

The complexation of octyl p-maltoside, -melibioside and -lactoside with a 1,1'-
dinaphthyl-derived cyclophane which binds disaccharides but not monosacchar-
ides has been investigated by '"H NMR titrations.%

6 Oligosaccharides

NMR-spectroscopy was crucial in the identification of the N-linked oligosac-
charide 35 from pokeweed lectin-B,%” and of twelve novel, neutral galactofur-
anose-containing oligosaccharides obtained by degradation of an N-linked high-
mannose oligosaccharide constituent of ascorbate oxidase.%

a-p-Manp
1
!
3
a-D-Manp-(1 - 3)-a-D-Manp-(1 —4)-a-D-GlcpNAc-(1 —4)-p-GlcpNAc
2 3
1 i
1 1
B-D-Xylp a-L-Fucp

35

New insights into the three-dimensional structures of oligosaccharides gained
by use of X-ray, NMR, and theoretical methods have been reviewed (94 refs.).®
CHEAT?95, a completely revised version of the CHEAT force field (carbohydrate
hydroxyl groups represented by extended atoms) which allows simulation of
oligosaccharides in aqueous solutions without explicit inclusion of water, has
been applied to a complete conformational search for the exocyclic and inter-
glycosidic dihedrals of a structural variant of Lewis X.”° A new method for the
measurement of long-range heteronuclear coupling constants from 2D HMQC
spectra has been applied to the trisaccharide model 36.”' Long-range *J and >J
values including interglycosidic correlations have been obtained by GCOSY

CHOMe

o] o]
O OMe
o]
HO
o

36
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techniques; they are especially useful for the spectral assignments of pyranosyl
ring protons of linear and branched oligosaccharides in the typically very
crowded 3—4 ppm region.”

Complete assignment of 'H- and '*C-NMR spectra and conformational
studies have been reported for six Lewis D-related trisaccharides,” nine protected
o-(1-3)-linked digitoxoside trisaccharides,’* the two trisaccharide moieties of the
anthracycline antibiotic ditrisarubicin B,”> the tetrasaccharide ganglioside
GA1,”%"" ganglioside GM1,”® Lewis X, Lewis A, sialyl Lewis X and sialyl Lewis
A7 l,l,l-l(estopentaose,80 a hexasaccharide carrying a variety of protecting
groups, that was a decisive synthetic Lewis X precursor,®' a synthetic dimeric
Lewis X octasaccharide,®? and a decasaccharide representing the repeating unit of
a Streptococcus capsular polysaccharide.®?

The effects of the stereochemistry of the oligosaccharide head-groups on the
physical properties of aqueous synthetic glycolipids, e.g., 1,3-di-O-dodecylgly-
cerol B-glycosidically linked to cello- or malto-oligosaccharides at O-2, have been
studied.?

The structures of permethylated cyclodextrins in aqueous solutions, as derived
from their unequivocally assigned 'H- and '*C-NMR solution spectra, have been
compared with those of their parent oligosaccharides and with solid state
data.®*An investigation of a-, B- and y-cyclodextrins and their per-O-methyl
ethers by use of various molecular modelling methods furnished a method for
determining the diameters of their cavities and observing the changes in the torus
shapes of these molecules on permethylation.®® The conformation of the inclusion
complex of B-cyclodextrin with 2-naphthalenecarboxylate in aqueous solution
has been examined.®” Molecular modelling of the 1,3-bis(benzeneimidazol-2-yl)-
benzene-capped adextrin 37 suggests a very rigid, asymmetric structure, so that
the 'H- and '*C-MNR spectra are highly resolved.®®

OBn
_.OBn

OBn
(0]

OBn

37 38

7 Other Compounds

NOESY experiments and computerized molecular modelling have been employed
to examine the configuration and conformation of the epoxypropy! side-chain of
asperlin in benzene,® and the structure of fructosazine 38, a selfcondensation
product of 3,4,6-tri-O-benzyl-D-glucosamine (see Chapter 10) has been proved by
use of 1D differential NOE experiments.”
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Conformational analyses and related NMR investigations have been carried
out on guanosine-5'-diphospho-fucose,®! a tunicamycin model compound,®? a
coumaroylated flavonon glucorhamnoside,” a new ent-kaurane diterpenoid
glucosyl ester, the main sweetening constituents of some traditional Chinese
medicines,”® and two new diterpene glycosides from Nicotiana tabacum.”

8 NMR of Nuclei Other than 'H and 3C

13C-, >'N-, CP MAS- and high resolution multinuclear-NMR methods have
been applied to a study of ureido sugars 39.°® The '"O-NMR spectra of L-
ascorbic acid recorded in aqueous solution as a function of pH have been
presented under the title ‘New spectroscopy of an old molecule’,”” and the
>'N- and '"O-NMR spectra of doubly labelled pyrimidine nucleosides have
been recorded for use as references in NMR analyses of labelled RNA
fragments.*® Information on the hydration behaviour of several monosacchar-
ides (Glc, Gal, Man, All, and Tag) has been obtained by measurements of
water '"O-relaxation times.”®

The relative proportions of furanose and pyranose forms of aqueous 2-deoxy-
2-fluoro-p-ribose at equilibrium have been determined with the help of 'H-, 1*C-,
and '"F-NMR spectroscopy.'® Recordings of vicinal '*C—>'P coupling constants
were crucial for the determination of the configuration at phosphorus in the
enantiomerically pure nucleoside phosphorothioates 40.'°! After reassignment of
the resonances for the phosphorus atoms in b-myo-inositol 1,2,6-trisphosphate,
conclusions regarding the structure of its zinc complexes drawn previously on the
basis of >'P-NMR titrations have been revised.!*?

CH,0Ac
0O OMe
OAc R'=

AcO . _
NHC(O)NH 4®—x RIOw p=s R2 = CHCH,CN
OR?

X = H, Me, OMe, or C|
39 40

(MeO)2TIOCH, ,  Thy ~CHy o Thy
OTMS

Evidence obtained by use of 'H-, '*C-, 70-, as well as *°Mo- and '*>*W-NMR
spectroscopy, indicated that Mo(VI) and W(VI) ions form 1:2 (metal:ligand)
complexes with the furanose forms of p-glucuronic- and p-galacturonic acid.*
The complexes of L-ascorbic acid with dimethyl- and dibutyl-tin have been
examined in the solid state by '*C CP MAS and IR spectroscopy and in aqueous
solution by 'H-, 3C-, and '"*Sn-NMR spectroscopy; the metal appears to
interact with O-1, O-2, and O-3 of the ascorbate anion; similar spectroscopic
experiments were carried out with an L-ascorbic acid/dimethyl thallium com-
pound which is shown to behaves as a salt.!%
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Other Physical Methods

1 IR Spectroscopy

Mid-range IR attenuated total reflectance spectra of various sugars (both
monosaccharides and oligosaccharides, as 10% aqueous solutions) have been
evaluated by multidimensional statistical analysis, providing characteristic fre-
quencies within a few seconds. Monosaccharides show a hollow at 998 cm ™! and
a single unique major peak in the 1075-1030 cm ! region, while oligosaccharides
show three characteristic bands in the same region (main band shifted to 1033
cm™') as well as a band at 998 cm ™' due to the glycosidic link vibrational
motion.'

IR data for crystalline -L-arabinose over a temperature range from ambient to
liquid N, including deuterium exchange experiments, and coupled with crystal-
lographic data, indicate a somewhat stronger than previously suggested (intramo-
lecular) H-bonding between the anomeric hydroxyl and the ring oxygen atom
(which form an infinite crystalline chain).

A new method for sucrose determination by flow injection analysis and
difference FTIR detection is based on enzymatic cleavage of sucrose by invertase
to give a-D-glucose and B-D-fructose. The method gives linear results in the
10-100 mmol/L range.? A series of papers on experimental and calculated IR and
Raman spectra for a range of mono- and polysaccharides have appeared,
covering a-D-glucose and o-D-galactose, glucitol and galactitol,* methyl B-p-
glucopyranoside, methyl a-D-glucopyranoside and methyl l3-D-xylopyranoside,5
and methyl a-p-glucopyranoside, methyl a-D-galactopyranoside and methyl a-D-
mannopyranoside.®

A study of the conformations of amylose and cellulose oligomers using
vibrational spectroscopies has been reported.” At the same conference, the use of
FTIR (near, mid and far IR), and EXAFS, for spectroscopic characterization of
mono- and disaccharides and coordination transition metal complexes was
described.® IR has been applied to characterize 1,2:3,4-di-O-isopropylidene-6-O-
triphenylstannylmethyl-a-p-galactopyranose.’

Several metal derivatives of L-(+)-ascorbic acid have been studied in the solid
state by various techniques, including IR. These compounds have formulae
[TIMex(HAsc)]0.5C;H3O, [SnMe;(Asc)] and [SnBu,(Asc)] and the studies help to
show that the thallium compound behaves as a salt, and that in the tin derivatives
the metal interacts with the (Asc)>~ ion through O-1, O-2 and O-3."°

Carbohydrate Chemistry, Volume 30
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An investigation of FT Raman spectra of selectively substituted nitrates of
carbohydrates has appeared in a symposium report.!! The depolarized low-
frequency Raman spectra of aqueous solutions of L-xylo-ascorbic acid and of its
epimer D-arabinoascorbic acid have been studied as a function of concentration
(at 30 °C). This provides evidence that the effect on the dynamical structure of
water is greater for the former carbohydrate. 12

Vasella’s group have published part 23 of their continuing series on the use of
IR in evaluating the nature of intramolecular H-bonding in carbohydrates and
related chemistry. In this case, H-bonding in orthoacetal protected inositols (2-
OH, 2-F or 2-deoxy) is used to rationalize the favoured outcome of glycosylation
with a diazirene glycosyl donor.'?

The polarized Raman spectrum of a single crystal of AZT (using a Raman
microscope with 488.0 nm argon-ion laser excitation) provides useful orienta-
tional parameters.'* Adsorption of guanine, guanosine and derivatives onto silver
film allows the application of near IR FT Surface Enhanced Raman Scattering
(SERS). Assignments are discussed.'® Polarized Raman spectroscopy of a single
crystal of the barium salt of inosine monophosphoric acid hexahydrate has been
observed with 488.0 nm excitation. Analysis provides a method for determining
base orientation in duplex fibres.'¢

FTIR-ATR and laser-Raman spectroscopy of oligosaccharides in ageuous
solutions at various concentrations shows the influence of the glycosidic linkage
position, the overall hydration and concentration on characteristic spectral
ranges.'” Raman spectra of guests (3-bromostyrene, 3-nitrostyrene and 4-
methoxystyrene) in cyclodextrins, a, § and vy, indicate that the «-CD inclusion
leads to conformational selection of the guest molecule.'®

2 Mass Spectrometry

In the gas phase, both the a- and B-anomers of methyl 3-O-benzyl-2,6-dideoxy-D-
arabino-hexopyranoside undergo ready deprotonation of the 4-hydroxyl, and
collision activated dissociation (CAD) of these anions leads to E2 elimination,
decarbonylation and ring opening fragmentations. Study of the trideuteromethyl
a-glycoside, 2,2-dideutero- and dideuterobenzyl a-glycosides support the
mechanism proposed.'®

EI-MS of alkyl and phenyl N-alkyl- and N,N-dialkyl-2-amino-4,6-O-benzyl-
idene-2-deoxy-D-hexopyranosides and benzyl and phenyl 2,3-di-O-alkyl-4,6-O-
benzylidene-D-hexopyranosides leads to three different fragmentation pathways,
and definitive chemical evidence for these different pathways is presented.”®

FAB and EI spectra of some acenaphtho[l,2-e]{1,2,4]triazines and
acenaphtho[1,2,4]triazolo[4,3-b] and [3,4-c][1,2,4]triazines attached to acyclic
monosaccharide derivatives have been reported.?’ The reaction of N-a-acetyl-L-
lysinamide and glucose has been examined with the assistance of electrospray
mass spectrometry (along with capillary zone electrophoresis), providing evidence
for a number of products exhibiting different degrees of dehydration and
oxidation and for species with two lysines per glucose (relevant to cross-linking of
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proteins exposed to high glucose concentrations).?? Thermolysis of anhydrous
acidified sucrose yields a range of disaccharide and higher oligomeric anhydrides,
characterized by mass spectrometry of their per-O-Tms ethers.?® Electrospray
MS has been used to show that the iron(III) complexation of benzoxazinone
derivatives 1 is not markedly influenced by the presence of the B-p-glucopyranos-
yloxy group; additionally, while the NH compound monoligates the NOH
compounds di- or tri-ligate.* Collision-induced decomposition pathways and
common fragmentation trends of the novel phenylpropanoid sucrose esters,
vanicosides A and B and hydropiperoside (from Polygonium pensylnvanicum L.)
have been established by negative ion FAB and tandem MS. These data allow
characterization of mixtures of such compounds without the need for derivatiza-
tion.”> LSIMS of the potassium salts of eight glycobrassicins (eg. 2) have been
reported.?® LSIMS and CI-MS have been used to characterize stereoisomeric a-
methylene-y-lactone furanosidic derivatives (3, R=H, CONH,).?” The structures
of three new glycosidic jasmonoids, 4-6, and glycoside 7 were established through
a combination of HR-SIMS and 2D NMR.*®
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EI-MS has been used in characterization of some acylated aldobionitriles.*’
Tandem mass spectrometry has been used in differentiating the glycosidic stereo-
chemistry of diastereomeric cobalt-1—3-, 1—4-, and 1—6-glucobiose complexes.
The [Co’*(acac),(disaccharide)]" complexes were generated in situ by FAB ioniza-
tion.® Novel unsaturated carbohydrate bolaforms, e.g. 8, prepared by olefin
catalytic metathesis reactions, have been characterized by CAD-electrospray MS.*!

Geranyl 6-0-a-L-arabinopyranosyl-B-b-glucopyranoside has been identified in
the leaves of a green tea cultivar with the assistance of HR-FAB-MS (along with
COSY, HMQC and HMBC NMR analyses).>? Both the linkage position and
anomeric configuration have been deterimined for underivatized glucopyranosyl
disaccharides by negative ion electrospray MS.**
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Cyclodextrins and analogues and their complexes have been the subject of a
number of studies involving mass spectrometric techniques this year. MALDI-
TOF-MS has provided a quantitative method of analysis of cyclodextrins using
internal standard cyclodextrins (e.g. permethylated, B-CD and partly methylated
derivatives).>* ESIMS, MALDI-TOF-MS and FAB-MS have been employed for
determination of molecular weight, degree of substitution and purity of charged
derivatives of cyclomalto-heptaose and -octaose.’> FAB-MS has been used to
study the complexation of per-methylated «- and B-CDs with methyl esters of
Trp and Ala, showing preferential binding of the D-amino acid enantiomers.*
Cyclodextrins («-, B- and y-) are hosts for 1-anilinonaphthalene-8-sulfonate or
2-p-toluidinylnapthalene-6-sulfonate, with negative ion mode ionspray MS
showing 2:1 CD:guest stoichiometry.?’

Mass spectrometry has seen a considerable number of applications in the
oligosaccharide arena this year. CIMS at low gas (ammonia) pressure has been
used to determine sugar linkage positions in the triterpenoidal tetrasaccharide
glycoside heteropapussaponin 2 9. Sulfated and sialy]l Lewis type glycosphingo-
lipids have been characterized using FAB-MS, ESIMS and CID tandem MS,
each technique providing different, but complementary structural information.
This approach should be applicable to much larger mass glycoconjugates.®
Molecular mass assignments of octa- to hepta-oligosaccharides (oligo-galac-
turonic acids) have been obtained using negative ion electrospray MS.** Both
sensitivity and accuracy of the CI-MS methylation analysis of complex alditol
acetates is enhanced through formation of protonated pyridine complexes.*!
Capillary electrophoresis electrospray MS and tandem MS have been employed
for the structural characterization of Pseudomonas aeruginosa derived lipopoly-
saccharides, and is the subject of an ACS Symposium publication.*> MALDI of
N-linked oligosaccharides was carried out using post-source decay on a reflection
TOF instrument or CID on an instrument fitted with an orthogonal TOF
analyser. The former provided glycosidic cleavage information and the latter
major fragment ions from cross ring cleavages of most of the constituent
monosaccharides, providing overall significant sequence and branching informa-
tion.** Derivatized oligosaccharides have been analysed using post-source decay
MALDI MS.* Cationic derivatization of oligosaccharides, by way of formation
of hydrazones with Girard’s T reagent, led to enhanced detection sensitivity in
MALDI and electrospray MS analyses.** CAp-tandem MS assisted the structure
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determination of an N-linked oligosaccharide 10 from pokeweed lectin B (along
with 500 MHz 'H NMR analysis).*

Negative ion FAB and CID-tandem MS identified several sulfation sites in
sulfated mucin oligosacchandes, including the apparently novel sulfation of C-3
of an amino sugar residue.’” CID FAB MS has provided useful structural
information about the fragmentation of various oligosaccharides, including
evidence for internal monosaccharide loss.*® High energy CID MS of synthetic
mannose-6-phosphate oligosaccharides (6-phosphate on either or both non-
reducing terminal or penultimate residues) shows that the positive ion mode can
identify these phosphorylated residues.* Twelve major N-terminal linked
oligosaccharides (novel B-pD-galactofuranose-containing high-mannose oligosac-
charides in ascorbate oxidase from Acremonium sp. HI-25) have been identified
by FAB-MS.>® FAB-MS has also been used to characterize the fully deacylated
pentasaccharide from treatment of (GIcNAc)s with chitin deacylase from
C. lindemuthianum.>® MALDI-TOF allows identification of B-(1—3)xylo-p-
oligosaccharides from cell wall glycans of Caulerpa sp., showing the xylan to be
composed of 25 B(1—3)-linked linear oligosaccharides.>
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Nucleosides and nucleotides have also seen a number of useful applications of
mass spectrometric techniques this year. MALDI of dATP, dTTP, dCTP and
dGTP gives clear molecular ions with minimal fragmentation (in contrast to
FAB-MS which gives weak parent ions and more fragmentation).> FAB-MS of
the glycosyl esters of nucleoside pyrophosphates and polyisoprenyl phosphates
has been applied to the determination of anomeric configurations.®® The
following nucleoside-related reports have appeared: FAB-MS and FAB-MS/MS
of Tms derivatives of 3'-O-methyladenonsine, guanosine and uridine;® MS of
bisindole nucleosides 3-(1H-indol-3-yl)-4-[1-glycospyranosyl)-1H-indol-3-yl]-2,5-
furandiones and  3-(1H-indol-3-yl)-4-{1-glycospyranosyl)-1H-indol-3-yl]-1H-
pyrrole-2,5-diones;*® and EI-MS of some potential anti-HIV carbocyclic nucleo-
side analogues 11 (R=Cl, OH, NHZ).57

3 X-Ray and Neutron Diffraction Crystallography

Specific X-ray crystal structures have been reported as follows (solvent molecules
of crystallization are frequently not reported).
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3.1 Free Sugars and Simple Derivatives Thereof — 1,2:3,4-Di-O-isopropylidene-
6-O-methyacryloyl-a-D-galactose and 1,2:5,6-di-O-isopropylidene-3-O-methyl-
acryloyl-a-D-glucose.*® Dimethyl and diacetoxyacetals of 2,3,4,5,6-pentacetyl-D-
glucose.”

3.2 Glycosides, Disaccharides and Derivatives Thereof — A study of the con-
formation and intramolecular hydrogen bonding of crystalline sucrose.*® The 1:1
complex of N-methylglycine and sucrose has been reported.’ Methyl B-p-ribo-
furanoside (as part of study involving ab initio calculations and NMR of '*C-
labelled materials),*? methyl 3-O-benzoyl-4,6-O-benzylidene-2-O-trifluorometha-
nesulfonyl-¢-D-mannoside,®®> methyl o-D-lyxopyranoside,** methyl 6-O-[(R)-1-
carboxyethyl]-a-p-galactopyranoside,®> methyl 6-O-n-decanoyl-o-p-glucopyrano-
side, methyl 6-O-n-dodecanoyl-a-D-glucopyranoside, methyl 6-O-n-dodecanoyl-
B-D-glucopyranoside and methyl 6-O-n-dodecanoyl-a-D-galactopyranoside (the
alkyl chains are all trans, and in the latter two cases the pyranoside rings adopt
4C, conformation, but disorded in the crystals of the other structures).¢

The trichloroethylidene acetals 12,%7 phenyl 2,3,4,6-tetra-O-acetyl-B-p-galacto-
pyranoside,%® benzyl B-L-arabinopyranoside and its 3,4-O-isopropylidene and 2-
0-benzoyl-3,4-O-isopropylidene derivatives.%® p-Nitrophenyl a-D-mannopyrano-
side,” 3-deoxy-3-C-(ethoxycarbonyl)methyl-1,2:5,6-di-O-isopropylidene-a-D-
allofuranose,”’ and bicyclic 13.7
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The tetracetate of sutherlandin epoxide, namely 4-8-D-glucopyranosyloxy-
2R,3R-epoxy-3-hydroxymethylbutyronitrile, 14,72 methyl 1,1-0,0-ethylidene-4,5-
dideoxy-B-D,L-glycerohex-4-eno-2-ulopyranoside,” methyl 1-O-(3,16a-dihydroxy-
estra-1,3.5(10)-trien-17p-yl)-2,3 4-tri-O-acetyl-B-p-glucopyranosiduronate,”” and
methyl 5-O-acetyl-2-O-benzoyl-3,4-O-isopropylidene-B-L-idoseptanoside 15.7

Glycolipids containing a Gal headgroup and a hexadecyl chain with or without
different ethylene oxide spacers have been studied as 1:2 mixtures with 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine by X-ray analysis, as well as by DSC
(see section 4).’

The disaccharide methyl 2-O-(a-L-fucopyranosyl)-B-p-galactopyranoside.’
The 16-membered macrolide antibiotic chalcomycin, which contains chalcose
(16) and mycinose (17) as monosaccharide subunits’ and the macrocyclic lactone
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11,12,4"-tri-O-methylazithromycin which contains L-cladinose and bD-
desosamine.?®

3.3 Higher Oligosaccharides and C-Glycosides — A crystal structure of the
methyl-B-glycoside of the Lewis® trisaccharide has been reported.®' The crystal
structure of amylose V complexed with glycerol shows left-handed six-fold
amylose helices.®? Crystal structures of the lectin maltoporin bound to maltose,
maltotriose and maltohexaose have been reported. These provide useful informa-
tion regarding sugar specificity in the binding channel and on the possible
mechanism of sugar translocation.®

A number of X-ray analyses of cyclic oligosaccharides, their derivatives or
complexes have been reported this year. The structure of «-CD 5.5 hydrate with
one glucose replaced by 3-amino-3-deoxy-a-D-altrose shows the amino sugar
adopts the *°B boat conformation.®® 6'-(6-Aminohexyl)amino-6'-deoxycyclo-
maltoheptaose, 6',6"-diamino-B-CD,?® hexakis~(2,3,6-tri-O-methyl)-cyclomalto-
hexaose (pf:rmethyl-cx-CD).87 Dimethyl-a-CD and complexed with acetone as a
1:1 complex (acetone is fully included in the cavity, and in the uncomplexed case
a methoxy from a neighbouring CD occupies the cavity volume).%® An analysis of
literature data of complexes of O-methylated o- and B-CD evidencing that
eclipsed conformations about the exocyclic bonds are common.®® Various
structural analyses of «-CD complexed with different fatty acid methyl or ethyl
esters have been reported.”® 6”-Boc-L-phenylalanylamino-6"-deoxy-B-CD shows
the Ph group located above the parent macrocycle with the #-Bu located in the
cavity of an adjacent molecule.”'

The C-phenyl glycoside 18,%% fused C-phenyl glcoside 19,”> and methoxy-
naphthyl C-glycoside 20.>* C-Glycosides 21,%° 22 (during synthesis of maitotoxin
components by Kishi’s group — see Chap. 24),%¢ the acetylenic C-glycosidic
monosaccharide 23'* and disaccharide 24,7 and the heterocycle-bridged dis-
accharide mimic 25.%®
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3.4 Anhydro-sugars — The dianhydro sugar 26, ' 1,6-anhydro-4-O-benzyl-
1-C-3-deoxy-isopropyl-2-O-methyl-pD-ribo-hexitol and 1,6-anhydro-4-O-benzyl-3-
deoxy-2-0-4-C-dimethyl-p-ribo-hexitol,'”! 1,5-anhydro-2,3-dideoxy-2-(guanin-9-
yl)-D-arabino-hexitol,'®” and 1,4-anhydro-p-glucitol and 1,5-anhydro-p-glucitol
with a comparative discussion of the structures of these last two.'%

3.5 Arsenic, Halogen, Phosphorus, Sulfur, Selenium and Nitrogen Containing
Compounds — The (acyclic) phenylhydrazone of b-mannose,'* methyl 3,4-6-tri-
O-acetyl-2-deoxy-2-[3-(2-phenylethyl)-ureido}-B-p-glucospyranoside  27,'  1-
deoxy-1-amino-1-N-(p-tolyl)-D-fructose,'®® methyl 2-amino-2-deoxy-3,4-di-O-t-
butyldimethylsilyl-6,7-O-isopropylidene-B-D-glucohept-Z-ulofuranosonate,l°7 2-
carboxymethylamino-2-deoxy-p-glucose and -galactose,'® and 2-amino-2,6-
dideoxy-D-glucitol-6-sulfonic acid.'® N,N-Di(1-deoxy-D-fructos-1-yl)-glycine has
a spiro-bicyclic hemiketal structure with one carbohydrate unit in the normal 2Cs
B-pyranose form and the other in an acyclic chain (this tautomer is more than
half of the solution structure, in which there are at least 12 isomeric forms).“°
Compound 28 was prepared by combinatorial means during work aimed at
sialidase inhibitor discovery.!!!

2-Methylthio-5-nitroso-6-N-(2,3,4-tri- O-acetyl-B-p-xylopyranosyl)amino-4-(3 H)-
pyrimidinone,''? the aminopyridyl N-glycosides 29 and 30,'"* thiazole 31,'"*
1-(N-benzyl-N-hydroxyamino)-1-deoxy-1-(2-furyl)-2,3:4,5-di-O-isopropylidene-L-
manno-pentitol,''® the 6S-benzoxazol-2-yl galactose derivative 32,''® and the C-6
substituted amino compounds 33-35.'"’
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The fused PB-lactams 36 and 37,''® the fused oxazolidinones 38 and 39,
[intermediates in Danishefsky’s synthesis of staurosporine (see Chapter 24)],''* 41
and a precursor to this, namely 40,'° and 42.'' The X-ray structure of D-
mannose derived azepine 43 shows this to adopt a pseudo-chair conformation.'??
The glucose-based tetrazole 44'2* and fused heterocycle 45.'>*
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The thio-analogues 46 and 47 related to castanospermine and australine,'?’
3-0-benzoyl-5,6-S,0-carbonyl-1,2-0-isopropylidene-5-thio-a-bp-glucofuranose, 126
4-thio-L-lyxono-1,4-lactone,'?’ and the antithrombotic S-glycoside 48.!%

The p-mannitol-derived bisamido thiophosphate 49,'*° phosphonates 50 and
51,'*  diphenylphosphonate 52'*!' and 5-deoxy-5-C-diphenylarsino-1,2-0-
isopropylidene-3-O-p-tosyl-x-D-xylofuranose.'*? Trichloroethylidene acetal fluoro
glycoside 53,57 and 2,4,6-tri-O-benzoyl-3-0-benzyl-p-L-idopyranosyl fluoride.' >
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58

3.6 Branched-chain Sugars — Ketone 54,'** dihydropyran derivatives 55 and
56,'* and mannoside 57, an oxanthrone derivative from the roots of Picramnia
hirsuta.">® The 3-deoxy-3-cyclopentadienyl 58 derived from diacetone-D-
glucose.'’

3.7 Sugar Acids and Their Derivatives — The epimers of 2,3-O-benzylidene-D-
erythronolactone.'*®

3.8 Inorganic Derivatives — The calcium complex of inositol ‘disaccharide’ 59
shows an extended helical structure, with an ordered array of pentagonal
bipyrimidal Ca®* ions bridging two amino groups, and with an OH group from
each amino compound, an equatorial and two axial waters also bound.'’®
Calcium, sodium and potassium gluconate and lactobionate,'* Ca®*(1,6-
anhydro-B-p-glucopyranose),, in which both O-2 and O-3 diols are involved in
complexing.'*®  1,2:3,4-di-O-isopropylidene-6-O-triphenylstannylmethyl-a-D-ga-
lactopyranose in which the triphenyltin and carbohydrate moieties are linked by
a trans methylene-oxygen-methylene arrangement, and the pyranose ring adopts
a twist-boat conformation.® The carbohydrate-derived chiral P,S ligand-palla-
dium complex 60.'#!

; CsHir -CeH11
HO. OH OAc P
ﬁ Pd(na-CsHs) oS
HO, 0”7 " NoH ORe
HO” " "OH OAc
OH 59 60

3.9 Alditols and Cyclitols and Derivatives Thereof — cis-Inositol monohy-
drate,'*? 2,4,6-tri-O-benzyl-myo-inositol 1,3,5-tris-dibenzylphosphate,'** 3,4,5,6-
tetra-O-benzyl-1,2-O-cyclohexylidene-myo-inositol,'**  (%)-1,4-di-O-benzoyl-2,3-
O-isopropylidene-myo-inositol and (%)-1,4-di-O-benzoyl-5,6-O-isopropylidene-
myo-inositol,'*> myo-inositol derivatives 61 and 62,'*® (D)-1-O-allyl-3,6-di-O-
benzyl-2-0-[(-)-camphanoyl]-4,5-O-isopropylidene-scyllo-inositol ~ 63,"*”  and
fluoro-inositol derivative 64 (also Chapter 18, and section 1 for IR).13
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3.10 Nucleosides and Their Analogues and Derivatives Thereof — The disodium
salt of AMP undergoes a four-step phase transition through 0-90% humidity.'*®
5-O-Benzoyl-3-deoxy-a-D-glycero-pent-2-ulofuranosyluracil,'*® 2’-deoxycytidine
and gemcitabin (2,2-difluoro-2’-deoxycytidine),'® the N-1 sodium salt of
inosine,'*! 3'-deoxy-2',3"-difluorothymidine,'*? 5-fluorocytidine,'>* 2’,3'-dideoxy-3'-
nitrothymidine and 3'-deoxy-2'-O-propyl-3'-nitrothymidine,'>* 2'-deoxycytidine-
N-3-cyanoborane,!® 156 5-cyclohexyl-2’-deoxyuridine (syn-glycosidic bond with 4E
ring),!>” 7-iodo-2'-deoxytubericidin 65,'*® 7-(2-deoxy-a-p-ribofuranosyl)hypo-
xanthine,'®  1-(2-deoxy-a-D-erythro-pentopyranosyl)4-triazolidine-3,5-dione, '®°
2-Bromo-5-(2-deoxy-a-D-ribofuranosyl)pyridine'*” and 1-(2'-deoxy-a-D-ribofura-
nosyl)4-triazolidine-3,5-dione 66.'%!

4-Amino-2-(5-0-benzoyl-p-p-ribofuranosyl)-6-methyl-[1,3}-oxazolo[5,4-d]pyri-
midine 67,'%? 4-amino-1-(2-deoxy-B-D-ribofuranosyl)-6,7-dihydro-1H,5H-cyclo-
pentapyrimidine-2-one  68,'> and  2-(2,3-anhydro-p-p-allofuranosyl)-4,6-
bis(methylthio)-2 H-pyrazolo[3,4-d]pyrimidine.'%* The polycyclic spiro-fused ana-
logues 69'% and 70.'%
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Structures of a range of base and/or sugar-modified nucleoside analogues
have been described. The 6-azacytosine 71,'%’ pyrazolo[3,4-b]quinoline B-ribo-
furanoside 72'%®  5-O-benzoyl-3'-deoxy-2'-keto-a-uridine,'®®  3'-deoxy-3'-S-(2-
nitrophenyldisulfanyl)thymidine,!’® anhydronucleoside 73,'”' S5-adamantyl-2’-
deoxy-4'-thio-a-uridine,'’* the bicyclic nucleoside analogue 74,'”* and bicyclic
analogues 75 (both epimers) and 76.'7*

The 4'-acyl nucleosides 77, 78, 4-C-branched nucleosides such as 79,!’° and
1-N-[(2"-deoxy-B-D-ribo-pentofuranosyl)methyl] thymine, cytosine and adeno-
sine.!”® A number of carbocyclic nucleosides; cis-1-[(2-hydroxymethyl)cyclo-
pentyljuridine,'”” 4,4-dihydroxymethyl-(1-thymin-1-yl)cyclohexane,'’® and the
cyclopropyl-fused carbocylic analogue 81.'7°

5'-Amino-5'-deoxyadenosine'®® and azaadomet bound to the MetJ repressor
protein (showing the purine to lie in a hydrophobic pocket and the glycosidic
bond to adopt an unusual syn-conformation).'®!

o HO

N Ua  po o Thy Ade
MeO -0 Thy o
[¢) )
75 "
OH HO” OH 79 OH 80
X Ura R™ ~O . |
E,o HoN N
77R=Ph )/\/ o Ura
= But “0,C H
76 78 R = Bu 2
81 OH OH

3.11 Neutron Diffraction — The one example reported this year involved an
exploration of the structural features of the liquid-air interface affected by
adsorbed sugar-based ionic surfactant 7,7-bis[(1,2,3,4,5-pentahydroxyhexana-
mido)-methyl)-n-tridecane.'®

4 Polarimetry, Circular Dichroism, Calorimetry and Related Studies

The chirality induced in styrene-containing co-polymers (post-glycosidic hydro-
lysis) as a consequence of using carbohydrate-bearing monomers (L-threitol, a-D-
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gluco- and p-mannitol derivatives) has been assessed using the exciton chirality
method.'®® Quantitative polarographic analysis of 6-B-D-glucopyranosyloxy-7-
hydroxycoumarin has been described.'®*

The similarity between monosaccharide and methyl 3-O-(a-pD-mannopyran-
osyl)-a-D-mannopyranoside vacuum UV CD suggests linkage flexibility in the
disaccharide.'®® CD data for all stereoisomers of free 1,2,4-triols, 1,2,4,6-tetraols
and 1,2,4,6,8-pentaols provides a method for configurational assignment from
this data set.'®® Extension of this work to further homologues and spectral
consequences has been described by the same group.'®’ Solvent effects on the CD
spectra of a range of 4-nitrophenyl glycosides (some peracylated) have been
reported.'®® Induced Cotton effect in the CD spectra of sodium hyaluronate-
acridine orange complex has been discussed.'®® The effect of sugars on the 1:1
complex of an anionic and cationic porphyrin was to produce specific exciton
coupling bands, but only in the selective cases of glucose and xylose.'®® Shinkai’s
work on synthetic saccharide receptors has continued this year (see recent SPR
volumes). A dendritic (PAMAM-based) boronic acid functions as a low concen-
tration receptor for D-galactose, D-fructose or p-glucose.'®! A review on Shinkai’s
work has also appeared [82 refs].'®? CD has been used for conformational
analysis of 7-methyl-7-deazaguanine-containing octanucleotides (adopting
B-DNA duplex) and 8-methyl-7-deazaguanine-containing octanucleotides (indu-
cing a switch to Z-DNA duplex). The base analogues are incorporated alternating
with natural cytidine.'®

A study of the relaxational transitions and related heat capacity anomalies for
galactose and fructose has been described which employs calorimetric
methods.!®® The kinetics of solution oxidation of L-ascorbic acid have been
studied using an isothermal microcalorimeter.'® Differential scanning calori-
metry (DSC) has been used to measure solid state co-crystallization of sugar
alcohols (xylitol, p-sorbitol and p-mannitol),'”® and the thermal behaviour of
anticoagulant heparins.'”’ Thermal measurements indicate a role for the struc-
tural transition from hydrated p-CD to dehydrated B-CD.'*® Calorimetry was
used to establish thermodynamic parameters for (1:1) complexation equilibrium
of citric acid and B-CD in water.'®® Several thermal techniques were used to study
the decomposition of B-CD inclusion complexes of ferrocene and derivatives.?®
DSC and derivative thermogravimetric measurements have been reported for
crystalline cytidine and deoxycytidine.”® Heats of formation have been deter-
mined for a-D-glucose esters and compared with semiempirical quantum mechan-
ical calculations.2*

Spectrophotometric methods have been applied to inclusion complexes of a-
and B-CDs with methyl orange (in the presence of alcohols).”®® A report on a
symposium on spectroscopic and thermodynamical studies of metal-amino sugar
complexes was published.’** Electronic absorption and fluorescence spectra of
L-ascrobic acid have been studied at a range of pH values.?*

Atomic Force Microscopy (AFM) has been used to characterize the differing
supramolecular structures of N-alkyl-p-gluconamide adsorbates?*® **” and N-(n-
alkyl)-N'-p-maltosylsemicarbazone adsorbates’®® (on silica, graphite). An ana-
lysis of a B-CD fibre-optic chemical sensor (pyrene binding) has been discussed.?”’
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A variety of spectroscopies have been employed in a study of the electron transfer
photophysics of 5-(1-carboxypyrenyl)- and 5-(1-pyrenyl)-2’-deoxyuridine.?!® The
inclusion complexes of a-, B- and y-CDs and 2,6-di-O-methyl and 2,3,6-tri-O-
methyl B-CD have been investigated using UV (as well as NMR) spectroscopy.le
The electrochemical oxidation of 4-O-glucopyranosyl-D-glucose in the presence
of bromide ions has been examined using cyclic chronovoltammetry.?!> Un-
derivatized oligosaccharides and other carbohydrate types were analysed by semi-
microcolumn LC/pulsed amperometric detection.?'?
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23
Separatory and Analytical Methods

The apparent relative decline in this chapter cannot be taken as evidence that
separations and analyses are becoming less significant in carbohydrate chemistry.
Rather the reverse seems more probable; many sophisticated methods are being
used routinely, their availability is taken for granted and they are not identified as
key features of papers.”

1 Chromatographic Methods

1.1  Gas-Liquid Chromatography — Acetylated glycosyl fluorides have been
identified by this procedure,' and capillary gas chromatography has been
employed in pyrolysis studies of disaccharides using a Curie-point pyrolyser.>

1.2 Thin-layer Chromatography — Sugar phosphates and nucleotides have been
detected and quantified by densitometry on thin layer plates following hydrolysis
with alkaline phosphatase and staining for phosphate with molybdic acid and
Malachite green.® The effect of solvents on the relative stability of the complexes
formed between sugars and alditols and lanthanide cations has been examined by
thin-layer ligand exchange chromatography,’ and the products of reaction
between sugars and ethyl acetoacetate in the presence of zinc chloride have been
monitored by TLC with detection using Liebermann-Burchard reagent.’

1.3 High-pressure Liquid Chromatography — A short review in Japanese has
described recently developed methods for the separation and analysis of oligo-
and polysaccharides. Compounds were separated using HPLC with graphitized
carbon column and detection with pulsed amperometric methods. Structural
analysis was effected by FAB-MS and '3C NMR spectroscopies. Enzymically
synthesized branched cyclodextrins were amongst the products described.® 'H
NMR spectroscopy and HPLC separations were used in the study of the
hydrolysis of small cello-oligosaccharides with degree of polymerisation 4-6 by a
cellobiohydrolase.” Disaccharide units of the glycosaminoglycans chondroiton
sulfate, dermatan sulfate and hyaluronic acid were released in more than 90%

“Alas a further explanation can be given: papers in J. Chromatogr. were inadvertently
overlooked this year. They will be abstracted for Vol. 31.
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yield by solvolyses in DMSO containing 0.1% water and determined by HPLC
separation on strong anion exchange resin columns.® Reverse phase HPLC
methods were used in the determination of mono- and oligo-saccharides deriva-
tized with p-aminobenzoic acid ethyl ester.® Various partially methylated 1,5-
anhydroglucitol derivatives carrying ester groups formed during reductive clea-
vage of polymers have been separated by HPLC.!°

A novel approach to the investigation of acyl migration rates of 1-O-acyl B-D-
glucopyranuronates involved separating the isomers on reverse phase HPLC
columns and passing the solutions containing the products into online NMR flow
probes in a 600 MHz NMR spectrometer.'! Separations of diastereoisomeric
glycosides of terpene alcohols have been conducted using HPLC methods
involving a cyclodextrin stationary phase.'?

A novel and very sensitive procedure for determining the absolute configura-
tion of sugars involving an HPLC procedure operating on a picamole scale
involved making the derivatives 1 by use of a resolved acid which was coupled
with a peracetylated glycosyl chloride.!?

Bul Me
(03]

i
Glycosyl—OC

1

High pH anion exchange chromatography (HPAEC) has been applied to the
separation of neutral N-linked oligosaccharides,'® oligosaccharides derivatized by
p-nitrobenzylhydroxylamine'® and various b-mannose derivatives. In the last case
the relationship between retention times and structure was examined.'®

1.4 Column Chromatography — Activated charcoal columns were used in the
separation of oligosaccharides derived from hydrolysis of konjac glucomannan. !’
2 Electrophoresis

Electrophoretic studies on some quercetin glycosides have been reported.'®

3 Other Analytical Methods

An electrochemical method involving electrocatalytic oxidation with TEMPO
was suitable for the determination of glucose in aqueous solution.'® The cyanine
dye 2, which carries two phenylboronic acid moieties displays increased fluores-
cence on binding to monosaccharides and provides a novel detection method.?
Compound 3 also contains a phenylboronic acid residue and binds p-glucose 6-



352 Carbohydrate Chemistry

Ph Ph

Ph

phosphate in a two-point manner, the boronic acid moiety complexing with the
1,2-diol and the zinc binding the phosphate ester. The reagent allows glucose 6-
phosphate to be differentiated from glucose 1-phosphate by NMR which is
otherwise difficult.?’ Sequence analysis of reducing oligosaccharides by use of 8-
amino-2-naphthalenesulfonic acid and methyl chloroformate which, by way of a
Schiff base, cleaves the reducing N-glycosidic bond unit.>* Maltobionic acid can
be determined by use of three specific enzymes: a hydrolase which gives D-glucose
and p-gluconic acid, a kinase which converts the acid to the 6-phosphate, and a
dehydrogenase which converts this phosphate to ribulose-5-phosphate. The
reactions can be followed spectrophotometrically by the production of NADPH
monitored at 340 nm.?
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Synthesis of Enantiomerically Pure
Non-carbohydrate Compounds

1 Carbocyclic Compounds

Intramolecular Horner-Wadsworth-Emmons (HWE) reactions have been used to
prepare carbohydrate-annulated cyclopentenones and cyclohexenones. Thus,
3-C-allyl-3-deoxyglucose derivative 2 was prepared following ring opening of
epoxide 1, elaborated to cyclization substrates 3 or 5, which then underwent
HWE reactions to afford the fused bicyclic compounds 6 and 4, respectively
(Scheme 1). This work is conceptually very analogous to the earlier work of
Jenkins and co-workers who prepared such fused cyclopentenones using aldol
addition-eliminations in place of HWE methods for ring closure (Vol.29, p.359).
Analogous chemistry from the D-allo-epoxide isomer of 1, proceeding via the C2
allyl intermediate from axial epoxide opening, provides a route to the isomeric
cyclopentenone and cyclohexenone. !

Ph/vo : 4 sieps Ph\/ﬁﬁ |—u| Ph—X~

(MeQ)2(0)
|v v, i, iii Vl
Ph (0]
5o o o PO PO,
OMe
(o]
P(O)}OMe), § 6

Reagents: i, 0sO,4, NMNO; ii, (MeQ)3P(O)CH.Li; iii Dess-Martin periodinane; iv, BH3.DMS; v, PCC;

vi, K,CO3, 18-crown-6, 60 °C.
Scheme 1

A number of radical cyclizations of carbohydrate-derived intermediates have
been reported this year for synthesis of carbocycles. One interesting example of
tandem radical cyclizations involves the first example of a product derived by a
formal radical [2+2+2] cycloaddition. Thus, reaction of 7 using triphenyltin
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radical gave a mixture of 8, 9 and formal [2+2+2] product 10, while the bis-
propargyl analogue 11 gave a mixture of 12 and [2+2+2] product 13.2

OTbdps OTbdps OTbdps OTbdps
Q (o] 0o Q
\ N S AN E S I e
\ j PhﬁnM l\\Z/\/H’
PhsSn’
7 8 9 10
OTbdps OTbdps OTbdps
(o] (o] Q
<' _ '> o -0 o o
A\ 4 MSnPhg M
1 12 13

Two examples of radical cyclizations of open-chain carbohydrate derivatives
have been reported. The first involves elaboration of 3-deoxyglucose derivative 14
to 15, which, under radical deoxygenation conditions cyclizes to 16, an inter-
mediate for synthesis of prostaglandin IPF,,-I (Scheme 2).> An aminocyclitol
precursor 18, related to part of the glucosidase inhibitor trehazolin, has been
prepared from D-mannose by radical atom transfer reactions of the oximino
acetylene 17. Isomeric analogues of the ultimate aminocyclopentitols such as 19
were also prepared. (Scheme 3). This methodology was also applied to a variety
of other aminocyclopentitol analogues.*

S

(0] TbdmsO
S=<O [o) Y 5
- 3 1 4 0
o OH -1 OWCOQMe L m
Todms®  OTba 20 0
OH ms ms TbdmsO
14 15

Reagents: i, PhaP=CHCO,Me; ii, TodmsCl, ImH; iii, BuzSnH, AIBN.

Scheme 2
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Reagents: i, HCCMgBr; ii,Hs10¢;
iii, NH,OBn; iv, Ph3SnH, Et3B.

Scheme 3
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Two examples of electrocyclic reactions for synthesis of carbocycles were
reported. Diels-Alder reaction of D-glucose-derived diene 20 with quinone 21
gave 22, which epimerized on base catalysis to the trans-fused analogue.’
Levoglucosenone-derived enediene 23, was elaborated to triene 25 (via 24),
thermal [3+3] rearrangement giving cyclohexadiene 26, then converted to 27, an

Ievoglucosenone

Reagents: i, 12, Py, ii, NaBH,, CeCl; iii, HCC-C(:CHz)-CHszs, Pd(OAc), PPhg, Cul, ﬂ'BUNHg;
iv, Ac;0; v, BuzSnH, NiCly(PPhg),; vi, K2CO3, MeOH, 30 min.; vii, KoCOs, MeQH, 24 h;
viii,PhMe, D; ix, m-CPBA, x, 2N HCI.

Scheme 4
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intermediate in a synthesis of tetrodotoxin (Scheme 4). Other similar cyclizations
were described.®
2 Lactones

L-Erythrulose has been converted into lactone 28 and also epoxyaicohol 29 (as
intermediates for natural product synthesis).’

(o}
O ‘l
o OH
—t Et o]
o (o) \}L&
HO Et—s
OH
HO 28

29

A formal total synthesis of canadensolide 33 has been achieved starting from L-
arabinose-derived epoxide 30, converted to lactone 31 by known methods (Vol.
26, p. 159). Conversion of 31 to known canadensolide intermediate 32 involved

debenzylation then Wittig reaction (Scheme 5).%
ﬁcmg

OTf
: A
O Q
30
32 g

Reagents: i, LICH,CO,Bu-t; ii, TFA; iii, Hz, PA(OH),/C; iv, CH3CH,CH=PPh;.

Scheme 5

The conformationally constrained diacyl glycerol analogue 38 was prepared by
samarium diiodide mediated reaction of known ketone 34 with methyl acrylate to
give 35. Acid catalysed delactonization followed by periodate cleavage then gave
36, which was elaborated, via 37, to 38 (Scheme 6). Similar chemistry was
employed to prepare 39 (and its E-isomer), the side chain being introduced by
aldol reaction.’

The same group further extended this chemistry to prepare lactones 40 and 41,
and also used a modified approach towards other diacylglycerol (DAG) analo-
gues 44 and 45. This latter approach involved synthesis of the spirocyclic lactone
intermediate 43 by addition of a Grignard maganesium alkoxide to 42 and the
PCC oxidation (Scheme 7).'°
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OHC
i, i O—=0
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O 35
HO C13H27CO
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OBn OH

Reagents: i, Sml,, CH,=CHCO,Me; ii, HCI, THF; iii, NalQ,; iv, CH,=PPhg; v, BnBr, Ag,C
vi, 0sQy4, NalQy; vii, NaBHy; viii, C13H27COCI; ix, BCly.

OCHO

Scheme 6
MeO,C
R —
o o (CH2)7Me o o
X (CH2) i 2
OH OH
39 R = CH,0Ac 41
40 R = CH=CHCO,Me
(0] O, OCHO
R o] iii R o} i, iv R
)( G323 o0
o © g(o ° OHC
C14H2902C C14H29020/:>g

Reagents: i, CIMgO(CHg)aMgCI; ii, PCC; iii, HC; iv, Na|O4. R = CH,OTbdps

Scheme 7

Other conformationally constrained diacylglycerol analogues were also pre-
pared by Marquez’s group. Thus, 46, derived from tri-O-acetyl-L-glucal, was
converted to 47 through deacylation-lactone isomerization, primary alcohol
protection, acylation with the C;4 acid and final debenzylation. Additionally, L-
galactonolactone was elaborated to 48, epimeric with 47, the key steps being a
samarium diiodide mediated deoxygenation (Scheme 8). Further analogues 49
and 50 were also prepared from 34 through a Wittig reaction, Ireland-Claisen
rearrangement sequence. '’
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ACOHZC

G 00(0)01 3H27
OAc OC(O)C13Hz7
i OAc ) 0
L-galactonolactone ., o 0 HOW o
H

48
Reagents: i, HCl{aq.); ii, BupSnO then BnBr, CsF; iii, C13H27;COCI; iv, BCl3, CHClp, 78 °C;
v, Ac;0, Py; vi, Hy, Pd-C, Et3N; vii, Smiy, HMPA,

Scheme 8
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J “o)( Ho' C1aHzs0:C
002014H29 OH
34 49 50

The monocerin analogue 54 was prepared in 5 steps from the known D-glucose
derived enal 51, key steps being the diastereoselective hydrogenation of 51,
cyclization of 52 through C-glycosidation and final benzylic oxidation of 53
(Scheme 9)."2

OHC __OX i nPr~. Q~' nPr- . ,O . OMe

iii, iv R
o]
X

53 X=HH
vi C

54 X=0
Reagents: i, Hy, Pd-C; ii, PhgP=CHMe; iii, MeOH, H*;
iv, m»MeOCgH4CH,CI, NaH; v, SnCiy, CH,Cly; vi, CrO3, Py.

51 52 OMe

Scheme 9

3 Macrolides, Macrocyclic Lactams and Their Constituent Segments

Several analogues of erythromycin containing a nitrogen atom in the macrocyclic
ring — ‘azalides’ — have been reported. For example, 57, was prepared from 56, a
degradation product of erythromycin, and 55 derived from p-xylose. The key
steps in ring formation involved reductive amination and Mitsunobu lactoniza-
tion.!* An epimer of 57 was prepared analogously from a D-lyxose derivative.
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CHO HoN
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O-Cladinose O-Cladinose

OTbdms
MeO,

55 56 O 57

Compound 59, the Cg-C;9 part of the immunosuppressant agent rapamycin,
was prepared from diethyl dithioacetal 58.'*

CH(SEt)2

OH Cj OMe MeO\ /
H H MeO; ) (o] OH
OH
CH,OPiv
58 59

The dibranched glycoside 62 from which the C18-C23 subunit of macrolide
lasonolide A (63) can be obtained was prepared in several steps from 60 (see
Chapter 14 for synthesis) via epoxide 61. Axial epoxide opening with LAH
followed by oxidative alkene cleavage and reduction converts 61 to 62.'°

o OH
o
OTps OTps
>< OBn Me
o \ OMe Hoé | °
OHC H

63 OH

4 Other Oxygen Heterocycles, Including Polyether Ionophores

4.1 Five- to Ten-Membered O-Heterocycles — (-)-Allo-muscarine 66 was pre-
pared in a number of steps from D-glucose, via the known 64. Key steps are
inversion of the C-3 hydroxyl group through benzoate displacement and deoxy-
genation of C-2 and C-5 via the reduction of cyclic sulfide 65 (Scheme 10).'6

In the area of dioxolanes, enantiomeric chiral equivalents of glycolic acid 67
and 68 were prepared from D-mannitol via tosylates 69 and 70 (bis-acetalization
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)
HO HO

66
Reagents: i, NaHS; ii, Raney Ni; iii, KOBz, DMF; iv, deprotection then iodination; v, NHMe,, EtOH;
vi, NaOH, EtOH.

Scheme 10

of D-mannitol, lead tetraacetate cleavage, reduction and tosylation) which under-
went elimination (with -BuOK) and ozonolysis. The enolates of 67 and 68 can be
diastereoselectively alkylated.!”

N R s R B
A A ‘6 TR A f
o tBu” Yo /<o r—eu/<o

67 8 9 70

Reductive elimination of sugar tosyl hydrazones using sodium hexamethyl-
disilazide/LAH provides a route to various homochiral dioxolanes. Thus,
D-xylose, D-arabinose and D-xylose derivatives 71-73 were converted to isopro-
pylidene acetals 74-76, while D-xylose derivatives 77 and 78 provided 6-membered
acetals 79 and 80, respectively.'®

71R=H 73 74R =H, R, = ==OH
72R=Me 75R=H, R; = *OH
76 R = Me, Ry = ==OH

o~ o OH
H\/'\fNNHTs H\/\ﬂﬂ
o><(') R o x{)
TTR=H

79R=H
78 R =Ph 80 R = Ph
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6-O-Pivaloyl-D-galactal was converted to bicyclic acetal 81 in three steps
involving O-3,0-4 stannylene protection and activation, and radical ether cycliza-
tion. This served as an intermediate for furanosides 82 and furanoids 83 (E:Z
66% for R=Ph, 31% for R=i-Pr) and 84 (B:o = 9:1).!° L-Erythrulose is the starting
material for synthesis of the furan 86 via the known derivative 85, which was
treated with dicyanomethane followed by acetic anhydride and pyridine.”® Two
analogues, 88 and 89, of LL-P880y have been prepared from D-glucose-derived
87. These analogues showed potency in gibberellin-synergistic assay with rice
seedlings, showing a C1’ stereochemical dependence.*!

o OBz OR 0Bz XX
OBz
"OH ““OH
81
0Bn OBn OBn
82 R = Me, Oct, 4-penten 83 R = Ph, i-Pr 84
><O OMe
OH O, l
NH; O—\oBn
o \ / -0 OH | A
>(0 O-- CN 00 R O [e]
85 ° 86 87 88 R =Et
89 R = Bu

Palladium catalysed alkylation of 1,6-anhydro-2-chloro-2,3,4-trideoxy-p-D-
erythro-hex-3-enopyranose (90) with a variety of activated 1,3-dicarbonyl nucleo-
philes provides mostly 91 (75-85%) with some of the minor regiosiomer 92. One
of these major products, 93, was then elaborated to 94, a well known intermediate
in synthesis of thromboxane A,, B, and analogues.?

0 0 (0] (o]
(o} (o] O, 0
N — N\ J—
R R MeoN M
(o] \ 2 R, Ry e,NO COMe CONMe,
91 92 3

90 9 94

o
[

Allylation of 3,4-diacetyl-D-arabinal or 3,4-diacetyl-D-xylal (with BF;,
CH,=CHCH,Tms) gives C-glycoside 95 in high yields (90-96%) and with high
diastereoselectivity (29:1 to 36:1). This was then elaborated with stereochemical
inversion at C-4, palladium-catalysed allylic substitution and Wacker oxidation
to 96, a precursors to pseudomonic acid 97.2 Two precursors of the
spiro-fragment of tautomycin, 100 and 101, were prepared from 98 and 99
respectively.”*
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Diisopropylidene-D-glucose is the starting material for a synthesis of 104, a
model for the side chain of terpentecin. The known intermediate 102 underwent
Grignard addition and Barton deoxygenation followed by osmylation, primary
OH tosylation and acetal deprotection to give 103. Subsequent key steps were
spiro-epoxide formation with sodium methoxide and secondary OH oxidation
proceeding with temporary anomeric silylation (with TbdmsOTf) to give 104.%

1; @ *Q“"Om@ fl

105 X = ==OH 108 110X ===Me 112 X=H
106 X = ---OH 111 X=---Me 113 X= =—=Me
114 X = ---Me

Carbohydrate epoxyalcohols are converted to ketones by triflate formation,
reaction with pyridine, sodium borohydride reduction, and finally acidification.
For example, epoxide 105 or 106 are converted to 108 by reduction and then
hydrolysis of the pyridinium salt 107. Similarly, epoxyalcohols 109, 110 and 111
are converted to 112, 113 and 114 respectively.?

The 9-membered cyclic ethers 116 have been prepared via oxy-Cope rearrange-
ment of 115, ultimately derived from D-glucose.”” The 10-membered bis-ether 118
was prepared via Bergman cyclization of the bis-acetylene 117 (R=2,3,4,6-tetra-
0O-benzyl-B-p-glucosyl). Solution conformational analysis was reported from
NMR experiments. Dialkyne 117 was prepared by Pd-catalysed coupling of the
B-p-glucosyl-1-alkyne and 1,2-diiodobenzene, and a mechanism was proposed for
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formation of 118 involving H radical abstraction from the 2-O-benzyl ethers by
the Bergman diradical intermediate.?®

X
X
N
‘o
OH OO\\O
115

X = CHO, CN, CO,Et, CO-Me

A total synthesis of (+)-lanomycin (121) has been reported, key steps being
asymmetric crotylation of the precursor aldehyde (using Roush’s tartrate
boronate) generating 119, and then elaboration to the C-glycoside 120 (Scheme
11).%

| OH .O o OH OMe
' | O.
OTbs  ivi \O XX
'OT “*OTbdms “o)‘\/ NH2
OMe OMe
119 120 121

Reagents: i, NaH, Mel; ii, HCI, THF; iii, 2,4,6-Me3CgH2SO,Cl, Et3N; iv, NaH, THF, then
TbdmsCi; v, O3, MeOH then NaBH,; vi, BF3.0Et5.

Scheme 11

L-Arabinose is the starting material for a synthesis of C-glycoside 123,
corresponding to the C1-C8 fragment of the antifungal agent ambruticin. The
key ring-forming step involves intramolecular reaction of the secondary OH freed
in reaction with boron tribromide of the intermediate enol ether derived by
Wittig reaction of 122 (Scheme 12).*°

An analogue (126) of the immunosuppressant PA48153 (with a ring methoxy
in place of the ethyl group of the natural product) has been prepared from
D-galactose derivative 124. Homologation was achieved by Wittig reaction, with
subsequent reasonably diastereoselective hydroboration at C-6 and further



24: Synthesis of Enantiomerically Pure Non-carbohydrate Compounds 365

(e} [0} OBn OMe OBn COzMe OBn
OHC ivii 0 iy o) vi, vii 0
—_— OH —_— OH —_— OH
BnO 0Bn OBn oB
122 OBn "123

Reagents: i, LDA, MeOCH,PPh3Br; ii, BBrg; iii, BF3.0Ety, allylTms; iv, O3, MeOH, DMS; v, PDC,
MeOH; vi, NaOMe, MeOH; vii, MeOH, HOBT, EDC.

COzMe

Scheme 12

homologation followed by dideoxygenation (PhSiH/AIBN) of intermediate
bis-xanthate 125.%'

1-C-Allyl-2,3,4,6-tetraacetyl-a-D-glucose has been converted into 130, a degra-
dation product of the zooxanthellatoxins (marine toxins) which established their
absolute stereochemistry. Wacker oxidation of 127 allows subsequent ketalization
(deacylation then ketal/acetal forming conditions) to provide intermediate 128,
which after homologation using an appropriate lithium acetylide then reduction
provides 129, which is then a substrate for using Sharpless AD (on the derived
aldehyde) to introduce the side chain chiral centres and directly afford the side
chain cyclic hemiacetal of 130.*

OMe
CH,0OH
MeO o RO
OBn
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OBn OMe J
124 125 R = C(=S)SMe OH OMe
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( o

|
OAc HO 7< 7( H H 7<
Acg ; 8:| OMe 8 OMe 8 OMe
Ac(zc()&)l\” 7{3 ! 72- ! o)
127 128

74_0
129 130

4.2  Polyeyclic O-Heterocycles — The lactone 132 was prepared from L-xylose-
derived lactone 131 by bromoacylation, Wittig-type cyclization and epimeriza-
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tion.>® This lactone was then converted to a mixture of furanoid C-glycals 133
and 134 (3:1) which underwent intramolecular Mitsunobu reaction to give
furanofurans which proved separable. The major isomer was hydrogenated to
give the furanofuran subunit 135 of the toxin erythroskyrine (Scheme 13).

oo o eo” T Y
s i, if S — iii—v A OH

BnO (_\{ ki Bno Ql By on

BG YOH 0”0 133

131

BnO 0

132 O
BnO/ & ; \/
o BnG  OH OH
i, vii . — n
133 A HO/ S 7 )\ 134
HO' 0
135

Reagents: i, BrCH,CO,8Bn, Py; ii, PPh; then DBU; iii, Hp, Rh-Al,O3; iv, DIBAL; v, MeMgCl;
vi, PPhs, DEAD; vii, Hp, Pd-C.

Scheme 13
Deoxygenation of one of the separated mono-xanthates of 1,4:2,5-dianhydro-

D-glucitol provides 136, an intermediate used for synthesis of non-peptidyl HIV-1
protease inhibitors, such as 137.*

136

Base catalysed (catalytic DBU in trifluoroethanol) ring contractions of pyr-
anoid C-glycosides provides a new route to some 2,5-dihydrofurans and tetra-
hydrofuro[3,2-b]furans. Thus, 138-140 were converted to 141-143, though yields
were generally modest (<50%). The mechanism proposed in the case of the
bicyclic products, for example, involves retro-Michael ring opening, silyl migra-
tion (in the case of 138) and conjugate addition recyclization onto the inter-
mediate o,B,y,5-system, proton transfer and then final hydroxyl conjugate
addition.*®

Furan fused carbohydrates 144 and 145 have been prepared by Grignard
additions to C-4 aldehyde-bearing hexopyranosides, followed by intramolecular
displacement of the triflate derivatized alchol by the 6-OBn goup. Similar
cyclization chemistry was used to convert 146 to 147.%
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R = H, Me, CH,OTbdms,
X = COMe, CO,Me
X' = COMe or NOy

150 R = 6-Br-2-naphthyl

Reaction of 2-fluoroglycosyl fluoride 148 with 6-bromo-2-naphthol with
Cp,HfCl,-AgOTT catalysis affords the fused carbohydrate-containing tetracycles
149 and 150 in 44% and 21% yields respectively. Similar chemistry was applied to
phenol derivatives.>’

Intramolecular Heck reactions (5-8% Pd(OAc),, PPhj) of hex-2-enopyrano-
sides bearing tethered aryl halides (151) or vinyl bromides (152 and 153) provide
a route to a number of fused pyrans (154, 155 and 156 respectively). Gluco
analogues of such enopyranoside, however, do not cyclize because they lack the
necessary syn B-H for B-elimination in the Pd-alkyl intermediate.*®
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A variety of glycals undergo hetero-Diels Alder reactions with pentan-2,4-
dione-3-thione (and pyridine or lutidine catalysis) to provide a range of fused
heterocycles 157-162. Similarly, analogous cyclic hetero-dienes react with tri-O-
benzyl-D-glucal or -galactal to give tricyclic products 163 and 164. Raney-Ni
treatment of the latter leads to the glycoside 165. Thus, the overall Diels Alder-
desulfurization process provides a stereocontrolled method for glycoside
synthesis.*

Sinay’s group have used silicon tethering to facilitate radical addition reactions
for construction of C-disaccharides. Thus, 166, prepared by reacting the consti-
tuent monosaccharide derivatives with BuLi and dichlorodimethylsilane, under-
goes radical reaction (AIBN) followed by cleavage of the silyl tether (TBAF) to
provide C-disaccharide 167 (see also Chapter 3) which is related to the carbon
skeleton of the herbicidins.*
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Two syntheses of (-)-hongconin 170 have been reported. Both rely on the
conjugate addition of the anion generated from 168 to either levoglucosenone®
or to 169.°? In the former case, reductive opening of the anhydro sugar
followed by reductive deoxygenation of the original sugar’s hydroxymethyl
group (by mesylation, iodination and treatement with Zn,Cu, AcOH) is
required.

OMe (N Me OMe OH Me
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171 R = 4-MeOPh 172 173

A biomimetic synthesis of syringolide 2 173, a microbial elicitor, involves
hydrogenation under acidic conditions of carbohydrate derivative 171 to give
172 which is directly converted to 173 by alumina in THF, the ease of this
com;grsion suggesting that it is a possible model for biosynthetic construction of
173.

Intramolecular hetero-Diels Alder reaction of in situ generated N-benzyl
nitrones derived from 174 and its C-3 epimer gives a mixture of 175-176 (50%,
18% and 32%) and of 177 and 179, respectively.** Intramolecular hetero-Diels
Alder reaction of nitrile oxides derived from 180 (in situ by treatment with
NaOCl) gives 181 then converted to fused oxazepine 182, related to the
diterpenoid natural product, zoapatanol.*®
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The bicyclic acetal 183 was prepared from D-glucose as a potential lipooxy-
genase inhibitor (Scheme 14).*¢ Wittig coupling of the homologated deoxy-
carbohydrate derivatives 184 and 185 afforded 186. Iodoetherification and
concurrent glycoside ring opening using IDCP gave 187; Wittig methylenation of
the released aldehyde group, boron trifluoride catalysed etherification glycoside
ring opening and a further Wittig methylenation provided bis-THF 188. Similar
chemistry with the alternate isomer from iodoetherification of 186 (i.e. addition
of iodine to the other side of the alkene) gave 189.”

(o} 0 o A
i, i, i iii, iv v r
bl v, fo) A
D-glucose @ 5 Fr
(o] OH
OTs  or1s o 183

Reagents: i, TsCl, Py; ii, DBU; iii, LiEtsBH; iv, PCC; v, ArLi.
Scheme 14

The first total synthesis of staurosporine and of ent-staurosporine has been
reported in full (see Vol. 29, p. 378). The glycal-derived epoxide 191 (from
dimethyldioxirane epoxidation of the precursor glycal) was treated with the
sodium salt of 190 and the product, 192, was then elaborated using iodoamina-
tion as the the key cyclization step, radical deiodination then affording 193, an
intermediate for synthesis of ent-staurosporine.**
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A review on the chemistry and biology of the zaragozic acids (squalestatins),
including discussion of a number of approaches from sugars, has appeared this
year [132 refs].** Heathcock’s group have reported a complete total synthesis of
zaragozic acid A via 195, prepared from carbohydrate precursor 194 (Scheme
15).*° The group had prepared 195 from the natural product and then recon-
verted it to the natural product to establish it as a viable relay compound for
total synthesis.>’

Complex polyether marine natural product toxins continue to attract synthetic
attention, and this year has again seen several interesting papers in this area. The
complete relative stereochemistry of maitotoxin has finally been resolved with the
publication of a major paper by Kishi’s group on the synthesis of various
fragments of the natural product. D-Ribose was converted to 196, containing the
C10-C15 component (this synthesis utilized diastereoselective indium-mediated
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OBn RO OBn /M
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194 ><
BnO, OBn
x-Xil

R = Tbdps R; = Tbdms
RO

Reagents: i, Me,(+PrO)SiCH,MgCI; ii, H,O,, MeOH, NaHCO;, THF; iii, TbdpsCil, ImH, DMF;

iv, TFA, Ac;0; v, NaOMe, MeOH; vi, acetone, H*; vii, PDC; viii, CH;=CHCH,CH,CeCl,;

ix, HCI, H20; x, DMSO, TFAA, Et;N; xi, t-BuLi, CH,0O; xii, TbdmsCl, ImH, DMF.

Scheme 15

allylation and Roush asymmetric crotylboration reactions). All eight diastereo-
mers about C12-C14 were prepared to allow identification by difference NMR of
the natural product stereochemistry. A similar multiple diastereomer synthesis
approach was applied for the preparation of 197 to identify the C35-C39
stereochemistry, 198 to identify the C63-C68 stereochemistry and 199 to identify
the C134-C142 stereochemistry (diastereomer diversity centres are all asterisked;
starting carbohydrate materials are indicated).>?

AcO.

OAc

Z
OAc OAc

OH




24: Synthesis of Enantiomerically Pure Non-carbohydrate Compounds 373
BnO.

OH

B OMe
On 0Bn

199

Ciguatoxin synthesis has been the subject of two carbohydrate-based
approaches this year. D-Galactose was converted into the intermediate 201 viag
200, thence to 202 and on to 203, the BC ring component of ciguatoxin. The
enantiomer of 203 was also prepared.”

TbdmsO OBn

OTod
= = ms

PmbO OTbdms

Another report focuses on developing methodology for fused medium ring
ethers found in ciguatoxin using cobalt hexacarbonyl acetylene derivatives to
activate adjacent carbocationic centres. Thus, 204 (ultimately derived from
D-glucal) was converted to 205, which on treatment with boron trifluoride
undergoes cyclization of the sugar ring-derived hydroxyl group onto the
propargylic cationic centre giving 206. Reductive removal of the cobalt then
reveals 207. Analogous cyclization chemistry was demonstrated for the formation
of 8- and 9-membered fused ethers of this type, all of which have relevance to
ciguatoxin synthesis.>*

Co(CO)s

PvO.. =~
.OPr HO™"
74

Ph

205 206 207
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A synthesis of the C1-C13 segment of the halichondrins has been reported. Key
steps involved the homologation of 208 to 209, cyclization to 210 and then
elaboration to the vinyl iodide 211 which has the C1-C13 stereochemistry of the
halichondrins (P,P=cyclohexylidene).>’

oP
AcO.. O oP
cO' OP H:o OP
op

CO;Me
TbdmsQ 13
o ay
2:) OTbdms
COzMe 1C0,Me OTbdms
211

Nicolaou’s group have developed copper(l)-promoted Stille coupling of glycal
triflates, e.g. 212, and C-1 stannylated glycals, e.g. 214, for the synthesis of
complex polyether marine toxin components. The methodology was applied to
targets such as 213 (in which oxepines are coupled) and to maitotoxin component
215. Couplings even for these complex products proceed in good yields.>®

212 BnO
RO.
O,
_>—SnMeg
OR
214 TbdmsO.
R =Tbdms

Tbdms

The C1-C9 and C16-C23 subunits of the polyether antibiotic lysocellin have
been synthesized from D-glucose and D-mannitol respectively. (For preliminary
report see Vol. 26, p. 312).>7 %8

Fraser-Reid and co-workers have reported investigations into the reactivity of
an intermediate towards tetrodotoxin. Thus, 216 did not undergo acetolysis, but
the (armed) benzyl analogue 217 did, providing 218. Compound 217 was
elaborated to 219 by enolate C-alkylation when X=0."
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‘o) OA
X AO [ ¢ HO 0
=Z on X O%mb
HONHAC -0 o8n O OBn
216 R = Ac NHAc gnoNHAC
217R=8n BnO
X =0, CH, 218 219

5 N- and S-Heterocycles

The aziridinium-fused furanoside 221 was prepared from D-ribose derivative 220,
and thence elaborated to acyclic aziridine 222 and compound 223, which are both
3,4-disubstituted L-glutamates (Scheme 16).%° [2+2] Cycloadditions of sugar vinyl
ethers 224 and 225 to tosylcyanide followed by reduction with RedAl afforded
the E-lactams 226 and 227. These were elaborated to the tricyclic systems 228 and
229.%

0. OTbdms OTbdms
'0/\(—7/ ki _MeO

N3 OTS
ﬁ
220 o 221
0 o COMe
o OH
(o] . MeO CO,Me CbzHN
— MeO L or
N
N Ac
COzH
R = Ac, Cbz 222
Reagents: i, Hp, Pd-C; ii, Et3N, DMF; iii, Ac,O or CbzCl, Py; iv, MeOH, BF3.Et,0.
Scheme 16
OTr oTr H
0O 0. ASe!
X KX ;
fo) Mo o No) N o \H
R 224 R=Et R =H H 206 R=Et R =H 228R=Et Ry=H
225 R=H, Ry = Et 227 R=H, Ry =Et 229 R=H, R, = Et

Addition of a range of organometallic reagents RM (MeLi, BuLi, Me;Si-
CH,Li, PhLi, 2-C4H;-SLi, CH,=CHMgBr, CH,=CHCH,MgBr, PhCH,MgBr
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and p-anisylCH,MgBr) to N-2-O-dibenzyl-3,4-O-isopropylidene-L-threose imine
230, then subsequent deprotection, yields aminotriols 231 with high d.e. (>95:5).
Mitsunobu-type cyclization [PPh;, (EtO,CN),, Py] and O,N-deprotection (H,
Pd(OH),/C) then provides pyrrolidines 232 and 233, related to the antibiotic
anisomycin. %

OBn o4 oBn R/Q R AcO OMe
O/Ylﬁ k|/'\|/F‘ } "
. NH
HO" ! -
)Y'o NBn OH NHBn HO

230 231 232 Ry =Bn Anisomycin
233R;=H

The pyrrolidine 235, a (25,3S5)-dihydroxy-(4S)-amino acid moiety of the
gastroprotective substance AI-77B, was prepared from the known alkene 234 in
several steps. The same starting alkene also provided a lactam analogue of 235,
namely 236, also a component of AI-77B (Scheme 17).8

CHZSH CH,CN Boc CO,Me
N NHBoc-t O N_.CHCN AcO—| Boc
o) ° i~vi o) >< vii, viii v N o)
OBz (0] o) o) ;
p OH x +-BocHN
CH,OH
234 235 236

Reagents: i, TsCl, Py; ii, NaCN, DMSO; iii, (t-BuO,C)O; iv, K2COg; v, C(Me)2(OMe)2;
vi, 0804, NMNO; vii, NalOy; viii, CrO;, Py.

Scheme 17

D-Xylose has been converted to (2S)-3-(indol-3-yl)propane-1,2-diol 237 by two
different routes, one involving direct Fischer indolization of 238.%* The dibenzyl-
dithioacetal 239 was elaborated to the fused triazoline 240 following reaction
with MCPBA. Initial oxidation was followed by elimination of acetic acid
allowing intramolecular 1,3-dipolar cycloaddition reaction to construct the
triazole ring.%® The bicyclic N,S-acetals 242 and 241 were prepared by reaction of
the 2,3-O-isopropylidene-D-ribofuranose with 2-aminoethane thiol followed by
Mitsunobu reaction. These products are considered analogues of castanosper-
mine and australine.®®

The pyrrolidine natural product 245 has been prepared in a number of steps
from D-glucose via 243 and 244.5” The antifungal antibiotic (+)-preussin 248 was
prepared from the known intermediate 246 (Vol. 27, p. 210, Scheme 8) via
selective deoxygenation giving 247.5®
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Full details of a synthesis of (+)-hydantocidin 250 and 5-epi-(+)-hydantocidin
from D-fructose via 249 have been reported (see Vol. 27, p. 339, ref. 74 and p. 237,
ref. 102 for preliminary reports).®

A series of N-substituted p-arabino-piperidinol phosphates, e.g. 253, were
prepared from the 1,2,3-inositol triphosphate 251, by periodate cleavage yielding
252, which was converted to 253 by aminolysis and NaBH, reduction. A wide
range of alkyl and functionalized R groups were used.”

HO OPO;* HO OPOz* OPOz>
frem v - e TS L
Z0,4P OH 20;P0 OH 24P
251 252 253

A multi-step synthesis of a-fucosidase inhibitor 255 (K;=6.4 uM) from 254 was
reported (Scheme 18). Neither yeast a-glucosidase or E.coli B-galactosidase are
inhibitied by 255 at concentrations <1 mM (See also Chapter18).”’
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0 HO. OH 0 Bn H'HC'
1 —0 - . t_~—N .
?Lo i, ii iii, iv YT (0] Me> v.vi
L_< 0Bn O)Y( HO
254 )TO HO 255

Reagents: i, Hy, Pd-C, NHg; ii, Na, NHg; iii, TsCl, Py; iv, BnNHy; v, TFA, H,0; vi, H,, Pd-C, 1M HCI.
Scheme 18

This year has seen continued interest in synthesis of indolizidine alkaloids and
related compounds from sugars. D-Arabinose derivative 256 was homologated by
Wittig reaction, Mitsunobu-type azidation affording 257. Subsequent epoxida-
tion, and bicycle construction via double alkylation through epoxide opening and

N-alkylation, followed by full debenzylation afforded diastereomers 258 and
259.72

QBn
o BNO A= el
BnO Swa-OH Bro
BnO N3
BnO BnO BnO
256 257 258 X = ==OH

259 X = ---OH

The same authors also reported a similar strategy (using epoxide opening)
starting from 260, proceeding via lactam 261 to ultimately provide 262 and 263
(Scheme 19). These are ring expanded analogues of the pyrrolizidine alkaloids
alexine and australine respectively.”> A further approach to such alkaloids has
also been reported by the same workers. Lactone 264 was converted to 265 using
Sharpless epoxidation, and thence, via lactam 266, to (-)-swainsonine 267
(Scheme 20).7

A synthesis of castanospermine has been described commencing with the chiral
lactam 268. N-Allylation, selective primary benzyl-acetyl exchange, deacylation,
oxidation and Wittig homologation gave 269. Metathesis reaction gave the

OBn BnQ 4 ¢
BnO. R = - iv, ii, v
j\/\/\L :L BnO —_ -
BnO. .
NTNg CO,Me ! !
BnO— o] HO— X
260 261
262 X = ==OH

Reagents: i, MCPBA; ii, H, Pd-C; iii, NaOMe; iv, BH3.SMey; v, OH" resin. 263 X = ...OH
Scheme 19
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tr o 28

265 CHoN3
Reagents: i, DIBAL,; ii, CH,=CHMgBr; iii, TbdmsCl; iv, CH(OMe);3, EtCO3H, heat;
v, Sharpless epoxidation; vi, BusNF; vii, MsCl, Py; viii, NaN3; ix, Pd(OH),, Hy;

x, NaOMe; xi, BH3.SMey; xii, HCI,

267

Scheme 20

bicyclic 270, which underwent osmylation, conversion to the cyclic sulfate,
reductive ring opening, lactam reduction and finally full deprotection to yield 271
(Scheme 21).7

Another synthesis of castanospermine commences with D-glucose derivative
272, ultrasonic diastereoselective allylation and then benzylation giving 273.
This was then elaborated in five steps to diketone 274 and thence to 271
(Scheme 22).7¢

COgMe

I—V Vl -
BnO--
270 27

Reagents. i, CH2=CHCH2MgBr, KOH. ii, Ac0, FeClg; iii, NH3, MeOH; iv, Dess-Martin periodinane;
v, Ph3P=CHCO;Me; vi, CI(PCy3),Ru=CHCH=CPh,; vii, 0sO4, NMNO; viii, SOCly; ix, NalOg;
x, NaBHg; xi, HSOy; xii, BH3.SMej; xiii, Hp, Pd-C.

Scheme 21
0
fii—vii viii, ix
OB 271
OB BnOu CHO
OBn OMe
OBn OBn OMe %
BnO OBn
272 273 274

Reagents: i, CH,=CHCH,Br, Sn, ultrasound; ii, BnBr, NaOH; iii, IDCP; iv, Zn, EtOH;
v, DMSO, (COCl),; vi, O3, PhaP; vii, HCI; viii, NHsCO3, NaCN, BHg; ix, HCO,H Pd-C.

Scheme 22

A synthesis of (2S5)-2-hydroxycastanospermine (280) and (25)-2-hydroxy-6-epi-
castanospermine (277) starts with chain extended sugar 275.



380 Carbohydrate Chemistry

Reagents: i, LiBH,; ii, MsCl; iii, BhNH,; iv, TsSOH, MeOH; v, MsCl, Py; vi, H,, Pd-C; vii, TFA, H,0;
viil, NaN3; ix, TodmsOTT; x, TBAF.

Scheme 23

The former synthesis proceeds via epoxide 278 which was ring opened by azide,
the resulting alcohol was protected and full reduction of the lactone and
mesylation gave 279. Reductive cyclization and deprotection then provided 280
(Scheme 23). The 6-epi analogue 277 was prepared by converting 275 to
pyrrolidine 276. Selective acetal removal and primary hydroxyl mesylation then
allowed reductive cyclization followed by deprotection to give 277. Similar
chemistry was also used to convert 281, closely related to 275, to (2R)-2-hydroxy-
6-epi-castanospermine 282.”

0 NHO OH
-
281

Radical deoxygenation was used for conversion of 283 to 287, (7R)-7-hydroxy-
L-swainsonine. The former was also elaborated to L-(+)-swainsonine 286 via 284
and 285 (Scheme 54), and also to the dehydrogenated analogue 288. L-Swainso-
nine has K; of 0.45 uM as an inhibitor of L-rhamnosidase (naringinase).”®

The sulfonium analogue 292 of 8-O-methylswainsonine has been prepared
from D-glucose derived 289. Key steps involved cleavage of the benzylidene acetal
to the 4-O-benzyl-6-bromide, and thioacetyl substitution of the 6-Br. Base then
freed the 6-SH function which displaced the C-3 mesylate generating the
S-heterocycle 290. Benzylation, glycosidic hydrolysis, Wittig homologation and
reduction then leads to thio sugar C-glycoside 291, which was elaborated to 292
(Scheme 25).7
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Reagents: i, NBS, CCly; ii, KSAgc; iii, NaOMe, MeOH; iv, BnBr, NaH; v, TFA, H,0;
vi, Ph3P=CHCO,Me; vii, Ha, Pd(OH),; viii, LAH; ix, Birch reduction; x, TsCl, Py.

Scheme 25

A number of spiroheterocyclics have been obtained through photochemical
reactions of succinimide-containing carbohydrates. Thus, 293 generated [5.6]
spirocycle 294 in 36-49% yield on photolysis (254 nm), and 295 gave a mixture of
296 (24%) and its spiro-centre epimer (12%).2° A simpler monocyclic 7-membered
N-heterocycle, (3R,4R)-3-amino-4-hydroxyazepine (298) has been prepared from
297 (itself prepared from p-isoascorbic acid).?!
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L-Mannitol was the starting material for synthesis of the orally available, non-
peptidic HIV-1 protease inhibitory cyclic sulfone 300. Compound 299 was made
by known methods (Vol. 11, p. 97) and iterative C-benzylations (PhCHO/
Al((gfr-i)g then NaBH,/Ni(Acac),) then O-alkylation and S-oxidation gave
300.

WO

HO NH o o) HO OH

300 R = Bn, m-NH,Ph,
207 208 299
N
HZC—[ g
S
H
0 CHO HO H
OH g =S
o HO NR
o] NH HO
HO HO
OH NHR H OH
/J% OH N\Fs OH
H
RHN” s OH O R OH
301 X =-NCS CH20H
302 X = NH, 303 304 305 306

New carbohydrate mimetics based on cyclic thioureas have been prepared.
Thus, isothiocyanate 301 or amine 302 (either p-allo or p-gluco) were converted
to the thioureas 303. Deprotection gave acyclic compounds 304, and co-
evaporation with water then IR-45 (OH") ion exchange resin gave 305 (D-allo
case) or 306 (p-gluco).®

An enantioselective synthesis of R-laudanosine (309) and of R-glaucine (310)
has been achieved starting from L-gulonolactone 307. Key steps involve acylation
to give 308 and stereocontrolled dehydrative cyclization followed by periodate
oxidation of the residual acyclic component.®*

MeO. MeO
HN 0 mMe O NMe
OH Me0:©/\} MeO " H
OH HO '
MM, Ho O
MeO

OH Me
HO OMe OMe
307 308 OH 309 310
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6 Acyclic Compounds

The acyclic acid 315, a component of the anti-tumour calyculins, and lactone 314,
have been prepared from D-glucosamine via 311, which was converted either to
312 or 313, intermediates for 315 and 314 respectively (Scheme 26).%° The same
group have reported a very similar strategy to 315 also from p-glucosamine in a
separate paper providing further details (see section 5).%

CHgB!
Ph-- < il \——f-f CHgOBz
OMe
NHCO;Me
O
312
COzH

HO

CHZOH
at1 A, HO
NH MeO,C 'NHCO,Bu-t  HeN

OAc CH,OMe
313 0 314 315

Reagents: i, NaBHj; i, NaOMe, MeOH,; iii, NBS, BaCOs, CCly; iv, Zn, EtOH; v, NaBH,4, 12 hr, r.t;
vi, NaBH,, 20 min, 0 °C.

Scheme 26
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317 ——— -
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Reagents: i, (MeCHO)3, H*; ii, NaBH,4, ~PrOH; iii, MsCl, H,0, Et3N; iv, TiCls, PhSH; v, K2CO3, MeOt
vi, PPh;, I3, Py; vii, Bulli (3 eq.); viii, C12H25MgBr, CUCN; ix, HCI; x, NaOH.

Scheme 27
This year has again seen several synthetic routes to sphingosines and analo-

gues. Oxazolidinone 312 was converted by the same workers to D-erythro-
sphingosine 319 in six steps®® and N-benzoyl glucosamine has also been elabo-
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rated to this compound. Key intermediates were either the mono-mesylated diol
318 or the epoxyalcohol 3175 The route via 318 avoiding an epoxide inter-
mediate was shorter, but only proved applicable on scales of 200 mg or less
(Scheme 27).

Sphingosine 319 has also been prepared from D-xylose derivative 320, and also
then converted to ceramide 324. Wittig homologation and mesylation of 320 gave
321, which underwent Sy2' substitution to give intermediate 322, elaborated by
standard means to 323 and thence 324 (Scheme 28).58
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@OH N, Bro \)\(l\/ L Bnovl\l/\/\c "
12H25
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320 321 322
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12H25
OH 319 OH 324

Reagents: i, PhzPCH3Br, Buli; ii, MsCl, DMAP, Et3N; iii, C12HosMgBr, CuCN; iv, NaN3, DMF; v, LAH;
vi, Na, NHy; vii, Stearic acid A-succinimidyl ester.

Scheme 28

D-Glucosamine was the starting material in a synthesis of (35,4S)-statine 328,
and also of the analogue with the isopropyl group of statine replaced by a phenyl
group. Thus, glucosamine derivative 325 underwent oxidative cleavage, reduc-
tion, iodination and elimination to give 326. Treatment with base generated
oxazolidinone 327, then elaborated to 328 (Scheme 29).%°

CH(OMe),
NHCO,Me
HO
CH(OMe), _
NHCO,Me = CH(OMe), NHBoc
o v, _v_,/»_/ — Ho\/\('\)\
o 0 \[rNH r
OH o}
CH,OH 325 326 327 328

Reagents: i, NalOy; ii, NaBHy; iii, I, PPh3, ImH; vi, Zn, iPrOH; v, NaOMe.

Scheme 29

Aminotriol derivative 330 was prepared from the D-Ixyose-derived 329. Amide
formation and detritylation allowed for glycosylation with the tetra-O-benzyl-a-
D-glucosyl bromide, final hydrogenation then giving 331, which has immunosup-
pressant and anti-tumour properties (Scheme 30).%
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D-Mannitol has been converted into leukotriene LTB4 methyl ester via the
known intermediate 332. Acetal hydrolysis with 1,2-ethanedithiol and TiCls-
AsPhj, and cleavage of the symmetrical diol then sequential ‘double’ formyl
olefination using an arsenic ylide gives 333, which was then elaborated in seven
steps to 334 (LTB,) (Scheme 31).”"!

T CgHys OTbdps
TbdpsO— N CHO OH OH
0 . , N ~— COMe
\,:?4 il I 1 iv-x 5
NS

—OTbdps CsHis
——CsH4
332 333 334

Reagents: i, HSCH,CH,SH, TiCls-AsPhg; i, Pb(OAc)y; iii, 2.5 eq. [AsPh;CH,CHO)*Br, K,COsg; iv,
NaBH4-CeCI3; OCOPh
v, CBr4, PPhg; vi, PPhg; vii, BuLi, OHC COMe
ix, TBAF; x, KoCO3, MeOH.

; viii, Hp, Pd-CaCOyg;

Scheme 31

The previously reported alkene 335 (from r-glucose, vol. 28, p. 373) has now
been elaborated to 12-epi-prostaglandin F,,.°? The C35-C43 subunit of dolastatin
G (336) has been prepared from levoglucosenone.”

Tri-O-acetyl-D-glucal (via 2,3-dideoxyglycoside 337) is the starting point for a
synthesis of 339, a hydroxyethylene dipeptide isostere related to an HIV-1
protease inhibitor.** The ring opening of aziridine 338 is a key step (Scheme 32).

Bestatin 343, a potent inhibitor of leukotriene A4 hydrolase, has been prepared
from 340. The peptide link is formed by reaction of the product of reduction of
341, giving peptide linked 342 (R=Leu-OBn). Deprotections and substitution of
the homo benzylic OH by amino (via the azide) gives bestatin (Scheme 33).%°

D-Threitol derivative 344 has been converted into various chain lengthened
targets bearing acid functions. Specifically, 344 was converted to 346, and to 345.
Both syntheses utilized Wittig strategies. Products 346 or 345 were then converted
to trapoxin-containing affinity agents, or trapoxin B and its *H labelled analogue,
respectively (Scheme 34).%
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Reagents: i, TsCl, Py; i, NaN3, DMF; iii, NaH, BnBr; iv, HS(CH,)3SH, BF3.0Ety; v, Ac,0, Py, DMAP
vi, HgO (red), BF3.0Et,, THF-H,0; vii, PDC, DMF; viii, CHoNy; ix, KoCO3, MeOH;
x, PPhs, DEAD, CgHg; xi, Boc,O; xii, PhMgBr, CuBr, Me,S.

Scheme 32
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1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide.HCI; vi, TFAA, vii, 1-Me,2-F-Py.PTS, Et;N;
viii, NaN3, HMPA.

Scheme 33
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Scheme 34

Two routes to bisubstrate analogues 349, 354 and 355 targeted at HMGR (3-
hydroxy-3-methylglutaryl coenzyme A reductase) have been reported. Levoglu-
cosan derivative 347 was elaborated to 348 and thence to 349. The synthesis of
354 or 355 commenced with 350, conversion to the Weinreb amide via inter-
mediate acid, temporary silylation, reaction with the anion (on methyl) of 356
and final desilylation giving 351. Diastereoselective keto alcohol reduction to 352
or 353 was achieved using alternative reductants to give predominantly the new
alcohol with either S or R configurations predominantly. Standard manipulations
converted these to 354 or 355 (Scheme 35).%7

fo) w[— BnO. OH
o} OBn
O i=iv : v=viil (O
<E ; =, O\)\/\/CHO —_— .
347 348 [ 340
N
Z CONH,
OH HO o
A__CO,Me COMe
ix—xiii, OH
Xiv or xv vili, vi,
o vii, xvi RN
)VO
N
Z CONH,
350 351 Ry,R=C=0 354 R;=0H, Ry=H

352 Ry=0H, Ry=H
353 Ry=H, R=OH

AN
Reagents: i, H*, H,0; ii, NaBH,4, EtOH; iii, Me;CO, TsOH; iv, Swern; v, s-Buli, N' P H

vi, MeOH,H*; vii, NalQy; viii, NH3, MeOH; ix, NaOH, MeOH;

355 Ry=H, Ry=OH

N

x, MeNHOMe, BOP; xi, TmsCl; xii, s-BuLli, 356; xiii, TBAF; xiv, Me,;NHB(OAC)3; O (356)

xv, Et,BOMe, air then NaBHy; xvi, Ag,0, MeOH.

Scheme 35



388 Carbohydrate Chemistry

The amidoenones 357 and 358 (see Chapter 16) were converted in several steps
to 4,5,6-trihydroxynorleucine 360 and 5-hydroxynorvaline 359 respectively.”®

NH;
oNH: '
/_. %2: O HO\/WOH
NHAc

NHAc (0]
CH2OH
357 358 359 360

The N-TFA methyl ester derivative of a novel B-amino acid component 364 of
the tetrapeptide toxin nodularin has been synthesized from p-glucose via 361, 362
and 363 (Scheme 36).%

X3
— = OMom i-ix
N Ph P NOMom
OH O- ,30‘
OMe
oBn OMe OMe

OMe

363 364

Reagents: i, TFA, Ho0; ii, LiAIH,; iii, TsCl, Py; iv, NaOH, MeOH; v, PhMgBr; vi, KH, Mel;
vii, Ha, PA(OH)y; viii, T1,0, Py; ix, LiNg; x, HCI, MeOH.

Scheme 36

The enantiomer 366 of fungal metabolite YM-47522 has been prepared
(thereby characterizing the natural product) in 13 steps from 365. The key alkene
stereochemistries were installed by substitution of a terminal iodide with E-1,2-
ditributylstannylethene, conversion to the vinyl iodide and PdCl,(MeCN),-
catalysed coupling with another organotin reagent (Scheme 37).'%

The D-ribo analogue and the analogue with the alternative quaternary centre
configuration of the immunomodulator conagen A (368) have been prepared
from 367.'°' The C18-C25 portion 371 of bafilomycin A; has been prepared from
369 via furanose 370 (Scheme 38).'*



24: Synthesis of Enantiomerically Pure Non-carbohydrate Compounds 389

OH Pr
365
IV—X
NH,
NH,
= 366
Ph
Reagents: i, HSCH,CH,SH, BF3.OEty; ii, Ac,0, Py; iii, Me,CO, Me,C{OMe),, H*; iv, Ra Ni;
v, KoCO3, MeOH; vi, TsCl, Py; vii, Lil; viii, Me,CuLi.LiCN, (E)-BusSnCH=CHSnBuj; ix, NIS;
X, (2)-BuzSnCH=CHCONH,, PdCl»(MeCN); xi, AcOH, H,0O; xii, Et3SiCl, Py;
xiii, PhCH=CHCOCI, DMAP; xiv, HF, H,0, MeCN.
Scheme 37
CO.H
--CH,OH
Me
Me . »—v O~
OH
B t-Bu
369 370 3n

Reagents: i, MeMgl; ii, PCC; iii, PhaP=CHy; iv, Hy, Ni; v, H".

Scheme 38

7 Carbohydrates as Chiral Auxiliaries, Reagents and Catalysts

This year has again seen a considerable number of uses of carbohydrate
derivatives as either removable auxiliaries or as chiral ligands/catalysts for
asymmetric reactions.

Marshall and Elliot have prepared the chiral building block 375 from glucose-
derived 372. This chemistry involved conjugate addition of stannyl cuprate to
372, trapping of the intermediate enolate as its Tbdms ether to afford diaster-
eomer 373 as the major isomer. Stannylallylation of undec-2-yneal with 373 then
introduced the second chiral centre of 374, silylation of the new alcohol and
oxidative cleavage providing 375.!%
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Cycloaddition reactions have again provided several examples. A review on
synthesis of azasugars using hetero-Diels Alder reactions of nitrosodieneophiles
includes coverage of examples of such dieneophiles bearing carbohydrate aux-
iliaries [55 refs].'® An example of the type of cycloaddition chemistry discussed
in this review has been used in a synthesis of 1,6-dideoxynojirimycin (382) and its
D-allo- and D-gulo-analogues 379 and 381 respectively. All syntheses utilized the
hetero-Diels Alder reaction of D-mannose derived 376 with oxime ether 377
followed by N-protection and stereoselective osmylation to give 378. Hydrogena-
tion of 378 gave 1,6-dideoxy-D-allo-nojirimycin 379, whilst derivatization of 378
as its cyclic sulfate 380 allowed alternative elaboration to a mixture of 1,6-
dideoxynojirimycin 382 and 1,6-dideoxy-D-gulo-nojirimycin 381.'%°

The acrylate 383, derived from 1,4:3,6-dianhydro-p-glucitol, undergoes Diels
Alder reactions with cyclopentadiene giving >99% endo products, with a 92%
selectivity in favour of the S-endo product 384. The analogous reaction of the
1,4:3,6-dianhydro-D-mannitol-derived  ester, catalysed by ethylaluminium
dichloride, also gives >99% endo products, but with a 90% diastereoselectivity in
favour of the R-endo product.'®

An interesting example of a chiral aryl chromium complex enhancing diaster-
eoselectivity in carbohydrate auxiliary-influenced acrylate Diels Alder reactions
has been described by Shing and co-workers. Thus, for example, diethylalumi-
nium chloride catalyzed reactions of complex 385 with 2-methylbutadiene
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proceeded with about 90% d.e., whereas without the Cr complex formation the
d.e. was only around 56%. Simlar enhancements were seen in reactions with other
dienes.'%’

Stoodley and co-workers have reported another example (recent volumes in
this series) of using anomerically-linked tetra-O-acetyl-p-glucose as an auxiliary,
in this case for diastereoselective hydrogenation of «,B-unsaturated enol ethers.
1-Formyl-2,3,4,6-tetra-O-acetyl-B-D-glucopyranose (R*OCHO, where R*=glu-
cosyl auxiliary) underwent Wittig reaction to give enol ethers 386 and 387 (n=1)
with the appropriate Wittig reagents. Alternatively, sodium enolates were added
to tetra-O-acetyl-p-pD-glucopyranosyl bromide giving 389 or 387/388 (n=0, 1).
Hydrogenation of all these enol ethers causes modest Re face addition to give
390-392; fractional crystallization allowed isolation of a single isomer in most
cases.'*® Glycosidic cleavage could then be effected by treatment with methanolic
hydrogen chloride, for example providing access to (a.S)-a-hydroxymethyl-y-
butyrolactone 393 in 96% e.e via 387 (n=0, X=0).

o] o)
CO,Me(Et) y /_2; RH
A ( — = RO \
RO RO RO
386 389

n
387X=0 390 R = COMe(EY)
388X = CH2 391 R = COMe

Q o)
X
(o]
RO A HO
392 393

Two reports of different diastereoselective cyclopropanations have appeared
this year. The first approach involved using carbohydrate enol ethers 394 and
395, combined with Cu(OAc), or Cu(OTf), and either of two chiral ligands. In
the case of 394, Cu(OTf), and ligand 399 gave 74% yield and >97:3 trans:cis ratio
of 396, but with 60% d.e. for the predominant (trans) isomer (395 gave 397).
Using 398 as ligand along with Cu(OAc),, 394 gave a poorer frans:cis ratio of
81:19, but with >95% d.e. for the cis isomer (and only 4% d.e. for the trans).
Reaction of 395 using 399 as ligand and Cu(OTTf), catalysis gave 88:12 trans:cis,
14% d.e. for the cis and 65% d.e. for the trans isomers.'®
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COsMe

o
‘ MeOZC~v<
396 397

399

The glucose-derived allylic glycosides 400 and 401 (from R-perillyl and
S-perillyl alcohols respectively) undergo cyclopropanations with chloroiodo-
methane and diethyl zinc to give 402 and 403 (R=sugar) with >97% and >99%
d.e. respectively, both reactions proceeding in good yield. This work is very
similar to that of Charette’s group reported previously, Vol. 25, p. 335.!1°

Carbohydrate auxiliaries have been used for diastereocontrol in Darzens
reactions. Thus, 404 reacted with p-anisaldehyde and sodium hydride to give 405
and its diastereomer in 65:35 ratio. The major isomer 405 was further elaborated
via a-hydroxy acid 406 to ent-diltiazen 407, the enantiomer of a known calcium
channel blocker. 6-Chloroacetyl-1,2:3,4-diisopropylidene-p-galactose also reacted
as did 404 in a Darzens reaction, generating a single isomeric glycidic ester.'!!

/L /k lAr
o o o o S _Ar s
o) o} --OAc
o] o) .
NH; / “*OH N
o=< o CoH o
CH,Cl ‘ /
--0

A\ HoN
404 T 405 406 407
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Several examples of use of carbohydrates as auxiliaries to control enolate
alkylation diastereoselectivity have appeared. The lithium enolate of 408 (R=H)
was benzylated to give esters with the BnCH(Me)CO, group having the R
configuration in up to 92% d.e. When R=Tms, the diastereomer of R-chirality in
the side chain is obtained in 42% d.e., but when HMPA was added this selectivity
switches to give predominantly the S configuration at the new centre in 91%
d.e.''? Benzylation of lithium enolates derived from diisopropylidene-p-p-fructo-
pyanose-1-esters 409 gave modest yields (34-56%) and poor diastercoselectivities
(S:R of 3:2 and 7:3 when R=Me and piperonyl respectively).'!> The p-xylose-
derived oxazolidinones 410 were evaluated as auxiliaries for enolate alkylations
of amide derivatives 411. A wide range of analogues were evaluated using a range
of electrophiles. With aromatic electrophiles the R product predominated with
5:1 to 17:1 d.s. and yields of around 60%. In all other cases, however, yields were
lower and selectivities variable in both magnitude and direction.'" Another
example of a bicyclic carbohydrate-derived oxazolidinone auxiliary is 412 (from
D-glucose). Methylation of the lithium enolate, or naked enolate generated using
the commercially available P4 base, gave only monomethylation (R=Me), while
ethylation and allylation gave mixtures of mono- and dialkylated products, the
former however formed with high diastereoselectivity in the same sense as
methylation.''?

oL
AL

408 409
o
X0 OPiv

-0 CO-Bn

NR OPi o MR

v

o] .
OPiv /Z R

410R=H o o]

411 R = C(O)CH2R; 412R =R, =H

X = C(Me),; or CHPh

Aldol like reactions using (N-diphenylmethylene) glycinates 413 and 414 (see
Chap. 7) under phase transfer conditions give low diastereoselectivity in all
cases.!!® Dicyclohexylidene-p-glucose reacts with Ph(Me)(O)PCl to give a
mixture of 415 and 416 in 95:5 ratio using triethylamine as base, and 30:70 ratio
using pyridine. Reactions with Grignard reagents then liberate the new chiral
phosphine oxides 417 and 418.''” Another interesting example using carbo-
hydrate chirality to establish phosphorus chirality is the diastereoselective synth-
esis of R, phosphorothioate dinucleotide 421. Reaction of 419 with 6’-O-Tbdms
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thymine followed by 3'-O-Tbdms thymine gave 420 in a 6:1 diastereomeric ratio.

Thionation and cleavage of the auxiliary (with retention at P) afforded the
dinucleotide 421 (see also Chapter 20).''®

Ph

Ph
OOA(
414
0
Po-Ph 417
Me” “R
0
Pio-R 418
Me” “Ph

R = n-Pr, o-anisyl

RO Thy RO Thy

421
OR R = Tbdms OR

A series of lactones 423 (R,=Me, Ph and n=1,2) have been prepared with
30-99% e.e. using D-glucose-based anhydro sugars as chiral auxiliaries, the key

stereochemical step being diastereoselective ketone reduction of 422 (Scheme
39)'119

jiiv IS)I,E
R 0

R = Me, Bn 422 423
Reagents: i, R;C(0)CH2(CH,),COCI, Py; ii, ZnCly, NaBHy; iii, LIOH; iv, HCL.
Scheme 39
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The C,-symmetric homochiral pyrrolidine 424 has been prepared in several
steps from L-mannono-1,4-lactone via L-mannitol (for the enantiomer of 424 see
Vol.25, Chapter 14, ref. 108).'® Another interesting C,-symmetric ligand the
bipyridyl compound 426 was prepared from diacetone-D-glucose through oxida-
tion and then diastereoselective addition of 2-bromo-6-lithiopyridine to give 425
followed by nickel dichloride/Zn-catalysed coupling.'?'

Ph Ph A———— ;>(OOH
. o~ oH® o
{5
\__.

N
H

N-(B-Mercaptoethyl)pyrroldine 427, which is also C, symmetric, was effective
for catalysis of diethylzinc addition to aldehydes,'?* as was the p-ribonolactone-
derived hydroxypyrrolidine 428.'%

The amino alcohols 429 and 430 (prepared from diacetone-D-glucose, the
amino group introduced by displacing a C-6 tosyl, and 430 prepared by
deoxygenation of C-3) catalysed (at 5 mol%) diethylzinc addition to several
aldehydes but with e.e.s of only 9-46% (S products predominated).'?*

Hs/\
Me HO

.__N __N o

(LY O TS
JE¥an A 0
PH “(Ph Mec)/\0 OH X
427 428 429 X = OMe
430 X=H

Bisphosphinite carbohydrate derivatives have already seen very successful
application to asymmetric hydrogenations. Evaluation of 431 as a ligand for Pd-
catalysed asymmetric allylation with sodium dimethyl malonate gave 432 in 16-
39% e.e. (R selectivity) with electron rich R groups (3,5-dimethyl, 3,5-di-z-butyl-
4-methyi- and 3,5-ditrimethylsilylphenyl) and 17-77% e.e. (but S selectivity) with
electron poor R groups (3,5-ditrifluoromethyl-, 3,5-difluoro-, 4-trifluoromethyl
and 4-fluorophenyl). This electronic catalyst tuning could have valuable impact if
e.e.s can be further optimized.'?

JV /&/ \ Ph MeOzﬁ\[NHAc

CH(00251)2
Ro Ph

431 432 433
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R3
R4 R4
HO,C Ry
7 R, = (CH,),CO-Me
NH Ry = CH,CO,Me
é R3 = (CH2).COH
Ry Ry = CHQCOzH
435 o

1,2:5,6-Di-O-cyclohexylidene-p-mannitol mediates asymmetric McMurry cou-
pling (2 eq. TiCly/Mg, -70°C to r.t.) of acetophenone to give a 5.7:1 dl:meso
selectivity.'?® Tetrafluoroborate salts of methyl 4,6-O0-benzylidene-bis-2,3-(O-
diphenylphosphine)-pD-glycopyranoside Rh(COD) complexes catalyse asymmetric
hydrogenations of 433. The enantioselectivity (giving S configurations predomi-
nantly) decreases with the number of axial groups in the catalyst, for example
B-D-gluco gives 90% e.e., falling to 60% e.e. for the corresponding «-D-galacto
analogue.'?’

An example of a carbohydrate auxiliary being used for chromatographic
enantioseparation is the derivatization of 434 with 3,4-O-benzylidene-p-ribonic
acid 8-lactone. These diastereomeric products could then be separated by HPLC.
The enantiopure 434 (containing a chiral quaternary centre) was used to prepare
435, believed to be involved in the biosynthesis of porphyrins.'2
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