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Preface 

The old order has indeed changed, and beginning with this volume, each member 
of the abstractindwriting team has been contracted to produce chapters of 
agreed maximum lengths. In consequence, it has been necessary to compress 
some abstracting and reporting yet further, so that in many instances the main 
objective has been to call attention to original work and indicate its source rather 
than to provide a meaningful summary from which the interested reader could 
work. The reporters are acutely aware that brief notes do scant justice to 
developing literature of ever-increasing complexity. 

More and more carbohydrate research is being developed and stimulated by 
chemists who are not specialized in the field - and the subject is being greatly 
enhanced in consequence - and more and more it is merging with organic 
chemistry generally. Increasingly, important new work is appearing in non- 
specialized journals, the first 3 issues of Journal of Organic Chemistry for 1996 for 
example each containing about 10 papers to be cited in Specialist Periodical 
Reports, Carbohydrate Chemistry. 

This year’s volume has been produced by a depleted team and the members are 
due major thanks for taking on additional work under particularly frustrating 
circumstances. 

Mrs Janet Freshwater and Mr Alan Cubitt, The Royal Society of Chemistry, 
are thanked most warmly for the cooperation and help they have provided. 

R.J. Ferrier 
May, 1997 
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A 

Introduction and General Aspects 

An appreciation has been written of the seminal, major contributions of H.S. 
Isbell to carbohydrate chemistry.' 

Several carbohydrate applications have been included in a review of micro- 
wave-assisted organic reactions,2 and a survey of chemical reagents in photo- 
affinity labelling included the role of various base-labelled azido- and thio- 
nucleosides, sugar azide derivatives and p-benzoylbenzoate esters of n~cleosides.~ 
A further review intitled 'Reverse Anomeric Effect: Fact or Fiction?' refers to 
early evidence based on studies of glycosyl pyridinium and imidazolium salts. It 
concludes that its origin as an electronic effect is not supported by theory or 
experimental resu~ts.~ 

A review in 'Advances in Carbohydrate Chemistry and Biochemistry' has 
covered 13C-l H coupling in sugar derivatives and included theoretical aspects, 
experimental techniques and conformational dependencie~.~ A related survey was 
produced on 13C nuclear magnetic relaxation and motional behaviour of 
carbohydrates in solution. Theoretical and observed data were incl~ded.~ 

Part I of a review on the uses of enzymes in carbohydrate chemistry has 
appeared, this part dealing with biological recognition and syntheses of mono- 
saccharides and analogues including amino-sugars.' A further essay on applica- 
tions of enzymes deals with the use of glucansucrase in the synthesis of 
oligosaccharides and polysaccharides.* The chemotherapy of HIV infection has 
been surveyed with attention being given to the various applications used and 
targets identified. Nucleoside analogues and glucosidase inhibitors were discussed 
amongst the drugs used.' 

An in-depth treatment of the organic chemistry of the monosaccharides also 
briefly covers their role in natural products, for example glycosides, oligosacchar- 
ides, polysaccharides and glycoproteins. Such topics as the chemical synthesis of 
oligosaccharides and the use of sugars in the synthesis of enantiomerically pure 
non-sugar products are dealt with after an extensive mechanistic treatment of the 
reactions of the monosaccharides. Containing 1000 references, the book provides 
a convenient means of access to the primary literature." 
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2 
Free Sugars 

1 Theoretical Aspects 

A sytematic search has been made for all low energy structures of a- and p-D- 
glucopyranose, a- and P-D-galactopyranose, p-D-talopyranose and p-D-allopyr- 
anose in the solid state, the energies being minimized with respect to nine lattice 
and rigid-body parameters and six intramolecular dihedral angles. In four cases, 
the observed crystal structures corresponded to one of the lowest energy 
structures; in the other two cases, the observed structures were of more than 20 
kJ mol-' higher energy than the calculated minima.' An extension of the 
GROMOS force field allowed an improved crystal structure determination of a- 
D-galactopyranose.2 

The hydroxyl acidities of sucrose, assessed through semiempirical calcula- 
tions of the deprotonation enthalpies, followed the order OH-2g >> OH-3g > 
OH-3f > OH-lf = OH-4g > OH-4f >> OH-6g > OH-6f.3 The molecular 
electrostatic potential profile of sucrose in polar, aprotic solvents indicated 
likewise that in the main conformation OH-2g is the most electropositive 
hydroxyl group; the preparations of selectively benzylated and acetylated 
sucrose derivatives on the basis of these findings are referred to in Chapters 5 
and 7, re~pectively.~~ 

The hydration of a-maltose has been investigated using molecular modelling 
and thermodynamic methods. Due to crystallinity, the observed non-freezing 
water content was lower than that ~alculated.~ 

Conformational studies on several free sugars are covered in Chapter 21. 

2 Synthesis 

A review article on enzymatic oxidoreduction in organic synthesis included the 
following carbohydrate-related topics: i) oxidation of polyols to polyhydroxy 
aldehydes by use of galactose oxidase (yields 10-15%); ii) the reduction of 2- 
acetylfuran by alcohol dehydrogenases from two different sources to furnish 
enantiospecifically either the (R)-alcohol 1 or its (9-isomer 2, which serve as 
potential building blocks for the synthesis of D- and L-sugars, re~pectively.~ 

Aldolase- and transketolase-catalysed synthesis of pentoses, hexoses and 
higher sugars continues to receive considerable attention, especially by C.-H. 
Wong and co-workers who have covered these processes in Part 1 of a review 

3 
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CHO 

Carbohydrate Chemistry 

3 n = O  
4 n = l  

1 R' =OH, R2 = H 
2 R' = H, R2 = OH 

5 n - 0  
6 n = l  

article (60 refs.) on the use of enzymes in carbohydrate chemistry.6 DERA 
(deoxyribose 5-phosphate aldolase, EC 4.1.2.4) has been prepared on a large 
scale by recombinant techniques.' It was employed, either by itself or in 
combination with RAMA (rabbit muscle aldolase, a fructose-l,6-diphosphate 
aldolase, EC 4.1.2.13) or NeuAc aldolase (EC 4.1.3.3 ) and, if necessary, 
phosphatase in sequential condensations to afford deoxyaldoses from -pentoses 
to -nonoses from small substrates such as acetaldehyde, glyceraldehyde and 
dihydroxyacetone Condensations catalysed by L-fuculose 1 -phos- 
phate aldolase (EC 4.1.2.17)'O and L-rhamnulose l-phosphate aldolase (EC 
4.1.2.19),l in combination with phosphatase and the appropriate isomerases, 
resulted in efficient syntheses of L-fucose and L-glucose, respectively. An alter- 
native strategy to prepare aldoses by this process which initially produces doses, 
is illustrated in Scheme 1 .12 Similar condensations involving the masked hydro- 
xydialdehydes 3 and 4 were used in the synthesis of aldoketose derivatives 5 and 
6, respectively, required as precursors for the microbial preparation of deoxyno- 
jirimycin analogues. l 3  The condensation of pyruvate with simple hydroxyalde- 
hydes, e.g., D-glyceraldehyde or D-erythrose, under catalysis by an aldolase from 
Aspergillus t e r r a  gave 3-deoxy-2-ulosonic acids with (R)-configuration at the 
new chiral centre (C-4).I4 

CH(OEt)2 

___) 

iii, iv HO H°FH 
CH20H 

OH ___) ""lo CH(OW2 i, ii 
I 

CHO 

CH20H 

Reagents: i, DHAP, fructose 1,6diphosphate aldolase; ii, phosphatase; 
iii, L-iditol dehydrogenase; iv, H3O' 

Scheme 1 

2.1 Tetroses and Pentoses. - The application of the Strecker synthesis to the 
preparation of 2-amino-2-deoxytetrose derivatives is covered in Chapter 9 and a 
lipase-mediated route to 4-carbon diols and triols is referred to in Chapter 18. 

The CaClz/KOH-promoted aldol condensation of dihydroxyacetone with 
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formaldehyde has been optimized for the production of ~,~-threo-3-pentulose. l5 

L-Ribofuranose derivatives have been obtained in good yields from 1,2-0- 
isopropylidene-5-O-trityl-a-~-xylofuranose by oxidation-reduction at C-3. The 
efficient preparation of the D-ribose derivative 8 from the corresponding lactone 7 
was one of twelve examples in a paper describing the catalytic reduction of 1,4- 
and 1,5-lactones to the corresponding lactols by use of the reagents indicated in 
Scheme 2.” A new synthesis of 1-deoxy-D-threo-pentulose in eight steps from 
(-)-tartaric acid is referred to in Chapter 12 and the preparation of D-lyxose and 
D-arabinose in high yields by oxidative degradation of D-galactose and sodium D- 

gluconate, respectively, is covered in Section 5 of this Chapter. 

7 8 

Reagents: i, Cp-2Ti(OC6H-4-pC1)2, Bu-4NF on A1203, polymethylhydroxysilane 

Scheme 2 

2.2 Hexoses. - Isopropylidene-D-glyceraldehyde (9) has been converted to a 
six-carbon sugar precursor with introduction of one new chiral centre in a 
lengthy reaction sequence involving Wittig-Homer elongation by two carbons 
and Sharpless asymmetric epoxidation, followed by one-carbon extension via 
diazoketone 10, which gave 11 on photolysis (Scheme 3).’* 

CHO 

R 

R R 

9 10 

Reagents: i, Bu’O*CCI, Et3N; ii, CH2N2; iii, hv, MeOH 

Scheme 3 

C02Me 
I 

11 

Efficient procedures for the conversion of levoglucosenone to rare sugars, e.g., 
D-altrose, D-allose, 4-deoxy-~-mannose, have been devised. l9 Hydrolytic opening 
of the L-sorbopyranose-derived epoxide 12 with nucleophilic attack at C-4 was 
the key-step in the transformation of L-sorbose to L-fructose, which requires 
inversion of configuration at C-3 and C-4.20 The formation of D-tagatose from D- 
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galactose involving oxidation at C-2 and reduction at C-1 was facilitated by the 
spontaneous cyclization of the osulose intermediate 13 to the bicyclic hemiketal 
14. This was readily O-methylated to 15, thus offering convenient protection for 
the carbonyl group during the subsequent reduction step.21 

12 13 14 R = H  
15 R = M e  

D-Tagatose 3-epimerase (see Vol. 28, Chapter 2, Ref. 64) immobilized on 
Chitopearl beads, was employed for converting D-tagatose to D-sorbose on a 
multigram scale.22 By use of the same enzyme preparation, D-psicose was 
available from D-fructose or, in the simultaneous presence of D-xylose isomerase, 
from D - ~ ~ u c o s ~ . ~ ~  The preparation of L-tagatose from 1,5-anhydro-~-galactitol 
via 'L-2-sorbal' is mentioned in Chapter 13 and a synthesis of L-fucose from D- 

galactose is covered in Chapter 12. 

2.3 Chainextended Sugars. - A review on two-directional synthesis involving 
desymmetrization of chain-extension products contained several examples of 
higher alditols, aldoses and aldonic acids.24 A section on the synthesis of higher 
carbon sugars has been included in a review dealing with the application of furan- 
and pyrrole-based sil~xydienes.~~ The cycloaddition product formed from penta- 
2,4-dienol (la) and sodium glyoxalate (17) at 100°C in aqueous medium was 
converted to the racemic methyl 2,3-dideoxyheptulosonate triacetates 18, as 
shown in Scheme 4. These were further processed to furnish 3-deoxy-2- 
heptulosonic acid derivatives 19.26 By use of tetrose-based dienes 20, this 
approach has also been adapted to the synthesis of 3-deoxy-2-nonulosonic acid 
 derivative^.^^ Many chain-extended monosaccharides have been prepared by 
enzymatic aldol condensations (see Refs. 7-14 above). 

- CQMe - - - 
AcO 

16 17 OAc 

18 19 

Reagents: i, H20, 100 "C; ii, Mel, DMF; iii, Os04, NMO; iv, AQO, Py 

Scheme 4 
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2.3. I Chain-extension at  the 'Non-reducing' End. - As usual, protected dialdoses 
have been used extensively for this purpose. Stereoselective hydroxymethylation 
of 21 to give the methyl L-glycero-D-manno-heptopyranoside derivative 23 was 
achieved by treatment with [dimethyl(thiophenylmethyl)silyl]methylmagnesium 
chloride followed by oxidative desilylation of the addition product 22.28 The 
addition of methyl nitroacetate to 24 furnished an inseparable mixture 25 in 
mediocre yield; reduction of the nitro groups was inefficient but the resulting 
amines 26 could be separated.29 The indium-mediated allylation of 27 (see Vol28, 
Chapter 2, Ref. 47) showed high anti-diastereofacial selectivity in the presence of 
Lewis acids, especially Y(OTQ3, thus affording mainly the 4,5-erythro product 
28.= 

\OAc 13nObOMe OBn BnO 

OAc 

CH20Ac 21 R=CHO 

20 
22 R = CH2SiCH2SPh 

Hoi 
23 R=CH20H 

24 R=CHO 
R = C q M e  

H O T x  

25 X = NO2 
26 X = NH2 

R qo 
O- t -  

27 R=CHO 

28 R=? 

erythro-Addition was also favoured in the condensations of sugar-derived 
aldehydes with acetyliron anions (see Vol. 28, Chapter 2, Ref. 28) when 
counterions other than Li30 (e.g., Sn2', Zr4', Et2A1') were used; as an example, 
the preparation of 6-deoxy-P-~-allo-heptopyranose pentaacetate (30) from 29 is 
given in Scheme 5.31 

CHO poMe i-iii 
HO 

CH2C02Me 

iv-vi 
___c 

~ H ~ C H ~ O A C  

AcO c? 
OAc OAc 

29 30 

Reagents: i, FeCp(CO)PPh3Ac, BuLi; ii, SnC12; iii, NBS; iv, DIBAL; v, aq. HOAc; vi, Ac20, Py 

Scheme 5 

Addition of alkylmanganese reagents, prepared in situ from the corresponding 
alkyl lithium compounds and Mn12 in ether, to substrates 24 and 27 proceeded 
diastereoselectively to give 4,s- and 5,6-threo products, re~pectively.~~ Spiroketals 
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31 have been synthesized from methyl 2,3,4-tri-O-methyl-a-~-glucopyranoside by 
a radical method similar to that shown in Scheme 7 Reformatzki 
reaction of 32 with ethyl 2-bromomethylacrylate and activated zinc gave the a$- 
unsaturated lactones 33 with an exocyclic double bond in mediocre yield. An 
analogue with an endocyclic double bond, the fungicidal sugar butenolide 35, was 
obtained by opening of epoxide 34 with the dilithium salt of phenylselenoacetic 
acid and subsequent oxidative elimination.M The selectivities of the intramole- 
cular nitrone cycloaddition reactions of 3-O-allyl-~-glucofuranose and 3-O-allyl- 
D-allofuranose derivatives 36 and 37, respectively, to give oxepans 38 and/or 
pyrans 39 have been investigated (see Vol. 27, Chapter 18, Scheme l).35 

OMe Bnb 0% 

31 \ 

32 R=CHO 

Bn 

R 

3 4 R =  O q  

Bn 

36 R’ = OAll, R2 = H or Me 
37 R’ = H of Me, R2 = OAll 

38 
R = H or Me 

39 

The C-disaccharide 43 (2-deaminotunicamycin) and its 7-epimer have been 
synthesized by addition of the 6-deoxy-6-diazo-~-galactose derivative 40 to 
aldehyde 29, followed by LiBHEtrreduction of the ketone 41 and epoxide 42 
thus obtained as a separable mixture (Scheme 6).36 The preparation of the first 
pseudo-C-disaccharide by use of the alkenyllithium compound derived from 
dibromoalkene 44 is covered in Chapter 18. 

2.3.2 Chain-extension at the Reducing End. - Two-carbon Wittig elongation of 
3,4:5,6-di-O-isopropylidene-aldehydo-~-glucose gave adduct 45, which on 
Mitsunobu inversion at C-4, hydrogenation of the double bond and lactonization 
furnished the 4,5-dideoxy-~-manno-oct- 1 ,Clactone derivative 46, a synthetic 
KDO precursor.37 Anomeric spiroketals have been constructed by alkoxy radical 
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promoted intramolecular hydrogen abstractiodcyclization, as depicted in 
Scheme 7. Similar procedures were used to prepare hexose-derived 
dioxaspiro[5.5]undecanes and pentose-derived dioxaspir0[4.4]nonanes.~~ 

41 ii 1 

43 

Reagents: i, compound 29; ii, LiBHEt3 

Scheme 6 

C02Me 

Br 

BnO E b M e  
OBn 

(OH 

42 ii 1 
7-epimer of 43 

44 45 46 

CH20Bn 

Reagents: i, AIITms, BF3-Et20; ii, BH3, then H202, OH-; iii, (diacetoxyiodo)benzene, I*, C6HI2, hv 

Scheme 7 
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The a-C-furanosylglycine derivative 47 was prepared in 37% overall yield by 
use of N-Boc-t-butyldimethylsilyloxypyrole as a masked glycine anion, as shown 
in Scheme 8.38 Condensation of 4,6-O-benzylidene-~-glucose with nitroethane in 
the presence of DBU and 2-hydoxypyridine as 1,3 proton transfer catalyst gave, 
after reduction, the (a-aminoethyl) P-D-C-glucoside derivative Further C- 
disaccharides are referred to in Chapter 3. 

BnO 47 

Reagents: i, BocN , ; ii, KMn04; iii, LiOH; iv, Na104; v, NaC102; vi, CH2C12 3 
OTbdms 

Scheme 8 

Application of the intramolecular nitrone-olefin cycloaddition to 3-0-allyl-~- 
glucose derivatives 49 and 50 and their D - ~ O  isomers 51 and 52 furnished 
pyranoisoxazolidines 53 with varying degrees of diastereoselectivity. The main 
product obtained from 50 gave 54 on trimming of the side chain.'" 

48 

FH~OAC 

0 

CH20Ac 
I 

Bn 

R2 OAc 

49 R1 = OAil, R2 = H or Me 
50 R' = OAll, R2 = Me 
51 R ' =  H, R2=H 
52 R1 = H, R2 = Me 

QMe CH~OAC 

0-N, 
Bn 

53 R = H o r M e  54 
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3 Physical Measurements 

The nature of the relaxation process in supercooled, glassy carbohydrates has 
been examined by differential scanning calorimetry and dielectric relaxation 
measurements at 77-400 K over the frequency range 10-6-10-3Hz?1 A 
gravimetric method during desorption of water has been used to determine the 
mean diffusion coefficients for maltose-water mixtures close to the glass 
transition temperature Tg.42 The effects of water structure enhancers (ethanol, 
tetramethylammonium chloride) and water structure breakers (urea, guanidine 
hydrochloride) on the stability of concentrated sucrose solutions have been 
studied by polarimetry and ion chr~matography,~~ and the attractive interaction 
between saccharides and monolignols has been estimated by measuring the 
solubilities of p-coumaryl-, coniferyl- and sinapyl-alcohol in aqueous solutions of 
D-glucose, D-galactose, D-mannose and D-xylose. The apparent association 
constant Kapp for coniferyl alcohol, for example, followed the order Xyl > Man > 
Gal > G1c.44 

4 Isomerizatioo 

Examples of enzymic epimerization are given in Refs. 22 and 23 above. 

5 Oxidation 

The mechanism of the oxidation of D-glucose in alkaline solution on single crystal 
platinum electrodes has been in~estigated.4~ A process for the preparation of D- 

arabinose from sodium D-gluconate in an electrochemical reactor with a fluidized 
bed electrode has been d e ~ e l o p e d . ~ ~  

The oxidation of D-glucose to D-gluconic acid by molecular oxygen has been 
performed with bismuth-containing palladium-on-charcoal in with palla- 
dium-on-alumina in weakly basic media,48 and with sodium nitrite as catalyst in 
strongly acidic solution.49 The low temperature oxidation of non-reducing sugars 
(methyl D-glucosides, sucrose) and alditols (glucitol, mannitol) by oxygen in 
alkaline media has been studied in the presence of various catalysts, such as 
Cu(I1) salts.50 The global kinetics of the ‘classical’ and of the anthraquinone-2- 
sulfonate catalysed alkaline oxidative degradation of lactose and related carbohy- 
drates have been de~cribed.~~ A reliable liquid chromatographic method for 
monitoring the oxidation of saccharides by oxygen in alkaline solution is referred 
to in Chapter 23. 

The degradation of aldoses by aqueous alkaline hydrogen peroxide has been 
made much more selective by the addition of borate ions and/or EDTA; thus, 
galactose, lactose, maltose and cellobiose were each converted in one high 
yielding step to the next lower aidoses and formic acid.52 A kinetic study of the 
ozonation of 2-amino-2-deoxy-~-glucose and its N-acetate indicated that the 
former reacts relatively fast through ozone attack on the amino group, whereas 
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the latter is more resistant, resembling D-glucose in rea~t ivi ty .~~ It has been 
demonstrated that the oxidation of 2-deoxy D-ribose with excess of periodate 
depends on pH, type of buffer, temperature and reaction time.54 

Kinetic studies have been reported for the oxidation of 2-deoxy-~-glucose and 
2-acetamido-2-deoxy-~-glucose by Cr(V1) in perchloric acid s o l ~ t i o n , ~ ~ * ~ ~  D- 

galactose by Cu(I1) in acetate buffer at pH 4.0-4.75 at 110 0C,57 maltose, lactose, 
melibiose and cellobiose by Cu(I1) in the presence of ammonium hydroxide,58 D- 

fructose59 and dextrosem by Ce(1V) in the presence of bromide ions in aqueous 
sulfuric acid, and of D-arabinose, D-ribose, D-xylose, D-glucose, D-galactose, D- 

fructose, 2-deoxy-~-glucose and methyl a-D-glucopyranoside by permanganate in 
aqueous alkaline media.61 The reducing abilities of several hexoses and pentoses 
towards V(V) and Mo(V1) in aqueous HC1 have been compared with those of 
ascorbic acid and cysteine.62 

An investigation of the cleavage patterns in DNA and RNA used the oxidation 
of D-ribose, 2-deoxy-~-ribose and several nucleotides by Ru(2,2’-bypyri- 
dine)(2,2 ’,2”-tripyridine)02+ as model reactions.63 The Ru(II1)-catalysed oxida- 
tion of D-glucitol by N-bromoacetamide is covered in Chapter 16. 

Aerobic incubation of D-glucose with a crude fungal enzyme extract (white rot 
fungus) resulted in the transient accumulation of ~-arubho-hexos-2-ulose which 
was then converted to ~-eryfhro-hexos-2,3-diulose. A single enzyme, pyranose-2- 
oxidase (EC 1.1.3.10) is believed to be responsible for both oxidation steps.& A 
review on enzymatic oxidoreduction in organic synthesis which includes applica- 
tions to carbohydrate-related topics is referred to in Section 2 above. 

6 OtherAspects 

3-Deoxy-~-hexonic acids 55, detected in small quantities among the hydrother- 
molysis products of glucose, fructose, cellobiose and P-cyclodextrin, provided 
evidence that ~-eryfhro-hexos-2-ulose plays a role in carbohydrate degradation 
not only under alkaline and acidic, but also under neutral  condition^.^^ General 
acid catalysis has been established for the dehydration of fructose to 5- 
(hydro~ymethyl)furfural.~~*~~ The formation of 2-furfuraldehyde and formic acid 
from pentoses in slightly acidic D20 has been monitored by ‘H-NMR spectro- 
 copy.^^ During the acid-catalysed melt thermolysis of sucrose, fructosyl cation 
56 and D-glucose were produced. Cation 56 may react with hydroxyl groups on 
sucrose and glucose and other materials present in the melt.69 The formation of 
levulinic acid from glucose in aqueous solution was promoted by MgC12 and 
other alkaline and alkaline earth metal salts, especially in slightly acidic media. 
The reaction was completely inhibited by N03-.70 

Five-fold deprotonated D-mannose acted as a ligand in homoleptic dinuclear 
metalates of trivalent Al, Cr, Fe, and V. The polyolate was derived from the p- 
furanose form, the only one to have all hydroxyl groups on one face of the ring.71 
Complexes of D-glucose with boronic or diboronic acid derivatives of p-toluene, 
biphenyl, anthracene, ferrocene, calix[4]arenes, and other macrocyclic species are 
covered in Chapter 17. 
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Me 

,,f OH cp ~ 0 ’  CHzOH H;f.--p 
OH OH 

CHzOH OH OH 

OH 

Me 

55 56 57 

A new higher sugar named caryophyllose, isolated from the lipopolisaccharide 
fraction of Pseudomonas ~aryophylli’~ has been identified as the branched 
tetradeoxydodecose 57.73 
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3 
Glycosides and Disaccharides 

1 O-Glycosides 

1.1 Synthesis of Monosaccharide Glycosides. - Attention will first be given to 
the methods which are used in glycoside synthesis and then the types of 
glycosides produced will be considered. 

1.1. 1 Metho& of synthesis of glycosides. - The 2-(dimethyloctylsilyl)ethyl group 
can be used at a hydrophobic aglycon which allows the use of reversed phase 
adsorbants for easy product isolation following enzymic glycosylation. 

Several papers have reported the preparation of glycosides directly from free 
sugars. Hexoses treated in THF with octanol and iron(II1) chloride in the 
presence of barium or calcium chloride afforded glycosides as follows: glucose, 
the furanosides in 65% yield, a/p ratio 1:3.4; mannose, the furanosides in 58% 
yield, a/p ratio 19:l; galactose, the furanosides in 56% yield, cr/p ratio 1:4.9 and 
fructose, the j3-pyranoside isolated in 23% yield, it being formed almost exclu- 
sively.2 A paper reporting analogous work with D-fructose describes methods of 
preparing the glycosides without degradation to 5-(hydroxymethyl)f~rfural.~ 
Two reports have been made of the reactions of fluoro-aromatics containing 
strongly electron-withdrawing substituents with unprotected sugars in the pre- 
sence of mild base. One describes the use of fluoro-2,4-dinitrobenzene and 
sodium bicarbonate in aqueous ethanol as giving 1,2-trans-related 2,4-dinitro- 
phenyl glycosides," while the second is more extensive and describes analogous 
reaction of glucose and its 2,3,4,6-tetra-O-acetyl or 0-benzyl derivatives with, for 
example, pentafluoropyridine in the presence of sodium hydride and a crown 
ether in dichloromethane as giving 90% of the 3-(glycosyloxy)tetrafluoropyridine. 
Analogous results were obtained by use of phenylsulfony12,4-dinitroben~ene.~ 

A range of glycosyl esters continue to be useful in glycoside syntheses. For 
example, glycosyl acetates are commonly used and a particular report has 
appeared on the formation from them of long-chain alkyl glycosides by the use of 
the required alcohols in the presence of trimethylsilyl triflate. As expected, high 
selectivity in favour of 1 ,Ztrans-related products was observed. Otherwise, for 
example, 2,3,4,6-tetra-0-benzyl-~-glucose treated with these alcohols in the 
presence of thrimethylsilyl bromide and cobalt(I1) bromide and tetrabutyl 
ammonium bromide can be used.6 The 1-trichloroacetate group has been 
employed as leaving group with tetra-0-benzyl-D-galactose and boron trifluoride 
or trimethylsilyl triflate as catalysts. A wide range of alcohols, phenols, acids and 

16 
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thiols were coupled, giving products with a$-ratios ranging from approximately 
2 to 4, but with phenol and thiophenol only the a-configurated products were 
ob~erved.~ The same group of Chinese workers carried out comparable studies 
using tetra-0-benzyl-a-D-galactopyranosyl trifluoroacetate.s Further work has 
been reported on the use of 1 -methoxyacetyl esters activated with ytterbium(II1) 
perchlorate. (see Vol 27, Chap. 3, Refs 15, 16). a-Glucopyranosides and p- 
ribofuranosides were reported as highly stereoselectively favoured products when 
ether was used as solvent.' a-Mannopyranosides, including disaccharides, are the 
highly favoured products of reaction of tetra- 0-benzyl a-D-mannopyranosyl 3,5- 
dinitrobenzoate used in dichloromethane at - 20 "C with trimethylsilyl triflate as 
catalyst. lo The 0-acetylated 1,2-0rthoester method applied in the D-glucose and 
-maltose series has given access to the glycosides of echinochrome and related 
hydroxynaphthazarines. Different trityl ethers have been assessed as acceptors 
in glycosylations induced using 1,2-0-cyanoethylidene derivatives. '* 
Tetra-0-benzyl-D-glucopyranosyl ethyl phosphite with trimethylsilyl triflate 

gives in 80% yield the P-glycosides derived using either primary or secondary 
sugar alcohols. a$-Ratios were 1:20 and 1:3 for the primary and secondary cases 
respectively. l 3  The corresponding dibenzyl glycosyl phosphite of the fully acety- 
lated neuraminic acid methyl ester has been used as a glycosylating agent,14 and 
in related work glycosyl diphenyl phosphates have been used; for example the p- 
mannosyl compound 1 and a closely related L-guloside were prepared in this way 
and elaborated into analogues of bleomycin A2. l 5  

Unsaturated compounds continue to be of value in glycoside synthesis - see 
some examples given in Chapter 13. 

Thioglycosides are now of considerable use in disaccharide and higher 
saccharide syntheses, and many of the products described in later sections of this 
Chapter and in Chapter 4 are produced following use of these compounds. The 
new activating agent 0-mesi tylenesulfonylhydroxylamine allows good yields of 
glycosides from methyl tetra-0-benzyl- 1 -thio-P-D-glucopyranoside. l6 The analo- 
gous S-phenyl glycoside carrying either a p-methyl or 2,4,6-trimethoxy groups 
affords access to glycosides by electrochemical means (cf. Tetrahedron Lett., 
1990, 31, 5761). In the case of the p-tolyl compound, products were obtained in 
90% yield; a,p-ratio 3:7. With the analogous thioglycoside based on 3,4,6-tri-0- 
acetyl-N-phthaloyl glucosamine yields were similarly high, but only the f3- 
compounds were obtained. Simple primary and secondary alcohols were used in 
the work.17 S-Ethyl thioglycosides of heptuloses may be used in glycoside or 
disaccharide syntheses with various activating agents. l8 A further example of the 
phenylthioglycoside sulfoxide procedure (1 Am. Chem. SOC., 1993,115, 1580) led 
to a fucosylated 1-adamantanol in 53% yield. The P-sulfoxide activated with 
triflic anhydride reacted with retention of configuration mainly. l9 

As always, glycosyl halides are of value in glycoside synthesis and fluorides are 
now commonly used. Tetra-0-benzyl-p-D-glucosyl fluoride, for example, gives 
about 70% mainly of P-products when treated with alcohols in the presence of 
ytterbium triflate in acetonitrile. Change of solvent to ether affords 90% yields of 
products having a,p-ratio of 4: 1, it being considered that an a-acetonitrilium ion 
is involved as a reaction intermediate. Disaccharides linked through primary or 
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secondary positions were obtained.20 The same glycosyl fluoride in the presence 
of silver perchlorate gave good a-selectivity when treated with ethyl 5-alkoxy-4- 
hydroxypent-2-enoate in which the substituents were extended chain alkyl 
groups. Ozonolysis then led to 1 -alkylated-2-glycosylated glycerols.21 (See also 
Chapter 19). Tri-0-benzyl-L-fucopyranosyl fluoride or trichloroacetimidate, acti- 
vated with lithium perchlorate in dichloromethane, give approximately quantita- 
tive yields of disaccharides even when secondary sugar alcohols are involved. 
Very high a-selectivity is observed.22 A novel way of making 0-protected glycosyl 
fluorides is from compounds with free hydroxy groups at C-1 which give glycosyl 
tetrazoles with 5-chloro-1 -phenyltetrazole. These with HF in pyridine, give the 
glycosyl fluorides generally in greater than 80% yield.23 

Normal Koenigs-Knorr reactions have been applied to the synthesis of the p- 
galactopyranosides of several simple ols and diols to provide substrates for a 
range of P-galactosidases. One enzyme released butane- 1,3-diol, butan-2-01 and 
1,2-isopropylideneglycerol with e.e.s in the range 60-75%.24 Acetobromoglycose 
reactions with the sodium enolate derived from malondialdehyde afforded the p- 
enol glycosides in the glucose, galactose and lactose series and the a-glycoside in 
the fucose series. The a-mannoside was made by use of the tosyl enolate. 
Methylenation then led to the 1 -glycosyl~xybutadienes.~~ The glycosyl bromide 
derived from 2 was then condensed with the alcohol 3 in studies related to the 
synthesis of concanamycin A.26 

BocNH 

1 2 3 

Anhydro-compounds are still of use in the synthesis of glycosides; for example 
1,2-anhydro-3,4-di-O-benzyl-~-fucose normally reacts readily to give only p- 
glycosides, whereas on treatment with alcohols in the presence of silver triflate a- 
compounds are obtained preferentially. With serine methyl ester the a-anomer 
was produced exclusively, and with 1,2:3,4-di-O-isopropylidene-~-galactose the 
a-product was again favoured, but the a$-ratio was 2: 1 .27 In related work, serine 
methyl esters carrying different N-protecting groups were condensed with the 1,2- 
anhydrides of 3,4-di-O-benzyl-a-~-xylose, 3,4,6-tri-benzyl-a-~-galactose and -p- 
D-mannose in the presence of Lewis acid catalysts. High yields and high 
selectivities of 1 ,Ztrans-related compounds were produced.28 

Hanessian has filed a patent based on his use of 0-glycosides carrying 
heterocyclic aglycons as glycosyl donors. Pyridine and pyrimidine rings con- 
taining a range of alkoxy substituents were claimed with glucose and 2-amino-2- 
deoxy-glucose derivatives. A wide range of 0-substituents, activators and hetero- 
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cycles were employed, and conditions were found to permit good a-selectivity in 
the glucoside series and P-selectivity with 2-acetamido-2-deoxy compounds. 
Disaccharides and trisaccharides were produced in the course of this 

Modification of relatively readily available glycosides still remains a potent 
means of producing more complex compounds. Allyl glycosides have been 
reported in four papers to give access to modified derivatives by refunctionaliza- 
tion of the double bonds. Hydroxylation affords 1 -glycosyl glycerols;30 bromina- 
tion affords dibromides from which optically active 2,3-dibromo- 1 -propano1 and 
epibromohydrin are ~btainable;~’ hydroboration yields 3-glycosyloxypropanols 
and hence, in the D-xylose series, a compound which, following phosphorylation 
at positions 3 and 4 in the sugar and in the side chain, gave a triester claimed to 
be a mimic of inositol 1,4,5-trisphosphate; ozonolysis of the ally1 xyloside allowed 
access to 2-hydroxylethyl2-O-benzyl-~-~-xylopyranoside and hence an analogous 
tri~phosphate.~~ A related paper reported a similar preparation manner of 2- 
hydroxyethyl a-D-glucopyranoside bearing phosphate groups in the aglycon and 
at 0-3 and 0-4, again as a mimic of the secondary messenger.33 

The use of enzymes in glycoside synthetic work continues to develop. Allyl and 
benzyl p-D-glucopyranosides have been made from glucose by use of almond p- 
gluco~idase,~~ and in related work the preparation of n-alkyl P-glucosides was 
described, the alkyl groups having six to twelve carbon atoms, and a biphasic 
system being employed.35 A P-glucosidase of a thermophilic organism was 
examined using immobilized cells, crude homogenates, native enzyme and 
recombinant enzyme, and various P-D-glucopyranosides derived from a range of 
alcohols, diols and aromatic hydroxy compounds were prepared.36 Allyl p-D- 
galactopyranoside has been prepared,34 as has the analogous glycoside of kojic 
acid.37 Selective enzymic acetylations and deacetylations have afforded means of 
obtaining 1-0- and 3-0-~-~-glucopyranosyl-sn-glycerols.~~ Syntheses of a-galac- 
tosides, including corresponding oligosaccharides, have been effected using an 
appropriate enzyme from a cundidu species. 39 An N-acetylglucosamine-based 
insoluble polysaccharide on hydrolysis with sulfuric acid as catalyst gave a set of 
oligosaccharides which were then converted into simple alkyl P-glycosides by 
enzymic methods.40 A very different use of enzymes involves the preparation of 
p-hydroxyphenyl p-D-glucopyranoside by use of a glucuronidase. Peroxidase then 
coupled the aromatic rings of the product and gave a polymer, following 
hydrolysis with acid, having structure 4.41 

2.2.2 Classes of glycosides. - Using the N-tetrachlorophthaloyl-protected 
derivative of 0-acetylated P-glucosamine trichloroacetimidate Schmidt has 
reported a good yield of P-glycosides following the use of tin triflate in 
acet~ni t r i le ,~~ and the same types of products were obtained by Mukaiyama’s 
group by use of the glycosyl acetates of glucosamine and galactosamine carrying 
the trichloroethoxycarbonyl and allyloxycarbonyl N-protecting groups with tin 
triflate or ytterbium triflate as catalysts.43 Schmidt’s group has also employed the 
N,N-diacetylamino group in the glucosamine and galactosamine series together 
with methyl thioglycosides, this approach also leading to P-configurated 
products.44 In the galactosamine series N-acetyl protection together with a- 
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trichloroacetimidate activation at the anomeric centre allows good access to a- 
 derivative^.^^ Access to N-acetylmannosamine glycosides has been provided by 
an azidekriflate exchange at C-2 of a glucoside, and related reactions afforded p- 
mannosides having a free hydroxyl group or a deoxy group at C-2.46 

Direct glycoside formation from glucuronic acid and galacturonic acid using 
long chain alcohols and boron trifluoride etherate as catalyst give, with the 
former acid, the furanoid uronosides of the 3,6-lactone, while with D-galacturonic 
acid, the pyranosides were produced with high a,p-selectivities. On the other 
hand, with iron(II1) chloride as catalyst, together with calcium chloride, the 
galacturonofuranosides were formed with a,p-ratios of approximately 1 : 1 0.47 
Specific pyranoid p-D-glucuronides to have been produced are those from the 
anti-mitotic agent combretastatin A4 (5),48 impiramine (6),49 several O-alkyl-5- 
f luor~uraci ls~~ and compound 7 which is a hydroxylated metabolite of the 
an timalarial artemesinin. 

4 5 6 7 

Much activity has been reported in the area of aromatic glycosides. A novel 
synthesis of 2-deoxyglycosides follows from the finding that 1 -thiono- 1,2- 
naphthaquinone reacts with 0-substituted glucals to give cyclic adducts 8 which, 
on reductive desulfurization, afford the 2-deoxy c o r n p o ~ n d s . ~ ~  A more orthodox 
route to such deoxy compounds involves addition of phenylselenyl chloride or 
phenylsulfinyl chloride to glycals, followed by hydrolysis of the glycosyl chloride 
to the free hydroxy compounds, and coupling with phenols using Mitsunobu 
technology. Compounds such as those found in aureolic acids have been made in 
this way.53 N-Tosylglycono- 1,6lactone hydrazones give access to aryl glycosides 
on treatment with phenols under light irradiation. (See also Chapter 
Further work has been published on glycosyloxyporphyrins made from the 0- 
protected p-glycosyloxybenzaldehyde and pyrrole (cf. J. Org. Chem., 1993, 58, 
2774).55 

A set of substituted phenyl P-glucosides carrying a carboxyl and related groups 
in the aromatic rings have been produced to investigate the mechanism of 
agrobacterium P-glycosidase activity.56 p-Aminophenyl a-D-gafactopyranoside 
and the p-isothiocyanatophenyl p-D-glucopyranoside have been used as means of 
bonding aryl glycosides to bovine serum albumin,57 and four p-aminophenyl 2- 
acetamido-2-deoxy-~-~-glucopyranosides have been prepared as substrates for 
N-acetyl-P-~-glucosaminidase.~~ (4-Ethoxycarbonyl-2,6-dimethoxy)phenyl 0-D- 
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glucopyranoside, an intermediate for the production of clemochinenoside A, has 
been made using ethyl syringate and trichloroacetimidate techn~logy.'~ A set of 
biphenyl a-D-mannopyranosides, containing carboxylic acid groups on substitu- 
ents and also other substituents on the aromatic rings, have been assessed as 
s iak" mimics.@' 

Substituted aryl glycosides can be made by manipulations of preformed aryl 
glycosides. Thus bromination of 0-acetylated P-D-glucopyranosides using 
bromine in dichloromethane at - 20 "C has resulted in substitutions which show 
that hydroxy and methoxy groups on aromatic rings are more strongly activating 
towards electrophiles than is the tetra-0-acetyl-P-D-glucopyranosyloxy group.6' 
Halogenation of various tolyl a-D-glucopyranosides has resulted in the produc- 
tion of halomethyl analogues which were tested as enzyme-activated irreversible 
inhibitors of yeast a-glucosidase. This work is being carried out in connection 
with assessment of HIV activity.62 p-Bromophenyl P-D-glucopyranoside tetraace- 
tate has been coupled with a substituted phenylboronic acid in the presence of a 
palladium catalyst to give biphenyl glycosides which showed liquid crystal 
proper tie^.^^ 

A full account of the use of 2,6-anhydro-2-thio sugars for the stereo-controlled 
synthesis of 2,6-dideoxy-a- and P-glycosides has appeared, and the method has 
been applied to the synthesis of erythromycin A and olivomycin A trisac- 
charide.64 

1.2 Synthesis of Glycosylated Natural Products. - In the area of glycosylated 
amino acids and peptides the 1,2-~yanoethylidene/trityl ether method has been 
used to couple glucose to serine and serine-containing pep tide^,^^ and related 
work involving use of the P-peracetate has given rise to P-galactosides of serine 
and threonine and related compounds.66 0-Galactosides have also been made of 
serine amide-bonded to long chain alkylamines; these and other related 
compounds were required as amphiphiles for liposomal drug carrying systems. 
Analogues containing fluorine in the alkyl chains were produced during this 
work. 67 

Considerable interest is being taken in the coupling of 2-amino-2-deoxy 
sugars with amino acids and peptides. N-Acetylglucosamine has been linked to 
serine and threonine derivatives for solid phase peptide syntheses by use of 
trichloroacetimidate technology.68 2-Azido-2-deoxy-a-~-galactopyranose has 
been 0-linked to threonine, and a disaccharide comprising P-D-galactose linked 
1,3- to 2-azido-2-deoxygalactose has been condensed with serine and threonine 
for solid phase peptide syntheses and for the preparation of specifically and 
multiply glycosylated pep tide^.^^ Imino substitution of the amino group affords 
serine and threonine derivatives which are much better glycosyl acceptors than 
are the normal Fmoc derivatives, and this observation has been used in the 
preparation of several 2-acetamido-2-deoxy-a- and P-galactopyranosyl deriva- 
tives of these amino acids.70 Solid phase peptide synthetic methods using 0- 
protected N-acetylglucosamine and 2-azido-2-deoxygalactose linked to serine 
and asparagine have been applied to the synthesis of four major histo-compat- 
ibility c~mplexes .~~  Glucosylation of hydroxyproline derivatives has been 
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effected using both the paracetylated sugar with boron trifluoride as catalyst 
and acetobromoglucose with silver triflate, but better yields were obtained using 
the perbenzoylated bromide.72 

Solid phase technology has now come into its own for the production of 
glycosylated peptides. Compounds to have been produced by this procedure 
include a vasopressin compound having a P-D-galactopyranosyl group linked to a 
serine component,73 the peptide SIKVAV having a-mannose, a-galactosamine, p- 
lactose or p-lactosamine 0-linked to ~ e r i n e , ~ ~  a fragment of RNA polymerase I1 
carrying a P-D-N-acetylglucosamine unit75 and a fucosylated glycopeptide of 
human factor IX with a-L-fucose 0-bonded to ~ e r i n e . ~ ~  

An a-D-galactosylceramide isolated from a sponge and having anti-tumour 
activity (Vol. 27, p. 21) has acted as a model for several analogues prepared 
using, for example, tetra- 0-benzyl-D-galactosyl fluoride as glycosylating agent.77 
Related syntheses of glucosides and galactosides led to closely related marine 
sponge products.78 The a-galactosylceramides AGL 506, 512, 514, 517, 525 and 
564 were shown to be effective radio-protectants for mice irradiated with X- 
rays.79 The penicillium glucosylcerebroside 9, which is the fruiting inducer against 
a Schizophyllum commune, has been synthesized,80 and likewise the two glycosy- 
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lated phosphatidylcholines 10 and 11, which belong to the same series as a new 
antifungal agent, have been prepared.81 A closely related but new type of glucosyl 
phospholipid to have been made by chemical methods is based on glycerol 
carrying a long chain fatty ester group at 0-1,  a-D-glucose at 0 -2  and a choline 
phosphate group at 0-3.82 

The synthetic cluster galactoside 12 and a related shorter chain compound 
have high affinity for the hepatic asialoglycoprotein receptor,83 and an N- 
acetylglucosaminide having a long amide-containing aglycon with an attached 
fluorescein substituent is referred to in Chapter 10. 

12 13 

In the area of glycosylated inositol derivaties ( f ) condurital B, on enzymic 
galactosylation, afforded compound 13 and (+) conduritol B, the reaction 
representing a means of resolving the condurit01.~~ The myo-inositol derivative 
14, which is of potential value for the synthesis of some glycosylphosphatidyl 
inositols, has been made by standard pro~edures ,~~ as has the a-2-linked 
mannosyl-myo-inositol 15 carrying a phosphate linked ceramide at 0-1  of the 
inositol.86 The glucuronic acid derivative 16 was prepared by glycosylation of a 
suitably protected deoxyinosidiamine, itself made by carbocyclization of methyl 
2-acetamido-2-deoxy-u-~-glucopyranoside.~~ Further reference to glycosyl inosi- 
tols produced by chemical synthesis of the carbocyclic ring is made in Chapter 18. 

14 15 

In connection with the finding that perilloside A 17 inhibits rat lens aldose 
reductase, an extensive range of monoterpene glucosides and their tetraacetates 
have been synthesized by standard Koenigs-Knorr methods,88 and the same 
approach has been used to prepare the 3- and 25-monoglucuronides of 25- 
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hydroxyvitamin D. The substitutions were carried out on provitamin D and the 
final products were obtained by photochemical and thermal isomerizati~n.~~ 
Reports have appeared on the preparation of A', As and A7 p-steryl glycosides,% 
and glucosylation and galactosylation of luteolingl and 5,7,3',4-tetra-O-benzoyl- 
q ~ e r c i t i n , ~ ~  respectively, have been reported. 

Several reports of glycosylation of compounds containing N-heterocyclic rings 
have appeared. Morphine and simple derivatives have been notable examples. An 
improved synthesis of the 6-glucuronide, involving use of the glycosyl bromide 
has been reported,93 and a related report indicates this compound could not be 
made by enzymic coupling and went on to describe its preparation by the selective 
enzymic hydrolysis of the 3,6-diglu~uronide.~~ A standard chemical method was 
used to prepare the 6-glucuronide of O-ethylm~rphine,~~ and a further analogue 
to have been produced is the 6-glucuronide of morphine carrying a 4-aminobutyl 
substituent on nitrogen which was made as a hapten for use in the radioimmuno 
assay of morphine 6-glu~uronide.~~ Conventional methods were used to prepare 
the 6-0-a- and 6-0-p-~-glucopyranosyl derivatives of morphine and codeine.97 
The natural products 18 and 19 have been prepared using the trichloroacetimi- 
date method,98 and mono- and di-ribosylation of biopterins afforded compounds 
20 and 21 .99 (2-Indol-3'-yl) ethyl p-D-xylopyranoside, loo and the corresponding p- 
D-galactopyranoside'" were synthesized, and the tetraacetate of the latter was 
subjected to X-ray diffraction analysis. P-L-Xylopyranosides of known and new 
hydroxypyrrolidines have been studied as glycoside bond cleavage transition state 
analogues. lo2 

OH NHAC 

OGlcp 

16 17 18 R' = H, R2 = OMe 
19 R' = OH, R2 = H 

Miroside 22, an anti-fungal glucoside obtained from the leaves of a New 
Zealand tree, was prepared by use of an 0-silylated- 1,2-anhydro-~-glucose which 
gave the p- and a-anomers in the ratio 2: 1. In the course of the work the isomer 
23 was prepared by use of acetobromoglucose and the corresponding sodium 
enolate. lo3 Norisoprenoid glucosides and related compounds, for example the 
alkyne 24, were prepared by conventional methods.lW Sucrose phosphorylase 
was used in the transglycosylation of a-D-glucopyranose from sucrose to (-)- 
epigallocatechin 'and the 4-a-D-glucoside and the 4',4'-diglucoside were ob- 
tained. Io5 

Glycosylation was effected during the preparation of the deoxytetrahydrodes- 
mycosin 1, a macrocyclic antibiotic containing mycinose and desosamine. '06 
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20 R = H  
21 R = tri-Obenzoyl-0-ribosyl 
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1.3 O-Glycosides Isolated from Natural Products. - As usual, only compounds 
showing special features, usually within the sugar moieties, are dealt with in this 
section. A comprehensive review has been written on steroidal glycosides, which 
includes a description of their biosynthesis and digitalis binding site structures, lo7 

and a further has appeared in Rodd's Chemistry of Carbon Compounds series on 
glycosides, saponins and sapogenins. lo* 

A polyhydroxylated steroidal saponin from the plant Nobina recurvata, 
unusually, contains a P-D-fructofuranosyl residue, this being the first report of 
such a unit in a ~aponin."~ A green sulfur bacterium has yielded a biopterin 
glycoside of N-acetylglucosamine. lo The composition of cyanogenic glycosides 
in a new cassava to be investigated was unusual in that some commonly found 
cyclopentenyl derivatives were absent. Two compounds that were found were 
derived by glucosylation or gentiobiosylation of the cyanohydrins of acetone and 
butanone. l1 

The absolute configuration of compounds 25, 26 was determined by the 
bichromophoric exciton chirality method,"* and the interesting observation has 
been made that irradiation of Scots pine seedlings with ultraviolet B radiation 
induces the production of sunscreen pigments 27 and 28. ' l 3  

1.4 Synthesis of Disaccharides and their Derivatives. - T. Ogawa, C.H. Wong 
and colleagues have produced a short review on methods, including enzymic 
procedures, used for coupling sugars114 and a 44 page compendium of reactions 
leading to the formation of glycosidically linked compounds contains about 700 
entries, all of them relating to 1994 work.'" 

In the field of non-reducing disaccharides trehalose has been converted into the 
hexabenzoate having free hydroxyl groups at both 4-positions and thereby, by 
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triflate displacement, into a-D-galactopyranosyl a-D-galactopyranoside. ' l 6  Benzo- 
bromoglucose has been coupled with 2,3,4,6-tetra-O-benzyl-~-glucose, -mannose 
and -galactose to give mainly a$-, a,a- and a,a- products respectively; in the last 
two cases the main products were isolated crystalline in 40% yield.''7 A novel 
intramolecular glucosyltransferase from Primehbacter converts maltose into 
trehalose,' '* and a-D-galactopyranosyl a-D-galactopyranoside was obtained 
during work in which a Candida a-galactosidase was used in reverse mode."' 
Coupling of UDP-glucose and D-lyxose in the presence of sucrose synthase has 
led to the isolation of a-D-glucopyranosyl a-D-lyxopyranoside and a-D-glucopyr- 
anosyl P-D-threo-pentulofuranoside.'20 The a,a-linked dimer of 2,6-dideoxy-~- 
ribo-hexopyranose is bitter in taste, and a stereochemical basis for this observa- 
tion has been proposed. The tetrabenzoate of the compound was subjected to X- 
ray crystallographic analysis. 12' 

Two molecules of a,a-trehalose have been linked into a macrocycle by way of 
two thiourea bridges involving the C-6 positions. 122 

Much attention continues to be paid to inter-unit linking methods for the 
production of reducing disaccharides and many methods referred to at the 
beginning of this Chapter are relevant in this context. New intra-molecular 
procedures utilize dicarboxylic acids as linking agents prior to the coupling of the 
glycosyl donor and acceptor. The use of the succinyl bridging is illustrated in 
Scheme 1 123 and analogous chemistry has led with good efficiency to the synthesis 
of a derivative of 4-O-a-~-rhamnosyl-~-glucose. 124 The succinic acid based bridge 
was found to be more effective than malonic or phthalic acid bridges, and best 
results were obtained when linkages were between the 0-3 of the acceptor and 0- 
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Scheme 1 

2 of the donor.'23 Other workers however have used the phthalic acid linkage and 
from diester 29 they prepared P-3-linked glucobiosides achieving 6580% efficien- 
cies for the cy~lizations. '~~ 

0 
a, B 1 OO:O, 85% 

Reagents: i, Pd(dba)3, Ph2P-PPh2 

Scheme 2 

A novel disaccharide synthesis is illustrated in Scheme 2 and involves a 
palladium-catalysed allylic displacement reaction.'26 Ketene acetal 30 has been 
adapted as a glycosylating agent, and with 1,2;3,4-di-0-isopropylidene-~-galac- 
tose in the presence of camphorsulfonic acid, undergoes addition at the double 
bond to give an orthoester derivative. Treatment with trimethylsilyl triflate then 
gives access to 6-~-P-~-glucopyranosyl-~-galactose produced in 61% overall yield 
from 30.127 

Hashimoto and co-workers have shown that glycopyranosyl diethyl phosphite, 
with such participating groups as benzoyloxy or phthalimido at C-2 and 
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trimethylsilyl triflate as promoter, gives high yields of 1,2-trans-related disacchar- 
ides,12' and more surprisingly they also find significant P-selectivity when they 
applied the method with several 2-deoxy sugar phosphites. 12' 

OAc 

29 

CH20AC 

30 

CH20Ac 
H 

NHAc NHAC 

31 

Pyrimidin-2-yl 1 -thio-p-D-glycopyranosides, which are stable odourless com- 
pounds, appear suited for the production of 1,2-cis-related disaccharides. For 
example, the 2,3,4,6-tetrabenzyl-P-~-galactopyranoside condensed with methyl 
2,4,6-tri-O-benzyl-p-~-rnannopyranoside gave the a-linked disaccharide in 93% 
yield under these conditions. 30 Electrochemical glycosylation involving the use, 
for example, of p-tolyl 2,3,4,6-tetra-O-benzyl-l-thio-P-D-glucopyranoside gives 
very good coupling conversion with methyl 2,3,4-tri-0-benzyl-a-~-glucopyrano- 
side with the a,p-ratio being 1:3. Good yields and selectivities with secondary 
sugar alcohols were also claimed. 13' Glycosyl fluorides couple well with acceptor 
trimethylsilyl ethers in the presence of lanthanum perchlorate as catalyst, for 
example tetrabenzyl-p-D-glucosyl fluoride reacts with methyl tribenzyl-6-0- 
trimethylsilyl-a-D-glucopyranoside to give high yields of the 1,6-1inked products 
in acetonitrile, the a$-ratio being 1: 10, while when the reaction was conducted in 
ether the ratio was 75:25.'32 A rather unusual application of the Koenigs-Knorr 
reaction involves coupling of acetobromogalactose with 2-(trimethylsily1)ethyl p- 
D-galactopyranoside. Good selectivity for coupling at the primary position was 
reported with, however, 510% of other products being formed, with this bromide 
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and also with acetobromolactose and the analogous compound from 2-deoxy-2- 
phthalimidoglu~ose.'~~ N-Protection with the novel dithiasuccinoyl protecting 
group and trichloroacetimidate methods has led to the formation of P-linked 
glucosamine disaccharides and derivatives, in particular the N-linked chitobiosyl- 
amino compound 31.'34 

Reducing disaccharides will now be dealt with according to the nature of the 
residues at the non-reducing termini. Yields ranging from 60-80% were obtained 
following glucosylation, galactosylation and mannosylation with glycosyl bro- 
mides or thioglycosides of methyl hexopyranosides with unsubstituted hydroxyl 
groups which were first stannylated. This had the effect of selective activation of 
the primary hydroxyl groups and the method, therefore, looks a rather straight- 
forward means of obtaining 1,6-1inked c o m p o ~ n d s . ' ~ ~  Compound 32, on the 
other hand, on treatment with acetobromoglucose, was selectively substituted at 
0-3, giving 44%0 of the product and only traces of other isomers. In the case of 
the L-rhamnosylamine analogue, however, 30% of 0-3-linked product and 24% 
of 0-4-linked product were is01ated.I~~ When D-glucosamine'and 2-deoxyglucose 
were separately taken with equimolar proportions of a-D-glucose-1 -phosphate on 
the 100 mM scale and in the presence of cellobiose phosphorylase, the p-(1-+4)- 
linked disaccharides were obtained in 55 and 50% re~pectively.'~~ Several methyl 
maltoside analogues having sulfur as the ring atom and various hetero atoms in 
the inter-unit position are referred to in Chapter 11. 
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Considerable interest continues in the chemistry of disaccharides terminating 
in D-galactose. 4,6-0-Benzylidene- 1 -0-Tbdms lactose, on treatment with benzyl 
bromide in the presence of sodium hydride, underwent silyl migration from 0 - 1  
to 0-2 and subsequent 0-benzylation. Desilylation and pivaloylation then 
afforded a very suitable building block for lactose derivatives having glycosyl 
substitution at O-2.13* The lactosylceramide analogue 33 has been produced as a 
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novel photoreactive substrate for GM3 synthase,139 and a lactose-containing 
peptide 34 was made from an 0-acetylated glycosyl azide which was reduced and 
coupled initially with glycine prior to peptide development. Compound 35, a 
bifluorescence-labelled substrate for ceramide glucanase, was prepared and its 
usefulness demonstrated; in particular it showed sensitivity and allowed rapid 
analysis consistent with a continuous assay.141 The 1,2-; 1,3- and 1,6-8-~- 
galactosyl-D-glucoses have been produced using P-galactosidase. 142 
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A set of dendromers, of which compounds 36-38 are the most complex, were 
made with the intention of using compounds of the set 37 to make sialyl LeX 
analogues by enzymic sialylation and fucosylation. 143 N-Acetyllactosamine has 
also been linked to the three hydroxyl groups of compound 38a.la Several other 
papers have also been concerned with N-acetyllactosamine and its glycosides. 
Methods have been developed for efficient conversion of the known oxime 
derivative 39 to p-methoxybenzyl glycosides of a- and f3-N-a~etyllactosamine,'~~ 
and the pyruvyl' acetal derivative 40 was prepared in studies related to the 
aggregation factor of a marine sponge.'46 All six monosulfates of the p-N- 
acetyllactosaminyl 8-methoxycarbonyloctanol have been synthesized and char- 
acterized by high resolution NMR spectro~copy.'~~ A complex enzymic system 
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involving several catalysts has been used in an impressive 4-P-galactosylation of 
glycosides of N-acetylglucosamine, the ultimate source of the required glucose-l- 
phosphate was inorganic phosphate and sucrose, therefore avoiding the need to 
obtain the ester c~mmercially.'~~ Enzymic methods were also involved in the 
preparation of a polymer derived from p-(acryly1amino)phenyl N-acetyllactos- 
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a m i ~ ~ i d e . ' ~ ~  Formal chemical methods were used to obtain the disaccharide based 
on a-D-galactose 1,3-1inked to methyl a-D-N-acetylglucosaminide. ' 
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Reports have appeared in the proceedings of a symposium on the synthesis of a 
new ceramide a-l,4-linked digala~toside,'~' The 1,l-; 1,2-; 1,3- and 1,6-a-~- 
galactosyl-D-galactoses have been produced using enzymic methods. ' ' p-D-Gal- 
(1 -+3)-P-~-Gal-0-2-naphthyl, the disaccharide of which is related to sub-units of 
heparin and chondriotin sulfates, was synthesized together with related glycosides 
to test their ability to serve as primers of oligosaccharide synthesis in animal 
cells. lS2 A successful synthesis of 2-azido-2-deoxy-3-0-p-~-galactopyranosyl-~- 
galactose and its 0-linking to serine and L-threonine derivatives, and subsequent 
development of the peptide chains has been reported,'53 and a related study led 
to the development of means of linking this disaccharide by a- or p-bonds to 
various alcohols.'54 A further synthetic effort led to the description of several 
specific monosulfates and monomethyl ethers of the ally1 glycoside of this 
disaccharide in the 2-acetamido-2-deoxy form, 15' and the 3',6-dimethyl ether and 
the 3'-methyl ether were prepared of the benzyl a-gly~oside. '~~ 

Enzymic procedures have been used to introduce a P-D-galactopyranosyl unit 
at 0-5' of p-~-arabinofuranosylcytosine,'~~ and at the same position of several 
ribo- and 2-deoxyribonucleosides. 15* An a-galactosidase from Candida transfers 
the sugar to several other sugars, including pentoses and 6-deoxyhexoses. 159 p- 
D-Galp-( 1 -4)-p-~-Xylp-O-2-naphthyl was found to act as a primer for the 
biosynthesis of glycosaminoglycan chains, lS2 and the hexaacetate of this di- 
saccharide glycoside was more active as a chain-primer suggesting that cells 
took up the substituted compound easily prior to causing deacetylation and 
glycosylation. Acid-catalysed reaction of D-galactose with 5-hydroxypent-1-ene 
led to a large proportion of furanosides. The derived acetates afforded a means 
of making the p-D-galactofuranoside selectively, as did the corresponding benzyl 



3: Glycosides and Disaccharides 33 

ether. In the course of the work a p-1,2-galactofuranosyl mannopyranoside was 
made.'60 

Mannose-terminating disaccharides have proved very popular targets of synth- 
esis, the a- 1,2-1inked mannobiose having been prepared as its 6-(trifluoroacetyl- 
amino)hexyl glycoside, 16' and also as its specifically 6-deoxygenated methyl a-D- 
pyranoside. 162 An a-mannosidase acting on concentrated aqueous solutions of 
mannose led to the formation of this same 1,Z-linked compound, as well as to the 
1,3- and 1,6-isomers and also to tri~accharides.'~~ The a-1 ,2-linked compound 
has also been produced using mannose glycosidically linked to poly(ethy1enegly- 
co1)monomethyl ether. Chemical methods have been employed to prepare the 
a-1,Z- a-1,3- and a-l,6-linked mannobioses which were condensed to partially 
protected hydroxy-containing amino acids as starting materials for the synthesis 
of gly~opeptides.'~~ a-1,CAnd a-l,6-linked dimers have been made and linked to 
spacer arms.166 A metal complex derived on the p-face of a mannose derivative 
fully 0-substituted except at 0-1, on condensation with 1,6-anhydro-2,3-di-O- 
benzyl-4-0-triflyl-~-galactose, gave 6 1% of the a- 1,4-1inked mannosylglucose 
der i~at ive, '~~ and a mannofuranosyl a- 1 ,6-linked galactose was formed by way of 
1,2-anhydro-3,5,6-tri-O-benzyl-~-~-mannose. 168 A new route has been reported 
to 2-0-a-(3-0-carbamoyl-a-~-rnannopyranosyl)-~-gulose which utilized a 
mannose derivative chain extended by a Wittig methylenation and configuration- 
ally inverted at C-6 of this acyclic compound to give access to ~ - g u l o s e . ' ~ ~  The 
same disaccharide, in the form of peracetate glycosidically linked to hydroxyhis- 
tamine, has been elaborated to an analogue of bleomycin A2.170 

Disaccharides ending in pentose units include a fully substituted 2 -0 -a -~ -  
ribofuranosyl-L-rhamnose derivative produced from a glucosyl acetate or glycosyl 
trichloroacetimidate. 71 2,3,5-Tri-O-benzoyl-a-~-arabinofuranosyl chloride 
coupled with specifically di-0-substituted methyl a-L-arabinofuranosides led to 
1,2- 1,3- and 1,5-1inked disaccharides. 17* 1,3-Anhydr0-2,4-di-O-benzyl-~-arabi- 
nose with 1,2: 3,4-di-O-isopropylidene-~-galactose in the presence of zinc chloride 
gave 80% of the 6-0-arabinosylgalactoses with a,p-ratio 3: Various 1,4- 
linked P-D-xylobiosides in the form of nitrophenyl glycosides have been used as 
inhibitors of xylanases. 174 Coupling of 1,2-anhydr0-3,4-di-O-benzyl-~-lyxose and 
L-ribose with 1,2:3,4-di-O-isopropylidene-a-~-galactose, in the presence of mo- 
lecular sieves, gave the a-D-lyxoside and p-L-riboside in high yield and with good 
stereoselectivity. 17' 

The heptobiose a-D-Hepp-(l-+3)-a-~-Hepp has been synthesized as its 4- 
phosphate and 4-diphosphate. 176 

Amino sugars commonly feature as non-reducing termini of disaccharides. 
Coupling of N-acetylglucosamine and its P-p-nitrophenyl glycoside in the pre- 
sence of an appropriate p-transferase gave rise to the p-1,4- and the p-1,6-linked 
dimers, and in the course of the same work analogous transfers of N-acetylgalac- 
tosamine were effected. 177 Chitobiose a-1 -phosphate has been extended to 
corresponding diphosphate diesters carrying long chain alkyl ester groups. 178 The 
disaccharide comprising N-acetylglucosamine p-( 1 +4)-linked to 2-deoxy-3-0- 
muramoyl-2-N-palmitoylamino-~-glucose has been prepared as a key substance 
for the synthesis of new lipid analogues of muramoyl d i ~ e p t i d e . ' ~ ~  The synthesis 



34 Carbohydrate Chemistry 

of an analogue of the biosynthesis precursor of Lipid A with (S) chirality in 3- 
hydroxytetradecanoic acid side chains has been reported,"' as has an improved 
route to the phosphono-oxyethyl analogue of lipid A. 18' p-~-GlcpNAc( 1 +4)-P- 
D-ManpOH and its p-nitrophenyl P-glycoside have been made by lysozyme- 
catalysed transfer of N-acetylglucosamine. The regioselectivity of the reaction is 
dependent on the anomeric configuration of the acceptor.'82 The a- and p-inter- 
unit isomers of D-G~cNAc( 1 +4)-p-~-GlcA have been tested for their binding 
affinity to fibroblast growth factor as have a-L-IdoA-(l-+4)-a-~-GlcNac and p-D- 
GlcA( 1 -4)-a-~-GlcNS03, and trisaccharides related to these compounds, this 
work being carried out in connection with the affinity of heparin and its 
components and the growth factor.'83 

A peracetate of an a-l,3-linked dimer of 2-azido-2-deoxy-a-~-galactose glyco- 
sidically bonded to a derivative of L-threonine has been prepared for use in solid 
phase synthesis of glycopeptides, 184 and N-acetylglucosamine carrying a sulfate 
at 0-4 and p-1,4-linked to D-glucuronic acid has been made; it is a component of 
chondroitin ~ulfate.'~' P-D-ManNAcp-(l +X)-a-D-Rhap where X = 2, 3 or 4 have 
been made in connection with the study of bacterial lipopolysaccharide repeating 
units.lS6 

Considerable work has continued in the area of deoxy-sugar disaccharides. 
Methyl a-isomaltoside and methyl a-isomaltotrioside analogues specifically de- 
oxygenated at C-2 in one or more of the glucose moieties have been made by use 
of a 1-Tbdms ether of 2-deoxyglucose as glycosyl donor with TmsOTf as 
activator.'87 A parallel report on isomers bearing deoxy groups at C-4 has been 
published. ' 88 Enzymic condensation of 2-deoxy-~-glucose afforded a-linked 
products from disaccharides to pentamers. Different enzymes produced different 
ratios of the 1,3-; 1,4- and 1,6-1inked products. Aspergillus niger enzyme produced 
mainly the last of these.lS9 a-L-Rhap-(l-*2)-P-~-Glcp has been made as a 
triterpenoid glycoside as part of a study of the structure of natural sap on in^,"^ 
and osladin, a sweet principle of a fern, which contains a-L-Rhap-(l+2)-~-Glcp 
as part of its steroidal structure, has been discussed in a review of intensely sweet 
glycosides. One of the compounds reported is from a Chinese drug, and it 
contains p-~-Xylp-(l-2)-D-Glcp and is 250 times sweeter than sucrose. 19' 1,2- 
Anhydro-3,4-di-O-benzyl-a-~-fucose is reported to act with serine to give the a- 
glycoside rather than the anticipated P-compound and with 1,2:3,4-di-O-isopro- 
pylidene a-D-galactose to give the mixed anomers of the 1,6-linked fucosylgalac- 
t 0 ~ e . l ~ ~  Two reports have appeared on the synthesis of the marine toxin 
polycavernoside A disaccharide which has the structure 2,3-di-O-methyl-a-~- 
fucopyranosyl-( 1 -+ 3)-2,4-di- O-methyl-~-xylose. 1939 194 2,3-di- 0-Benzoyl-4,6- 
dideoxy-a-L-Zyxo-hexopyranosyl chloride has been made from methyl a-L-rham- 
nopyranoside and condensed to form an a-( 1 +2)-linked a-D-galactopyrano- 
side.19' Selective methods have been developed to isolate the P-1 ,Clinked dimer 
of 2,6-dideoxy-~-ribo-hexose from digitalis glycoside. 19' Chapter 19 contains 
reference to other dideoxy sugar glycosides. 

Sialic acids continue to gain prominence, and the chemical synthesis of sialic 
acid dimers and related matters has been treated in a short Japanese review.19' a- 
D-Neuraminic acid 2 -6-linked to methyl p-D-galactoside has been reported, 19' 
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and also to 2-N-acetylgalactosamine through the same type of linkage, the 
product being glycosidically linked to threonine for use in solid phase peptide 
synthesis. lg9 Neuraminic acid linked to the 6-position of N-methyldeoxynojir- 
imycin is described in Chapter 18. 

Lepidimoide (41), which is a plant growth promotion factor, is exuded by seeds 
of all plant species, but with larger amounts coming from sunflower and 
buckwheat.200 
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1.5 Disaccharides with Anomalous Linking. - Compounds 42 and 43 which 
mimic parts of the sialyl LeX trisaccharide have been reported:" and a set of 
compounds represented by 44 have been produced in the course of new studies 
on intramolecular glycosidation.202 Work on this topic is covered earlier in this 
section (cf. Scheme 1). Diglycoside 45 was treated with di-0- 
tosyldiethyleneglycol in the presence of sodium hydride to give crown ether 

Bolaamphiphiles are a,o-surfactants which consist of hydrophobic central 
and hydrophilic end groups; compounds of set 47 have been made by 
glycosylation of the corresponding a,o-diols.2w Compound 47a, containing the 
unusual amidine component, has been prepared and is a good inhibitor of a- 
m a a n o ~ i d a s e . ~ ~ ~  
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1.6 Reactions, Intermolecular Complexation and other Features of Glycosides. - 
A theoretical modelling of the mechanism of hydrolysis of methyl D- 
glucopyranoside has been reported,206 and anomeric pairs of n-pentenyl 
glycosides have been concurrently hydrolysed, following activation with N- 
bromosuccinimide, to give insight into the relative rates of anomer reactions in 
the absence of strong acids. 0-Protecting groups, for example cyclic acetals, were 
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shown to exert a profound effect on the rates of reactions.207 The kinetics of the 
acetolysis and concurrent anomerizations of ethyl tetra-O-acety1-a- and p-D- 
glucopyranoside induced by use of acetic anhydride, acetic acid and sulfuric acid 
have been reported. Reactions were followed by gas chromatography of the 
products, and their mechanisms were discussed.20s Boron trifluoride etherate in 
the presence of borane.methy1 sulfide or borane.amine complexes cause reductive 
cleavage of glycosidic linkages of fully methylated monosaccharides or 
polysaccharides, and reductive cleavage analysis of the latter is shown to be 
particularly straightforward by this method.209 p-Methoxyphenyl glycosides may 
be deprotected by anodic oxidation, and the reaction has been studied in the 
cases of several a-mannosides, -glucosides and -galactosides including di- and tri- 
saccharide derivatives; yields were in the range 74- I OO%.2'o Enzymic hydrolysis 
of an N-acetylneuraminic acid a-glycosides with bacterial sialidase occurs with 
retention of anomeric configuration.21 

The 2-deoxygalactosides 48 in dichloromethane on treatment with three 
equivalents of boron trifluoride etherate resulted in the formation of the tricyclic 
compound 49 in 65% yield. The reaction, repeated in the presence of five 
equivalents of the Lewis acid, however, gave the more expected p-C-glycoside 50 
(Scheme 3).212 
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Scheme 3 

It is increasingly being recognized that glycosides can be complexed by various 
macrocyclic species, and several references to this are given in the boronic acid 
section of Chapter 17. A related paper has described a complex receptor 
comprising a benzo-crown ether and an aryl boronic acid group which binds p- 
nitrophenyl P-D-glucopyranoside and transports it through liquid organic 
membranes at pH 11. The efficiency of transport was higher than with a mixture 
of the appropriate benzcrown ether and phenylboronic acid.213 Long chain alkyl 
p-D-glucopyranosides and maltopyranosides with CS, Clo and C12 alkyl groups 
can be converted into micelles which have been studied alone and as complexes 
with biomolecules, for example porphyrins, bilirubins and g ly~o l ip ids .~~~  The use 
of zinc porphorin as a synthetic receptor of long chain alkyl glucosides, 
mannosides and galactosides has been reported,*15 and a bis-8-quinolyl porphy- 
rin.zinc complex exhibits strong affinity for octyl P-D-glucopyranoside.216 In 
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parallel work Diederich and co-workers have examined the complexation of octyl 
glycosides by compound 51217 and also a set of chiral binaphthylcyclophanes, for 
example 5Z2 
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2 !3- and Se-Glycosides 
A novel route to S-alkyl and S-aryl thioglycosides involves treatment of free 
sugars protected at all positions except 0- 1 with corresponding disulfides in the 
presence of triphenylphosphine and boron triflouride etherate; the anomeric 
configurations of the products were widely variable.219 Treatment of tri-0-acetyl- 
a-L-fucopyranosyl chloride with ethanethiol and its sodium salt afforded three 
ethyl a-thioglycosides carrying two ester groups, each in approximately 25% 
yield, which were used as starting materials for preparing the 1,2- 1,3- and 1,4- 
linked difucosyl disaccharides.220 Compound 53 has been made as a spin labelled 
glycolipid analogue, together with several 0-linked and C-linked glycosidic 
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analogues,221 and compound 54 together with its a-anomer has been prepared 
using the S-tributylstannyl thioglycerol derivative.222 Compound 55 was made 
from the p(aminobenzy1)thioglycoside for affinity chromatography purposes,223 
and the heterocyclic glycosides 56 and 57 were prepared from the acetohalogen 
sugars and the 2- thi0ls .~~~ 
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In the field of sialic acids compound 58 has been derived by appropriate 
additions to the 2,3-ene and appears to be a potentially important sialylating 
agent giving almost 100% a-selectivity; several appropriate disaccharides and 
trisaccharides were made.225 From the 3-deoxy-2-acetylthio derivative several S- 
alkyl thioglycosides have been made by treatment with the alkyl bromides in 
alkaline conditions.226 Synthesis of the thiocoumaryl a-glycosides 59 was effected 
to afford potential fluorogenic substrates for sialida~es.2~’ 

The number of disaccharide derivatives involving sulfur linkage between the 
sugars is increasing, and compounds 60 were made following the addition of a 
1 -thiosugar to levoglucosenone and tested as inhibitors of a-L-fucosidase.228 
The ganglioside analogue 61 has been described229 as have the lactosyl 
ceramide analogue 62 (together with several  derivative^):^' and the bis- 
saccharide compounds 63 containing the 0-protected thiohydroximate 
linkage.231 
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The phenylthio groups at anomeric positions of mono- and oligo-saccharide 
compounds have been cleaved hydrolytically using N-bromosuccinimide as 
activator.232 Such activation can be dependent on the size of the anomeric leaving 
groups as is evidenced by the selective activation of the ethylthio group by 
iodonium dicholidine perchlorate in the presence of an analogous thioglycoside 
carrying the (dicyclohexy1)methyl S - s ~ b s t i t u e n t . ~ ~ ~  Thioglycosides may be acti- 
vated as glycosyl donors by N-bromosuccinimide used with salts of strong acids 
such as t-butylammonium triflate or perchlorate in acetonitrile, which lead it to 
afford /3-selectivity with either 2-0-acyl or 2-0-benzyl groups present in the 
donors. On the other hand, lithium perchlorate or lithium nitrate afford a- 
products preferentially when the donors have 2-0-benzyl sub~t i tuents .~~~ In the 
thiofuranoside series glycosylation of S-phenyl 3,5-di-O-benzyl- 1 -thio-P-~-ribo- 
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furanoside with Se-phenyl 2-0-benzoy1-3,5-di-O-benzyl-l -seleno-P-D-nbofurano- 
side occurs with good chemoselectivity showing that the selenoglycoside may be 
activated preferentially in the presence of the phenyl thioglycoside notwith- 
standing its having a disarming group at C-2.235 

Certain thioxylosides are good substrates for a glycosyl transferase in vivo, and 
on oral administration to rats elicit a large increase in plasma concentrations of 
glycosaminoglycans. The same compounds have important anti-thrombotic 
activity in rats.236 

Partial deacetylation of thioglycoside peracetates during synthesis has been 
reported above and many disaccharides and oligosaccharides mentioned in 
Chapters 3 and 4 have been made by use of such compounds. 

3 C-Glycosides 

3.1 Pyranoid Compounds. - From the relatively simple compound 64 an 
extensive range of C-glycosides with variations within the sugar and aglycon 
were produced.237 The related compound 65 was made by treatment of 4,6-0- 
benzylidene-D-glucose with nitroethane in the presence of DBU and 2- 
hydroxypyridine used as a 1,3-proton transfer catalyst. Nitropropane led to the 
analogous compound 66 together with its e ~ i r n e r . ~ ~ ~  Reaction of the 
corresponding glycosyl chloride with 2-methyl- 1 -(trimethylsilyloxy)propene gave 
good yields of compounds 67 with ap ratio 1:lO. An extensive study was made 
of this reaction which opens a good way of making 2-deoxy-P-C- 
gluc~pyranosides.~~~ The coupling reaction illustrated in Scheme 4 is subject to 
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the influence of chiral ligands, dipyridyl compounds giving appreciably 
increased stereoselectivity with high proportions of the illustrated 
dia~tereomer.~~' 

CH20R CH20R RotR$ + i,ii RoeR? --Me 

--Me 
OMe HO- - 

/ R=TWms 0 

Me0 0 

Reagents: i, NiC12, CrCI2; ii, chiral ligands 

Scheme 4 

A photo-irradiation study has been carried out on phenacyl tetra-O-benzyl- 
glycosides in the a- and P-D-glucopyranose and a-D-mannopyranose series. 
Reactions led in the main to lactones together with spiro-oxetanes e.g. 70 
(Scheme 5); somewhat surprisingly the a- and P-glucose derivatives reacted at 
similar rates."' The glycosylated a- and P-homomannojirimycins 68 have been 
prepared as potential inhibitors of endo-mannosidases,B2 and the esters 69 were 
produced by palladium, copper-mediated cross-coupling of glycosyl tributylstan- 
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nanes with thiono- and thiol-chloroformates.243 Elaborate ab initio methods were 
used to produce the thioglycoside 71 and hence the cyclized C-glycoside 72 en 
route to 2,3-dideoxy-~-rnanno-2-octulopyranosonic acid.*& A series of C-glyco- 
sidic compounds based on 1,2-cyclopropanated sugars have been produced by 
Simmons-Smith additions to glycal derivatives. A range of compounds related to 
73 were described.245 

The exoalkene 74, on epoxidation, gave isomeric spiro-compounds which 
could be directed with nucleophiles to open in two directions leading to C- 
glycosides with a range of substituents on aglycon carbon atom and also at the 
anomeric centre.246 In related work arylsulfenyl chlorides were added to the 
double bond of 74 to give access to a range of C-glycosides with various 
substituents (OH, OMe, CN, Ph, All etc.) at the anomeric centre.247 Detailed 
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studies have been carried out on the conjugate addition of nucleophiles to 
various C-glycosides having unsaturated aglycons which occurs with treatment 
with methyl lithium and lithium bromide followed by fluoride. Compound 75 
was converted into 76 with almost complete specificity. Several nucleophilic 
additions were examined and the modes of addition were switchable according 
to whether a- or P-chelation control was Radical cyclization of 
compound 77 in the presence of acrylonitrile gave the a-C-glycoside 78 in 75% 
yield; appreciable related work was reported.249 Epoxidation of ally1 C-a-D- 
glucopyranoside gave compounds which were inhibitors of a bacterial glucosyl- 
tran~ferase.~~' C-Allyl-Pa-galactopyranoside, made by an allylmagnesium 

75 76 

77 
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bromide treatment of acetobromogalactose, was used to make the anomalously 
linked disaccharide compound 79, a Wittig reaction being used for the key 
bond-forming reaction.251 

Acetylenic C-glycosides have attracted appreciable attention. Reaction of the 
appropriate (tributylstanny1)acetylene with the corresponding glycosyl chloride 
afforded compound 80 which was readily converted into the hexacarbonyldi- 
cobalt complex 81 and thence the p-anomer of 80. The C-glycosides gave access 
to a range of related compounds.252 The 2,3-Wittig rearrangement conducted 
with butyllithium on compound 82 afforded 83 with greater than 99% 
diastereoisomeric selectivity, and hence alkynes of general type 84 were 
produced.253 Vasella and his co-workers have conducted very elegant work in this 
area leading to acetylenic-linked oligosaccharide analogues, the key step being 
outlined in Scheme 6.254 Subsequent work leading to oligomeric compounds of 
this type was based on further couplings of related kinds.255- 256 

CH20Ac CH20Bn &'yTrns OH H o d  

0% Tms BnO OBn OR 
BnO 

82 83 84 

C-Aryl compounds continue to attract attention and a short review has 
appeared on the preparation of natural products with this structural feature.257 A 
synthesis of an aryl C-glycoside which occurred by glycosyl migration from 0 to 
C is illustrated in Scheme 7.258 See Scheme 3 for a related example. A more novel 
route involving the aromatization of a quinol ketal glycoside is shown in Scheme 
8 which also illustrates a rearrangement reaction.259 Attempted free radical 
bromination of tetra-0-acetyl-P-D-glucopyranosylbenzene with N-bromosuccin- 
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Reagents: i, TmsC=CLi, Et2AICI 

Scheme 6 

imide gave a low yield of mixed products. However, when the reaction was 
repeated using bromine under light and in moist carbon tetrachloride, the ketose 
derivative 85 was produced very efficiently. Analogous reactions occurred in the 
a-glucose and p-mannose series.260 

Reaction of tri-O-acetyl-D-glucal with phenyl alkyl ethers in the presence of 
tin(1V) chloride gave predominantly 2,3-unsaturated glycosides linked through 

OMe OMe - 
BnO 

OBn OH BnO 
OBn 

Reagents: BF3.Etp0 

Scheme 7 
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TbdmsO 

.- F$ Tbdmsoy ;=Me - iv 

TbdmsO OMe - 

OTbdms 

OMe 

OMe 

Reagents: i, DIBAL; ii, P0Cl3, Py; iii, BH3; iv, H202, NaOH; v, ZnCl2, Et2O 

Scheme 8 

the para-positions. Several derivatives were prepared and liquid crystals were 
encountered in this set of compounds when long chain alkyl substituents were 
incorporated.261 Reaction of 4,6-di-O-benzyl 2,3-unsaturated p-tert-butylphenyl 
glycosides with a range of Grignard reagents afforded 2,3-unsaturated aryl 
C-glycosides. With palladium dichloride as catalyst the a-anomers were 
produced exclusively, whereas with nickel dichloride the p-products were 
the only products.262 Base-catalysed addition of an imidazole derivative to tetra- 
O-benzyl-D-glucono-6-lactone gave a ketose derivative, which on reduction, 
gave access to the C-imidazolyl glycoside 86 which inhibits an almond p- 
glucosidase, and the a-anomer, also produced during the work, inhibits yeast a- 
glucosidase. 263 

OH 0 

AGO RO 

OR' 
OAc OH 

85 86 

X Y R R' 

87 H B-D-GlCp H H 

88 g-O-Glcp H H H  

83 H p-~-Glcp Me H 
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OMe 

OH 

. Me 

90 91 

CI 

92 

In the area of naturally occurring C-glycosides a new flavone compound 
chrysin 8-C-p-~-glucopyranoside has been characterized.264 The trichloroacetimi- 
date procedure, used with appropriate phenols in the presence of trimethylsilyl 
triflate, afforded C-glycosides by way of initial 0-linked products which were 
thereby converted into vitexin, isovitexin and isoembegenin 87-89265 and the 
coumarin analogue 90.266 The total synthesis of angucycline antibiotic C104, (91) 
utilized the appropriate glycosyl acetate, the corresponding rearrangement of the 
0-glycoside giving access to the required and the same workers made 
compound 92 en route to C-glycosyl juglones.268 The preparation of the 
antifungal papulacandin D (93) in outlined in Scheme 9.269 The component 
molecule 94 of the same natural product has been made as illustrated in Scheme 
10 with the aromatic ring having been synthesized from acetylenic components, 
and in the course of the same work the vineomycinone B molecule 95 was 
made by a similar approach involving use of a 1,Zunsaturated acetylenic C- 
glyco~ide.~~' 

In the field of C-glycosyl amino acid derivatives C-glycosyl radical addition 
to compound 96 was employed to give the diastereoisomer 97 in 88% yield 
exclusively. Hydrogenation gave one isomer of a-C-glucosyl a l a ~ ~ i n e . ~ ' ~  The 
peptide analogue 98 and its p-anomer were made efficiently from the corre- 
sponding glycosylcarboxylic acid by amine Related phosphonates 
99,273 and and the related phosphate 101274 have been made from 
corresponding C-glycosides having simple substituted methyl aglycons. 

C-Glycosidically linked disaccharides have now become of considerable 
importance and a review has covered the preparation of such compounds as well 
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? T o  + T i p s O q O T i p s  ___) T ; q O T i P S  
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ii 1 
OTips 

OH 

93 

Reagents: i, BuLi; ii, Arnberlite IR120 

Scheme 9 

BnO BnO 
OBn 

OBn \ OBn 

94 

Reagents: i, Li-Tms; ii, Ac20, Py; iii, TmsO , - , SnC14; iv, C2H2, CIRh(PPh& 
- 

Scheme 10 

as C-glyc~sylflavanoids.~~~ The directly linked compounds 102 and 103 are 
examples of enzymic amplification of dihydroxy dialdehydes produced following 
double bond cleavage of specific cyclohexene di01s.*~~ In the main, disaccharide 
C-glycosidic mimics have the sugars linked by one carbon unit and, commonly, 
are made by reaction of glycosyl nucleophiles acting on compounds carrying C- 
formyl groups. Compound 106 reacts very readily with samarium(I1) iodide and 
carbonyl compounds to give C-glycosides; thus when taken with the aldehyde 107 
it afforded C-linked disaccharide 108 (Scheme 11) in 75% yield.277 In related 
work the sulfoxide 104 was converted to the l-lithio derivative and coupled with 
the appropriate 4-C-formyl compound to give access to the N-acetyllactosamine 
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Me 0 

O 1  
OBn 

95 R=TbdpS 

CH20Bn 

OBn 

96 97 

CH20H R' R2 X 
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OH OH 
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CH20H CH20Bn CH20H 

HO d T o H o H < F H  Bn@> H $ F J F o ~  OH 

NHAc OH SOPh OH 

103 104 1 05 

analogue 105,278 and parallel work has afforded the undecose backbone of the 
herbicidins in the form of the Clinked disaccharide 109.279 Two ulosyl bromides 
have been used in related reactions and, for example, compound 110, and a set of 
analogues, have been prepared.280 Conversely compound 111 was made by 
addition of a carbanion, derived from an iodomethyl substituent at C-4 of a 
glucopyranoside derivative, at C-1 of an aldehydo sugar. From the product 
compounds 112 and 113 were produced and from the latter, the novel tricyclic 
ketoside 114 was obtained.281 
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115 

To indicate how the field is expanding, the doubly C-linked analogue of 
trisaccharide u-L-Fuc~-( 1 -+2)-P-~-Galp-( 1 -+4)-~-GlcNAc, which is the human 
blood group determinant H-11, has been made with a methylene group replacing 
oxygen at both inter-unit positions. Several analogues were also made and 
NMR conformational analyses were carried out.282 So-called carbonucleotoids 
having phosphate linkages between C-glycoside components have been investi- 
gated, and compounds such as 115 have been made for use in pharmaceutical 

Continuation by Vogel of his work on carbocyclic analogues has led 
to the C-linked a-D-galactopyranosides of carbapentapyranose derivatives 
(Scheme 1 2).284 A parallel publication has described the a-C-glucopyranosyl 
analogues.285 

0 

PhSe MeOl-\o + 

i - iii, i Meo?+o OAc 

OAc A c 0 F d H 2  

(k) 
OAc 

+ 

Me0 Aco??h CH20Ac 

H2 
OAc 

Reagents: i, Bu3SnH, AIBN; ii, m - CPBA; iii, AcpO, NaOAc 

Scheme 12 
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OBn - 
BnO 

OBn OBn OBn OBn 

Reagents: i, Tf20, Py; ii, Ph3P, DEAD 

Scheme 13 

3.2 Furanoid Compounds. - A review has appeared on the synthesis of 
gilvocarcin C-glycosides, for example compound 1 16.286 The synthesis of a simple 
furanoid aryl C-glycoside has been achieved by reaction of a glycosyl chloride 
with diary1 cad mi urn^,^'^ and a further report has appeared on the intramolecular 
formation of aryl C-glycosides by, for example, the cyclization of methyl 2-0- 
benzyl-3,5,6-tri-O-methyl-~-glucofuranoside which, in the presence of HF, gives 
compound 117.288 A potentially very useful way of making vinyl furanosyl C- 
glycosides is illustrated in Scheme 13; the reaction seems to be applicable over a 
range of appropriate compounds and gives yields upwards of 80%.289* 290 It 
appears to occur, unexpectedly, by the attack of the allylic oxygen atom on the 

OH OMe 

116 117 

Tms 

Reagents: i, BuLi; ii, TmsCl 

Scheme 14 
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centre activated by esterification of the hydroxyl group. An appropriate ally1 C- 
furanoside was used as starting material to obtain the artificial nucleotide-like 
compound 118 which forms a triple complex with the dinucleotide Cyt, Gua base 
pair.29' Reaction of tri-O-benzyl-D-arabino-y-lactone with appropriate 
organolithiums, followed by triethylsilane reduction, gives a- C-glycofuranosides 
including methyl and ethynyl compounds.292 

The C-glycosylglycine compound 119 was made by use of the glycosyl acetate 
and the pyrrole 120, the intermediate glycosyl pyrrolidone being degraded 
~ x i d a t i v e l y . ~ ~ ~  The 2,3-Wittig rearrangement illustrated in Scheme 14 offers 
potential starting materials for some ace tog en in^.^'^ Other C-glycosidic com- 
pounds of the furanoid type are mentioned in Chapters 19 and 20. 

H 
MomOH2C 

H 
MomOH2C 

x 
118 
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4 
Oligosaccharides 

1 General 

As previously, this Chapter deals with specific tri- and higher oligosaccharides; 
most references relate to their chemical or enzymic or chemoenzymic syntheses, 
and an increasing number of compounds which can be considered to be analogues 
of oligosaccharides have been reported. Likewise the cyclodextrins continue to 
attract increasing activity. Their chemistry is dealt with separately (Section 10). 

The number of possible structural isomers of hexasaccharides comprising D- 

hexoses alone has been shown to be greater than 10l2 which illustrates the great 
difficulty in developing a microchemical method for structural analysis compar- 
able with the Edman protein and Sanger DNA procedures used for sequencing in 
these fields. It also illustrates well the difficulty involved in the synthesis of 
compounds of this degree of complexity. ' Nevertheless, sophisticated mass 
spectrometric techniques involving laser desorption methods2 or electrospray- 
ionization tandem procedures3 have been put to good use. 

A major compilation has appeared on the 700 or so glycosidation reactions 
that were reported in the 1994 1iteratu1-e.~ Hindsgaul's group has also reviewed 
the syntheses of oligosaccharides to be used as acceptors for glycosyl trans- 
fera~es.~ A further review on large scale and efficient production of complex 
human oligosaccharides with pharmaceutical properties has been produced.6 
Lehmann's group has reviewed the photolabile, spacer-modified oligosaccharides 
that can be used for regioselective probing of receptor binding sites,7 and the 
methods available for putting together difficult sequences in oligosaccharides by 
using chemical, enzymic and mixed methods have also been reviewed.* The well- 
known method involving 1,2-0-( 1 -cyano)ethylidene derivatives as glycosyl 
donors and sugar trityl ethers as acceptors, and its application to the synthesis of 
regular homo- and hetero-oligo- and poly-saccharides, has also been s~ rveyed .~  

Further reviews appeared on the following topics: the elongation of oligosac- 
charide chains, synthetic studies on oligosaccharins, total synthesis of glycolipids, 
of cycloglycans, glycoproteins, glycosaminoglycans and proteoglycans;1° the 
synthesis of glycosphingolipids;' enzymic glycosylations. l2 This last report is 
part 2 of a review on the use of enzymes in carbohydrate chemistry. 

The potentially important topic of the solid-phase syntheses of oligosacchar- 
ides has been reviewed (in Chinese).13 Enzymic solid-phase methods for produc- 
tion of oligosaccharides and of glycopeptides are becoming efficient, and the 
promise of this approach is illustrated in a further review.I4 The base-labile 
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anchoring unit 1, together with the S-phenyl thioglycoside sulfoxide glycosylating 
method, have been developed for the polymer supported synthesis of oligosac- 
charides,15 and an ACS symposium was held on the subject of oligosaccharide- 
polyacrylamide conjugates of immunological interest. Their preparations and 
applications were covered,16 and the solid phase approach was applied to 
produce the oligosaccharide mimic 2.17 

0 
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Considerable attention has been given to oligosaccharides containing sialic 
acid units. The synthesis of sialooligosaccharides and their ceramide conjugates, 
used for elucidating biological functions of gangliosides, have been reviewed,'* as 
has the chemical synthesis of sialylated glycoconjugates. l9 An efficient method 
for the synthesis of sialyl LeX ganglioside and analogues has been reported in 
Methods in An impressive example of the power of electrospray- 
ionization tandem mass spectrometry was provided in the structural determina- 
tion of some underivatized polysialogangliosides containing as many as eight 
sugar unik3 Compound 58 of Chapter 3 is a new, potent sialylating agent. 

Several reports have described the preparation of chitin oligosaccharides. The 
polymer itself, on treatment with HC1 under ultrasound, has yielded a set of 
oligomers up to the heptamer with the yields increasing on the use of ultrasound, 
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with time, and with concentration of catalyst. Decreases were observed on 
increase of the concentration of the chitin.21 The fluorolysis and fluorohydrolysis 
of chitosan, which result in deacetylated oligomers, have been briefly reviewed by 
David.22 

The reverse approach, i. e. oligomerization of simple compounds, has also been 
successfully attempted. Treatment of short chitose oligosaccharides with an 
appropriate enzyme from an Aspergillus led to the formation mainly of higher 
saccharides with chain lengths extending by usually two or three sugar units.23 
Lysozyme, on the other hand, applied with tri-N-chloroacetyl chitotriose and tri- 
N-acetyl chitotriose led to oligomers with a degree of polymerization 4-12.24 In 
related work, UDP-N-acetyl-D-glucosamine and UDP-glucuronic acid, in the 
presence of hyaluronic acid synthase, led to a hyaluronic acid-like and 
semi-synthetic heparin sulfate-like polymers have been prepared from an E. coli 
polysaccharide by controlled chemical deacetylation, N-sulfation, partial enzymic 
C-5-epimerization and 0-sulfation. These represent major specific changes 
effected at the polymer 

Compound 3 has been used as a key material in the preparation of p-D-xylo- 
oligosaccharides of DP 4-1 0,27 and specific oligosaccharides containing 10-20 
sugar units have been made by application of the following specific enzymes: N- 
acetyl-p-o-glucosaminyl (1 43)transferase and (1 +6)transferase, P-D-galactosyl 
(1 j4)transferase and a-D-galactosyl(1- 3)tran~ferase.~~ 

A new method of coupling oligosaccharides with proteins involves initial 
reductive amination with p(N-trifluoroacety1amino)aniline followed by conver- 
sion of the trifluoroacetyl amino group to the isothiocyanato group which affords 
a receptor for protein amino functions.29 

The fluorescent labelling compound 2-amino-6-amidobiotinylpyridine can be 
used to follow oligosaccharides during purification and complex formation; 
improved methodology has been de~csr ibed.~~ 
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2 Trisaccharides 
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With the advent of combinatorial chemistry new problems are raised for writers 
of review material which refers to specific compounds. Thus, the random 
glycosylation of an N-acetyllactosaminide with an L-fucosylating agent affords a 
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range of trisaccharides some of which are linear while others are bran~hed.~’ It 
may well be that a new section will be required shortly in surveys of this series to 
deal with this type of development. 

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

2.1 Linear Homotrisaccharides. - The nephritogenoside trisaccharide unit U-D- 

Glc-(l-+6)-P-~-Glc-(1+6)-a-~-Glc has been prepared by application of the 
glycosyl sulfoxide procedure. 32*33 Cellotriose can be made from cellobiose by use 
of a sesame seed transferase which also transfers from other disaccharide 
s ~ b s t r a t e s . ~ ~  Treatment of highly concentrated aqueous solutions of D-mannose 
with an a-mannosidase from Aspergillus niger has resulted in the isolation of the 
timers a-D-Man-( 1 +2)-a-~-Man-( 1 +6)-~-Man and a-D-Man-( 1 +2)-a-~-Man- 
(1 -+2)-~-Man,~’  and this latter trisaccharide has been formally synthesized by 
Fraser-Reid and colleagues in studies of the mannan components of 
phosphatidylinositol membrane anchors. In the course of the work they used the 
orthoesters 4 as versatile synthetic  intermediate^.^^,^^ 

N-Acetylchitobiose has been formed enzymically starting from N-acetylgluco- 
samine and its p-nitrophenyl P-glycoside, and subsequently chitotriose from the 
b i o ~ e . ~ ~  Also in the field of amino-sugars the a-1,a-linked trimer of 4-amino-4,6- 
dideoxy-D-mannose (perosamine) has been synthesized with each of the amino 
groups carrying 2,4-dihydroxybutanoyl substituents, the trimer representing the 
terminal unit of the 0-antigen of a Vibrio cholerae bacterium.39 Deacetylation of 
lantanoside C (5) and partial hydrolysis of the product by use of barley seed p-D- 
glucosidase afforded the clinically useful digoxin compound The use of 2,6- 
anhydro-2-thio sugars for stereocontrolled synthesis of 2,6-dideoxy-a- and p- 
glycosides has described the preparation of the olivomycin A trisaccharide. (See 
Chapters 3 and 1 l).41 The Kdo trimer P-Kdo-(2-+8)-u-Kdo-(2+4)-Kdo has been 
synthesized in conjunction with studies of chlamydia1 and enterobacterial lipo- 
poly~accharides.~~ 

OH ao 

5 R’ = P-D-GIC, R2 = AC 
6 R ’ = R * = H  
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2.2 Linear Heterotrisaccharides. - An a-glucosidase from Aspergillus, acting on 
leucrose, afforded a-D-Glc-( 1 -+6)-a-~-Glc-( 1 -+5)-~-Fru and the tetramer with a 
further 1,6-1inked a-D-glucose moiety at the non-reducing end.43 A lactosaminyl 
fluoride derivative has been shown to be a good lactosamine donor, and by its use 
p-D-Gal-( 1 +4)-p-~-GlcNAc-( 1 +3)-~-Gal was produced.44 The Lea determinant 
P-D-Gal-( 1 +3)-a-~-Fuc-( 1 +4)-~-Glc was prepared as its P-ally1 glycoside with 
sulfate ester groups separately on 0-3 and 0 -6  of the galactose unit and together 
at 0-3 and 0-6 of the same unit.45 Enzymic transglycosylation of a-D-galactose 
from melibiose to itself resulted in a-D-Gal-( 1 -+6)-a-~-Gal-( 1 +6)-~-Glc, and 
lactose, maltose and sucrose were acceptors at the primary centres of the non- 
reducing moieties (0-6 of the glucosyl moiety of sucrose)?6 Treatment of lactose 
with a B. circuluns P-galactosidase gave a mixture containing 1,2-; 1,3- and 1,6- 
linked isomers of the starting material and eight trisaccharides made up of two 
galactose and one glucose units.47 a-D-Gal-( 1 +4)-P-~-Gal-( 1 +4)-P-~-Glc, 
having deoxy groups at 0-2, 0-3 or 0-6 of the central galactose moeity, were 
linked to the sulfone HOCH2-CH(CH2S02C19H39)2 by use of the 
trichloroacetimidate method to give bis-sulfone neoglycolipids containing 
deoxyglobol triosese4* 

A P-D-fructofuranosidase of an Aspergillus caused transfer of the fructosyl unit 
from sucrose to the 6-position of trehalose and then elongation of the fructose 
chain to give ultimately oligofructosyl t r eha lo~es .~~  In the field of amino sugar 
trisaccharides, various phenyl thioglycoside derivatives of glucosamine were 
developed as glycosylating agents by use of which the chondroitin 4-sulfate 
trisaccharide was produced, the glucosamine being converted to N-acetylglucos- 
amine units following the glycosylation step.50 In the course of studies of 
fucosylation of branched blood group I-type oligo-(N-acetyl1actosamino)glycans 
by human milk transferases, it was shown that reaction was restricted to distyl N- 
acetyllactosamine units. In the course of the work trisaccharide D-GlcNAc- 
(1 -+3)-P-~-Gal-(1-+4)-GlcNAc was found to be a good acceptor of an a-N- 
fucose unit at the terminal 3-position. The p-1,6-8-1,4-linked isomer was a much 
poorer acceptor.51 The mannosamine-based trimer fl-~-Man-NH~-( 1 -+4) -a -~ -  
Glc-(l+2)-~-Rha, which is the repeating trisaccharide of the capsular polysac- 
charide of a Streptoccucus, was made using a 2-oximo glycosyl bromide,52 and in 
related work the a-1 ,4-a-1,2-isomer was produced.53 

Details of the interaction of the H-type 2 human blood group determinant a-L- 

Fuc-( 1 -+ 2)-fl-~-Gal-( 1 +~)-P-D-G~CNAC-OM~ with various lectins have been 
reviewed,54 and Kishi and co-workers have reported detailed studies on the 
conformations and protein binding characteristics of the same trisaccharide and 
analogues having methylene instead of oxygen inter-unit links. The compounds 
studied were 8-carboxyoctyl glycosides and the C-glycosyl a n a l o g ~ e s . ~ ~  Five 
trisaccharides represented by a-L-Hex-( 1 +3)-p-~-GlcNAc-( 1 + 3)-~-Gal and ter- 
minating in different 6-deoxy-~-hexoses have been made in connection with 
studies of sialyl Le" ganglioside analogues. In the course of the same work several 
relevant pentasaccharides were also produced (see section 4).56 The 6-deoxy- 
hexose trimer a-L-Fuc-( 1 +3)-a-~-Rha-( 1 +3)-~-Rha with 0-methyl groups at all 
positions of the fucose moiety and 0-2 of the terminal rhamnose was made, this 
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compound being a component of the glycolipid fraction of a Mycobacterium 
lipopolysaccharide. 57 

The glucuronic acid terminating compound P-D-G~cA-( 1 -+3)-a-~-Gal-( 1 -+ 3)- 
a-D-Man-OMe, has been made,58 and compounds a-L-IdoA-( 1 -+4)-a-~- 
GlcNS03-( 1 +4)-b-~-GlcA and P-D-G~cA-( 1 -+4)-a-~-GlcNAc-( 1 -+4)-p-~-GlcA, 
which are trisaccharides related to heparin and heparan sulfate, have been 
synthesized and tested for binding of fibroblastic growth factor.59 

Enzymic transfer of sialic acid from colominic acid to lactose has resulted in 
the production of small amounts of a-~-NeuAc-(2 -+3)-P-~-Gal-( 1 +4)-~-Glc and 
the (2-+6),(1-+4)-linked isomer.60 The ganglioside analogue of GM3, a-D-NeuAc- 
( 2 4  3)-P-~-Gal-( 1 +~)-P-D-G~-OR, containing a ceramide mimic group as 
aglycon, was synthesized and found to bind to influenza virus A as well as the 
natural ganglioside,61 and in related work the same natural ganglioside was 
produced as well as various analogues containing a variety of modified sialic 
acids and ceramides.62 In an ingenious enzymic one-pot synthesis the sialyl T- 
antigen a-~-NeuNAc-(2+ 3)-P-~-Gal-( 1 --* 3)-GalNAc was prepared, the pro- 
cedure involving several enzymes,63 and the closely related compound a- 
NeuNAc-(2 +6)-P-~-Gal-( 1 ~ ~ ) - P - D - G ~ C N A C - O ( C H ~ ) ~ N H ~  was produced using 
solid-phase technology and a peptidase-sensitive linkage. The glycosylation 
techniques were again enzymic in character.a 

NeuNH2-(2-+3)-P-~-Gal-( 1 -+4)-P-~-Glc-1 -Cer, the de-N-acetylated form of 
ganglioside GM3, has been converted to the N-thioacetyl de r i~a t ive .~~  

Chemical syntheses have been reported of the xylose-terminating trimer a-D- 
Xyl-(l-+3)-a-~-Gal-(l-+3)-~-Fuc and the (1 +3)-, (1 +4)-linked isomer, each 
compound carrying a specific sulfate ester grouping and being required to 
elucidate the structure of a starfish-derived trisaccharide sulfate.66 

2.3 Branched Homotrisaccharides. - Vacuum and solution force field 
calculations were used to determine the favoured conformation of P-D-G~c- 
(1 -+3)-[P-~-Glc-(l -+6)]-a-~-Glc-OMe which is essential to the elicitor activity of 
a ~-~-glucohexapyranosyl-~-glucitol.~~ A variety of specific deoxy derivatives and 
0-methyl ethers of a-D-Man-( 1 -+3)-[a-~-Man-( 1 -+6)]-P-~-Man have been 
described,68 and Paulsen and colleagues have also modified the octyl glycoside of 
this compound by substitution at OH-4 or OH-6 of the (1 -+3)-linked residue by 
pentyl groups carrying reactive substituents at the 5-position, for testing as 
potential inhibitors of N-acetylglucosaminyl transferase I.69 

Methyl 3,5-di-O-a-~-arabinofuranosyl-ol-~-arabinofuranoside, which is the 
core unit of naturally occurring arabinans, has been described.70 

2.4 Branched Heterotrisaccharides. - Compounds in this section are 
categorized according to their reducing end sugars. 

As always, considerable interest has been shown in branched oligosaccharides 
having N-acetylhexosamines at the reducing termini. Enzymic fucosylation has 
been used to produce the Lea. antigenic compound p-D-Gal-( 1 -+ 3)-[a-~-Fuc- 
(1 +4)]-~-GlcNAc carrying a sulfate ester at position 6 of the amino-sugar unit,71 
and a related trisaccharide sulfated at 0 -3  of the galactose unit was produced by 
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selective sulfation p r o c e d ~ r e s . ~ ~  The closely related p-D-Xyl-( 1 -+ 3)-[a-~-Fuc- 
(1 +4)1-~-GlcNH~ has been produced as a phenyl thioglycoside thereby affording 
a compound which could be transferred to other carbohydrate acceptors.73 
Sialylated timers p-D-Gal-( 1 .+ 3)-[a,P-~-NeuAc-(2 +6)]-a-GalNAc-o-C6H4N0,, 
carrying a sulfate ester group at position 6 of the galactose unit, have been 
reported in connection with studies of adhesion of proteins to  carbohydrate^.^^ 
Detailed 13C NMR studies applied to the trimer P-D-G~cNAc-(~ -+~)-[P-D- 
GlcNAc-( 1 +3)]-~-Rha have suggested that the N-acetylamino groups are 
strongly involved in interunit  interaction^.^^ 

2.5 Analogues of Trisaccharides. - A thesis has been presented on the total 
synthesis of the carbohydrate part of calicheamicin which contains a 
trisaccharide component having two units joined by a hydroxamino linkage,76 
and the final steps in total synthesis of calicheamicin yll have been d e ~ c r i b e d . ~ ~ . ~ ~  

Several analogues of trisaccharides containing atoms other than oxygen in ring 
positions have been reported by S. Ogawa and his group as follows: P-D-G~cNAc- 
(1 +2)-u-~-Man-(l+6)-P-~-Glc-O-(CH~)~Me, with the mannose unit replaced by 
the carba-analogue, i.e. it contains a methylene rather than oxygen atom in the 
ring position;79 a-D-Man-(l+6)-[a-~-Man-( 1 +3)]-~-Man with the two ‘non- 
reducing’ units again being carbamannose;80 and u-D-Man-( 1 +6)-[a-~-Man- 
(1+3)]-~-Man wherein either the glucose is carbaglucose or the two mannose 
units are carbomannoses and the inter-unit linkages are NH.81 In the course of 
their work on calicheamycin, Danishefsky and his group have encountered the 
unusual nitrogen in the ring analogue 8 produced during the desilylation of 
compound 7.78 Trisaccharide analogue 9 is an acaricide obtained from strepto- 
myces, the synthesis of which has now been reported.82 

OMe OMe 

7 8 
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9 

I OH OH 
10 

Four papers have dealt with the preparation of compounds which have been 
prepared as analogues of sialyl Le". Their structures are illustrated: 
11,9412,85 and 13.86 The m- as well as the p-linked isomer of the last of these were 
also prepared. 

The chitobiosyl analogue 14 of the D-allosamine-containing compound allosa- 
midin has been shown to be an inhibitor of two ch i t ina~es .~~  

a-NeuNAc-2-0-0-0- 4 GlcNAc 

9 
1 

a-L-Fuc 

11 

a-Neu N Ac-2-0 

/ 
a-L-FucO 

13 

a-L-FucO 

12 

14 

Digoxin is a steroidal glycoside of the P-1,4-linked trimer of 2,6-dideoxy-~- 
ribo-hexose. Periodate oxidation and reaction of the product with o-aminocar- 
boxylic acids led to compounds 15 which were assessed in enzymic and immuno- 
logical studies.88 

3 Tetrasaccharides 

Compounds of this set are classified according to whether they have linear or 
branched structures and then by the nature of the sugars at the reducing termini. 
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3.1 Linear Homotetrasaccharides. - A set of tetrasaccharides of this series have 
been produced by coupling glucobiosyl bromides with suitably protected a,a- 
trehaloses. Cellobiose, isomaltose, melibiose, gentiobiose and sophorose were 
used, and also lactose and rutinose to give heterotetrasaccharides. The products 
were sulfated and tested for their antiproliferative activity on smooth muscle 
cells.89 Sucrose and trehalose having a-isomaltose units substituted at 0-6 of the 
glucose moieties were produced by enzymic methods.g0 D-Galactal3,4-carbonate, 
linked by way of a silyl ether at 0-6 to a polymer, was epoxidized to give the 1’2- 
anhydro-a-galactose compound and then treated with the initial carbonate to 
give a P-D-galactose configurated dimer. Repetition of this cycle gave access to 
the p- 1 +6-linked galactotetraose. Danishefsky’s approach has been extended to 
produce LeX blood group oligosaccharides, and is particularly effective for 
creating branched oligosaccharides with branching through the 2-positi0n.~’ In 
an impressive one-pot procedure Ley and colleagues have produced compound 
16 which is a derivative of an a-(1 +2)-a-(1+2)-ct-(1+3)-linked mannatetraose. 

/OBn 

Me02C 

16 
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The non-reducing biose was attached by use of a phenylselenyl glycoside to an 
ethylthio mannoside having a free hydroxyl group at C-2. The resulting 
trisaccharide was then linked to the terminal mannoside having a free hydroxyl at 
0-3.92 

3.2 Linear Heterotetrasaccharides. - The disialyl lactose u-NeuNAc-(2+ 8)-a- 
NeuNAc-(2 +3)-p-~-Gal-( 1 +4)-~-Glc has been isolated from buffalo 
colostrum.93 Tetrasaccharide u-L-Fuc-( 1 + 2)-p-~-Gal-( 1 -+ 3)-p-~-GalNAc- 
(1 -+3)-~-Gal, which is related to a hexamer overexpressed in breast cancer cells, 
has been made and tested as an inhibitor of antibodies to tumour cells." The 
same workers have shown that the molecule has high flexibility within the 
disaccharide unit at  the reducing end.95 With maltose and glucuronic acid as 
starter materials, tetramer u-D-G~c-( 1 +4)-p-~-GlcA-( 1 +4)-a-~-Glc-( 1 +4)-p-~- 
GlcA-(l-+4)-O-Me has been prepared as a simple analogue of heparin 
oligo~accharides.~~ Compound P-D-GalNAc-( 1 +4)-p-~-GlcA-( 1 + ~)-P-D- 
GalNAc-(l-*4)-P-~-GlcA carrying sulfate groups at  position 4 of both N- 
acetylgalactosamine units, which has been synthesized, represents a closer model 
of a repeating unit of chondroitin sulfate.97 The fucose-terminating 
tetrasaccharide repeating unit of the K antigen of KZebsielZu type 16 has been 
produced as its methyl glycoside: p-D-Gal-( 1 +4)-a-~-Glc-( 1 +4)-p-~-GlcA- 
(1 +4)-a-~-Fuc-O-Me.~* 

3.3 Branched Homotetrasaccharides. - Using the Danishefsk y glycal approach 
Van Boom and co-workers have prepared J~-D-G~c-(I+~)-[~-D-G~c-( 1 +~)]-P-D- 
Glc-( 1 +6)-u-~-Glc-O-Me, the branching glucose unit having been introduced 
initially as the glycal c o m p ~ n e n t . ~ ~  The synthesis of the galactotetraose u-D-Gal- 
(1 +2)-a-~-Gal-(l+6)-[a-~-Gal-(l+2)]-~-Gal, which is a component of the 
glycosyl phosphatidyl inositol anchor of the glycoprotein of Trypunosuma brucei, 
has been described.lW 

3.4 Branched Heterotetrasaccharides. - This group represents much the most 
common type of tetrasaccharide to have been prepared by synthesis. Compound 
p-~-Glc-( 1 +2)-[p-~-Xyl-( 1 -+ 3)]-p-~-Glc-( 1 +4)-p-~-Gal-O-R has been prepared 
by Danishefsky and colleagues by use of glycal technology, all units except the 
galactose moiety having started as glycals. The R group is a triterpenoid unit and 
the product is a Digitalis saponin.I0' Compound a-NeuNAc-(2-+3)-P-~-Gal- 
(1 +~)-[U-L-FUC-(~-+~)]-~-D-G~C-O-C~~ has been prepared as an analogue of sialyl 
Lex having glucose in place of N-acetylglucosamine. lo* The tetramer u - L - A ~ -  
(1 +4)-[p-~-Gk-( 1 -+3)]-a-~-Rha-(l+2)-~-~-Glc has been isolated from a saponin 
by ester bond c1eavage,lo3 and p-~-Gl~-(1+3)-a-~-Rha-(l+2)-[p-~-Xyl-(I +3)]- 
D-G~c is likewise a saponin component, the natural product inhibiting 
phospholipid synthesis in human cells without being cytotoxic,lW and p-D-Xyl- 
(1 -+2)-P-~-Fuc-( 1 +6)-[P-~-Glc-( 1 +2)]-~-Glc is a tetrasaccharide of terpene 
glycosides from plant stem bark.Io5 

Several tetrasaccharides terminating with D-mannose at the reducing end have 
been reported. Compound p-~-GlcA-( 1 + 3)-a-~-Gal-( 1 +3)-[p-~-Gal-( 1 +2)]-~- 
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Man, which is the repeating unit of the antigen from Klebsiellu type 20, has been 
prepared,lo6 as has P-D-G~c-( 1 -+3)-p-~-Gk-( 1 -+4)-[a-~-GlcA-( 1 -+3)]-~-Man, 
which is the repeating component of the Klebsiellu type 2 antigen.lo7 The glycosyl 
phosphate p-D-Gal-( 1 -+4)-a-~-Man-( 1 +6)-[P-~-Gal-( 1 +4)]-a-~-Man-O-P0& 
is a fragment of the phosphoglycan part of Leishmania donovuni lipophospho- 
glycan. Several related phosphates were synthesized in the course of this work. lo8 
Two analogues of tetramer P-D-G~cNAc-( 1 -+2)-a-~-Man-( 1 -+ 3)-[a-~-Man- 
(1 +6)]-~-Man have been made as inhibitors of N-acetylglucosaminyl transferase: 
the 2-O-methyl- and the 2-deoxy-compounds with these modifications in the 
branching mannose unit. lo9 

Further reports have appeared on the synthesis of sialyl Lex and sialyl Lea 
tetrasaccharides, lo analogues of the former having GalNAc replacing NeuNAc 
and glucose replacing GlcNAc,ll' and sialyl Le" bonded through the anomeric 
centre by nitrogen to a peptide'12 has been reported. Sialyl Le" has been 
elaborated into the 'trivalent' glycosides 17 and 18 and the glycosyl amide 19,113 
and a sulfate ester of sialyl Lea with the ester group at 0-6 of the galactose unit 
was described.ll4 In related studies T. Ogawa and colleagues have reported on 
the preparation of the disialyl tetrasaccharide a-NeuNAc-(2-, 3)-P-~-Gal-( 1 -+ 3)- 
[a-NeuNAc-(2-+6)]-a-~-GalNAc-O-serine and -threonine. The ally1 glycoside 
of tetrasaccharide P-D-G~cA-( 1 --+ 3)-p-~-GalNAc-( 1 -6)-[p-~-GlcA-( 1 + 3)]-p-D- 
GalNAc, which is a part of the O-linked polysaccharide chain of the circulating 
anodic antigen of Schistosoma mansuni, has been prepared,*16 as has the blood 
group A substance a-D-GalNAc-(l+3)-[a-~-Rha-( 1 -+2)]-p-~-Gal-( 1 -+ 3)-a-~-  
GalNH2-0-serine, linked to an a-amino acid.' l7 

[Sia LeLO(CH2)eNCO(CH2)2]3CN02 [Sia LehO(CH2)6NHCO(CH2)gNHCO(CH2)2]3CN02 

17 18 

[Sia LeX-NHCO(CH2)2]3CN02 

19 

In the field of tetrasaccharides terminating at the reducing end with deoxy- 
sugars, u-D-G~cA-( 1 +3)-a-~-Gal-(l+ 3)-[p-~-Glc-( 1 +4)]-a-~-Rha, which is the 
repeating unit of the antigen from Klebsiellu type 55, has been described.ll8 The 
plant growth regulator calonyctin, which contains the tetrasaccharide P-D-Qui- 
(1 -+~)-[U-L-R~~-(~+~)]-P-D-QU~-(~+~)-P-D-QU~ , bound glycosidically to a long- 
chain hydroxy fatty acid, which is lactone-closed to 0-2 of the non-reducing 
quinovose unit, has been synthesized and thereby the structure of the natural 
product confirmed. l9 

3.5 Tetrasaccharide Analogues. - Several analogues of sialyl Le" antigen 
determinant have been reported, variations on the structure of the N- 
acetylglucosamine reducing moiety having been concentrated on. Thus, the 
following compounds have been described: the O-substituted tetrasaccharide 
glycal and congeners derived from it,120 analogues produced by reduction of the 
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glycal,121 and the compound having a 1 -deoxy-glucosamine unit.122 A more 
extensive modification of the N-acetylglucosamine unit has involved preparation 
of the analogue having cyclohexane 1 ,%-trans-diol replacing this hexosamine. 123 

The preparation of ganglioside lactams, corresponding to analogues of GMl, 
GM2, G M ~ ,  and G M ~ ,  and represented by P-D-GalNAc-( 1 +4)-[a-NeuNAc]-P-~- 
Gal-(l+4)-~-Glc with the sialic acid amide linked to the amino function of 
galactosamine has been reported. 124 

Compound 20, a C-linked analogue of a known sophorosyl trehalose, has been 
made following coupling of the known Clinked compound 21 and a trehalose 
acceptor in the presence of trimethylsilyl triflate. 125 Coupling of disaccharide 
analogues afforded the novel tetramer 22, and subsequent coupling of com- 
pounds derived from it gave an octamer.126 A saccharide-peptide hybrid com- 
prising four molecules of benzyl 2-amino-2-deoxy-a-~-glucopyranoside linked by 
0 - 3  glycolyl ethers amide bonded to the amino functions has been rep~rted. '~' 

20 21 

OR OR 

SiMe3 

RO 

22 R = Morn 

Et3Si 

4 Pentasaccharides 

4.1 Linear Pentasaccharides. - Several glucopentaoses have been reported. The 
a-1,2-linked compound which is a pentamer fragment of polysaccharide I1 of 
Mycobacrerim tuberculosis, has been synthesized, 12* and the p-1,3-tinked isomer 
has been obtained by acetolysis, followed by hydrolysis, of curdlan and converted 
to the dodecyl glycoside which was then partially sulfated to give a product 
showing some anti-HIV activity.lZ9 Chemo-enzymic methods have been used in 
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the preparation of the pentamer made up of u-1,4-linked glucotetraose having an 
u-D-glucosylthio-substituent at C-6 of the the non-reducing glucose unit. 130 A 4- 
methylumbelifferyl glycoside of laminarobiose has been used as substrate for 
chemical glycosylation, and several oligosaccharides have been appended at 0-4 
of the non-reducing glucose unit. Consequently the trimer, tetramer and 
pentamer were produced as substrates for a P-D-glucanase assay.131 The non- 
reducing pentamer u-D-G~c-( 1 -+4)-u-~-Glc-( 1 +4)-P-~-Glc-( 1 +4)-u-~-Gk- 
(1 -+ l ) - ~ - ~ - G l c  has been synthesized for conversion to sulfate esters132 and 
another maltotriosyl trehalose was produced from maltopentaose by 
intramolecular enzymic transfer. 133 

The hetero-pentamer p-D-Gal-( 1 -+3)-p-~-GalNAc-( 1 + 3)-a-~-Gal-( I +~)-P-D- 
Gal-( 1 -+4)-P-~-Glc has been made as its 2-(trimethylsily1)ethyl glycoside prior to 
coupling to bovine serum albumin and sepharose,134 and as a ceramide glycoside 
for use as an embryogenesis marker. 135 The analogues a-KDN-(2+6)-p-~-Gal- 
(1 4 3  or ~)-P-D-G~~NAC-(~+~)-P-D-G~~-(~+~)-P-D-G~C-( 1+l)-Cer of the sialyl 
lactotetraosyl- and neolactotetraosylceramides with KDN instead of sialic acid 
have been described. 36 To act as substrates for N-linked glycoprotein-processing 
enzymes the pentamer u-D-G~c-( 1 +3)-u-~-Man-( 1 -+2)-u-~-Man-( 1 -+~)-u-D- 
Man-( 1 + 3)-u-~-Man-O-Me and related compounds have been prepared. 13' 

4.2 Branched Pentasaccharides. - The synthesis of the pentamer based on 
maltotriose having a maltosyl unit at 0-6 of the central glucose moiety has been 
effected.13g The branched compound P-D-Gal-( 1 -+ 3)-p-~-GalNAc-( 1 +4)-[u- 
NeuNAc-(2+3)]-P-~-Gal-( 1 +4)-~-Glc' 39 and the analogue P-D-Gal-( 1 4 ~)-[u-L- 
Fuc-( 1 -+4)1-P-~-GlcNAc-( 1 -+ 3)-P-~-Gal-( 1 +4)-~-Glc have been prepared, 
respectively, as the GMl ganglioside pentasaccharide and the Lea pentasaccharide 
ceramide glycoside carrying a sulfate group at 0-3 of the terminal galactose 
unit.140 The former has been isolated from calf brain and converted to the 
analogue having an N-thioacetyl group in place of the N-acetyl on the sialic acid 
unit.65 Enzymic methods were used to produce the pentamer comprising two 
units of P-~-GlcNAc-(1-+2)-a-~-Man bonded to 0-3 and 0-6 of octyl p-D- 
mann~pyranoside.'~' The sialyl Lex pentamer NeuNAc-(2+ 3)-P-~-Gal-( 1 +4)- 
[u-L-Fuc-( 1 -+ 3)]-p-~-GlcNAc-( 1 -+ 3)-~-Gal has been prepared largely by enzymic 
procedures having a sulfate ester group at 0-6 of the N-acetylglucosamine unit142 
and an analogue having a glycolyl group in place of the acetyl group in the 
terminal unit has been made.143 In related work the unsulfated pentamer was 
attached to both oxygen atoms of pentane 1,5-diol to produce a 'bivalent' 
analogue as a potential inhibitor of E-selectin-mediated cell adhesion. 144 The 
preparation of the further galactose-terminating pentamer u-~-3,6dideoxy-~- 
xylo-hexose-( 1 +3)-[a-~-Gal-( I +2)]-u-~-Man-( I +4)-u-~-Rha-( 1 + 3)-~-Gal has 
been r e ~ 0 r t e d . l ~ ~  

A pentamer comprising P-l,4-linked glucosamine units and a fucose moiety 
linked to 0-6 of the reducing terminal unit, the pentamer being glycosidically 
bound to glycerol, is an Nod factor produced by a rhizobium species. Several 
stereo- and regio-isomers were synthesized. 146 Enzymic glycosylation of the 
tetramer derived by P-1,3-linking of two units of N-acetyllactosamine has 
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afforded P-D-Gal-( 1 -+4)-[a-~-Fuc-( 1 -3)]-p-~-GlcNAc-( 1 +3)-P-~-Gal-( 1 +4)-~-  
GlcNAc, which is related to Lex compounds, and an analogue having N-  
acetylglucosamine P-1,6-linked to the non-tenninal galactose unit. 147 Synthesis of 
the pentasaccharide core of asparagine-linked glycoproteins a-D-Man-( 1 +6)-[u- 
D-Man-( 1 -+ 3)]-P-~-Man-( 1 -+4)-p-~-GlcNAc-( 1 -+4)-b-~-GlcNAc has been made 
with the aid of Ogawa's P-mannosylation procedure, 148~149 The pentamer p-D- 
Gal-( 1 +4)-P-~-Xyl-( 1 -+4)-[p-~-Apf-( 1 + 3)]-a-~-Rha-( 1 +2)-~-Fuc, occurring 
with a p-methoxycinnamoyl ester group at 0-4 of the fucosyl unit, is the 
carbohydrate component of the senegasasaponins found in the root of Polygala 
senega as potent inhibitors of alcohol absorption and hyp~glycemia. '~~ The 
doubly branched 5-0-(3,4,6-tri-0-P-D-glUCOpyranOSyl-a-D-glUCOpyranOSyl)-a-D- 
Kdo, which corresponds to a structural feature of a lipopolysaccharide of 
Moraxella catarrhalis, has been synthesized as its 2-@-aminophenyl)ethyl 
glycoside. I5l 

4.3 Pentasaccharide Analogues. - A pentamer analogue which is the inositol- 
based fragment of Mycobacterium tuberculosis polysaccharide has been made 
using 2-pyridyl- 1 -thio-mannosides as donors. It consists of myo-inositol carrying 
an a-mannosyl unit and also an a-l,6-linked mannotriosyl unit.152 The core 
pentasaccharide a-D-Man-( 1 -+2)-a-~-Man-( 1 + 6)-a-~-Man-( 1 -+4)-a-~-GlcNH~- 
1 jinositol of the glycophosphatidylinositol anchors of membrane-bound 
proteins and some analogues have been assembled using the n-pentenyl 
glycosylation procedure in a key step. 153 

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 
wiU be indicated in the usual way: 

1 mGlcp 2 D-Manp 3 mGalp 
4 D-GlcpNAc 5 D-GalpNAc 6 NeupAc 
7 ~-Rhap 8 L-FUC~ 9 mxylp 

10 D-GIc~NHZ 11 ~ G l c p A  12 mQui (6deoxy-~glucose) 
13 L-Glycero-n-manno-heptose 14 L-Araf 15 Kdn 

5.1 Linear Hexasaccharides. - A glucohexaose comprising alternating a-1,4- 
and p- 1,4-1inkages has been made as a model for heparin. 54 Danishefsky's group 
largely using their glycal technology have synthesized compound 23, which is the 
human breast tumour associated antigen. 155 Several analogues of the compound 
were then made and comparisons of binding with the key receptor were 
conducted, it being found that the tetrasaccharide at the non-reducing end is 
critical for binding.156 Lassaletta and Schmidt have described the synthesis of the 
analogue of compound 23, having a sialyl group 1,3-linked in the terminal 
position instead of the 1,2-linked L-fucose group.lS7 
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Hexasaccharide 24, bearing a 3-deoxy-3-formamido group in the quinovose 
unit has been identified as the repeating unit of the 0-specific polysaccharide of 
Hafizia aZvei.15* An unusual hexasaccharide found in Vitrio cholerae and com- 
prising six units of a- 1 ,Zlinked of 4-amino-4,6-dideoxy-~-mannose, with the 
amino groups carrying 2,4-dihydroxybutanoyl groups, has been synthesized. 159 

5.2 Branched Hexasaccharides. - During a symposium on elicitor-active 
compounds a report was made on the one-pot glycosylation of the glucose 
hexamer comprising four P-1,6-linked units with P-1,3-substituents on glucose 1 
and glucose 3.1m The related compounds 25,161 26, 162 and 27163 have been 
prepared in the course of work aimed at the study of gangliosides and related 
compounds. The structure of a disialyl ganglioside of human erythrocytes has 
been revised to be 28.'& 

@ 1 

27 

28 
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6 Heptasaccharides 

Enzymic fucosylation of an N-acetyllactosamine-derived hexamer afforded two 
branched heptasaccharides and a difucosylated product. Substitutions occurred 
at 0 -3  of the two glucosamine units other than that at the reducing end.'65 A 
heptasaccharide anchor compound based on the inositol pentamer compound 
noted in reference 146, and carrying a GalNAc unit p-(l-+4)-linked on the 
central mannose moiety and a further a-( 1 +2)-linked D-mannose unit on the 
'non-reducing' terminal mannose molecule, has been synthesized in a phosphory- 
lated f0rm.153.166 

7 Octasaccharides 

Chemical oligomensation of p-~-Glc-( 1 -+~) -D-G~CNH~ afforded means of 
making an octasaccharide with alternating p-( 1 +4)-linked glucose and glucos- 
amine units.167 Interest in ganglioside science has led to the synthesis of the 
following octasaccharides: 29,16* 30, 169 and 31. 170 

2 2 + + 
6 3 

29 

@2-8 @ 

@ 1 

4 
2 

@* 
2 

31 
30 

8 Nonasaccharides 

The synthesis of the tumor-associated glycolipid antigen sialyl LeX dimer 32 has 
been r e p ~ r t e d , ' ~ * * I ~ ~  and glycolipid compound 33 has also been prepared.173 
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9 Higher Saccharides 
The octamer comprised of a-D-glucopyranose linked in sequence through 
positions 6, 4, 4, 4, 6, 4 and 4, was dimerized by chemical methods to give a 
glucohexadecasaccharide in connection with studies of glycogen storage 
disease. 174 The further hexadecamer fragment of the 0-polysaccharide of Shigella 
dysenteriae type I has been made from the tetrasaccharide repeating unit a-L- 

Rha-( 1 -+2)-a-~-Ga1-(1-+3)-a-~-GlcNAc-( 1 -+3)-a-~-Rha. Four of these moieties 
joined by the terminal rhamnose units with a-l-+3-linkagesY were used in the 
p re~a ra t i0n . l~~  Illustrating well the power of enzymological methods, the 
synthesis of the octadecamer 34 has been achieved by stepwise addition of 
appropriate sugar units starting from 35 as the initial substrate. 176 

34 
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10 Cycladextrins 

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

A symposium report on the problem of selective derivatization of the 
secondary hydroxyl groups of Pcyclodextrin has appeared and included a 
description of a novel procedure employing N-tosylaziridine as electrophile. 
Extension of this procedure for further functionalization at secondary positions 
was discussed. 177 Procedures for the preparation of a-, p- and y-cyclodextrins 
have appeared in Methods in Carbohydrate Chemistry.178 

Cyclomaltododecaose has been isolated in 0.01% yield from commercial 
cyclodextrins. 179 The P-cyclodextrin based on a-D-altrose has been produced in 
73% yield from the corresponding per-2,3-anhydro-rnanno-compound. 180 Con- 
densation of 1, 2 ,2’, 3, 3’, 4’, 6-hepta-0-acetyl-P-maltose and 6-0-trityl maltose 
heptaacetate in the presence of tin(1V) chloride led to cyclodextrins comprising 
anhydroglucoses linked P-1,6- and a-1,4- alternately. The products with 6-, 8- and 
10-anhydroglucoses were obtained in 30%, 40% and 20% yield respectively. 181 

Acid catalysed acetolysis of fully benzoylated cyclodextrins causes ring- 
opening and the production of acyclic perbenzoylated compounds with acetyl 
groups at 0-1 of the reducing moiety and 0-4 at the non-reducing end. The a- 
cyclodextrin-derived product was converted to the phenylthio P-glycoside. 82 In 
analogous manner, acetolysis of peracetylated a-cyclodextrin gave the fully 
acetylated acyclic hexamer which likewise was converted to the phenylthio p- 
glycoside and, following various conversions which leave 0-4 unsubstituted on 
the non-reducing moiety, was glycosylated and a route to 2-amino-2-deoxy- 
cyclomaltoheptaose was thus opened. 183 

Methylation of cyclodextrins under phase-transfer catalysis has been examined 
and conditions were found to produce 60-70% of heptakis(2,6-di-O-methyl)-P- 
cyclodextrin together with 10-1 5% of the 2,3,6-trimethyl analogue. 184 Permethy- 
lated P-cyclodextrin allows distinction between enantiomers of trisubstituted 
allenes. 185 Per 2,6-di-O-Tbdms y-cyclodextrin isomerizes in strongly basic condi- 
tions to the 3,6-disubstituted ether from which the octa 2-benzyl ether can be 
made. Desilylation, O-methylation and finally debenzylation gives access to the 
per 3,6-dimethyl ether. The per 3,6-anhydride was made by way of the per 6- 
deoxy-6-iodo-3-methyl compound. 186 Various 3,6-anhydro derivatives of a-cyclo- 
dextrin, notably the pentakis and several tetrakis isomers, were produced from 
the 6-s~l fona tes .~~~ Per 2,6-di-O-methyl-3-pentyl-y-cyclodextrin and the 2,6- 
dimethyl-3,(4-oxopentyl) analogue were made, together with related compounds, 
to act as stationary phases for GLC separation.18* Selective substitution at 0-2 of 
cyclodextrins can be effected using, for example, ally1 bromide together with 
sodium and lithium iodide in DMSO, the higher kinetic reactivity of 0-2 being 
exploited. Several related ethers were produced, and in the same paper several 
mono-, di- and tri-6-deoxy-6-iodo derivatives of a-, p-, and y-cyclodextrins were 
described.lg9 
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New P-cyclodextrin ethers having the carbohydrate linked through 0-2 to 
calix[4]arene by way of 0- and p(aminomethy1)benzyl alcohol bridges have been 
reported, and some of the complexing characteristics described. 190 Complexes 
formed between metals and a related benzylically-linked otherwise fully methy- 
lated P-cyclodextrin bonded to 2,2'-bipyridyl were reported in a 1992 sympo- 
sium. 191 P-Cyclodextrins carrying alkyl substituents with terminal amino 
functions substituted with terephthaloyl acyl groups were examined. Intramole- 
cular inclusion was observed, and in the case of the compound with a pentyl link 
this novel type of association was complete.'92 

Various peracylated P-cyclodextrins with acyl substituents having carbon 
chains up to C-12 in length were made as potential sustained-release carriers for 
water-soluble drugs. 193 Bifunctional bridging compounds have been used to link 
pairs of P-cyclodextrin molecules as bifunctional binding agents. 194 The per- 
(phenylcarbamate) ester of P-cyclodextrin shows selective binding for the 
enantiomers of the P-blocker atenolol. 195 The 'capped' cyclodextrin having a 
biphenyl 4'4'-disulfonate group spanning 0-6,0-6 of the A,D rings was converted 
by DMSO oxidation to the dialdehyde and dicarboxylic acid thereby selectively 
oxidised at these sites.196 a-Cyclodextrin has been converted to a sulfonate having 
a 1-naphthalenesulfonyl ester group at 0-2 and a mesitylenesulfonate at one of the 
other positions. All six isomers were p r 0 d ~ c e d . l ~ ~  Acyl chlorides in the presence of 
aqueous alkali and acetonitrile have been used to introduce benzoyl groups and a- 
and P-naphthoyl groups at the secondary positions of P-cycl~dextrins.~~~ 2- 
(Hydroxymethy1)bipyridyl has been linked by way of a succinic acid bridge to 
P-cyclodextrin and the product fully 0-methylated prior to the examination of 
some metal complexing. Further studies on the analogous ether-linked compound 
mentioned in reference 191 were described. 199 P-Cyclodextrin has been ester- 
linked to provide an HPLC stationary-phase column and used in the separation 
of galacturonic acid oligomers up to the heptamer.200 

Benzoyl and naphthoyl esters derived from cyclodextrin primary hydroxyls 
have also been described (compare reference 198), and in the course of this work 
6-0-tosyl-P-cyclodextrin was treated with 2-aminoethanol and ethanediamine to 
give 6-aminocompounds carrying hydroxyethyl or aminoethyl N-substituents. 
These were then functionalized at the new extended chain positions.201 6-Amino- 
6-deoxy-P- and y-cyclodextrins have been condensed with N-protected amino 
acids, and with some of the products self-inclusion complexes were noted.202 In 
related work 6-deoxy-6-iodo-~-cyclodextrin, on treatment separately with the 
enantiomers of a-methylbenzylamine, showed considerable selectivity for the S- 
e n a n t i ~ m e r . ~ ~ ~  Coupling of 6-amino-6-deoxy-~-cyclodextrin with 5-carboxy- 
pentyl P-N-acetylglucosaminide gave the corresponding amide which was then 
enzymically galactosylated using UDPG as starting material and a 4-epimerase, 
followed by a galactosyl transferase, to give the N-acetyllactosamine derivative 
36.2" 6-[2-(9-Anthrylmethylamino)ethylamino]-6-deoxy-~-cyclodextrin has been 
produced as an allosterically switched DNA i n t e r ~ a l a t o r . ~ ~ ~  6-Deoxy-6-hydrazino 
and -N-hydroxylamino derivatives have been produced, and gave access to 
various adducts at these new functional groups. Cyclodextrin 2,3-epoxide, on 
treatment with hydroxylamine, has been converted to the 2-deoxy-2-N-hydr- 
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oxylamino derivative and hence, by oxidation, to the oximo compound.206 3- 
Deoxy-3-imidazolyl P-cyclodextrin, with the D-ahO configuration at the newly 
functionalized sugar unit, and 6-deoxy-6-imidazolyl P-cyclodextrin have been 
produced from the corresponding D - ~ ~ ~ F Z O  epoxide and 6-tosylate respectively. 
The latter product showed enantioselectivity in its catalysis of the hydrolysis of a 
protected amino-acid ester.207 

36 

Hexakis(6-deoxy-6-iodo-2,3-di-O-methyl) a-cyclodextrin, on treatment with 
alkoxides and aryloxides, gave products derived by nucleophilic displacements of 
the iodide at five residues and elimination of hydrogen iodide to give the 6-deoxy- 
5-ene function at the sixth residue.208 P-Cyclodextrin was converted to the per-3- 
thio-D-altro analogue and then treated with the tetra-substituted benzene 37 to 
give the compound 38 which contains four cyclodextrin units and forms a 1:l 
complex with tetraarylporphyrin~.~~~ Disulfides, produced by linking monothio- 
cyclodextrin, have been described and include the 6,6-dimer, which is known, and 
the new 3,3- and 3,6-linked dimers.210 

Considerable interest continues in cyclodextrins carrying branching sugar 
units. The mono- and hepta-derivatives of thio-P-cyclodextrin carrying one or 
seven glucose units at thiol substituents positions at C-6 have been reported.21 
Maltosyl- and mannosyl- and galactosyl-substituted cyclodextrins, formed by 
enzymic methods, have been described,212 and the same authors produced mono- 
and di-a-D-galactosylated products in extensions of the same They have 
then described the 61,62-, 6' ,63-, 61,64-, and 61,65-di-O-glucopyranosyl ycyclodex- 
trins, produced by way of ditrityl- and di-Tbdms-derivatives by chemical 
methods.214 P-D-Glucose, P-D-galactose, a-D-mannose, P-L- and P-D-fucose have 
been linked by way of a C-9 spacer chain to P-cy~lodextrin.~~~ 

The solubility and primary nucleation characteristics of P-cyclodextrin in water 
between 15 and 85 "C have been examined.216 
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5 
Ethers and Anhydro-sugars 

1 Ethers 

1.1 Methyl Ethers. - Several polyhydroxy carbohydrate derivatives have been 
efficiently O-methylated using the system 50% aq Na OH, DMSO, Me1.l A 
number of mono-O-methyl ethers of the trimannose oligosaccharide a-D-Manp- 
(1 -+3)-[a-~-Man p-(l+6)]-P-~-Manp-O-CgH~~ have been prepared.2 Ally1 2- 
acetamido-2-deoxy-3- 0-~-~-galactopyranosyl-6-O-methyl-a-~-galactopyranoside 
has been synthesized as a potential acceptor for a s~lfotransferase,~ while mono- 
2-O-methyl-cyclomaltoheptaose was formed by methylation of cyclo- 
maltoheptaose in dilute aqueous alkali.4 

1.2 Other Alkyl and Aryl Ethers. - Diisopropylidene derivatives of D-glucose 
and D-fructose have been O-alkylated, hydrolysed and reduced affording 3-0- 
alkyl-D-glucitol and -D-mannitol  derivative^.^ Methyl 3 ’,4’-O-isopropylidene-p-~- 
lactoside has been converted into methyl 3 ‘,4’-di-O-n-hexyl- and n-octyl-P-D- 
lactosides and these ethers were tested for their lyotropic phase behaviour,6 while 
6 ’-O-alkyl ethers of 6-~-a-~-ga~actopyranosyl-~-glucopyranose have been 
prepared and their liquid-crystal properties dete~mined.~ 

1 R = CHF2 R = CHF2 

Reagent: i, ZnBrCF3.2CH3CN, CH2CI2 

Scheme 1 

Some difluoromethyl ethers have been prepared (Scheme 1) and the difluoro- 
methyl ether moiety was found to be stable to aqueous trifluoroacetic acid under 
the conditions required for the deprotection of L8 A 6’-0-(2-naphthylmethyl) 
derivative of lactose has been synthesized as a fluorescence labelled substrate for 

91 



92 Carbohydrate Chemistry 

ceramide glycana~e.~ A new route to methyl 4-0-benzyl-2-0-methyl-a-~-fucopyr- 
anoside has employed DIBAL reductive opening of a 3,4-0-benzylidene deriva- 
tive. lo New 'bolaampiphile' carbohydrate derivatives 2 have been prepared 
(Scheme 2), and they were deprotected by acid hydrolysis. Electrochemically 
induced formation of 0-ethers of some glycals has been studied. The intermediate 
sugar anions generated afford equilibrium mixtures of regioisomers. l2 Some 
mono-2-0-alkyl-cyclomaltoheptaose derivatives have been prepared by alkyla- 
tion of P-cyclodextrin in aqueous alkali.4 The preparation and utilization as 
nucleoside 0-protecting groups of rn- or p -  N-hydroxysuccinimide substituted 
phenyl-bis(4-methoxyheny1)methyl ethers and the 1,l -dianisyl-2,2,2-trichlor- 
oethyl ether groups are covered in Chapter 20. 

01 1 rod 

t o  

Scheme 2 

Benzylation of the 5-amino-5-deoxy-pentoside 3 via its 2,3-0-dibutylstannylene 
derivative afforded a 1:l mixture of the 2-0- and 3-0-benzyl ethers, whereas 
tritylation and silylation under the same conditions generated predominantly the 
2-0-protected derivative. l 3  Similarly, benzylation of the D-erythronolactone 4 via 
its 0-dibutylstannylene derivative gave predominantly the 2-0-benzyl ether 5 
while reductive opening (TiC14, HSiEt3) of the corresponding 2,3-O-benzylidene 
compound afforded the 3-0-benzyl ether 6.14 Partial benzylation (0.9 eq NaH, 
DMF, BnBr) of sucrose has afforded 42% of 2-0-benzyl-sucrose, isolated as its 
3,4,6,1',3 ',4',6'-heptaacetate. The molecular electrostatic potential profile of 
sucrose apparently predicts that the 2-OH group is the most electropositive of the 
eight hydroxy-groups. l5 

' " ' " " P O M e  OH OH 

3 

R20 e0 OR' 

4 R ' = R 2 = H  
5 R1 =Bn,R2=H 
6 R' = H, R2 = Bn 
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Benzyl ethers have been removed in the presence of 4-bromobenzoates without 
debromination using anhydrous ferric chloride in dichloromethane16 and TFA in 
dichloromethane has been used to effect removal of 0-4-methoxybenzyl pro- 
tecting groups.17 

2-0-(2-Iodoethyl)-~-glucose has been synthesized as a stable iodinated ana- 
logue of 2-deoxy-2-fluoro-~-glucose. l* Epoxidation of methyl 2-0-allyl-4,6-0- 
benzylidene-a-D-glucopyranoside followed by base treatment gave the cyclic 
ethers 7 and 8, which could be deprotected to the parent 4,6-diols.19 0- 
Cyanoethylated sugars have been prepared by addition of acrylonitrile to alkaline 
solutions of semi-protected or unprotected non-reducing sugars such as sucrose, 
methyl a-D-glucopyranoside, methyl P-D-fructopyranoside and methyl p-D-fruc- 
tofuranoside. The 0-cyanoethyl products were treated with methanolic HCl to 
give 2-(methoxycarbony1)ethyl derivatives which were saponified (KOH) to the 
potassium salts of the carboxylic acids.20*21 The @(diethy1 phosphonoylmethyl) 
derivative 9 has been prepared,22 and the (E) and (Z) but-2-enoic acid-2-y1 UDP- 
GlcNAc derivatives 10 and 11 have been synthesized to study one of the first 
steps in bacterial cell wall bio~ynthesis.~~ 

, 
R2 

7 R' = CH20H, R2 = H 

8 R' = H, R2 = CH20H 

OBn 

d' 
9 10 R' = Me, R2 = H 

11 R' = H, R2 = Me 

The association constants between the synthetic receptor 12 and a series of p- 
nitrophenyl a- and P-glycosides of D-glucose, D-mannose, D-galactose, D-xylose, 
L-fucose and L-arabinose have been examined in order to probe carbohydrate - 
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carbohydrate interactions in aqueous solution.24 Chiral crown ethers 13 and 14 
have been prepared from ~ - g l u c o s e . ~ ~  

Pyridinium salts of some sugar sulfates can be desulfated and silylated under 
certain silylating conditions.26 

roH roH 

Q 
13 14 n=  1 , 2  

Bnol 

15 

2 Intramolecular Ethers (Anhydro-sugars) 

2.1 Oxirans. - The preparation, and applications in synthesis, of a series of 
1,6:2,3- and 1,6:3,4-dianhydro-P-~-hexopyranoses has been reviewed.27 Some 
isopropylidene derivatives of D-glucose and D-mannose have been converted into 
5,6-anhydro-derivatives by treatment with TsCl in the presence of KOH,28 and 
other 5,6-anhydro compounds have been prepared via the corresponding 5,6- 
thionocarbonates, which were opened with methyl iodide to give the 6-deoxy-6- 
iodo-5-O-methylthiorbonates followed by treatment with base.29 

Some 1,2-anhydro-aldofuranose derivatives (e.g. 15) have been prepared by 
base treatment of 2-O-to~ylates.~~ D-Mannose has been converted into the 
glycosyl chloride 16 from which the 1,Zanhydro derivative 17 was obtained.31 
Similarly, the D-fucosyl chloride 18 was converted to the 1,2-anhydride 19 via the 
corresponding P-f l~oride.~~ Ti-0-acetyb-glucal and -galactal have been epox- 
idized (Scheme 3) to give 1,2-anhydro-compounds 20 and 21 respectively as the 
major products,33 and use of a 1,2-anhydro-hexopyranose in the synthesis of an 
antifungal furanone glycoside is covered in Chapter 3. 

16 17 
OAc 

18 19 
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20 

Reagents: i, ,d*R2 R' = C4F9 or C5F11; R2 = C3F7 or C5F11 
0 

R' F 

Scheme 3 

21 

The two bis-epoxides 1,2:5,6-dianhydr0-3,4-di-O-benzyl-~-iditol and -D-man- 
nitol, on treatment with Na2S, have afforded mixtures of thiepans and tetra- 
hydrothiopyrans (Scheme 4),34 and the same compounds when treated with 
sodium azide (silica gel, CH3CN, reflux) gave 2,5-anhydro- 1 -azido- 1 -deoxy, i. e. 
the furanoid,  derivative^.^^ 

Bnof iBn 0 

0 

Brio 1: Bn 

i 
---c 

i -- 

HO 

Q 
BnO 

OH 

H O G  

BnO 

+ 
BnO 

OH 

+ 

Reagents: i, Na2S, EtOH, reflux 

Scheme 4 

When the peroxy compound 22 was allowed to react with nucleophiles (X-) in 
the presence of added base the C-4 substituted epoxides 23 were formed.36 The 
calculated potential surface of methyl 2,3-anhydro-4-deoxy-a-~,~-ribo-hexopyra- 
noside has shown the possible existence of seven low energy conformers of the 
pyranose ring.37 

The influence of Li+ or Mg2+ chelation on the regioselective azide ion-induced 
epoxide opening of 2,3-anhydro-tetrose derivatives is covered in Chapter 10, and 
azide ion opening of a 1,6:3,4-dianhydrohexopyranose is detailed in Chapter 9. 
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22 23 X = H, D, OMe, STol, CH(AC)~ 24 

2.2 Other Anhydrides. - Stereoselective chemical and chemoenzymatic 
approaches to the preparation of 1,6-anhydrohexopyranoses have been 
reviewed,38 and base treatment of pentabromophenyl glycosides has been 
investigated as an improved procedure for the synthesis of 1,6-anhydro sugars.39 
Treatment of 0-benzylated-3-0-acetyl-glycosyl chlorides with base (KOtBu, 
THF) has allowed syntheses of 1,3-anhydro-2,4,6-tri-O-benzyl-P-~- 
talopyranose,4° 1,3-anhydro-2,4-di-O-benzyl-a-~-arabinopyranose~~ and 1,3- 
anhydro-2,4-di-O-benzyl-6-deoxy-~-~-talopyranose.~~ The theoretical solution 
conformation of methyl 3,6-anhydro-a-~-galactopyranoside has been studied 
using ab initiu calculations. The computed conformation was similar to that 
adopted in the crystal (X-ray analysis).43 

and the 
stereoselective synthesis of di-P-D-fructopyranose 1,2':2,1 '-dianhydride has been 
achieved by way of a fructopyranosyl fluoride.45 The Michael addition of thiols, 
alcohols and C-nucleophiles to levoglucosenone has been used in the synthesis of 
analogues of the herbicide 1,6-anhydro-4-O-benzyl-3-deoxy-2-O-methyl-~-~-ribu- 
hex~pyranose.~~ 

In acid solution, 1 -deoxy-D-threu-pentulose forms the dimeric 
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6 
Acetals 

1 Methylene and Isopropylidene Acetals 

Improved conditions for the synthesis of methylene acetals of D-glucose, D- 
galactose, o-mannose and D-fructose by transacetalation from dimethoxy- 
methane have been described.’ The new 3,4-0-isopropylidene derivatives 1 and 2 
of methyl a-D-glucopyranoside, which involve diequatorial diols, have been 
prepared in excellent yields by conducting the reactions with 2-methoxypropene 
and catalytic p-TsOH in THF rather than dichloromethane.2 Use of Zeolite HY 
as mild acid catalyst in the acetonation of unprotected sugars @-glucose, D- 

galactose, L-arabinose, L-sorbose, ~-g~ucofuranurono-6,3-~actone, etc.) with 
acetone gave furanose derivatives, e.g. 1,2:5,6-di-O-isopropylidene-a-~-galacto- 
furanose, as the major  product^.^ Exposure of D-ribose-, D-allose- and D-altrose- 
propane 1,3-diyl-dithioacetals to a variety of isopropylidenation reagents 
furnished complex mixtures of mono- and di-acetonides; conditions for the 
selective formation of some mono-acetonides were devi~ed.~ These studies have 
been extended to the trimethylenedithioacetals of D-arabinose, D-glucose and D- 

manno~e .~  Treatment of aldosulose bis(pheny1hydrazones) with acetone and 
catalytic p-TsOH gave mono- and di-0-isopropylidene derivatives, mostly new 
compounds, such as 3 and 4.6 The preparation of acetonides of acid-sensitive 
substrates is referred to below (Ref. 10). 

2 Other Acetals 

The isobutylidenation of acyclic polyols with methyl ethyl ketone, either in DMF 
with catalytic H2S04 or without cosolvent and with p-TsOH as catalyst, has been 
e~amined.~ Highly crystalline 1,2:3,5-di-O-cyclohexylidene-a-~-xylofurano~e has 
been isolated in high yield on treatment of the crude xylose syrup obtained from 
corncobs with cyclohexanone and sulfuric acid in diethyl ether.* Hydroxyethyli- 
dene acetals of D-threitol, used as building blocks in the synthesis of supramole- 
cular host systems, are referred to in Chapter 24. 

A protocol for the reliable and reproducible preparation of 4,6-0-benzylidene- 
D-glucopyranose in 72% yield, employing benzaldehyde dimethylacetal and 
TsOH in DMF, and new, corrected physical data for this compound and its 
crystalline 1-0-sodio derivative (thought to be the p-anomer) have been re- 
p ~ r t e d . ~  Rapid and efficient benzylidenation of acid sensitive substrates has been 
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7H20R2 

99 

R 

1 R' = R 2 = B z  
2 R' = H, R2 = Tbdms 

3 4 

R =  
+-N-NHPh 

0 

R' = (CH& Me; n = 5,7,9,11 
R2 = (CH2),,, Me; m = 4,6,8 

5 X = C H  
6 X = B  

achieved by halonium ion-induced acetal transfer from benzaldehyde di(pent-4- 
enyl) acetal; an example is shown in Scheme 1. The method is adaptable to the 
preparation of other acetals, e.g. acetonides.1° An improved procedure for the 
synthesis of 1,3:4,6-di-0-(p-rnethoxybenzylidene)-~-mannitol, employing p-meth- 
oxybenzaldehyde, catalytic sulfuric acid and trimethylorthoformate has been 
published. @-Substituted benzylidene) acetals 5 and their boron analogues 6 
have been examined for liquid crystal properties. l2 

Reagents: i, PhCH[O(CH2)3 CH=CH&, NIS, CSA or BF3-OEt2 

Scheme 1 
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Cyclitols and symmetrical acyclic polyols have been desymmetrized by 
formation of dispoke adducts such as myo-inositol derivative 7.13 

fBZ 

HO 

7 8 

The multi-step syntheses of disaccharide 8 and similar pyruvated saccharide 
fragments related to the aggregation factor of a marine sponge involved introduc- 
tion of the pyruvate acetal groups without glycosidic bond cleavage by use of 
methyl pyruvate in the presence of BF3 etherate without added s01vent.I~ 

Two 1,2-0-(3 ',4'-dihydroxybenzylidene)-P-~-glucose derivatives, plantanoside 
(9) and orobanchoside (lo), were isolated from the medicinal plant Plantago 
asiatica.15 Caeruleoside A and a related compound, found in the leaves of the 
Japanese plant Lonicera caerulea, comprise two iridoid moieties joined through 
an acetal linkage. l 6  The first examples of natural products containing L-arabinose 
acetal moieties, anemoclemosides A (11) and B (12), were extracted from the 
roots of Anemoclema glaucifolium. l7 
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CH20H 

ph* OAc Me 
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11 R = H  
12 R = a-L-Rhap 

3 Reactions of Acetals 

Carbohydrate isopropylidene acetals have been cleaved efficiently with catalytic 
quantities of DDQ in aqueous acetonitrile.'* Benzylidene acetal 13 was reduced 
to the 4-hydroxy-6-O-benzyl ether with high efficiency by treatment with 
triethylsilane and TFA. The corresponding D-galactose acetal was stable under 
these conditions. l9 
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7 
Esters 

1 Carboxylic Esters 

1.1 Synthesis. - Following the recent introduction of the 2- 
(chloroacetoxymethy1)benzoyl (CAMB) group (Vol. 28, Chapter 7, Ref. 3), the 
advantages of the 2-(2-chloroacetoxyethyl)benzoyl (CAEB) group for 1,2-trans- 
directing temporary protection of position 2 in glycosyl donors have now been 
described.' Continuing their efforts to provide standards for use in the 
determination of the primary structures of polysaccharides by the reductive 
cleavage method, G.R. Gray and co-workers have prepared all positional isomers 
of partially methylatedacetylated or benzoylated 1,5-anhydro-~-glucitol,~ 1,5- 
anhydro-D-galactitol,2a 1,5-anhydro-~-rnannitol,~ 1,4-anhydro-~-fucitol,4 1,4- 
anhydro-~-ribitol,~ and 1,4-anhydro-~-xylitol~ (see Vol 27, Chapter 7, Ref. 6). 
A new strategy for the preparation of per-0-acetylated-6-amino-6- 
deoxyhexopyranosides and 1 -aminoalditols without acetyl migration from 0 to 
N is referred to in Chapter 9. 

A detailed study on the conventional benzoylation and pivaloylation of D- 

fructose has been undertaken; following consideration of factors such as equili- 
bration rates and the distribution of tautomeric forms at given temperatures, 
practical procedures for the selective preparation of either pyranose, furanose, or 
acyclic peresters have been worked out.' The selectivities in electrochemically 
induced esterifications of D-glycals have been investigated and compared with 
selectivities in chemically induced ester formations.* 

CH20Bn 

BnO aOCOR OBn BnO R!XQNO* 

R = Me, Bn, Ph, 
a-f u ry I, 
a-naphthyl, etc. 

1 

v 
R = Me(CH2)" : 

n = 10,12,14,16 

2 X = S , Y = H  
3 X=O,Y=N02 

CH20Tbdps 

HO K?OMe 
OH 

4 R = H  
5 R = B z  

2,3,4,6-Te tra- 0-benzyl- 1 - 0- trimethylsil yl-a-D-mannopyranose reacted with a 
series of carboxylic acids in the presence of BF3.0Et2 to give a-esters 1 in good 
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 yield^.^ Good primary selectivity, with isolated yields of 6-esters of 50-70%, has 
been achieved in the reactions of methyl a-D-gluco-, a-D-galacto-, and U-D- 

manno-pyranoside with acylating agents 2 and 3.1° The effect of microwave 
irradiation on the rate and selectivity of the tin-mediated benzoylation of trio1 4 
has been studied; at  relatively low power, with 1 molar equivalent of benzoyl 
chloride in either toluene or acetonitrile and with a reaction time of 9 min, for 
example, the mono-ester 5 was preferentially formed in 35-57% yield. Esterifica- 
tion of benzyl a-L-rhamnopyranoside by use of the dibutyltin oxide method gave 
the 3-esters 6 predominantly. l 2  Fluoroacetyl imidazolide (7) has been reported to 
protect the benzyl a-glycoside of N-acetylneuraminic acid at 0-4 and 0-9 
selectively. 

R = Me(CH2)” ; 

6 

n = 10, 16 etc. 
7 R’ R2 R3 R4 

a AC AC AC CI 
9 Ac Ac H SEt 
10 Ac H Ac SEt 
11 H Ac Ac SEt 

The synthesis of a glycosyl donor by treatment of tri-0-acetyl-a-L-rhamnosyl 
chloride (8) with EtSNa in ethanethiol was accompanied by deacetylation, 
furnishing a 1 : 1 : 1 mixture of the diacetates 9-11. l4 Radical reduction of bromide 
12 with the slow hydrogen donor tris(trimethylsily1)silane was accompanied by 
1 - + 2  migration of the acyloxy group resulting in the formation of the 2‘-0- 
acylated a-ribonucleoside derivative 13 as the main product. l 5  Sodium methoxide 
in methanol at -86°C removed the anomeric acetyl groups from per-0- 
acetylated-2-acetamido-2-deoxy-~-hexopyranoses selectively in yields of >85%, l 6  

and sodium methoxide in methanoVtoluene at ambient temperature removed the 
primary ester groups from 2-deoxy-3,6-diesters 14 preferentially. l7 The hydrolysis 
of orthoacetates to give 0-acetates is referred to in Part 5 below (Refs. 94, 95). 
The formation and use of halogenated ketene acetals derived from 3-0-acyl- 
1,2:5,6-di-O-isopropylidene-a-~-glucofuranose is covered in Chapter 24, the 
crystal structures of some methyl 6-0-acyl-a-~-galactopyranosides in Chapter 22, 
and a strategy for the preparation of per-O-acetylated-6-amino-6-deoxy sugars is 
referred to in Chapter 9. 

CH20Tbdms CH20Tbdms CH20R 

TbdmsO 02CBut 

12 13 14 R = A c o r B z  
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A study of the molecular electrostatic potential profile of sucrose (see Chapter 
2, Ref. 3a) in polar, aprotic solvents provided the basis for a convenient 
procedure for the preparation of sucrose 3,4,6,1’,3’,4’,6‘-heptaacetate in 42% 
yield via the 2-0-benzyl ether.18 Ionic complexes of sucrose with various metal 
ions (e.g. Co2+ or Mn2+) in DMF reacted with benzoic acid anhydride at low 
temperatures to form mainly the 3’-esters; the unchelated sucrose anion reacted 
predominantly at 0-2 with acyl-migration to 0-6 at moderate temperatures and 
transannular migration to the fructose ring at elevated temperatures. l9 Acylation 
of sucrose with 3-acyl-thiazolidine-2-thiones 15 or 3-acyl-5-methyl-l,3,4-thiadi- 
azolo-2(3H)-thiones 16 in the presence of triethylamine gave 2-esters in good 
yields (see Vol. 27, Chapter 7, Ref. 23); with DBU or DBN as base, however, 
efficient acyl migration took place to furnish 6-esters as the only products.20 
Partially acylated methyl P-lactoside derivatives have been prepared by standard 
acetylation (2.1-3.0 molar equivalent of Ac2O or AcCl in pyridine) of the 3 ‘,4‘-di- 
0-hexyl- or di-0-octyl-ethers (see Chapter 5).21 Malonyl-, succinyl-, and phtha- 
loyl-tethered disaccharides, e.g., compound 17, have been prepared in connection 
with a novel, intramolecular glycosylation strategy (see Chapter 3).22*23 

RC-N f: w, 
RC-N 

Me 

R = Me(CH2),; n = 6,10,12,16 

0 1  

I I  
0 

15 16 17 

Out of 16 commercial lipases and proteases tested, Pseudomonas cepacia lipase 
and a Bacillus sp. protease in pyridine had the highest activity when applied to 
the 6-acylation of D-glucose with various straight-chain and branched-chain acyl 
donors.24 Immobilized lipases of the Candida antarctica type gave the best results 
in the lipase-catalysed primary acylation of alkyl D-glucosides, D-galactosides, 
and ~-fructosides .~~ Regioselective esterification of 3-0-methyl D-glucose and 
methyl a-D-ghcopyranoside with methacryloylaminoundecanoic acid under 
Candida antarctica-catalysis gave the polymerizable 6-esters 18 and 19, respec- 
tively.26 6-0-Decanoyl- and -dodecanoyl-D-glucono- 1 $lactone, obtained by use 
of porcine pancreas lipase in pyridine, were the first members of a new class of 
sugar ester s u ~ f a c t a n t s . ~ ~ ~ ~ ~  

Alkyl a- and P-hexopyranosides with protected primary hydroxyl groups were, 
as a rule, selectively acetylated at 0-2 and 0-3, respectively, by vinyl acetate and 
Pseudomonas cepacia lipase; the effects of variations in the size and hydrophobi- 
city of the anomeric and primary substituents on the regioselectivity of these 
reactions have been discussed in terms of enzyme-substrate binding.29 Methyl P- 
D-ribopyranoside, methyl P-u-arabinopyranoside, methyl P-D-xylopyranoside, 
and methyl-a-L-rhamnopyranoside were all acetylated at 0-4 by lipases from 
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three different sources, whereas methyl a-D-arabinopyranoside reacted predomi- 
nantly at the 2-position, and methyl P-L-rhamnopyranoside gave the 2,4-diester 
under identical  condition^.^^ The regioselectivities of the lipase-mediated acyla- 
tions of 1,6-anhydro-P-~-hexopyranoses with ethyl butanoate3' or vinyl acetate32 
as acyl donors have been investigated; the glucose and mannose derivatives 
reacted preferentially at 0-4 and the galactose derivative at 0-2. 

/ /CH2 
CH20CO(CH2)loNHCOC 

'Me 

HO &&R2 OH 

CH2O-palmitoyl 

" O W r  OH 

I 
OH 

20 

CH20-oleo yl 

21 H OAc OAc 
22 OAc H OH 
23 OH H OAc 

A two-step procedure employing two different lipases, the first one in pyridine 
and the second one in dichloromethane, allowed the acylation of 3-0-p-~-  
galactopyranosyl-sn-glycerol consecutively at 0- 1 and 0-6'  to give galactolipids, 
such as diester 20.33 Pseudomonus JEuorescens lipase preferentially hydrolysed the 
(R)-isomer of (2'RS) -glycerol P-D-glucoside peracetate to give a mixture of 
unreacted (2S)-isomer 21 and monohydroxy compounds 22 and 23. Peracetylated 
DL-erythritol glucoside behaved similarly.34 l-O-Decanoyl-2,3,4,6-tetra-O-acetyl- 
P-D-glucopyranose (24) has been prepared efficiently by a chemo-enzymic 
procedure. 35 

Sucrose 1 '-methacrylate, a highly desirable starting material for making new 
polymers, has been obtained by treatment of sucrose with vinyl methacrylate in 
the presence of ~ubt i l is in .~~ A theoretical study of the subtilisin-promoted 
esterification of sucrose with vinyl esters in organic solvents showed that with 
increasing hydrophobicity of the solvent and chain-length of the acyl group the 
preference for reaction at the 1 '-position decreased in favour of reaction at 0-6.37 

A single acyl group has been introduced into P-cyclodextrin, either at a 2- or a 
3-position, by exposure to benzoyl- or a- or P-naphthoyl chloride in alkaline 
aqueous a~etonitri le.~~ A Lipid A disaccharide esterified with (S)-3-hydroxytetra- 
decanoic acid and a Lipid A monosaccharide carrying a fluorinated N-acyl group 
are referred to in Chapters 3 and 9, respectively. 
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1.2 Natural Products. - Two novel tannins, camelliatannins C and E, which 
contain an elagitannin as well as a flavan-3-01 component, have been isolated 
from the leaves of CameZZia japonica; in contrast to known tannins of similar 
composition they lack a C-C bond between C-1 of the glucose moiety and the 
aroyl group attached to C-2.39 Plausible structures have been proposed for 
vescalagin and castalagin, the C-glucosidic elagitannins of oak, based on 'H- 
NMR spectroscopy, mass spectroscopy and molecular mechanics calculations.40 
The total synthesis of the elagitannin sanguiin H-5 (25) followed a biomimetic 
route and involved, as the crucial step, the Pb(OA~)~-mediated diastereoselective 
formation of a biphenyl C-C bond between the galloyl moieties at 0 -2  and 0 - 3  of 
the glucose core.41 Axially chiral hexamethoxydiphenic acid has been resolved via 
its diester with methyl 4,6-O-benzylidene a-~-ghcopyranoside.~~ The tendencies 
of penta- 0-galloyl-P-D-glucopyranose and poly- 0-galloylated methyl U-D- 

glucosides to precipitate with protein (e.g. bovine serum albumin) have been 
in~estigated.~~ Hydrolysable tannins with protein-kinase inhibitory activity are 
referred to in Chapter 19. 

A novel resin glycoside, isolated from Merremia hungaiensis roots and named 
merremin, contains two tetrasaccharide moieties linked by an ester bridge.44 

2 Phosphates and Related Esters 

Considerable attention is given to phosphate ester and related chemistry in 
Chapter 20. The aldolase-catalysed synthesis of monosaccharides by way of 
phosphate intermediates is covered in Chapter 2. 

A procedure for the preparation of a-D-glucose 1 -phosphate by a-glucanphos- 
phorylase-catalysed degradation of starch has been de~eloped.4~ Tri-O-acetyl-a- 
L-rhamnopyranosyl dialkylphosphates 26 and similar, 0-benzyl protected deri- 
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7H2OH 
CH20R’ 

OAc OAc 

26 R = Et, Pr, P+ 

I 
OR1 

27 R1 = Tbdms, R2 = a-OTbdms 
28 R1 = Tbdms, R2 = a&OH 
29 R1 = H, R2 = p-Odecaprenyl 

NHAc 

C02Na 

30 R = C16H33 or 

C02Na 

vatives have been obtained by displacement of an anomeric trifluoroacetyl group 
with the appropriate dialkyl phosphates!6 The synthesis of the [ 1 -14C]-labelled 
mycobacterial arabinose donor 29 employed a new protection strategy involving 
the tetra-silylated derivative 27 which was selectively deprotected at C-1 (TFA in 
CH2C12) to give tri-O-silyl ether 28 in 77% yield; the decaprenylphosphate group 
was then introduced following standard  procedure^.^^ A series of potential 
transglycosylase inhibitors, compounds 30-32, have been synthesized; the 1 - 
alkylphosphates 30 of muramic acid were obtained by use of the trichloroacetimi- 
date method, whereas the (u-D-glucopyranosy1)-methanephosphonates 31 were 
prepared from propenyl tri-O-acetyl-C-glucopyranoside, and a similar route 
involving the corresponing ally1 C-glucoside led to the ethanephosphonate 
analogues 32, as shown in Scheme 1 ?8 The introduction of anomeric phosphono- 
methoxy groups by a Ferrier reaction has been explored using di-0-acetyl-D- 
arabinal and -xylal as substrates; an example is shown in Scheme 2.49 

CH20Ac CH20H 

OAc OH 

R = W  or n = 1  or2 R asfor 30 

31 n = l  
32 n=2 

Reagents: i, O3 ; ii, NaAcOBH3 ; iii, MsCI, Py ; iv, PO(OEQ3 ; v, TmsBr, CH2CI2,H20 

Scheme 1 

Phosphoramidon (33), an inhibitor of the endothelin-converting enzyme,50 and 
the glycosylated phosphatidylcholines 34, which are closely related to a newly 
dicovered, natural f~ngicide,~’ have been synthesized by use of the phosphorodi- 
chloridate method. 
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+ c O , O C H 2 P O ( O P ? ) 2  

HO 

Reagents: i, (Pr'O), POCH20H, TmsOTf ; ii, NH3, MeOH 

Scheme 2 

A convenient synthesis of glucose 1,6-bisphosphates with3H-, 14C-, 13C-, 32P- 
or 33P-labels is based on the hexokinase-catalysed formation of glucose 1- 
phosphate from appropriately labelled D-glucose and ATP, followed by phospho- 
glucomutase-mediated equilibration to the bisphosphate and D - ~ ~ u c o s ~ . ~ ~  

0 
II OCOC15H31 

J -?  
a-L-RhapOPNH vCONH v C 0 2 H  

I ,  

OH Y OH 
OPO- 6Me3 

p-~-GlcpO 

I 

H 

33 34 

2-O-Phosphorylated furanose derivatives, such as compounds 36, were ob- 
tained in high yields by exposure of alcohol 35 to dialkyl phosphorochloridates in 
the presence of 1 -rnethylimidaz~le.~~ Triphosgene-mediated coupling of phos- 
phonic acid with suitably protected nucleosides produced nucleoside-3 '-H-phos- 
phonate monoesters, e.g. compound 37, in good to excellent yields.% 6-Chloro-6- 
deoxy- 1,2-O-isopropylidene-u-~-glucofuranose 3,5-cyclophosphorochloridate 
(38) has been converted to the novel cyclophosphates 39.55 

QOB" OBz OR 

35 R = H  
36 R = POX2 ; 

X = OPh, OPr' , Ph, 
NMe2 etc. 

CH20Tr(OMe)2 
I 

H 

37 
38 X=CI 
39 X = ONa, OEt, OBu, 

O(CH2f2CHMe2 
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Primary (difluoromethy1ene)phosphonates 40 have been prepared as phosphate 
mimics from the corresponding 6 - t r i f l a t e ~ ~ ~  The bis(ga1actopyranose 6-0-thio- 
phosphory1)disulfide 41, made by reaction of diacetone-D-galactose with PS5 in 
the presence of triethylamine, formed solvation and inclusion complexes with 
benzene, hexane and chloroform, which were subjected to detailed NMR spectro- 
scopic studies.57 An improved synthesis of L-ascorbate 2-polyphosphate involved 
phosphorylation of L-ascorbate with sodium trimetaphosphate in the presence of 
bivalent metal ions, especially Ca2+, at  pH 10.5.58 The stereoselective phosphor- 
ylation of diacetonides of D-glucose, D-galactose and D-mannose, with free OH 
groups at C-3, C-6 and C-1, respectively, with the diastereomeric phosphonites 42 
has been in~estigated.~~ 

[ (R012!s~ 
OCH ( Me)CH2 N Me2 

NEtPh 

PhP, / 

40 41 42 

The carbohydrate mimics 43 and 44 of inositol 1,4,5-trisphosphate have been 
synthesized in eight steps from allyl a- or P-D-xylopyranosidem and allyl a-D- 

glucopyranoside,61 respectively, and methyl 2,3,4-trisphospho-a-~-mannopyrano- 
side has been prepared in three steps from methyl 6-0-trityl-a-D-mannopyrano- 
side as a mimic of 1D-myo-inositol-trisphosphate.62 The synthesis of inositol 
phosphates is covered in Chapter 18. 

43 44 

0 
I t  + 

CH20PO(CH2)2NMe3 
I 

OH 

45 
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Six amphoteric galactocerebrosides 45, varying in the ceramide moiety, have 
been isolated from the leech Hirudu nipp~nica.~~ 

When moderate heat was applied to solutions of sucrose in sodium orthophos- 
phate buffer during the final stages of freeze drying, mixtures of sucrose 
monophosphates were formed in appreciable quantities.64 Treatment of 2,1’:4,6- 
di-0-isopropylidenesucrose with POC13 and pyridine in aqueous acetontrile, 
followed by acid hydrolysis, furnished sucrose 6’-phosphate in 15% yield.65 For 
the preparation of the 4-phosphate, the 4‘-phosphate and the 4,4’-bisphosphate 
of methyl 3-~-(~-g~yceru-a-~-manno-heptopyranosyl)-~-g~yceru-a-~-mannu-hep- 
topyranoside, suitably protected disaccharide precursors were exposed sequen- 
tially to phosphorus triimidazolate, benzyl alcohol and MCPBA.66 

0 
I I  

OH 

51 

Vhy 50 R =  

0 
J 

Ester exchange of oxyphosphorane 46 with thymidine gave the bicyclic 
phosphorane 47, which on hydrolysis furnished products Synthesis of 
adenophostin A (51), a potent inositol trisphosphate agonist, involved selective 
phosphorylation of the basic 3’-O-(a-~-glucopyranosyl)adenosine skeleton.68 
Phosphodi- and -tri-esters, e.g., compound 52, incorporating sugars and com- 
plexing ligands were synthesized and evaluated as an t iv i r a l~ .~~  The aminated 
GDP-fucose analogue 53, suitable for further derivatization, has been synthesized 
by reaction of 6-0-allyl-~-~-galactopyranosyl phosphate with GMP morpholi- 
date, followed by irradiation in the presence of 2-aminoethanethi01.~~ The 
syntheses of the trisubstrate analogue inhibitor 54 of a-(1 +3)-fucosyl trans- 
ferase7* and of a tetrasaccharide containing (1 +6)-phosphonomethyl-linked p-D- 
glucopyranosyl residues7* have been described. The enzymatic synthesis of 3 ’- 
phosphoadenosine-5 ’-phosphosulfate (PAPS) is referred to in Part 3 below, 
phosphono-sialyl-Lewis X analogues are referred to in Chapter 4, and the 
preparation of thymidine diphospho-6-deoxy-a-~-ribo-3-hexulose is covered in 
Chapter 20. 
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I I  
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3 Sulfates 

Carbohydrate Chemistry 

0 0  
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(CH2)zOP -0-guanidine 
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HO 

OH OH 

OH 

53 

Na03S0 
OS03Na 

55 

The trisulfated glucuronic acid derivative 55,73 all six mono-0-sulfates of 8- 
methoxycarbonyloct-1 -yl p-la~tosamine,~~ the 3’-, 4’-, and 6‘-sulfates of di- 
saccharide 56,75 and several polysulfates of disaccharide 5776 have been prepared 
by standard procedures either for conformational or enzyme inhibition studies. 
Neuraminic acid has been converted to N-glycolyl-8-0-sulfoneuraminic acid by 
use of conventional protecting group methodology and sulfation with 
Me3N.S03 in DMF.77 The same sulfating agent was employed in the persulfa- 
tion of P-D-glucosides, P-D-galactosides and lactosides to obtain ceramide 
mimics.78 3’-Phosphoadenosine 5’-phosphosulfate (PAPS) has been prepared 
from ATP and inorganic sulfate in two enzyme-catalysed reaction steps; it was 
then used as sulfate donor in the sulfotransferase-catalysed 6-sulfation of N, N’- 
diacetylchit~biose.~~ The synthesis of the 5-amino-5-deoxypentose 2-sulfate 
component of novel lipid-containing nucleoside antibiotics is covered in 
Chapters 10 and 20, sulfated sialyl-Lewis X epitope analogues in Chapter 4, and 
the desulfation of pyridinium salts of sugar sulfates by silylating agents is 
referred to in Chapter 5. 

P-~-Glcp NAc-(1+3)- P-D-Gab-0 Me P-D-Galp-(1+3)-a-~-GalpNAc-OAIl 
56 57 

Spirostanol glycosides, isolated from the herb Peliosunthes sinicu, contain 4-0- 
sulfo-a-L-arabinopyranosyl- and 4-O-sulfo-~-~-fucopyranosyl-moieties.~~ 



7: Esters 113 

4 Sulfonates 

Treatment of diethyl D-galactarate with 2 molar equivalents of TsCl in pyridine 
gave the tetratosylate as the main product in 37% yield; use of 4.4 molar 
equivalent of TsCl furnished the ditosylate diene 58 rather than the mono-alkene 
59, as had been reported earlier (R.S. Tipson and M.A. Clapp, J. Org. Chem., 
1953, 18, 952).81 Mesylation (2.2 molar equivalents MsC1, Py) of benzyl p-D- 
glucoside was non-selective, furnishing a mixture of dimesylates as well as the 
3,4,6-trime~ylate.~~ 6-O-Benzoyl-1,2-O-cyclohexylidene-3-O-tosyl- and -triflyl-a- 
D-xylofuranose have been synthesized as precursors of 3-azido-3-deoxy-~- 
ribon~cleosides.~~ Sucrose analogues modified at the 4-position were accessible 
by double inversion via 4-O-triflyl-l,2,3,3 ’,4’,6,6’-heptapivaloate~.~~ On irradia- 
tion in methanol in the presence of triethylamine, the pentaflate 60 rearranged to 
the sulfite 61.85 

TsYco2Et 
Et02C L O T s  

58 

C02Et 

t o n  

II 1 OTs 

C02Et 

59 

I 

0 
I I  

60 R=S-C6F5 
I I  
0 

61 R-SOCeF5 
I I  
0 

5 Other Esters 

Cyclic carbonates used as diol protecting groups in cyclitol chemistry are covered 
in Chapter 18. Allyloxycarbonyl protection of sugar hydroxyl groups has been 
effected with allyl chloroformate or allyl 1-benzotriazolyl carbonate; use of the 
reagent system Pd(O)PBu,/HCO,H/Et3N allowed selective removal of this 
group.86 Glucuronyl carbamates 63, to be used in the preparation of p- 
glucuronidase-sensitive pro-drugs, have been obtained by treatment of the 
2,3,4,6-protected free sugar 62 with the appropriate spacer i s~cyana te s .~~  The 
previously unreported 7-O-carbamoyl-~-glycero-~-manno-heptose has been iso- 
lated from the lipopolysaccharide fraction of several Pseudomonas strains.88 
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01 01 F;H20R 

AcO I 
OAc A3 

R’ R2 R3 

62 R = H  64 H OH a,B-OH 
63 R = CONH-spacer-CO2All 65 OH H a,B-OH 

66 H OH a-OMe 

67 

The complexation of aldoses with cholesterol-derived boronic acids has been 
reviewed,89 and the changes in UV absorption and fluorescence intensity of a 
stilbene-type boronic acid on complexation with aldoses, especially D-fructose, 
have been studied with a view to their use in sugar-detection.w Similar work has 
been carried out with diboronic acids derived from biphenyl9’ and a N-functiona- 
lized diaza-18-C-6 crown ether.92 A carbohydrate boronic acid derivative with 
liquid crystal properties referred to in Chapter 6, and further reports on boronate 
esters are noted in Chapter 17. 

___) 
OH i - 

O X 0  O X 0  O X 0  

OMe 
Reagents: i, %OMe, TsOH, DMF; ii, aq. HOAc 

Scheme 3 

Exposure to mercury(I1) bromide and 2,4-collidine converted acetylated gly- 
cosy1 halides to 1,2-0rthoesters.~~ Formation of orthoesters under kinetic control 
(ketene dimethylacetal, pTsOH, DMF) gave 4,6-derivatives 64-66 from D- 
glucose, D-mannose and methyl a-D-glucopyranoside, respectively, and product 
67 from methyl 4,6-O-isopropylidene-a-~-mannopyranoside. Mild acid hydro- 
lysis of 67 gave specifically the 2-0-a~etate.’~ This method has been applied to the 
selective acetylation of monoisopropylidenated furanoses; an example is given in 
Scheme 3.95 
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8 
Halogeno-sugars 

1 Fluoro-sugars 

Anomerically unprotected aldopyranoses have been converted into 1 -0-tetrazole 
derivatives which undergo displacement by fluoride ions (HFPy) to afford 
glycosyl fluorides. Epoxidation of 0-acetylated glycals has afforded 1 ,Zanhydro 
compounds which, on treatment with tetrabutylammonium fluoride, give glycosyl 
fluorides,2 and 2,3:4,5-di-O-isopropylidene-P-~-fructopyranose in the presence of 
hydrogen fluoride has given 1,3:4,5-di-O-isopropylidene-~-~-fructopyranosyl 
fluoride in a reaction that involved acetal migrat i~n.~ 2-0-(2-Acetoxyethyl)-3,4,6- 
tri-0-methyL-a-D-ghcopyranosyl fluoride was obtained by cleavage (HF, 
CH3N02, Ac20) of the corresponding 1,2-O-ethanediyl-P-~-glucopyranose deri- 
vative. The same medium converted 1,2-O-isopropylidene-3,5,6-tri-O-methyl-a- 
D-glucofuranose into the 2-O-acety~-glucofuranosyl fluoride. With 2-0-benzyl 
protected sugars the benzyl ether participated in an intramolecular reaction to 
form cyclic C-glyco~ides.~ 

UDP-6-Deoxy-6-fluoro-~-galactose has been synthesized and then used as a 
donor substrate with a P-(l+4)-galactosyltransferase and N-acetylglucosamine 
to give 6‘-deoxy-6’-fluoro-N-acetyllactosamine.5 5-Azido-3,5,6-trideoxy-3,6-di- 
fluoro-D-glucose has been prepared and was converted by hydrogenolysis into 
l,3,6-trideoxy-3,6-difluoronojirimycin.6 Sucrose has been converted via the 
1 ‘,2,3,3 ’,4’,6,6’-heptapivalate into 4-deoxy-4-fluoro-sucrose7 and D-ribono-l,4- 
lactone has been transformed into l-O-acetyl-5-O-tert-butyldiphenylsilyl-2,3- 
dideoxy-2-fluoro-~-ribose and hence into nucleoside analogues.8 Some other 
deoxylluoro nucleoside analogues are covered in Chapter 20, and the synthesis of 
a number of deoxyfiuoro-inositols is mentioned in Chapter 18. 

A number of 2,6-dideoxy-6,6,6-trifluorohexoses were prepared from a six- 
carbon acetylenic precursor via selective hydroxylation of the derived alkene 
diastere~mers,~J* and differences in stereoselectivity of reduction of a trifluoro- 
methyl ketone compared with the corresponding methyl ketone are outlined in 
Chapter 18. Oxidation of methyl 5-0-benzyl-3(2)-deoxy-3(2)-fluoro-a-~-pento- 
furanosides (DMSORFAA) was accompanied by epimerization at the fluori- 
nated carbon atom a- to the ketone resulting in formation of the corresponding 
2-(or 3-) keto derivatives as mixtures of two epimers. Reduction then afforded 
various mixtures of 2- and 3- fluoro compounds. I 

The effect of K2C03, KHC03 and KF on the base-mediated decomposition of 
1,3,4,6-tetra-O-acetyl-2-0-triflyl-P-~-mannopyranose during the synthesis of 2- 

118 
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deoxy-2-[ 18F]-fluoro-~-glucose has been investigated using 19F NMR spectro- 
scopy. It was shown that impurities result from the elimination of triflic acid and 
that the substitution of triflate by 18F is 90% complete after 1 minute when a dry 
source of fluoride is used.12 Fluorination of a glucal derivative has been utilized 
in another synthesis of 2-deoxy-2-[ 8F]-fluoro-~-glucose. 

2 Chloro-, Bromo-, and Iodo-sugars 

Bromination (Ph3P, CBr4, Py) of Ct-D-glUCOpyranOSyl fluoride has afforded the 
corresponding 6-bromo-6-deoxy-derivative which was treated with sodium azide 
to give 6-a~do-6-deoxy-a-~-glucopyranosyl fluoride. l4 Normal conditions used 
for the chlorination of chitin have been adapted for bromination (Ph3P, NBS, 
LiBr in dimethylacetamide) affording a product with 94% of the 6-OH groups 
replaced by Br.15 The bromination (Ph3P, tribromoimidazole) of methyl p-D- 
glucopyranoside has been studied in order to establish the likely by-products 
when cellulose is treated under the same conditions. Minor amounts of methyl 
3,6-dibromo-3,6-dideoxy-~-~-gluco- and -allopyranosides were obtained in addi- 
tion to methyl 6-bromo-6-deoxy-~-~-glucopyranoside. l6 

Acetylated 6111-deoxy-6111-iodo-maltotriose and 61V-deoxy-61v-iodo-malto- 
tetraose have been prepared and the iodide has been displaced with the thio 
group of another 1 -thio-sugar. l7 2,5-Anhydro-~-mannitol has been converted 
into 3,4-di-O-acety~-2,5-anhydro-l,6-dideoxy- 1,6-diiodo-~-mannitol by standard 
methods, and 4-deoxy-4-iodo-daunosamine has been prepared as an analogue 
of daunosamine. l9 3,6-Dideoxy-6-iodo- 1,2-0-isopropylidene-a-~-glucofuranose 
has been prepared in high yield by treatment of the corresponding 3-deoxy-5,6- 
thionocarbonate with methyl iodide.20 

The 2-deoxy-2-fluoro-2-iodo-hexopyranoses 1 and 2 have been prepared from 
2-fluoro-~-glucal (Scheme 1).21 Haloetherification of glycal 3 (NBS, ROH) gave 
the P-glycosides 4, which underwent radical cyclisation on abstraction of the 
bromine atom (see Chapter 14).22 Free radical bromination (NBS, CC4, hv) of 
2,3,4,6- tetra- 0-ace tyL- p-~-glucopyranosyl benzene afforded little discrete ma- 
terial, but when the reaction was conducted in moist CCb a product of 
replacement of the anomeric proton by OH was obtained. A benzylic C-1 bromo 
compound was a presumed inte~mediate.~~ 

Bromination of unsaturated lactone 5 (Br2,CH2C12) gave only the dibromo 
compound 6, whereas unsaturated lactone 7 afforded 8 under the same condi- 
t i o n ~ . ~ ~  2-Acetamido-4-bromo-2,4-dideoxy-talopyranose derivatives have been 
prepared via 2-acetamido- 1,6:3,4-dianhydro-2-deoxy-P-~-talopyranose.~~ The 
synthesis of deoxyiminoalditols from brominated aldonolactones is covered in 
Chapter 18. 

In a study of the sequential use of 2-deoxyribose 5-phosphate aldolase and 
fructose 1,6-diphosphate aldolase for the synthesis of hept-2-ulose derivatives 
some brominated and chlorinated substrates were successfully e m p l ~ y e d . ~ ~ , ~ ~  A 
review on enzymatic oxidoreductions in organic synthesis features a number of 
halogenated carbohydrate examples. 28 
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Reagents: i, KI, aq H202; ii, AgN03, 12, aq acetone, then NaOMe, MeOH 

Scheme 1 

The radical reduction (Bu3SnH, AIBN) of tetra- 0-acetyl-P-D-glucopyranosyl 
bromide is known to afford predominantly the product of acetyl migration i.e. 
1,3,4,6-tetra-O-acetyl-2-deoxy-a-~-glucopyranose. In the presence of diphenyl 
diselenide (or PhSeH) this migration is inhibited and the direct reduction product 
is present in >95%.29 Treatment of dibromoalkene 9 with butyl lithium generated 
the corresponding alkynyl lithium which was successfully added to a cyclohex- 
anone de r i~a t ive .~~  
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9 
Amino-sugars 

1 Natural Products 

Chrysopine 1, the spiro-lactone of Na-( 1 -deoxy-D-fructos- 1 -yl)-L-glutamine, and 
thus a product of the Amadori reaction of glucose with glutamine, has been 
isolated from crown gall tumours induced on tobacco plants by Agrobacterium 
tumefaciens. Its anomeric configuration was not determined. 

HO mhoNH2 HO 0 

1 

2 Syntheses 

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

2.1 By Chain Extension. - The popular route to 2-amino-sugars, aza-sugars 
and higher amino-sugars that involves the reaction of a C-2 metalated thiazole 
with the nitrone derivative of a sugar aldehyde, has been reviewed (79 refs).2 
Reviews covering the biological recognition and enzyme synthesis of 
 monosaccharide^,^ and the synthetic applications of furan-based  material^,^ have 
included amino-sugar examples. The a-amino-acid 3, a constituent of the 
antibiotic miharamycin A, was obtained by chain extension from C-6 of dialdose 
derivative 2 (Scheme l).5 Chain extension reactions applied to chiral non- 
carbohydrate compounds are covered in section 2.7. 

2.2 By Epoxide Ring Opening. - Over 20 N-alkyl- and N,N-dialkyl-2-amino-2- 
deoxy-D-altropyranosides were obtained with high selectivity by lithium 
perchlorate-catalysed trans-diaxial ring opening of methyl 2,3-anhydro-4,6-0- 
benzylidene-a-D-allopyranoside with primary and secondary amines, 
respectively.6 2-Acetamido-2-deoxy-5-thio-~-altropyranose 4 was similarly 
synthesized by treating the corresponding methyl 2,3-anhydro-4,6-0- 

122 
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,, ,, A c H N - k n  Vl l l  ,__ A C H N g 7  OH 

___) 

It-VII 
___c 

i, ii ~ k,, 

BnO HO OMe 
OBn 

2 

OH 

3 

Reagents: i, T m s C g  CMgBr; ii, Bu4NF; iii, Zn(N3)*, Ph3P, Pri02CN= NC02Pri; 

iv, HS M SH, Et3N, MeOH; v, Ac20-Py; vi, Os04, Na104, THF, H20; 

vii, PhCHN2; viii, H2, Pd/C 

Scheme 1 

isopropylidene-5-thio-a-~-altropyranoside with ammonia in methanol, followed 
by N-acetylation and acid hydr~lysis.~ Intramolecular reactions of N- 
benzoylcarbamate derivatives of trans-epoxyalcohols has featured in various 3- 
amino-3-deoxy-pentoside syntheses, as exemplified for the 3-amino-3-deoxy-a-~- 
arabinoside 5 in Scheme 2, where concomitant N-+O migration of the benzoyl 
group O C C U ~ S . ~ + ~  

5 

Reagent: i, NaH 

I 4 

Scheme 2 

Various N-substituted 6-amino-6-deoxy-~-glucose derivatives, e.g. 6-8, were 
synthesized by reaction of the corresponding 5,6-anhydro-~-glucose derivative 
with secondary amines, and shown to be useful as non-ionic surfactants capable 
of forming reverse micelles for solubilization of amino acids in hexane.1° 
Reaction of such tertiary amines with methyl iodide provided quaternary 
ammonium-sugar derivatives. * The 6-amino-2,5-anhydro-6-deoxy-~-gluconate 
derivative 10, a potential dipeptide isostere, was obtained from the C2- 

symmetric, D-mannitol derived bis-epoxide 9 following silica-assisted azidolysis 
(Scheme 3). Its enantiomer was obtained similarly from an L-iditol bis- 
epoxide. l 2  
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X 

6 7 

I 
X 

8 

X =  Ho*o 

0 

N3H2cpcH20H ii-iv BU'O~CHNCH~ C02Me 

P - i 
OBn - 

Bno\o OBn OH 

9 10 

Reagents: i, NaN3, 3 0 2 ,  MeCN; ii, Na2Cr207, EtOH, H20 then 

CH2N2; iii, H2, Pd/C, (But02C)20; iv, H2, Pd/C, AcOH 

Scheme 3 

2.3 By Nucleophilic Displacement. - Benzyl 2-acetamido-4-O-acetyl-2-deoxy- 
3,6-di-O-pivaloyl-~-~-mannopyranoside was obtained from benzyl p-D- 
galactopyranoside by sequential introduction then displacement of triflate groups 
with inversion from C-4 (by acetate ion) then C-2 (by azide ion, using Bu4N.N3 in 
benzene with ultrasound). l 3  Six isosteric NADH mimics bearing N-(3-deoxy-~- 
glucofuranos-3-yl) moieties, e.g. 11 and 12, were synthesized by displacement of 
the triflate group from C-3 of the 1,2:5,6-di-O-isopropylidene-~-allofuranose 
ester. Compound 12 showed stereoselectivity (80% e.e.) in the reduction of 
methyl benzoylformate to methyl mandelate. l4 

3-Amino-3-deoxy-sucrose has been synthesized from sucrose by sequential 
oxidation at C-3 by Agrobacterium tumefuciens (40% yield), peracetylation, 
reduction of the C-3 ketone to an do-configured product (H2, Pt), trifluoro- 
methanesulfonylation, displacement by a i d e  with inversion, deacetylation and 
hydrogenation. 4-Amino-4-deoxy-sucrose was obtained from a sucrose hepta- 
pivaloate by double inversion at C-4 by sequential triflate displacement reactions, 
first with nitrite then azide ion. l6 Various 4-alkylamino-2,4-dideoxy-~-~hreo- 
pentopyranosides 15, components of the calicheamicins, were synthesized from 
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v C O N M e 2  

125 

11 12 

methyl 2-deoxy-P-~-ery?hro-pentopyranoside by reaction of its tosylate derivative 
13 with azide ion to give 14 (Scheme 4).17 The 4-amho-4-deoxy-~-galactose 

P O " "  
TsO 

OMe 

13 

Ac ,CQBn 

Scheme 4 

derivative 18 was obtained by hydrolysis of the bicyclic derivative 17, formed by 
intramolecular sulfonate displacement reaction of the (4-0-mesylglucosy1)ena- 
mine 16 (Scheme 5). 4-Amino-4-deoxy-~-arabino- and L-lyxo-pyranose deriva- 
tives were obtained similarly. The 1,6-imine 19 was obtained from the 
corresponding D-glucosylenamine 2,3,4,6-tetramesylate, rather than a 1,4- 
imine.'* The synthesis of 4-acylamino-2,6-anhydro-2,3,4-trideoxy-non-2-enoic 
acids is covered in Chapter 16. 

OH 

OBz OBz OBz 

16 

Reagents: i, NaOMe; ii, H30+ 

17 18 

Scheme 5 
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a-D-Manp( 1 -+6)-&~-ManpO-n-C~H~~ 

19 20 X = NHCOCH21 or NH2.HCI 

The branched mannose trisaccharides 20, bearing an amino-group at C-6 of 
the (1 +3)-linked residue, were synthesized as potential inhibitors of N- 
ace tylglucosaminyl t ransferase I, the ni trogen-func tionali ty being introduced by 
displacement of a 6-tosylate with azide ion. l9 a-D-Glucopyranosyl fluoride 
could be converted into the corresponding 6-acetamido-6-deoxy analogue 
without 0-protection (i, Ph3P, CBr,; ii, NaN3, DMF; iii, H2, PdC; iv, Ac20, 
MeOH).20 Formation of the 6-N-alkyl-6 trifluoroacetamido-derivative 21 on 
reaction of the corresponding 6-triflate with 5-trifluoroacetamidopentanol and 
sodium hydride in THF has been shown to be the result of selective mono- 
deprotonation of the trifluoroacetamido-group with this reagent. Use of the 
corresponding 5-acetamidopentanol, or the combination potassium hydride 
and 18-crown-6 (to effect double deprotonation), led to 0-linked ethers.21 The 
Amadori rearrangement products 22 were synthesized from D-fructose by 

COCF3 
I 

BnO QMe 
OBn 

21 22 R = H, Me etc. 

reaction of its 2,3:4,5-di-O-isopropylidene-a-pyranose 1 -triflate with the benzyl 
ester derivatives of glycine, alanine, valine, leucine or lysine followed by 
deprotection (i, H2, PdC; ii, H30+).22 A variety of 5-deoxy-5-dialkylamino-1,2- 
0-isopropylidene-a-D-xylopyranoses were synthesized by reaction of the corre- 
sponding 5-tosylate with dialkylamines, and used to induce enantioselectivity 
(up to 90% e.e.1 in the addition of diethylzinc to ben~aldehyde.~~ The 5-azide 
23, prepared from D-glucose, was converted to the 1,5-imino-sugar sulfite 
adduct 24 and then to the 1-cyano-1-deoxy-derivative 25 (Scheme 6) or to the 
corresponding 1 -deo~y-derivative.~~ 

The 3 '-amino-3 '-deoxy-derivative 26 of N-acetyl-lactosamine was synthesized 
using a known 3 '-azido-3 '-deoxy-galactosyl donor for construction of the 
disaccharide. It was an inhibitor (Ki=104 pM) of the glycosyltransferase that 
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23 24 25 

Reagents: i, H2, Pd/C; it, MesSiCI, DMF; iii, Sop, H20; iv, Ba(OH)2, NaCN 

Scheme 6 

transfers a P-galactosyl residue to the 3-hydroxy-group of N-acetyllactosa- 
mine.25 GDP-3-acetamido- and 3-azido-3-deoxy-a-~-mannopyranose were pre- 
pared enzymically from 3-azido-3-deoxy-~-mannose,~~ while related thymidine 
diphospho-derivatives of 3-acetamido-3-deoxy- and 4-amino-4-deoxy-a-~-gluco- 
pyranose were synthesized chemically from the corresponding peracylated 
azidodeo~yglucoses.~~ The 4-amino-2,4-dideoxy-analogue was similarly prepared 
following a Barton deoxygenation step.28 Sugar urea derivatives such as the N- 
(galactos-6-yl)-urea 27 were prepared by reaction of sugar azides with a 
combination of dialkylamine, carbon dioxide and triphenylphosphine, phosphin- 
imines being formed as  intermediate^.^^ A five-step synthesis of 1,5-dideoxy-l,5- 
imino-D-xylono- 1,5-1actam from 5-azido-5-deoxy- 1,2-O-isopropylidene-a-~-xylo- 
furanose involved Lewis acid-catalysed intramolecular cyclization of an acyclic 
5-azido-aldehyde-sugar de r i~a t ive .~~  6-Acetamido-3,4-di-O-acetyl-6-deoxy-~- 
glucal was synthesized from the corresponding 6-azide and its reactions under a 
variety of conditions were studied (see also Chapters 10 and 13).31 

2.4 From Unsaturated Sugars. - A 'trisubstrate analogue' 30 has been 
synthesized (Scheme 7) as a potential inhibitor of the a-( 1 + 3)-fucosyltransferase 
that transfers fucose from GDP-fucose onto 0-3 of a 2-acetamido-2-deoxy-p-~- 
glucose residue. The glycosyl donor 29 was synthesized from the L-fuconolactone 
derivative 28 by methylenation and anti-Markovnikov azido-phenylselenation, 
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CH20H 

6Bn 
OH T 

0 
28 29 xNHcwua 1 

8 1 -  
30 

nu OH 

Reagents: i, CpzTiMep; ii, NaN3, (PhSe)2, Phl(OAc)2 

Scheme 7 

then used to glycosylate 0-3 of a glucoside acceptor. The azido-group was 
converted to an amine and coupled via a malonic acid spacer to 5'-amino-5'- 
deoxyguanosine. The malondiamide group is a mimic of the pyrophosphate 
group. Attempts to prepare the analogue of 30 incorporating a 3-0-substituted 2- 
acetamido-2-deoxy-~-glucoside moiety were frustrated by cleavage of the 
sensitive a-L-fucoheptulopyranosyl bond during removal of a 4,6- 0-benzylidene 
protecting group on hydrogenolysis in acetic acid.32 

Analogues of daunosamine have been prepared from L-rhamnal diacetate 31 
via the known 3-azido-2,3-dideoxy-sugar 32 (Scheme 8). Inversion of configura- 

AcO 

-- X P O H  
y> --+ o ~ o ) ' - o ~ M e  

NHCOCF3 OAc N3 

31 32 

NO2 
33 

Scheme 8 

tion at C-4 to provide analogues 33 was achieved by way of displacements of 
triflate with iodide or acetate ion.33 Conjugate addition of benzylamine to 5- 
hydroxymethyl-2-(5H)-furanone 34, available from D-mannitol (cf. V01.21, 
p.155), led to the aminolactone 35, which could be elaborated into branched- 
chain derivatives 36 (Scheme 9), p-amino-esters or p-lactams.' Oxyamination 
reactions of the silyl ether derivative 37 (R=Tbdps) derived from levogluco- 
senone, gave 4-amino-4-deoxy-~-al trose derivatives 38 or 39, whereas the corre- 
sponding pivalate ester 37 (R=COCMe3) gave mainly the 3-amino-3-deoxy- 
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CH20H CH20Tbdp~ 

oo - - Po NHBn 

34 

?H 
35 X=H 

iii 
36 X= e.g. Et or Me2C - 

Reagents: i, BnNH2, MeOH; ii, TWpsCI, imidazole, DMF; iii, LiN(SiMe& then EtI or Me2C0 

Scheme 9 

37 

i or i i ,  iii 

/ 
R = Tbdps 

R = COCMe3 

, 
38 X = C02But, R'= Tbdps -*' 

39 X = Ts, R' = H 

40 

OH 

41 

NHTs 

42 

Reagents: i, But02CCINa, AgNO3, Os04, MeCN; ii, Os04, chloramine T, Bu'OH, H20; iii, Bu4NF; 

iv, NaOH; v, MesC(OMe)a, HOTS; vi, (COC1)2, DMSO then Et3N; vii, Mg monoperoxy- 

phthalate, MeOH; viii, Bui2AIH 

Scheme 10 

derivative 42 (Scheme 10). The N-tosyl groups of 39 and 42 could be removed by 
photolysis in the presence of sodium borohydride and 1,5-dimethoxynaphthalene. 
Compound 38 was converted to the 3-arriino-3-deoxy-~-ribose derivative 41, and 
thence into 3 '-amino-3 '-deoxy-adenosine. Chain cleavage was achieved by 
Baeyer-Villiger oxidation of the 2-dose 40.35*36 

2.5 From Alduloses. - The phosphonomethyl analogue 45 of 2-acetamido-2- 
deoxy-a-D-mannopyranosyl phosphate was obtained from the D-arabinose 
derivative 43 (Scheme 11). Reduction of the oxime 44 gave the axial amine, 
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CH20H 

ix-xi ItK HO AcNH 
i-vi 

e - H O  CHzP03Et2 

OBn OH NOH 

43 44 45 

Reagents: i, Zn( 4 )2; ii, Hg(OAc)2, THF then KCI; iii, 12; iv, TbdmsCI; v, P(OEt)3; vi, H30+; 

vii, Ac20, DMSO; viii, NH20H; ix, H2, Raney Ni; x, Ac20, Py; xi, H2, Pd/C 

Scheme 11 

whereas the equatorial product is usually obtained in the case of a-O- 
glycoside~.~’ Conditions for forming a- or P-glycosides, 47 or 49 respectively, 
from the lactose-derived 2-benzoyloxyimino-glycosyl bromide 46 have been 
found (Scheme 12). Borane reduction led to the a-gluco- (48) or p-manno- (50) 

’ BAN 

49 R=CH;! 0 0 . e  50 

Reagents: i, ROH, collidine, 12, dioxane; ii, ROH, Ag2C03, Iz, CH2CI2; iii, BH3. THF; iv, Ac20 

Scheme 12 

products, respectively. These reactions can be performed without isolation of 
intermediates, so that N-acetyl-lactosamine could be obtained in 35% overall 
yield from lactose without chromat~graphy.~~ This approach was used for the 
preparation of the good lactosamine donor, N-trichloroethoxycarbonyl-P-D- 
lactosaminyl fluoride.39 Mixtures of 3-acetamido-3,6-dideoxy-a-~-gulo- and a - ~ -  
galacto-pyranosides (epimeric at C-3) resulted from reductions (LiA1H4) of either 
2,4-diester or 2,4-diether derivatives of methyl 3-(O-methyloximino)-a-~-xyZo- 
pyranos-3-uloside. Similar results were obtained with a p - a n ~ m e r . ~ ~  In contrast, 
the 3-amino-sugar derivatives 51 and 52 were the only isomers formed on 
reduction (NaBH4) of N-(diphenylphosphiny1)-oxime derivatives of the 
corresponding 3-keto-s~gar.s.~~ The Amadori compound N-( 1 -deoxy-2,3:4,5-di- 
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51 52 

O-isopropylidene-P-D-fructopyranos-l-yl)-L-tyrosine benzyl ester, was prepared 
by reductive amination of a 1 ddehydo-D-fructose deri~ative.~'" 

2.6 From Aminoacids. - (+)-Galactostatin 54 has been synthesized by one- then 
two-carbon chain extensions of the D-senne derivative 53, using different thiazole 
reagents (Scheme 13);42 see Scheme 16 for an alternative synthesis of 
galactostatin. The calicheamycin constituent sugar 56 was obtained by 
asymmetric allylboration of the L-serinal derivative 55 (Scheme 14), as part of a 
comprehensive study of similar reactions.43 

r -  
___) 

iv, ii, ix, x 
OH 

53 54 

; ii, NaBH4; iii,TbdmsOTf; iv, MeOTf; v, CuCI2, H20; vi , 

Os04, 0-N Me ; viii, >CH2, H+; ix, HgCI2, H20; x, H30+ w -0 Me 

Scheme 13 

OMe 

55 56 

Reagents: i, AB, ; ii, MeI, NaH; iii, HCI; iv, Ac20, py; v, K2C03; vi, 03, Me2S; 
/ 

vii, AcCI, MeOH 

Scheme 14 
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2.7 From Chiral Non-carbohydrates. - 2-Amino-2-deoxy-~-threono- and D- 

erythrono-l,4-lactones were obtained as the minor and major components, 
respectively, of a separable mixture from 2,3-0-isopropylidene-~-glyceraldehyde 
in a reinvestigation of the Strecker synthesis (i, KCN, BnNH,; ii, H30+; iii, H2, 
Pd(0H)Z) first reported by Kuhn and Fisher (Liebigs Ann. Chem., 1961, 152). 
These were separately reduced to give 2-amino-2-deoxy-~-threitol and -D- 
erythritol tetracetate.@ Epoxy-amide 57, prepared by way of a reaction of 2,3-O- 
isopropylidene-D-glyceraldehyde with a stabilized ylid (Me2S=CHCONMe2), (cf. 
Vo1.27, p. 186), gave the 2-amino- or 2-azido-2-deoxy-~-ribonamides 58 on 
reaction with excess ammonia, amine or azide ion, but afforded the dimer 59 on 
reaction with just two equivalents of ammonia (Scheme 1 5).45 

CONMe2 CONMe2 

f 

CONMe2 

- aNH 
57 58 X = NH2, NHBn, NMe2, N3 59 

ii 

Reagents: i, XH or Mg(N3)2; ii, NH40H (2 mol. equiv.) 

Scheme 15 

In a formal total synthesis of (+)-galactostatin 54 (5-amino-5-deoxy-~- 
galactose; Scheme 16), the L-threose derivative 60, prepared by a known method 

'CHO MeC ? /  

60 61 

Reagents: i, Me02CCH2NC, NaCN 

Scheme 16 

CH20Bn 

62 

from diethyl (+)-tartrate, was converted to a separable diastereoisomeric 
mixture containing the 2-amino-2-deoxy-~-galactito1 derivative 62, previously 
used in the synthesis of 54 (Vo1.25, p.206, ref.39). In the first step, stereoselective 
aldol-like condensation between 60 and methyl isocyanoacetate gave the 
unstable diastereomeric mixture 61 / 6  For another synthesis of galactostatin see 
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Scheme 13. Chain extension of a similar tartaric acid-derived L-threose 
compound 63, led to the P-hydroxy-a-amino acid, polyoxamic acid 64 (Scheme 
17), and the same strategy led to the 5-amino-5-deoxy-~-taluronoside 65 from 

STolp 

iii-vi 

CH20Tbdms 
H2NFH HO CH20H 

I COSPh 

63 64 1 65 

Reagents: i, pTolSCHzN02, Bu'OK; ii, MsCI, Pr $NEt; iii, Bu'OOK; iv, NH3; v, (Bu'02C)20; vi, H3O+ 

Scheme 17 

the corresponding 5 -a ldeh~de .~~  The chlorobenzene microbial oxidation product 
66 was converted in a multi-step procedure to the 4-acetamido-4-deoxy-r,- 
mannose derivative 67 (Scheme 18). In a related fashion, the bromobenzene- 

66 67 

Reagents: i, Me2C(OMe), H'; ii, NBS, H20; iii, NaOH, Bu4NHS04, CH2CI2, H20; iv, TmsCI; 

v, Tf20, Py; vi, NaN3; vii, Bu4NF; viii, 0 3 ,  MeOH, NaHC03; ix, NaBH,; x, AQO, Py, 

DMAP; xi, H2, Pd/C 

Scheme 18 

derived analogue was converted to a 2-acetamido-2-deoxy-u,~-~-glucopyranose 
te t raa~etate .~~ 

2.8 From Achiral Non-carbohydrates. - Racemic methyl 2-acetamido-2- 
deoxy-threofuranoside 69 was the major epimer formed as indicated in Scheme 
19 from the dihydroisoxazole 68, prepared by condensation of nitromethane 
and chl~roacetaldehyde.~~ 2-Amino-2-deoxy-~-erythrono-1,4-lactone 73 was 
synthesized by enzymatic aldol condensation of 70 and 71 to give a 92:8 
mixture of erythro- and threo-adducts, from which 72 was obtained by 
crystallization (Scheme 20).50 The lactone 74, an intermediate in previous 
syntheses of N-trifluoroacetyl-L-acosamine and -L-daunosamine (Vol. 14, p. 72, 
ref.14), was prepared from methyl sorbate as before, but by a rather inefficient 
route. 51 
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CH20H 
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Scheme 19 

Reagents: i, L-Threonine aldolase; ii, H2, Pd/C; iii, EtOH, HCI 

Scheme 20 

The racemic mannonojirimycin derivative 77 was synthesized from furylglycine 
via the furylamide derivative 75, which formed enone 76 on oxidation (Scheme 
2 1); the cis-2,3-diol was introduced by ruthenium-catalysed cis-hydroxylation of 

(9-75 (+)-76 (+)-77 

Reagents: i, MCPBA; ii, EtOH, C ~ ( N H ~ ) Z ( N O ~ ) ~ ;  iii, NaBH4, CeCI3; iv, Ac20, Et3N, DMAP; 
v, RuC13, NaI04, MeCN, H20, EtOAc 

Scheme 21 

the 2,3-double bond.52 The cycloadduct 78, produced by a highly enantioselective 
hetero-Diels-Alder condensation between sorbaldehyde dimethyl acetal and 
2,3:5,6-di-O-isopropylidene-1-nitroso-~-mannofuranosyl chloride, followed by 
N-protection, was converted into 6-deoxy-~-allo-noji~mycin or D-fuconojiri- 
mycin 80 and thence by reduction into their l-deoxy-analogues. Formation of 80 
involved displacement with inversion at both hydroxylated carbon atoms of 
intermediate 79 (Scheme 22).53 Further details on the application of this approach 
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78 79 80 

Reagents: i, Os04, NMNO; ii, Tf20, Py; iii, NaOBz; iv, Na2C03, MeOH; v, HP, Pd/C; vi, SO,, H20; 
vii, Ba(OH)2 

Scheme 22 

to the synthesis of 4-amino-4-deoxy-~~-erythrose (cf. Vo1.28, p. 128, ref.40), 4- 
amino-4,5-dideoxy-~~-ribose 81 and its C- 1 carboxylate derivative 82, have been 
published.” 

3 Properties and Reactions 

3.1 Conformational Studies. - Conformation analysis on various 2,3,6- 
trideoxy-3-amino-a-~-hexopyranoses and their N-alkylated derivatives revealed 
that the ‘C4-conformation was favoured.55 

3.2 N-Acyl Derivatives. - Oxazolines have been prepared in near quantitative 
yield by treatment of peracetylated 2-amino-2-deoxy-glycosyl halides with 
mercuric bromide and 2,4-~ollidine.~~ C-Silyated byproducts 83 were formed in 

Mwx &>oAc 

AcO 
HO OH NHR 

0 
(?)- 81 X = OH L T M S  

R, R’ = H or 
(&)- 82 X = C02H 

83 

the synthesis of the D-gluco-oxazoline 84 from peracetylated 2-amino-2-deoxy-a- 
D-glucopyranosyl acetate using trimethylsilyl triflate and trieth~lamine.~~ 
Hydrolysis of 84 proceeds to give the amine salt 85 as the kinetic product (which 
precipitates from acetonitrile), and this then slowly rearranges to the N-acetate 86 
by O+N acetyl migration and anomerization (Scheme 23). This is a convenient 
method for effecting either 2-N- or 1 -0-deacetylation of peracetylated 2-amino-2- 
deoxy-D-glucose via the oxazoline derivative. The free amino-group in 85 can be 
acylated to provide novel glycoconjugates such as the aspartic acid derivative 
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0 
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Scheme 23 

88.58 A similar approach has led to the synthesis of various a-glycosyl ester 
derivatives, e.g. 87 and an intermediate 89 for new lipidic disaccharide analogues 

Ac~-~-D-GIcNAc~O 
0 NHAc 

Me 

C02Me 0 

89 90 91 

of muramoyl dipeptide.” 1,3,4,6-Tetra-O-acetyl-2-amino-2-deoxy-cr,P-~- 
mannopyranose was synthesized from 2-amino-2-deoxy-~-mannose via either the 
N-(benzyloxycarbony1)-derivative or the Schiff base formed with 2-hydroxy- 1 - 
naphthaldehyde, the free amine being trapped as the stable oxalate salt. 
Neutralization of this oxalate salt with sodium acetate led to 2-acetamido-l,4,6- 
tri-U-acetyl-2-deoxy-a-~-mannopyranose by 0-N acetyl migration. Oxidation 
of this product at 0-3 with concomitant elimination of acetic acid led to enone 90. 
A variety of N-acyl-derivatives of 2-amino-2-deoxy-~-mannose were synthesized 
either by acylation of this sugar directly (NHBz, NHC02Me, N-dansyl) or its 
tetra-O-acetate (NHCONMe, NHS02Me, NHCOCF3, NHS02CF3). The 
antileukemic activity of these compounds was evaluated, with the acetylated 
analogue 91 of 2-epi-streptozotocin being highly protective in mice.60 

The utility of several new N-protecting groups has been described. The ready 
cleavage of the N-pent-4-enoyl group with iodine in aqueous THF, and the utility 
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0 0 

92 93 
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NH- 

94 
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of the 2-deoxy-2-pentenamido-a-~-glucosyl chloride 92 in glycoside synthesis has 
been described.61*62 Syntheses of various N-tetrachlorophthaloylated 2-amino-2- 
deoxy-D-glucose derivatives, the use of these derivatives in glycosidation reactions 
e.g. in combination with the trichloroacetimidate method, and N-deprotection 
using either ethylenediamine or by reduction ( N a B a ,  HOAc, pH 5 )  of one of the 
carbonyl groups and intramolecular phthalide formation have been detailed by 
two g r o ~ p s . ~ ~ * ~ ~  A new strategy for 0-acetyl protection of methyl 6-amino-6- 
deoxy-hexopyranosides and 1 -amino- 1 -deoxy-alditols which does not cause the 
commonly observed O+N acetyl migration has been developed. It involved 
temporary N-protection as the N-2’,2’-di(ethoxycarbonyl)vinyl group, formed by 
reaction of the free amine with diethyl (ethoxymethylene)malonate, per-@ 
acetylation, and cleavage by treatment with chlorine in moist chloroform to yield 
the amine as its hydrochloride salt.64 A new base-labile 2-(methanesulfony1oxy)- 
ethoxycarbonyl group has been used for 3 ’-N-protection during the synthesis of 
4 ’-U-phosphate and 4’4-sulfate derivatives of daunomycin; 3 ’-N-(p-D-glucopy- 
ranosyl- and -glucopyranuronosyl-oxycarbony1)-derivatives of daunomycin were 
reported.65 

Methyl 1 -thio-P-glycosides of N,N-diacetyl-2-amino-2-deoxy-~-glucose and - 
galactose, readily synthesized by N-acetylation of the mono-N-acetates (with 
AcCl, EtNPrr2), were effective glycosyl donors (with DMTST activation) and the 
products could be reconverted to mono-N-acetates by saponification (NaOMe, 
MeOH).66 

Polymerization of N-methacroyl derivatives of 2-amino-2-deoxy-~-glucose and 
-galactose and 5-amino-5-deoxy-~-ribose yielded polymers with MW up to lo6 
daltons. These polymers were covalently linked to various proteases by reductive 
amination (NaBH3CN). The number of aldehydo-groups in these polymers 
available for coupling with the lysine amino-groups in the proteases could be 
enhanced by prior periodate oxidation. Bonding of such a polymer to a- 
chymotrypsin yielded a significantly stabilized protease, capable of operating in 
acetonitrile ~olution.~’ 

The novel oligosaccharide mimic 93 and an analogous tetramer, which have 
peptide-like inter-residue linkages, were formed by amide coupling between a 2- 
amino-sugar and the acidic group of a 3-U-(carboxymethyl)-sugar derivative.68 
Solid-phase techniques were used in the stepwise construction of the alternatively 
linked oligosaccharide mimic 94, using N-(fluorenylmethoxycarbony1)-protected 
benzyl2-amino-2-deoxy-a-~-glucopyranosiduro~c acid as the building 
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Methyl a-glycosides 95-97, required for the construction of mimics of the 0- 
specific polysaccharide of Vibriu cholera 0: 1, and a 3-deoxy-analogue, were 

Me Me Me 

I 
c=o 

A c O i  

I 

HOJ=O 

7H2 y 2  

CH20Ac CH20H 

I 
c=o 

I 
fH2 

7H2 

CH20H 

95 96 97 X = H, OH 

synthesized by reaction of the corresponding free amino-sugars (from azido-sugar 
precursors) with 3-deoxy-~-glycero-tetrono- 1,4-1actone or y - b u t y r o l a ~ t o n e . ~ ~ ~ ~  
Reaction of the benzyl a-glycoside of N-acetylneuraminic acid with fluoroacetyl 
imidazolide provided a mixture of 4-0-, 5-N- and 4,9-di-O-fluoroacetate 
derivatives, while the use of trifluoroacetyl imidazolide allowed an efficient 
conversion of the 5-N-acetyl group in the starting material to a 5-N-trifluoro- 
acetyl group.73 

3.3 Isothiocyanates and Related Compouods. - A variety of di- and oligo- 
saccharides containing one isothiocyanato-group per sugar residue have been 
synthesized from the corresponding amines by reaction with t h i o p h o ~ g e n e . ~ ~ ? ~ ~  
All were stable in the absence of base, but 6-deoxy-6-isothiocyanato-glucose 
residues unsubstituted at 4-OH underwent cyclization in the presence of 
triethylamine to give cyclic thiocarbamate~.~~ The reaction of 4- and 6- 
(deoxyisothiocyanato)-sugar derivatives with an amino-cyclitol features in the 
synthesis of trehalozin analogues (see Chapter 19).76 

3.4 N-Alkyl Derivatives. - Isomeric mixtures of N-(hexosid-2-yl)-pyrrolidine 
derivatives, e.g. 98, were formed along with some N-demethylated amine 99 on 
treatment of the N-oxide 100 with lithium diisopropylamide in the presence of 
various dienes, e.g. 2-methyl- 1,4-b~tadiene.~~ The synthesis of carbocyclic 
analogues of a mannose trisaccharide, linked via nitrogen atoms, is covered in 
Chapter 18. 

3.5 Lipid A Analogues. - The analogues 101 of Lipid A, incorporating only 3- 
hydroxytetradecanoic acid and its homologues as lipid moieties, were synthesized 
from 2-amino-2-deoxy-~-g~ucose and shown to have significant mitogenic 
activity.78 The analogue 102, which incorporates a N-(2,2-difluorotetradecanoyl) 
group and a carboxylalkanoyl aglycone, showed LPS-agonist activity towards 
macrophages, whereas analogues with fewer methylene groups in the aglycon did 
n0t.79 
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99 X = -NHMe 

f* 100 x = -N , 
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0 OH 

102 

3.6 Amidine and Guanidiae Derivatives. - The amidine analogue 103 of methyl 
6-0-mannosyl-a-~-mannoside has been synthesized and is an effective inhibitor 
of a-mannosidase (Ki=2.6 FM).~O Four (de0xy)monosaccharide N-benzylamidine 
analogues were synthesized and their glycosidase inhibitory properties compared 
to those of 103, to establish the relative roles of the conformation of the amidine 
moiety and presence of an aglycone residue in determining potency and 
selectivity. Mono- and di-saccharide analogues containing a cyclic 
guanidinium ion, e.g. 104, were synthesized by coupling isothiocyanates with 1,2- 
diamino- 1,2-dideoxy-tetritol derivatives, yellow lead oxide being used to effect 
cyclization of the thiourea adducts formed initially.81 

3.7 Assorted Derivatives. - Selective 1 -0-deacetylation of peracetylated 2- 
amino-2-deoxy-~-hexosides was accomplished with NaOMe in methanol at 
- 96 0C.82 N-Allyloxycarbonyl-protected 2-amino-2-deoxy-~-glucose derivatives 
served as glycosyl donors in syntheses of 2-acetamido-2-deoxy-~-~-glucosides of 
hydrophobic alcohols83 and a , o - d i o l ~ , ~ ~  of interest as surfactants. The mixture 
105 of methyl 4-amino-4-deoxy-5 '-thio-a-maltoside and -a-cellobioside was 
obtained by condensation of 5-thio-~-glucose with methyl 4-amino-4-deoxy-a-~- 
glucopyranoside in methanol containing acetic acid, and shown to be a 
competitive inhibitor of glucoamylase G2. The equivalent reaction involving 
methyl 2-amino-2-deoxy-P-~-glucopyranoside as the amino-sugar component 
yielded a mixture of methyl 2-amino-2-deoxy-5 '-thio-P-kojibioside and -P- 
sophoro~ide.~~ 

The reactions of the aziridines 106 with various nucleophiles have been studied. 
Soft nucleophiles (i.e. RSH, AcOH or Br-) and a Lewis acid effected ring 
opening at C-2. Alcohols and a Lewis acid, on the other hand, initially cleaved 
the lactone ring to give esters. For aziridine 106 (R=C02Bn), the intermediate 
esters readily converted into lactones 107 in which the aziridine ring had been 
opened at C-3. For aziridine 106 (R=Ac), reaction with alcohols or benzylamine 
led to N-deacetylation as well as lactone ring cleavage, e.g. to give amide 
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HOCH2 CH20H 

1 03 104 R =  Me or 

OH 
CONHBn 

OH 
HO 

CH20Me OH OH OR 

105 106 R = Ac or CO2Bn 107 R = Me or Bn 108 

Synthesis of amino-sugar glycosides is covered in Chapter 3, the formation of 
2-acetamido-2-deoxy-~-glucosides from diazirines via glycosyl carbenes in 
Chapter 10, and the conversion of a deoxynojirimycin derivative into 2,6- 
dideoxy-2,6-imino-~-gulonic acid in Chapter 18. 

4 Diamino-sugars 

4.1 Synthesis by Introduction of Two Amino-groups. - The 2,4-diamino-2,4,6- 
trideoxy-L-altroside 111 was synthesized in 10 steps from L-rhamnal diacetate, 

TsNH 
0 

OH KyBn - q Y B n  -- q- Me 

'IT' O NHCOCC13 NHAc 
NH 

109 110 i l l  

Scheme 24 

key steps being the Overman rearrangement of the allylic trichloroacetimidate 
109, and oxyamination of 110 (Scheme 24).87 Negamycin lactone 112 was 
synthesized in 1 1 steps from 6-0-acety~-2,3,4-trideoxy-~-glycero-hex-2-enono- 
1 $lactone, with the amino-groups being introduced at C-3 by Michael addition 
of N-benzylhydroxylamine to the unsaturated lactone, and at C-6 by sulfonate 
displacement, and epimerization at C-5 being effected by intramolecular 
sulfonate displacement from C-5 by the oxygen atom of a C-2-N(Bn)OH group.88 

4.2 Synthesis from Amino-sugars. - The 2,4-diamino-2,4,6-trideoxy-~-guloside 
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po CH2NH 

NH2 

115 was synthesized by stereoselective trans-diaxial ring opening with azide of 
epoxide 114, obtained by several routes, including that from the 2-amino-2- 
deoxy-D-glucose derivative 113 (R=Bn) via formation of the 6-bromide, 6- 
deoxygenation and 3-0-mesylation (Scheme 25).87 The D-purpurosamine-type 
glycosyl donors 117 (X=OAc or N3) were synthesized from the methyl glycoside 
113 (R=Me) through lipase-catalysed 6-0-acetylation, 3,4-di-O-mesylation and 
elimination (NaI) reactions to give alkene 116. After catalytic hydrogenation, the 
6-azido-group could be introduced by displacement of a 6-mesylate (Scheme 25). 

CH20H 

Ho&yE!) )~;+>oH 
NHC02Bn NHC02Bn AcO NHAc 

' CH20Ac \ Qo_- NHC02Bn 

No2 
116 

117X=OAc,Ns 

Scheme 25 

The L-sugar analogue 118 was prepared by C-5 inversion (sulfonate 
displacement) in an open chain intermediate en route to 117 (X=N3).89 A 
precursor for purpurosamine synthesis, 6-acetamido-3,4,6-trideoxy-~-glucal, was 
obtained in 63% e.e. by lipase-catalysed enantioselective N-acetylation of the 
corresponding racemic acrolein-derived amine.gO Syntheses of various 4-deoxy-4- 
guanadino-analogues of N-acetylneuraminic acid and its 2-deoxy-2,3-unsaturated 
derivative, are covered in Chapter 16. 

4.3 Reactions. - 4-Deoxy-4-guanidino-N-acetylneuraminic acid methyl 
glycoside 120, a potent inhibitor of influenza virus haemagglutinin, was 
synthesized from the known azide 119 (Scheme 26).91 Use of the C-4 epimer of 
a i d e  119 in syntheses of 4-acetamido-4-deoxy-4-epi-neuraminic acids is covered 
in Chapter 16. Analogues of the disaccharide 121 modified at C-1 and C-6 of the 
galactose residue, and at C-4 of the neuraminic acid residue were prepared by 
standard methods from azide 119 in order to develop a structure-activity 
relationship for the influenza virus neuraminidase. While analogues bearing 
azido- or acetamido-groups at C-4 of the NeuAc residue were no longer 
substrates for the enzyme, nor were they inhibitors. The 4-amino-analogue on the 
other hand was a potent inhibitor.92 
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10 
Miscellaneous Nitrogen Derivatives 

1 Glycosylamines and Related Glycosyl-N-bonded Compounds 

1.1 Glycosylamines. - N-( P-D-Glucopyranosyl)nicotinic acid was identified as a 
major metabolite from niacin in cultured tobacco cells. 

p-Glycopyranosylamines were obtained in quantitative yields by treating 
aqueous solutions of free sugars (D-Glc, D-Gal, lactose, cellobiose, maltose) with 
concentrated aqueous ammonia and one equivalent of N&HC03 at 42 "C for 36 
hours followed by lyophilization. These were converted into various N-acylglyco- 
sylamines (N-octanoyl, N-decanoyl, N-myristoyl or N-lauroyl) by reaction with 
acyl chlorides in aqueous ethanol.* In a study on the inhibition of the Maillard 
reaction by aminoguanidine, the product 1 was isolated from reaction of D- 

glucose with aminoguanidine at pH 7, and converted to the crystalline hepta- 
acetate 2 by pera~etylation.~ The inhibition of P-glucosidases by di-N-(P-D- 
glucopyranosy1)amine and N-(a-D-glucopyranosyl)-N-(P-o-glucopyranosyl)amine 
has been inve~tigated.~ 

Formation of separable, diastereoisomeric N-glucosyl derivatives (e.g. 3) of 
racemic 2,2'-indolylindolines, by direct condensation of the bases with free sugar 

CH2C02Me 

Me02CCH2 

3 

NHAc 

NHAc 

AC 
I 

(AC)&-D-GIC~--N- N==( 

2 

HO yJ?NH2 

S 
4 

x 

5 X.Y = CI or Br 
6 X = H , Y = C I  
7 X = Y = H  
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in ethanol under reflux, provided a dual solution to the problems of glycosidation 
and desymmetrization in the synthesis of indol0[2,3-a]carbazole glycoside~.~ 
Various N-glycosyl-pyridinethione derivatives, e.g. 4, were produced by reaction 
of the corresponding heterocycles with O-acetylated a-halogenosugars.6 Reaction 
of 2-acetarnido-3,4,6-tri-O-acetyl-a-~-glucopyranosyl chloride with the dihalo- 
genated aminophenols 5 in acetonitrile containing triethylamine gave only the 
O-glycosides, whereas reaction with the aminophenols 6 and 7 gave N-glycosides 
as the major  product^.^ Regioselective O-glycosylations of unprotected N-[2,2'- 
di(ethoxycarbonyl)vinyl]-P-L-~uco- and -rhamno-pyranosylamines are reported in 
Chapter 3, while intramolecular reactions of N-[2,2 '-di(ethoxycarbonyl)vinyl]- 
glycosylamine O-mesylates to produce amino-sugar derivatives are covered in 
Chapter 9. 

0 C02Me 

e N H B n  2 g N ? N ? B n  - iii erT 
OBz OBz OBz 

11 

HO HO 

R = H  Jii 8 

10 R = M e  
(a-anomer) 

Reagents: i, BnNH2, Me$I, ii, NaBH3CN, HCHO, AcOH, iii, NaBH4, CF3S02H, (CH20)" 

Scheme 1 

The xyluronosylamine 8 gave the ring expanded benzylamine adduct 9, that 
could be N-methylated to 10 or reduced to the 1,5-imino-alditolll as indicated in 
Scheme 1.* The amidine based pseudo-disaccharide 12 has been synthesized and 
shown to be a competitive inhibitor of a-mannosidase (Ki = 2 . 6 ~ M ) . ~  Glucosyl- 
amidines such as 13 were obtained from the corresponding glucosylthioamides 
such as 14 on reaction with amines and mercury(I1) oxide.1° 

pNH 
13 X =  -N< 

Me 
or 

-N,qNBn 

Pr Me 
HO MOMe 

12 
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An important review entitled 'Reverse Anomeric Effect: Fact or Fiction?' has 
discounted this as a dominant electronic effect controlling the conformational 
behaviour of glycosyl species bearing a cationic aglycon. The early evidence was 
largely from studies of glycosyl-pyridinium and -imidazolium ions, in which there 
was a preference for the cationic substituent to be axial. There were uncertainties 
about steric effects in these original examples, however, and reinvestigations 
reveal no such reverse anomeric effect for glycosylammonium ions, nor does 
theory support it. The kinetics of reactions of N-(2-deoxy-P-~-arabino-hexopyr- 
anosyl)-3-carboxyarnidopyridinium, -isoquinolinium and -4-bromoisoquin- 
olinium bromides with anionic nucleophiles (AcO-, C1-, Br-, N3-) were 
studied to probe the influence of the C-2 hydroxy group on the reactivity of 
glycosyl pyridinium salts.12 

The fluorescent cyclic derivative 15 was isolated in 4.5% yield on reaction of D- 
ribose with the Na-(benzyloxycarbony1)-derivative of an arginine-lysine dipep- 
tide. From this it was suggested that intra-molecular reactions may compete with 
inter-molecular cross-linking reactions during Maillard reactions of sugars with 
proteins, accounting for the observed lack of protein oligomerisation. l 3  

n H  

BzO QNH-NHAc OBz 

15 16 

1.2 Glycosylamides Including N-Glycopeptides. - The glucosylamide 16 was the 
major product (30% yield) obtained on quenching with water the reaction of 
penta-0-benzoyl-a-D-glucopyranose with 2-acetamidoacetonitrile and tin(1V) 
chloride, along with three minor products. l4 N-(2-Deoxy-S-O-methoxytrityl-P-~- 
ribofuranosy1)-formamide and the corresponding a, p-mixture of 2-deoxy- 
ribofuranosyl-urea derivatives were synthesized by oxidative degradations of 
thymidine, and the former was incorporated into oligonucleotides. l5 

Photolysis of tri-0-methyl or -Tbdms ether derivatives of N-(Zdeoxy-a-~- 
arabino-hexopyranosy1)succinimide gave bicyclic derivatives 17 following intra- 
molecular abstraction of H-2, or tricyclic derivatives (see Vo1.28, p. 142, Scheme 
7) following initial intramolecular abstraction of H-5. On further photolysis of 
bicyclic 17 intramolecular abstraction of H-5 led to the tricyclic derivatives 18 
(Scheme 2). l6 

A sialyl-Lewis" conjugate with the tripeptide Arg-Gly-Asp has been prepared 
by way of a tetrasaccharide glycosylazide using conventional glycosidation 
reactions, reduction to the glycosamine and coupling with a C-terminal free 
peptide. In a cell adhesion test, this conjugate was the best competitive inhibitor 
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hv 

HO 

17 18 

R = Me or TWms 

Scheme 2 

of P-selectin binding found so far (ICso = 26 pM), suggesting that the binding of 
glycoproteins to P-selectin involves recognition of both the sugar and its peptide 
linking region. l7 A versatile solid-phase synthesis of N-linked glycopeptides was 
demonstrated with the coupling of 18 different glycosylamines with various 
pentafluorophenyl ester-activated peptides on a super-acid sensitive polystyrene 
resin. l8  N-Linked glycopeptides have been constructed in which the sugar moiety 
is present as part of an N-linked substituent on a poly-glycine chain which has no 
chiral centres, as shown in fragment 19. l9  The trivalent sialyl-Lewis" derivative 20 
(where SLe" is a-NeuAc(2+ 3)-P-Gal( 1 +4)[a-Fuc( 1 -, 3)]-P-GlcNAc), synthesized 
conventionally from a known tetrasaccharide derivative, had improved in vitro 
binding to E- and P-selectins compared with monovalent derivatives, but this was 
not the case in viva2' Novel N-glycosylated dendrimers bearing 2, 4 or 8 j3- 
lactosyl or j3-N-acetyl-lactosaminyl residues were synthesized by treating N-(3- 
mercaptopropanoy1)glycosylamines with polyl-(N-chloroacetylated dig1ycine)- 
substituted dendritic polylysines.21 

6 CH 

$0 
B-D-GIcNAc - NH 

19 

0 

B-D-GlcpNH N Pri2 

21 

0 

PH 
t-OH 
CH20H 

22 

0 

( SLeX-NH J - L / 9 C N O 2  

20 

23 R = R' = Me or 
R = H. R' = Ph 



150 Carbohydrate Chemistry 

1.3 N-Glycosyl-carbamates, -isothiocyanates, -thioureas and Related 
Compounds. - N-Glucosyl-ureas such as 21 were synthesized from tetra-U-acetyl- 
P-D-glucopyranosyl azide by reaction with triphenylphosphine and dialkylamines 
in tetrahydrofuran saturated with carbon dioxide, then U-deacetylation. The 
reaction proceeds by way a phosphinimine intermediate.22 In the completion of a 
study on the reaction of hexoses with potassium cyanate in a weakly acidic 
buffer, it was shown that a single cyclic carbarnate, e.g. the D-idofuranosylamine 
derivative 22, resulted when the configuration at C-2 and C-4 was the same. 
When the configuration was different, however, as with D-altrose, mixtures of 
pyranosyl and furanosyl cyclic carbamates were formed.23 The chiral oxazolidin- 
2-ones 23, produced from D-xylose by reaction with KOCN then acetalation, 
were evaluated as derivatization reagents for the resolution of racemic carboxylic 
and sulfonic acids.24 

i-iv 
__t 

OBn 
24 25 26 

Reagents: i, (Tms)2NLi then CBr4; ii, NaN3; iii, H2, Pd/C; iv, KOCN, AcOH; v, KOBd 

Scheme 3 

Analogues of hydantocidin have been popular targets. The glucopyranose 
analogue 26 and its C-2 epimer were synthesized from the 2,6-anhydroheptonic 
acid derivative 24, via a separable mixture of 25 and its C-2 epimer (Scheme 3). 
Compound 26 was a potent inhibitor of glycogen pho~phorylase.~~ The corre- 
sponding glucofuranose analogues were made similarly from a 2,5-anhydrohep- 
tonic acid derivative, or alternatively from a heptono-l,6-lactone derivative.26 
Full details (cf. Vo1.27, p.237) on the synthesis of 5-epi-hydantocidin 29 (pre- 

HO OH 

V 
27 28 

Reagents: i, Prn4N+ perruthenate, NMNO 

Scheme 4 

29 
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Scheme 5 
0 

viously incorrectly named as 1 -epi-hydantocidin) from D-ribose via an unantici- 
pated oxidative transformation of the a-azido-lactone 27 to the bicyclic amine 28 
(Scheme 4) have been published.27 Syntheses of spirodiketopiperazines such as 
the spiro-j3-D-mannopyranosyl derivative 34 (from 30, Scheme 5 )  and its spiro-P- 
D-glucopyranosyl analogue made deliberate use of similar oxidative transforma- 
tions (e.g. 31 +32+33).28*29 On treatment with base, compound 34 underwent 
ring contraction to the more stable spiro-P-D-mannofuranosyl analogue.28 Hy- 
dantocidin analogues 35 and 36 in which one of the carbonyl groups is replaced 
by a methylene group or a thiocarbonyl group, and 37 which has a spiroimadazo- 
h o n e  ring, were synthesized. While 35 is no longer herbicidal, 36 and its C-2 
epimer (sugar numbering) were potent herbicides, and 37 was selectively herbi- 
cidal towards dicotyledenous  weed^.^^^^' A carba-hydantocidin analogue is 
covered in Chapter 19. 

Solvent-free syntheses of various peracetylated mono- and di-saccharide gly- 
cosy1 isothiocyanates from the corresponding glycosyl bromides in 41 -74% yields 
were achieved using potassium thiocyanate melts at 190 0C.32 The a-linked 
disaccharide 38 and its j3-linked isomer, which contain isothiocyanate substituents 
at both glycosyl and ring positions, were constructed by synthesis of an N- 
protected amino-sugar disaccharide, followed by N-deprotection and reaction 
with thi~phosgene.~~ N-[5-(N,N-Dimethylaminopropylcarbamoyl)- 1,3,4-oxa- 



1 52 Carbohydrate Chemistry 

cw NH 

HO OH 

35 

HO OH" HO OH" 

36 37 

CH~OAC 

AcO QNCS OAc 

38 

diazo1-2-ylI-P-~- and L-xylopyranosylamines and -P-D-galactopyranosylamine 
were synthesized from the corresponding peracetylated glycosyl isothiocyanates 
by condensation with the requisite oxalyl hydrazide derivative, cyclization (HgO) 
and deprotection (NH3, MeOH). 34*35 5-Amino-6-aryl-3-(N-glycopyranosyl)-tetra- 
hydro-2-thioxo-4H-l,3-thiazin-4-ones have also been synthesized from glycosyl 
isothiocyanates (see Chapter 20).36 

Uchida and co-workers have further exemplified their synthesis (cf. Vo1.28, 
p.233) of cyclic isoureas, e.g. 5 'a-carbatrehazolin 39, by condensing glycosyl 
isothiocyanates with the cyclitolamine trehazoline, and cyclizing the resulting 
thiourea adducts (with HgO); for further details see Chapter 19.37 cis-Fused 1,2- 
oxazolidine-Zthiones such as 40 were the exclusive products from reactions of 
1,2-O-sulfinyl-u-~-gluco-furanose or -pyranose derivatives (i.e. 1,2-cyclic sulfites) 
with sodium th i~cyana te .~~  

2 Azido-sugars 

Tetra- 0-benzyl-a-D-glucopyranosyl azide was obtained by nucleophilic displace- 
ment reaction of the corresponding a-glucosyl phosphate with azide ion under 
phase-transfer catalysis  condition^.^^ Oxidation of unprotected D-glycopyranosyl 
azides (with NaOC1, NaHC03, catalytic TEMPO, H20) afforded the corre- 
sponding D-glycopyranuronosyl azides, which were isolated as the 0-acetylated 
methyl ester derivatives in good yields.40 

An approach to the production of small combinatorial libraries has been 
exemplified by the reaction of tri-O-methyl-D-glucal (with Me3SiN3, BnSSBn, 
SbC15 and alcohols) to give mixtures containing structures 41 and 42.41 Azido- 
phenylselenation of tri-0-acetyl- or tn-O-benzyl-D-gluca1 [with PhI(OAc)2, 
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(PhSe)2, NaN3 or Me3SiN3, Bu4NF, N-phenylselenophthalimide, respectively] 
gave mixtures of the phenyl 2-azido-2-deoxy-1 -seleno-D-gluco- and D-manno- 
pyranosides, whereas the corresponding D-galactal derivatives gave only the a-D-  

galacto-products, e.g. 43. The seleno-glycosides were readily hydrolysed to the 
free sugars [with Hg(OCOCF3)2 or NIS in wet THF].42 Anti-Markovnikov azido- 
phenylselenation of a 1 -em-methylene-sugar derivative, to yield a phenyl 1 -azido- 
1 -deoxy-2-seleno-heptulosyl derivative, featured in a synthesis of a potential 
glycosyltransferase inhibitor (see also Chapter 9, ref. 32).43 Nucleophilic ring 
opening of the epoxide 45, obtained from the corresponding 1 -em-methylene 
sugar 44, on the other hand led to heptulosyl azide, cyanide or thiophenyl 
derivatives 46 (Scheme 6).* Allylic azidation of 3-deoxyglycals is covered in 
Chapter 13. 

Scheme 6 



154 Carbohydrate Chemistry 

Metal ions (Li+ or Mg2+) have a dramatic effect on C2 vs C3 regioselectivity 
in the epoxide ring opening by azide ion of racemic methyl 2,3-anhydro-4-0- 
benzyl-erythronate, with the 2-azido-product being formed almost exclusively in 
their presence.45 Only a weak effect is detected for these ions in the analogous 
reactions involving 2,3-anhydrotetritol derivatives."6 2-Acetamido-1,3,6-trii-O- 
acetyl-4-azido-2,4-dideoxy-~-mannopyranose was synthesized from 2-acetamido- 
2-deoxy-~-mannose by formation of a 1,6: 3,4-dianhydrosugar, trans-diaxial ring 
opening of the epoxide with azide ion, and of the 1,6-anhydride ring by 
acetoly~is .~~ 
4,4'-Diazido-4,4'-dideoxy-gulucto-trehalose was synthesized from a known 

partially benzoylated trehalose derivative by formation and azide ion displace- 
ment of a 4,4'-ditriflate, and was claimed to have antimicrobial proper tie^.^^ 
2-Azido-3,4,6-tri-O-benzyl-~-galactose 49 was synthesized from tri-O-benzyl- 

D-galactal47 by the short, efficient route shown in Scheme 7, the key step being 
the reaction of the anion formed from the 2-deoxy-lactone 48 with triisopropyl- 
phenylsulfonyl azide. 2-Azido-3,4,6-tri-O-benzyl-~-mannose was similarly ob- 
tained as the sole product from tri-O-benzyl-D-glucal. In both cases the azide is 
introduced trans to the substituent at C-4.49 

CH20Bn CH20Bn 

- i,ii BnO<oko OBn ____) iii-v Bno<op OBn OH 

47 48 49 N3 

Reagents: i, H30+, THF; ii, PCC; iii, KN(Tms)2 then H+ so2& then AcOH, -90 "C; 

Scheme 7 

iv, Bu'2AIH; v, H3O+ 

6-Azido-2,4,6-trideoxy-~-erythro-hexose was obtained by 2-deoxyribose-5- 
phosphate aldolase-catalysed condensation of 2-azidoacetaldehyde with acetalde- 
h~de,~O while a mixture containing mainly 7-azido-5,7-dideoxy-~-arabino-hept- 
ulose 50 along with lesser amounts of its C-4 and C-6 epimers, was obtained by 
sequential one-pot condensation of these aldehydes with dihydroxyacetone 
monophosphate catalysed by this enzyme and fructose-l,6-diphosphate aldo- 
lase.51 The enzymic oxidation of a D-glucopyranosyl nucleotide, a key step in the 
biosynthesis of bacterial deoxyoligosaccharides, has been studied; the 3-azido-3- 
deoxy- and 3-deoxy-analogues were poorer substrates, but still gave the corre- 
sponding 4-ul0ses.~~ 

A new route to 1,5-dideoxy-l,5-i~no-~-xylonolactam involved Lewis acid 
catalysed intramolecular reaction of the unstable 5-azido-aldehydu-sugar deriva- 
tive 51 to give 52 (Scheme 8).53 
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Reagent: i, TiC14 

Scheme 8 

3 Nitro-sugars 

The presence of the ring oxygen atom facilitates Michael addition of nucleophiles 
(TolS-, MeO-, N3-) to the unsaturated nitro-sugar 53 relative to the 
unsaturated nitro-cyclitol 54, but does not affect the stereoselectivity of the 
reaction; the nature of the solvent does affect the stereo~electivity.~~ A full 
account (cf. Vo1.26, p.129, ref.47) of the Diels-Alder cycloaddition of 1- 
(trimethylsily1oxy)- or 1 -acetoxy-l,3-butadiene to 1,2-dideoxy-l-nitro-~-gaZacto- 
and D-manno-hept 1 -enitol tetraacetates has been pub l i~hed .~~  Cycloadditions of 
substituted cyclopentadienone to the D-gluco- and D-munno-configured nitrohep- 
tenitol peracetates, and the conversion of one of the resulting pair of 
norbornenones into l-C-arylpentitol derivatives, is covered in Chapter 18. The 
synthesis of nitro-analogues of the aminoglycosides neamine and kanamycin is 
covered in Chapter 19. The antibiotic everninomycin contains the nitro-sugar 
evernitrose 55, but commercial fermentation produces it in a mixture with 
analogues having either a hydroxylamino- (56) or nitroso-sugar unit, which can 
be oxidized to the desired nitro-sugar by use of H202 and a peroxidase enzyme.56 

01 

NO* 
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55 X = NO;! 
56 X = NHOH 
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4 Diazirino-derivatives 

A review on chemical reagents in photoaffinity labelling has reviewed the role of 
diazirino- (‘azi-’) sugar  derivative^.^^ Disodium 3 ’-azibutyl a-D-mannopyranoside 
6-phosphate and tetrasodium 2-azi- 1,1O-bis-(a-~-mannopyranosyloxy 6-phos- 
phate)-decane have been synthesized as photoaffinity probes for binding to 
mannose-6-phosphate recept01-s.~~ 
2-Acetamido-2-deoxy-a-~-glucopyranosides were the predominant products, 

accompanied in some cases by the P-anomers and a 1,2-fused oxazoline, on 
reaction of the corresponding 2-acetamido- 1 ,2-dideoxy-1 , 1 -diazirino-sugar with 
an alcohol or phenol, the reaction proceeding by way of a glycosyl carbene. A 
somewhat lower a-selectivity was observed for the corresponding 1,l -diazirino- 
derivative of 2-acetamido-3-O-benzy1-4,6-O-benzylidene-2-deoxy-~-allose. The 
oxazoline byproduct in this case, 57, was show not to be an intermediate, since 
with a limited quantity of alcohol it gave the alkene 58, or with an excess of 
alcohol, the P-glyco~ide.~~ 

5 Oximes, Hydroxylamines, Nitriles and Imines 

The O-dinitrophenyloximinolactone derivative 59, a good or modest inhibitor of 
a- or P-glucosidase, respectively, was synthesized from the corresponding per-0- 
acetylated oxime derivative of D-glucono-1 ,5-lactone by selective deacetylation of 
the oxime acetate (with NH2NH2), reaction with 1 -fluoro-2,4-dinitrobenzene, and 
deacetylation (with Et3N, MeOH, H20).60 The Lemieux-type adduct 60 (which 
exists as a dimer), derived from glucuronic acid, gave a-glycosides 61 or the 
anomeric glycosylamines 62 as shown in Scheme 9.61 A synthesis of the O- 
methyloxime derivative of the 4-keto-derivative of N-acetylneuraminic acid has 
been reported.62 

CH20H 

- 

HO 0- OH N/o 9- NO2 

59 

In the reaction of chiral aldoximes with divinyl sulfone, which involves tandem 
nitrone generation-cycloaddition, the best diastereoselectivity was attained when 
the a-substituent was part of a ring system as it is in the L-threose derivative 63 
which gave 64 as a single product (Scheme The 3’-deoxy-3’-(methoxy- 
amino)-analogue of thymidine and its 3 ’-epimer were synthesized from a 3 ’-keto- 
thymidine derivative by O-methyloxime formation and reduction (NaBH3CN). 
3 ’-Deoxy-3 ’-(N-benzy1hydroxyamino)-thymidine analogues were similarly pro- 
duced.* Hydroxyamino-sugars, such as 3-deoxy-3-hydroxyamino- 1,256-di-0- 
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Scheme 10 

isopropylidene-a-D-allofuranose, have been converted into derivatives in which 
the hydroxyamino-group is O-acylated or O,N-dia~ylated.~~ 

Peracetylated glycopyranosyloxysuccinimides of P-D-G~c, P-D-Gal, P-D- 
GlcNAc (i.e. 65), P-lactose, P-maltose and a-sialic acid, were synthesized by 
condensation of glycosyl halides with N-hydroxysuccinimide under phase- 
transfer catalysis conditions. O-Deacetylation with methoxide unavoidably 
opened the succinimide ring, but this observation permitted the synthesis of acid 
66 and the incorporation of such residues into a divalent glycoprobe 67 with a 
fluorescein tag (Scheme 1 1). P-D-Galactopyranosyloxyamine was synthesized 
from the D-galactose analogue of 65 by reaction with hydrazine in ethanol.66 The 
N-hydroxy-analogues 68 and 69 of hydantocidin were synthesized from 2,3-0- 
isopropylidene-D-erythronolactone, but neither were he rb i~ ida l .~~  

In a reinvestigation of the synthesis of aldononitrile peracetates from sugars by 
oximation and acetylation, it was shown that: (a) peracetylated acyclic oximes are 
present in the product mixtures, but are converted to the nitriles by elimination of 
acetic acid in the heated injection port during GLC analysis; and (b) less of the 
peracetylated N-hydroxyglycosylamine byproduct is formed using 1 -methylhi- 
dazole as a catalyst.68 The fate of 2,3:5,6-di-O-isopropylidene-~-mannose oxime, 
which can exist as its cyclic N-hydroxy-a-D-mannofuranosylamine tautomer, on 
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Scheme 11 

reaction with various dehydrating reagents (AcZO, PhNCO, or PzO5) has been 
in~estigated.~~ 

Reaction of trimethylsilyl cyanide with the D-glyceraldehyde-derived nitrone 70 
gave the D-threo-adduct 71 (Scheme 12), whereas diethylalurninium cyanide gave 
a mixture of D-erythro- and D-threo-adducts in a 3:7 ratio.70 

68 69 70 71 

Scheme 12 I 
Further examples (cf. v01.26, p.130, refs. 6 and 54) have been reported of the 

conversion of glycosyl aides to aldonic acid N-bromoiminolactones on photo- 
br~rninat ion.~~ Reaction of 2'-deoxyguanosine with glucose and propylamine in 
phosphate buffet at pH 7 at 40 "C for several days produces the adduct 72 which 
is considered to arise by condensation of the amino-group of guanosine with the 
2-keto-group of 3-deoxy-~-erythro-hexos-2-ulose (a glucose degradation 
product), and molecular rearrangement of the resulting imine.72 



10: Miscellaneous Nitrogen Derivatives 159 

0 

I 2deoxy-p-D- R i b t 

k CH20H 

72 

N//NPh 

AcO 

73 

6 Hydrazones, Hydrazines and Related Heterocycles 

Further details have been reported (cf. Vo1.25, p.130) on the formation of acyclic 
diazabutadienes such as 73 from aldoses (D-Man, D-Gal, D-Rib) on sequential 
reaction with an arylhydrazine then acetylation (with Ac20, Py at 60-80 0C).73 
Full details (cf. Vo1.28, p.44, ref.229) have been reported on the development of a 
method for sequential removal of sugar units from the reducing end of an 
oligosaccharide. Anhydrous hydrazine specifically cleaves glycosidic bonds 
adjacent to aldehydic or ketonic groups. This is the situation for 1,2-linked 
disaccharides and 1,3-1inked hexosyl-ketoses, and with them hydrazine treatment 
cleaved the reducing sugars and converted them to various degradation products, 
e.g. the hydrazones of 2,s-anhydroaldoses. The non-reducing sugars were 
released intact. This method can be applied to oligosaccharides with other 
linkages, if they are first reduced to oligosaccharide-alditols and oxidatively 
cleaved specifically at the alditol moiety [P~(OAC)~  at low temperature], prior to 
hydrazin~lysis.~~ The method is thus akin to the Barry degradation procedure 
which uses phenylhydrazine. 

74 

NH2 ; ii, NaOMe, MeOH; iii, HCI, MeOH 

75 

Scheme 13 
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Aminoguanidine is a known inhibitor of the Maillard reaction. The triazine 
epimers 75 were synthesized as standards for use in studying this reaction by 
condensing aminoguanidine with the dicarbonyl derivatives 74 (Scheme 1 3).75 6- 
Substituted 2-ary~-~-N-(~-g~ycopyranosy~am~no)-~(~~)-qu~nazo~~nones were 
synthesized either by direct condensation of the amino-heterocycles with D- 

glucose or ~-galactose,~~ or by use of acetobromo-glucose or - x y l o ~ e . ~ ~  
Aldono- 1,4-1actone N-tosyl- or N-naphthalene-2-sulfonylhydrazone derivatives 

such as 77 were prepared from the corresponding free sugars (e.g. 76), and shown 
to act as glycofuranosylidene carbene precursors on deprotonation and photo- 
lysis (Scheme 14). The carbenes could be trapped with alkenes to give adducts 
such as 78, or phenols to give glycosides e.g. 79.78 

CH20Bn 

BnO OBn 

76 

i, ii 
__c 

77 

78 

' h O P h  

L 
79 

Reagents: i, TsNHNH2; ii, 1,3dibromo-5,5dimethylhydantoin, Et3N, DMF; iii, NaH; 
0 

iv, I NPh , hv;  v, PhOH, hv c 
0 

Scheme 14 

0 S 

y<SMe 
N \  

80 X =  p N H N H K N H P h  

81 X =  q(vNHPh Ph-NY: 
( y O H ) "  

A+;; CH20H 

OAc 

NON 
AcO 

Ph OAc 

8 2 X =  4'ys CH~OAC 

X 

N-NH 

83 a4 

Acoi 
Dehydrative cyclization of the bis-arylthiosemicarbazide derivatives of galac- 

taric acid, e.g. 80, gave different heterocyclic derivatives depending upon the 
reagent used, e.g. 81 with POCl3 or 82 with NaOEt then a~etylation.~~ The 1,3,4- 
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thiadiazole derivative 83 was obtained by reaction of D-glucono-1 ,S-lactone with 
S-methyl hydrazinecarbodithioate and dehydrative cyclization (with AC~O).~O 
1,3,4-Thiadiazolidines derivatives 84 were identified with the aid of an X-ray 
crystal structure as the products from the reactions of aldoses with 2-phenylthio- 
benzhydrazide, confirming structures proposed more than 65 years ago.81 

7 Other Heterocycles 

Intramolecular cyclization of the iminyl radical generated from the 2,3-unsatu- 
rated a-C-glycoside 85 gave the bicycle 86, that readily aromatized to the pyrrole 
87 (Scheme 15).g2 

AcO 

Me 

“OBZ 

85 86 

Reagents: i, Bu3SnH, AlBN 

Scheme 15 

Alditol-l-yl substituted pyrroles or pyrazoles (e.g. 88 and 89) were obtained by 
addition to per-O-acetylated 1,2-dideoxy-1 -nitro-D-gulucto- and o-manno-1 -hep- 
tenitols of the sodium salt of tosylmethyl isocyanide or the zwitterionic diary1 
nitrile imines (e.g. PhC=N+-N-Ph), re~pectively.~~ A general one-pot synthesis 
of alditol-l-yl substituted imidazoles (e.g. 90) involved reaction of aldoses with 

R 

88 

1 OAc 

I 
R 

89 

HN--T\ H N X C o M e  

H T o H  HO H O T o H  OH 

CH20H CH20H 

90 91 

f OAc 

CH20Ac 
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formamidine acetate and ammonia (75"C, 40 atm., 18 h).84 2-Acetyl-4-(~- 
arabino-tetritol-1 -yl)imidazole 91, a component of Caramel Colour 111 that has 
amongst other biological properties the ability to depress rodent blood lympho- 
cyte counts, was synthesized in five steps from a vinyl stannane derived from 
2,3-O-isopropylidene-~-glyceraldehyde, the key steps being Stille coupling 
with an imidazole derivative and asymmetric dihydroxylation of an alkene 
intermediate. 85 

1 

AcO- 

AcO- 

R 

93 ii 94 95 

R = NO2 - OAC 

H20Ac 

92 R = NO2, COMe, C02Me or C02Et 

Reagents: i, PhC=N - 0 ; ii, BrC=N - 0 

Scheme 16 

Dipolar cycloadditions of nitrile oxides to the various unsaturated alditol 
derivatives 92 led to pairs of isoxazolidine regio-isomers, e.g. 93 and 94, each as 
predominantly one stereoisomer (Scheme 16). The isoxazole 95 was the major 
product from addition of bromoformonitrile oxide to the nitro-alkene.86 The 
nitrile moiety of D-mannononitrile pentabenzoate was transformed into either a 
3-substituted 5-methyl-l,2,4-oxadiazole moiety (with NH20H then Ac20) or a 5-  
substituted 2-methyl-l,3,4-oxadiazole moiety (with NH4N3 then AqO, Py); cf. 
Vo1.24, p. 1 35.87 The synthesis of 2-(alditol-1 -yl) substituted 2-aza-3,7-dioxabicy- 
clo[ 3.3 .O]octanes by intramolecular dipolar cyclization of 2- O-allyl-aldehydo- 
sugar nitrones is covered in Chapter 24. 

0 

OBn 

OBn 

OH 

CH20Bn 

96 

N-NPh 

97 
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The D-gluco-pentitol-1 -yl substituted uracil 96 and its D-galacto-isomer were 
synthesized from tri-O-benzyl-D-ghca1 and -D-galactal, respectively, by [2+2]cy- 
cloaddition of trichloroacetyl or chlorosulfonyl isocyanate, cleavage of the p- 
lactam rings in the products with methanol after N-carbamoylation, and cycliza- 
tion of resulting glycosylureas.88 Tosylation of 4-(~-gaZacto-pentitol- 1 -yl)-2- 
phenyl-2H-l,2,3-triazole led to the 3,6-anhydride 97 and two partially tosylated 
 derivative^.^^ 

G o * O H -  i NFyi - ii, iii 

BnOCH2 

OH BnO 98 

HO 

CH20Bn 

99 

100 

1 iv 

102 R = H  
103 R = CH2C02H 

Tr 

Reagent: i, c:)-Li ; ii, BnSOzCI, Py then Ac20; iii, NaOMe; iv, HN3, Bu3P, DEAD; 

v, H2, PdlC, AcOH; vi, AqO, MeOH 

Scheme 17 

Imidazole- and tetrazole-fused deoxynojirimycin analogues continue to be 
popular targets for synthesis. The analogue 102 of nagstatin 103 was synthesized 
from the L-ribose derivative 98 (Scheme 17). The epimers 99 were separately 
converted to 102, but both epimers of 100 gave the same azide 101. The D-glum-, 
D-manno- and 2-aceta~do-2-deoxy-~-glucu-analogues of 102 were similarly 
synthesized from an L-xylofuranose derivative. Strong P-glycosidase inhibitory 
activity was seen with isosteric inhibitors, e.g. the 2-acetamido-2-deoxy-~-gZuco- 
isomer had a nanomolar ICso value for j3-N-acetylglucosaminidase.g0 Nagstatin 
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103 itself was synthesized in 12 steps from the epimers The alternatively 
fused imidazole derivative 105 was synthesized by intramolecular cyclization of 
the partially protected acyclic imidazole derivative 104 (Scheme 1 8).92 

___L iv-vi N T  vii,viii pl 
HO 

OH 

104 105 

Reagents: i, Ts-NC,BdOK; ii, POC13, Et3N; iii, NH3, MeOH; iv, H3O+; v, NaBH4; vi, PhCHO, 

ZnC12; vii, Tf20, Py; viii, H2, Pd(OH)2/C, AcOH 

Scheme 18 

The fused-tetrazole 106, with the D-gulucto-configuration, and its 2-acetamido- 
2-deoxy-~-gluco-analogue 107, were synthesized from D-galactose and 2-acet- 
amido-2-deoxy-~-glucose, respectively. The method, applied before to the synth- 
esis of other isomers (cf. Vo1.25, p.131 and Vo1.27, p.137), involved a double 
inversion at C-5 using sequential oxidation, reduction, and sulfonate displace- 
ment with azide ion in an otherwise protected aldononitrile derivative. Com- 
pound 106 was a competitive inhibitor of two P-galactosidases (Ki - 1 pM), while 
107 inhibited bovine kidney N-acetyl-P-D-glucosamhidase (Ki = 0.2 pM). An 0- 
protected derivative of 106 was converted to 1 -deoxygalactonojirimycin, the 
tetrazole ring being reductively cleaved (with LiAlH4).93 In a variation of this 
approach, 4-azido-4-deoxy-hexono- 1,5-1actone and 5-azido-5-deoxy-hexono- 1,4- 
lactone derivatives were synthesized, converted into the corresponding azido- 
aldononitriles, and thermally cyclized to yield the tetrazole-fused D-mannofur- 
anose 108, D-mannopyranose 109 and their D-rhamnose analogues. Inhibitory 
effects on a- and P-mannosidases and -fucosidases were r e p ~ r t e d . ~ ~ ~ ~  

I 

OH NHAc 

106 107 108 109 



10: Miscellaneous Nitrogen Derivatives 165 

Photolysis of 2,3,4,6-tetra-O-acetyl-l-C-cyano-P-D-galactopyranosyl azide 
gave the oxazepine derivative 110 in 50% yield; a similar product was obtained 
from the D-arabinopyranosyl anal~gue.’~ Full details have been reported on the 
formation of various tetrazole derivatives by photolysis and thermolysis of 1,l- 
diazido-sugar derivatives (cf. Vo1.27, p. 138; Vo1.28, p. 1 54).” Compound 111 was 
the unexpected product from reaction of 2,3,4,6-tetra-0-acetyl-~-glucopyranosyl- 
idene 1,l -diazide with triphenylpho~phine.~~ 

CH20Ac 

Ac@cN 
OAc 

YH20Ac 

110 111 

Ph 

112 113 X-HorSMe 

Tricyclic systems such as 112 have been obtained by trapping 1-C-(substituted 
vinyl)-D-glucal  derivative^.'^ The pyrazole-fused pyranosides 113 were formed by 
reaction of a 3-[methylthio- or bis(methylthio)-methylene]-2-uloside derivative 
with hydrazine.lW 

5-Substituted 1 -(P-D-apiofuranosyl)-1,2,3-triazoles were prepared by reaction 
of an 0-protected P-D-apiofuranosyl azide with various Wittig reagents [e.g. 

CH~OAC 

AcO E&A~ 

Me-6N:P 
N-N 

114 
115 
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Ph,P= CHC(O)Me]. lo 2-Acetamido- 1,3,4,6- tetra- 0-ace tyl-2-deoxy-a-~-glucopyr- 
anose was converted into the tetrazole derivative 114 by reaction with Lawesson’s 
reagent then trimethylsilyl azide and tin(1V) tetrachloride.’” 

Condensation of tryptamine with 1,2-O-cyclohexylidene-a-~-xyZo-pentodi- 
aldose gave adduct 115, which on hydrolysis provided tetracyclic aromatic 
compounds.103 

Syntheses of various hydantocidin analogues are covered in Section 1.3 of this 
Chapter and in Chapter 19, and cyclic guanadinium ion sugar mimics are covered 
in Chapter 9. 
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11 
Thio- and Seleno-sugars 

(1,l ’-Binaphthalene)-2,2’-dithiol has been resolved via the diastereomeric sugar 
dithioacetals 1. [Only the (R)-isomer is shown]. ’ D-Glucose diethyldithioacetal 
was cleaved to the free sugar by heating with DDQ (2 molar equivalents) in 
aqueous acetonitrile; cyclic dithioacetals were stable under these reaction 
conditions.* 

OMe 

OMe 

OMe 

2 X = O H  

4 X=S02R 
R = Me, Pr, Bn 

CH2C02Me etc. 

X = H, OH, OAC 
0 0  

5 R -  o:S:ol 7 R =  rse 
6 R -  Fs 8 R -  f 

CH20Me 

A review on the synthesis of monoaccharides by use of aldolases included 
several thiosugar  example^.^ A range of primary sugar sulfones 4 have been 
synthesized from the 6-(benzothiazol-2-yl)sulfonyl-6-deoxy-a-~-galactopyranose 
derivative 3 by treatment with methanolic sodium methoxide to release the sugar 
sulfinate and quenching with alkylating agents. Compound 3 was obtained from 
alcohol 2 by Mitsunobu introduction of the 2-thiobenzothiazole group and 
subsequent MCPBA ~xidat ion.~ The cyclic sulfates 5 were transformed to 5,6- 
episulfides 6 in ‘one pot’ by nucleophilic opening with potassium thioacetate or 
thiourea, followed by exposure to sodium methoxide. Reaction of 5 with 
selenocyanate followed by sodium borohydride gave alkenes 8 by way of the 
unstable selenirans 7.5 

Standard methods have been employed to prepare N-acetyl-9-thio- and N- 
acetyl-9-S-acetyl-9-thio-neuraminic acid and their methyl a-glycosides.6 Sulfoqui- 
novosyl diacylglycerols 9, isolated from the edible brown alga Hizikia fusiforme, 
are inhibitors of yeast a-gluco~idase.~ 

1 70 



11: Thio- and Seleno-sugars 171 

CH2S03H CH20H 

9 R', R2 = alkyl 10 

0 -&> - o & n b  

OMe OMe 

R = CeH4S02Ph 
11 12 

CH20Bn 

H' 
'0 0 

0 

13 14 
0 

16 

Reagents: i, Py; ii, &> 
En0 

Scheme 1 

The four monodeoxy analogues of 1 -thio-P-D-glucopyranoses have been 
synthesized, as their tri-0-acetates or -benzoates, by conventional methods. They 
were converted to the corresponding deoxy analogues of glucosinolates, such as 
compound lo.* A detailed account on the use of 2,6-anhydro-2-thiosugars for the 
stereocontrolled synthesis of 2,6-dideoxy-a- and -P-glycosides has been published 
(see Vol. 28, Chapter 11, Ref. 26).9 Michael addition of thiols or inorganic sulfur 
anions to 5-C-substituted methyl 2,3,6-trideoxy-hex-2-enopyranos-4-ulosides 
gave 2-thiosugars stereoselectively (e.g., 11 -12). lo a,a'-Dioxothiones 14, gener- 
ated by treatment of a,a'-dioxothiophthalimides 13 with pyridine, reacted slowly, 
in situ, with glycall5 to furnish cycloadduct 16, as shown in Scheme 1." 

3-S-Alkyl-3-thio derivatives of  glucose 18 and 19, obtained from diacetone 
D-glucose via the ah-configured 3-iodides 17, have been evaluated as surfac- 
tants.12 A full paper on synthetic routes to methyl 2,6-dideoxy-4-S-methyl-4-thio- 
a-D-ribo-hexopyranoside from propargylic alcohol dimer and D-fucal has been 
presented (see Vol. 27, Chapter 11, Ref. 11 for a preliminary account).13 
Precursors 20 of 4-thio-analogues of AZT were prepared from D-xylose as 
outlined in Scheme 2, using standard procedures. l4 
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R = C,H2, + '; n = 1-1 0 or 
C,H2,Ph; n = 1-3, efc. 

17 i a  19 

Scheme 2 

A six-step synthesis of 2-acetamido-1,3,6-tri-O-acetyl-4-S-acetyl-2-deoxy-4- 
thio-D-mannopyranose (22) from 2-acetamido-2-deoxy-~-mannopyranose used 
the 1,6:3,4-dianhydrosugar 21 as key-intermediate. l5 The 4-O-triflyl-~-galacto- 
pyranose derivative 23 was the starting compound for the preparation of methyl 
4-S-(3-hydroxy-2-pyridyl)-4-thio-~-~-glucopyranosides 24 as potential p-glucosi- 
dase inhibitors. l 6  A conformational study on L-thiohexofuranoses is referred to 
in Chapter 21. 

BnOCH2. 

AcS 
OAc 

21 22 25 
23 R' = OTf, R2 = H 

X 

24 R' = H, R2 = ($, 
Sf 

HO 
X = H, Me or CH20H 

Two new routes to the sugar moiety of 2',3 '-dideoxy-3 '-C-(hydroxymethy1)-4'- 
thionucleosides 27, starting from the (S, S)-tartaric acid-derived epoxide 25 or 
from the unsaturated lactone 26 have been developed; the latter route is outlined in 
Scheme 3." Compound 28 and its enantiomer, obtained in six steps from (5')- and 
(R)-glycidol, respectively, were the key-intermediates for the synthesis of various 5- 
membered 2',3'-dideoxy- and 2',3 '-didehydro-2',3 '-dideoxy-4'-thionucleosides. l8  
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CH20TWms CH20TWms 

i-iv TWmsO TsAc - v-vii ~ O A C  
TWmsOl, I 

CH2C02Me 

26 
TWmsOCH2 

27 

Reagents: i, MeOH, h; ii, TWmsCI, Im; iii, Me2S04, -NaOH; vi, 12, PPh3; v, AcSH, Bu4N+OH-; 

vi, DIBAL; vii, Ac20 

Scheme 3 

Opening of the known epoxide 29 with methanolic ammonia followed by N- 
acetylation and de-O-acetalation gave methyl 2-acetamido-2-deoxy-5-thio-a-o- 
altropyranoside 30. l 9  

CH20TbdpS CH20H 

~ O A C  Kb 0 HO @b OMe ~~0~~ S 
0 HO 

28 29 30 31 R = Bz or Tbdps 

~-1,3-Oxathiolanyl acetates 31 have been prepared from D-glucose and D- 

mannose.20 On treatment with sulfide ions, bisepoxide 32 underwent thiohetero- 
cyclization to furnish thiepan 33. Ring-contraction under the conditions indicated 
in Scheme 4 led to tetrahydrothiopyrans 34 and tetrahydrothiophenes 35.21 

0 
CH20H 

i 0 iipiii -- ( G H >  ~ 

OBnoH OBn HO HOCH2 

OBn 

33 34 35 

Bnol;Bn - BnO BnO 

32 

Reagents: i, NazS, EtOH; ii, PPh3 DEAD, BzOH, THF; iii, K2CO3, MeOH 

Scheme 4 

The 3-thio analogue of sucrose has been obtained from sucrose by way of 3- 
ketosucrose (see Chapter 15) which gave mainly the ah-product on hydrogena- 
tion.22 The preparation of 4-thiosucrose is referred to in Chapter 7. The imidate 
method was used for the synthesis of sulfur-linked propyl J3-kojibiosidG3 and of 
methyl a-maltoside analogues 36 containing sulfur in the non-reducing ring and 
either oxygen, sulfur, or selenium in the interglycosidic linkage." A mixture 37 of 
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N-linked methyl 5'-thio-a-maltoside and -cellobioside was readily available by 
coupling of 5-thio-~-glucopyranose with methyl 4-amino-4-deoxy-a-~-glucopyr- 
anoside (both compounds unprotected) in methanolic acetic acid. Use of methyl 
2-amino-2-deoxy-a-~-glucopyranoside as acceptor furnished similarly a mixture 
of the corresponding dihetero methyl kojibioside and ~ophoroside.~~ &s>-xp7pr CH20H &2F;2$oMe 

HO HO 
OH OH OH OH 

36 X = 0, S or Se 37 

Reaction of the per-0-acetylated methyl ester of 2-thio-N-acetylneuraminic 
acid with bromide 38 in the presence of diethylamine, followed by deprotection, 
furnished the S-sialylnucleoside 39 in 58 % overall yield.26 Under catalysis by 
cyclodextrin glucosyltransferase [EC 3.2.1.191 and glucoamylase, 6-deoxy-6-iodo- 
P-cyclodextrin and D-glucose underwent consecutive coupling and degradation to 
give mainly 6"'-deoxy-6'"-iodomaltotriose and 6'V-deoxy-6"-iodomaltotetraose. 
On displacement of the iodine atoms by thiosugar derivative 40, thiooligosacchar- 
ides 41 were formed in high yields.27 

N H R ~  
I 

x: 38 R1 = Br, R2 = Bz, R3R3 = 

OH 
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12 
Deoxy-sug ars 

The formation of deoxysugars from small achiral molecules by aldolase-catalysed 
condensations is covered in Chapter 2 (Refs. 7-9), and the conversion of D- 
galactose to L-fucose is referred to in Chapter 18. 

Two efficient new syntheses of 1 -deoxy-D-threo-pentulose (2), both starting 
from known D-threitol derivatives and employing a Grignard addition to 4-0- 
benzyl-2,3-0-isopropylidene-~-threose (l), have been published. p2 Compound 2 
exists mostly as the acyclic ketone in neutral aqueous solution, but forms a 
dimeric anhydride in acidic media (see Chapter 22 for crystal structure).2 
[2,3-13C2]-Labelled 2, which was similarly obtained from [1,2-*3C2J-labelled 1, has 
been used for investigating the biosynthesis of vitamins B1 and B6.293 

CHO 

CH20Bn CH20H 

1 2 3 

5 

t-OH 
Me 

iii. iv 
__c 

Reagents: i ,  PhNCO; ii, Et2AICI; iii, MeO-, MeOH; iv, 0 3  

Scheme 1 

Me 

"<>OH 

OH 

4 only one enantiomer 
shown 

6 

A short synthesis involving a chemo-, regio- and diastereo-selective ene 
reaction of the trisubstituted double bond of hydroxydiene 3 with singlet oxygen, 
followed by ozonolysis and hydride reduction, gave 2,6-dideoxy-~~-xyZo-hexose 
(boivinose 4) in 30% overall yield.4 Its D-arabino isomer, D-olivose (6), was 

176 
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obtained from epoxyalcohol 5 by application of known methodology (see W.R. 
Roush et al., J. Org. Chem., 1983,48,5093), as shown in Scheme 1 .5 2,6-Dideoxy- 
6,6,6-trifluoro-2,3-0-isopropylidene-~-Zyxo-hexose (10) was formed in a four-step 
reaction sequence from the simple pentynyl alcohol 7 via (a-alkene 8 and trio1 9, 
as detailed in Scheme 2. By use of somewhat different reaction conditions, the D- 

xylo-,  rib^- and L-arabino-isomers of 10 were produced from the same starting 
compound 7.6 Diol 11, available by Sharpless asymmetric dihydroxylation of the 
corresponding alkene, was resolved by lipase-mediated monoesterification to 
furnish, after deprotection of the aldehyde function, the monoacetates 12 and 13 
of 2,3,6-trideoxy-~-erythro-hexose (L-rhodinose) as a separable1 : 1 mixture.' 

7 8 9 

Reagents: i, RedAl; ii, Os04, NMO; iii, Me2C(OMe)2, H'; iv, Raney Ni, H2; v, PDC; vi,DIBAL 

Scheme 2 

phh.'h 
"Yo 

(7.42 

HO FH Me 

Me 

to*, 

V o > O H  

12 

g o p H  

AcO 

13 

C : > O H  

HO 

14 

11 only one 
enantiomer 
shown 

The bis-C-deuterated L-rhodinose derivative 14 was obtained by catalytic 
deuteration of the corresponding 2-enose, which was prepared from L-rhamnal 
diacetate in 3 steps. [2,3-2H4]~-Rhodinose (15) and its C-5 epimer, [2,3-21&]~- 
amicetose (16), were synthesized from L-threonine, as outlined in Scheme 3.8 The 
dideoxygenation of 2-amino-2-deoxy-~-glucose to give the D-purpurosamine 
analogue 18 and related compounds has been achieved by exposure of dimesylate 
17 to sodium iodide in DMF, followed by hydrogenation of the resulting double 
bond and removal of the N-protecting group.g The addition of organometallic 
reagents (MeMgC1, MeLi, MeCeC12) to methyl P-pentodialdoside 19 gave 
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preferentially the product of non-chelation control 20, whereas the a-anomer 21 
furnished mainly 22 under similar reaction conditions. l o  

Me 

L-threonine - - -+ 

Me 

i.ii - 
I-OH 
Me 

15 

Y 

D D  

16 

Reagents: i, 02,  PdlC; ii, H30+; iii, TPP, DEAD, BzOH; iv, DiBAL 

Scheme 3 

MsO 
I I 

NHZ N H2 OBn OBn 

17 18 19 R=CHO 21 R=CHO 
20 R=Me 22 R = M e  

Hoi t OH 

Montmorillonite K- 10, an inexpensive, reusable and environmentally accep- 
table catalyst, proved very efficient in the addition of alcohols to glycals, 
furnishing, for example, alkyl 2,6-dideoxy-~-hexopyranosides 23 from di-O- 
acetyl-L-rhamnal in short reaction times and high yields, with moderate to good 
a-selectivity. The 2,3-dideoxy-C-glycosides 24, precursors of carbohydrate- 
derived liquid crystals (see also Chapters 3 and 6), were prepared from tri-O- 
acetyl-D-glucal by tin tetrachloride-catalysed allylic rearrangementlc-glycosyla- 
tion and subsequent hydrogenation of the double bond.12 The known addition 
product of tri-O-acetyl-D-glucal to di-O-acetyl-2,3-dideoxy-~-erythro-hex-2-eno- 
pyranose under BF3.0Et2-catalysis (see Vol. 18, Chapter 3, Ref.51) has been 
hydrogenated to give the C-linked dideoxy-disaccharide 25, which was used in the 
synthesis of a carba-tetrasaccharide (see Chapters 4 and 21).13 The totally regio- 
and stereo-selective, inverse electron-demand [4+2] cycloaddition of ortho- 
thioquinones, generated in situ from o-hydroxythiophthalimides, to substituted 
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D-glucals represents an effective new route to aryl 2-deoxy-a-~-glucopyranosides. 
An example is given in Scheme 4. l4 

OR OA 

AcO 24 

R = (CH2)7Me, CHMe2, 
cyclohexyl, efc. 

25 

23 

OH r o  

yH20Bn 

L 1 ii 
CH20Bn 

Reagents: i, Py, 60 "C; ii, tri-0-benzyl-D-glucal; iii, Raney Ni 

Scheme 4 

5,6-Dihydrosilanthrene (26) in the presence of AIBN is a mild and efficient 
deoxygenator of thiocarbamates (e.g., 27+28, 9 1%)? Deoxygenation via 
thiocarbamate 29 was the key-step in the preparation of the 4,6-dideoxy-a-~- 
Zyxo-hexopyranosyl donor 30 from methyl a-L-rhamnopyranoside. The pre- 
paration of the 2-deoxy analogue 32 of methyl N-acyl-a-D-perosaminide 31, a 
constituent of the O-polysaccharide of Vibrio cholerae, involved deoxygenation 
via thionocarbonate 33. l7 Deoxygenation at C-4 of methyl a-D-glucopyranoside 
derivative 34 by LiEt3H-reduction of mesylate 35, i.e., by a nucleophilic process, 
gave the 4-deoxy sugar derivative 36 in 62% overall yield. This compared well 
with the correponding radical deoxygenation via thionocarbonate 37 (64% 
overall yield).'* The triflate group in compound 38 was efficiently removed by 
ultrasonication in benzene in the presence of tetrabutylammonium hydride. l9 A 
detailed investigation into the migration of P-(phosphatoxy)alkyl groups during 
radical debromination (see Vol. 27, Chapter 12, Ref. 3) has been published.20 

The syntheses of thymidine diphosphates of 2- and 4-deoxy-~-glucose and of 2- 
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S 

38 

deoxy-4-epi-neuraminic acid are referred to in Chapters 7 and 9, and in Chapter 
16, respectively. 

The silyl ether 40, available by conventional procedures from the known 2- 
deoxy precursor 39, was used as glycosyl donor in the preparation of methyl a- 
isomaltoside and methyl a-isomaltotrioside analogues deoxygenated at C-2 in 
one or two of the glucose moieties.21 4'-Deoxy-a-maltosyl- and 4"-deoxy-a- 
maltotriosyl fluoride have been synthesized by standard methodology as mechan- 
isitic probes for a-glucosyltransferases.22 A convenient synthesis of 6'-deoxy-N- 
acetyllactosamine was based on p-( 1 -+4)-galactosyltransferase-mediated coupling 
of UDP-6-deoxy-~-galactose with A[-acetylglucosamine, although the transfer 
rates were very 

R'OCH2 kOkx ~ o p ~ o p ~ y -  
R20 HO 

OMe OH OMe OMe 

39 X = a-OMe, R', R2 = >Ph 
40 X = BOTbdms, R' = Ac, R2 = Bn 

41 

As part of a study on the structural features responsible for the intense 
sweetness of D-fructose, 3-deoxy-~-fructose, prepared by a literature procedure 
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(see Vol. 15, Chapter 11, Ref. 7), has been evaluated; in aqueous solutions at 
ambient temperature the proportion of open-chain form present is 7.5%, 
increasing to 47% at 97 "C." 6-Deoxy-j3-~-allopyranoside residues have been 
found in a cardenolide glycoside from the plant Gomphocarpus s i n ~ i c u s . ~ ~  
Trisaccharide moieties, such as 41, containing 6-deoxy-3-O-methyl-P-~-allopyr- 
anosyl- and 2,6-dideoxy-3- O-methyl P-D-ribo-hexopyranosyl- (cymaropyranosyl-) 
residues were isolated from aerial parts of the succulent Stapelia variegutu.26 
Caryophyllose, a new, natural, branched trideoxy sugar is referred to in Chapters 
2,14 and 21. 
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13 
Unsaturated Derivatives 

1 Glycals 

1.1 Syntheses of Glycals. - Further details (see Vol. 27, p. 153, ref. 5 for earlier 
work) on the unexpected formation of tri-U-acetyl-D-glucal from treatment of 
S-phenyl-3,4,6-tri- 0-acetyl-2- 0-(diphenoxyphosphoryl) - 1 -thio - p-D-glucopyrano- 
side with tributyltin hydride-AIBN have been reported. The reaction was 
expected to give a glycal 1-phosphonate by way of a P(phosphatoxy)alkyl radical 
migration. * A high yielding synthesis of tri-U-acetyl-D-glucal has been achieved 
by treating tetra- U-acetyl-D-glucosyl- or D-mannosyl-bromide with bis(titanocene 
chloride) (Cp*TiCl)2, the reaction occurring by way of glycosyl radicak2 

The D-allal derivative 1 was formed by treating the unsaturated 1-thiophenyl 
glycoside 2 first with MCPBA then with diethylamine to effect a [2,3] sigmatropic 
rearrangement of the intermediate sulfoxide. Product 1 was incorporated into the 
core trisaccharide unit of esparamicin and the aryl tetrasaccharide unit of 
calicheamicin. 

3,4,6-Tri-tert-butyldiphenylsilyl-2-deoxy-~-~~~~i~o-hexonolactone, on sequen- 
tial reaction with bromomagnesium(trimethylsilylacetylide), phosphorus oxy- 
chloride-pyridine then sodium hydroxide, gave glycal derivative 3. The acetylene 
moiety was further elaborated into an anthracyclinone system representing the 
core unit found in vineomycinone B.4 

A convenient synthesis of ‘L-2-sorbal’ (2,6-anhydro-3-deoxy-~-threo-hex-2- 
enitol) starting from 2,5-anhydro-~-galactitol has been reported. Thus treatment 
of the latter with 2,2-dimethoxypropane (to produce a mixture of di- and tri- 
acetals) then potassium tert-butoxide in DMSO (to effect elimination of acetone) 
gave glycal 4. Its reaction with methanolic acetic acid yielded ‘L-2-sorbal’. In 

182 
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addition, reaction of 4 with MCPBA then methanol followed by reaction with 
acetic acid afforded ~-tagatose.~ The ‘D-2-fructal’ (2,6-anhydro-3-deoxy-~- 
erythro-hex-2-enitol) derivative 5 is prepared by treating the 2-bromo-3-mesyl 
compound 6 with a zinc-copper couple. In the absence of a good leaving group in 
the 3-position a 1,Zelimination takes place instead to produce ‘ e m  glycals’ such 
as 7.6 

OCMe(0Me) 

r > C H 2 0 C M ~ ( O M e )  Bzo-$c*.oAc Bzoq$/r CH20Ac 

OH OBZ OBz 
4 5 6 

CH20Tbdms CH20Tbdrns CH20Tbdms 

y + C H 2  o&R - 6“ 
/ 

R2 

7 R’ = OBZ, R2 = H 
0 Me 

R’ = H, R2 = OBZ kBr 0 9 10 

OBz 

Alkyl 4-O-(2-bromoallyl)-2,3-dideoxy-a-~-erythro-hex-2-enosyl derivatives 8 
(R = OEt, O‘Bu, OC6H2Bu) undergo a palladium-mediated Heck-type reaction 
to give mainly the bicyclic glycal9 when the base used is triethylamine. The glycal 
10 is formed when 8 (R = H) is treated with the base sodium carbonate.’ 

The reaction of 2,3-O-isopropylidene-5-O-trityl-~-~-~bofuranosyl chloride 
with the lithioimidazole reagent 11, then TBAF, affords access to glycal 12.8 

Treatment of 2,3,4,6-tetra-O-acetyl-~-glucopyranosylidene 1,l -diazide with 
triphenylphosphine unexpectedly gave the unusual glycal derivative 13.9 

CH20Tr CH20Ac 

Li--(-L N SiMe2But v y y  k Z P h 3  

AcO 
N /N 

13 

S02NMe2 
I 
S02NMe2 OH 

”* 11 12 

The photoreaction of 2’-deoxy-2’-iododeoxyuridine has been demonstrated to 
yield nine identifiable products including 1,4-anhydr0-2-deoxy-~-glycero-pent- 1 - 
en-3-ulose; see Chapter 20 for details. 
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1.2 AIlylic Rearrangements of Glycals. - Phenol or 4-methoxyphenol reacts 
with acetylated glycals in toluene containing a catalytic amount of boron 
trifluoride etherate at low temperature to yield 0-2,3-unsaturated glycosides 
with high a-selectivity (see Vol. 28, p. 174, ref. 17). A change of solvent to 
dichloromethane gave predominately C-2,3-unsaturated glycosides as a/p- 
mixtures in the case of 4-methoxyphenol. It is further suggested that the C-2,3- 
glycosides originate by rearrangement of the initially formed 0-2,3- 
glycosides. 

Refluxing acetylated glycals with phenols in chlorobenzene without any acid 
catalyst gives the usual 0-linked rearranged compounds as a@-mixtures. Use of 
phenols with NO2 and 'Bu substituents allows for easy crystallization of pure a- 
anomers and consequently multigram quantities of these products can be made. 
The products are readily deacetylated and converted to 0-benzyl ether 
derivatives. 

Treatment of 4,6-0-isopropylidene-~-glucal with a variety of phenols, cyclo- 
hexane- 1,3-dione, 4,6-0-isopropylidene-~-glucal and phthalimide under Mitsu- 
nobu conditions (triphenylphosphine, diethyl azodicarboxylate) affords 2,3- 
unsaturated 0- or N-glycosides with a:p ratios varying from 9O:lO to 65:35.12 

Lewis acid-catalysed reaction of diisopropyl (hydroxymethy1)phosphonate 
[('Pr0)2P(0)CH20H] with di-0-acetyl-D-xylal, followed by reaction with metha- 
nolic ammonia, affords 14 as the major isomer; a brief description of the 
diastereoselectivity of this reaction is also given. Compound 14 on reaction with 
2-amino-6-chloropurine under Mitsunobu conditions affords access to dihydro- 
pyranyl nucleoside phosphonate analogues, which on reduction of the double 
bond lead to the corresponding tetrahydropyranyl derivatives. Di-0-acetyl-L- 
arabinal was also used as a starting rnaterial.l3J4 

Standard reaction of tri-0-acetyl-D-glucal with 4-penten-1-01 and Lewis acid 
affords the expected glycoside 15. Treatment of 15 with iodonium dicollidine 
perchlorate (IDCP) in the presence of primary or secondary alcohols gives the 
corresponding a-0-glycosides as the main products. The use of the pent-4-enoyl 
glycall6 as starting material in the presence of alcohol and IDCP affords a 'one- 
pot' procedure for effecting the glycal ester rearrangement under neutral 
conditions. 

0 
II 

14 

YH20Ac 

15 0 

16 R = ACH2CH2CH=CH2 

The mechanism of the reaction depicted in Scheme 1 has been studied by 
chemical means and modelling using AM1 calculations. l6 
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C O > O H  + c; 
AcO AcO 

CHO 

Reagents: i, H20, A 

Scheme 1 

The reaction of 3,4-di-O-acetyl-6-deoxy-~-glucal with titanium tetrachloride- 
trimethylaluminium followed by reaction with methanolic ammonia affords 
unsaturated derivative 17, together with the P-anomer, which was used as an 
intermediate for the synthesis of (+)-hongconin, thereby establishing the absolute 
stereochemistry of the natural product as its enantiomer.17 

For further examples of the Ferrier rearrangement as applied at the start of a 
synthesis of a thromboxane B2 precursor or of highly oxygenated cis-decalinic 
structures derived from carbohydrates, see Chapter 24. The same reaction 
applied to the preparation of carbohydrate-based liquid crystals derived from a 
boronate ester is mentioned in Chapter 17. 

1.3 Other Reactions of Glycals. - 3-O-Propargylic hexofuranoid glycals 
undergo a [2,3] Wittig rearrangement on treatment with n-butyllithium effecting 
the preparation of annonaceous acetogenins (Scheme 2). The glycal illustrated is 
derived from D-mannose and erythro-products predominate. The paper also 
describes the analogous use of a glycal starting material derived from L-gulonic-y- 
lactone. However, a pentofuranoid glycal derived from D-ribonic-y-lactone 
underwent a [ 1,2] Wittig rearrangement process instead under similar 
conditions. l8  

Tms Tms 
I I 

erythro 
7 

Reagents: i, BunLi, -5 "C, THF 
Scheme 2 

threo 
3 

A facile aza-Claisen [3,3] sigmatropic rearrangement takes place on treating 
furanoid glycal 18 with sodium hydride-trichloroacetonitrile at 0 "C to give 19 as 
a useful intermediate for preparing dideoxynucleotides. l9 

The silyl enol ether 20 has been reported to undergo a facile rearrangement in 
the presence of Lewis acids to give levoglucosenone as the major product.20 
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HoaMe - 
17 

BnO Q 
OTbdms 

20 

Carbohydrate Chemistry 

18 19 

C P O H  q> 
AcO AcO 

The hypervalent iodine reagent [hydroxy(tosyloxy)iodo]benzene ehI (0 -  
H)(OTs)J selectively oxidizes O-acyl protected pyranoid glycals in the 3-position 
affording 4,6-diacyl- 1,2-dideoxyhex- 1 -en-3-uloses as products. The method is 
applicable to glycals with variable configurations and acyl groups. Glycals 
without an acyloxy substituent in the 3-position, for example 4,6-di-O-acetyl-3- 
deoxy-D-glucal, produce the Ferrier-type rearrangement product 21 instead.21 
(See also Chapter 5 for a different course for the reaction when 0-silyl groups are 
in the 3-position). 

3-Deoxyglycals undergo an iodine(II1)-promoted azide transfer reaction when 
treated with the reagent PhI(N3)2. Thus 4,6-di-O-acetyl-3-deoxy-~-glucal affords 
a 1:8 mixture of 22:23.22 

Glycals undergo a cycloaddition reaction with up’-dioxothiones which are in 
turn prepared from u,u’-dioxothiophthalimides as illustrated in Scheme 3. The 
reaction is carried out in ‘one-pot’ fashion.23 

CH20Bn CH20Bn &-> + 0s. ii_ ky, 

HO O > S N B  

BnO 0 BnO 

t i  Me Me? Me 

0 Me 0 

Me 0 

Reagents: i, pyridine; ii, CH2C12, RT 
Scheme 3 
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O-Protected and partially O-protected glycals (but not 3,4,6-tri-O-tert-butyldi- 
methylsilyl-D-glucal) can be readily cyclopropanated with diiodomethane-diethyl- 
zinc to afford intermediate 1,2Gmethylene derivatives. Treatment of these latter 
compounds with Lewis acids was expected to produce intermediate ring-ex- 
panded oxonium ions 24 which should be readily trapped with a nucleophile to 
give oxepane derivatives. This proved to be the case when cyclopropane 
derivative 25 was treated with trimethylsilyl triflate in the presence of trimethyl- 
silyl cyanide as internal nucleophile to give oxepane 26. Cyclopropane derivative 
27, under similar conditions but with allyltrimethylsilane as nucleophile, reacted 
intramolecularly to oxepane 28.24 

The reaction of l-(t~butylstannyl)-3,4,6-t~s-O-(t~~sopropyls~lyl)-~-glucal with 
n-butyllithium then triflate 29 afforded the protected undecose backbone 30 
found in the herbicidin~.~~ The preparation of a carbon-bridged analogue of N- 
acetyllactosamine by reaction of a 1-C-lithiated glycal with a 4-C-formyl 
protected glucosamine derivative is covered in Chapter 3. 

AcO 
24 R1 = CH20Ac or Me 25 

R2 = AC 

H 
27 28 

30 O F  

26 

CH20Tf 

29 I 

CH~NHAC 

AcO e; 
R 

31 R=N02 
32 R=CHO 

6-Acetamido-3,4-di-O-acetyl-6-deoxy-~-glucal on reaction with ammonium 
nitrate-trifluoroacetic anhydride in aqueous sodium bicarbonate affords the 
unsaturated pentose compound 31 whereas reaction with mercury(I1) sulfate and 
sulfuric acid gave the expected E-alkene 32.26 

The use of 4,6-di-O-isopropylidene-3-O-(Zbrorno- 1 -ethoxyethyl)-D-glucal as a 
precursor to highly functionalized C-glycosides is mentioned in Chapter 3 and the 
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use of polymer supported glycals as precursors to digitalis saponin and neoglyco- 
conjugates of LeY and Leb are mentioned in Chapter 4. Glycal starting materials 
directed towards the total synthesis of staurosporine and ent-staurosporine are 
covered in Chapter 24. 

2 Other Unsaturated Derivatives 

1,2-Diol cyclic sulfates on reaction with telluride ion (prepared by reduction of 
elemental tellurium) afford alkenes as products. Thus D-ribofuranoside derivative 
33 gives 34 in 72% yield.27 

CH90Bn 

0 0  34 35 
‘c’ 

33 

p-tert-Butylphenyl 4,6-di-O-benzyl-2,3-dideoxy-a-~-er~t~r~-hex-2-enopyrano- 
side (see ref. 11 above for preparation details) reacts with a variety of Grignard 
reagents (RMgBr, where R = 4-MeOC6H4,2-MeOC6H4,4-MeC6&, Ph, PHCH2 
etc.) in the presence of a catalytic amount of [palladium dichloro{ 1,l ’-bis(di- 
phenylphosphino)ferrocene)] [PdC12(dppf)] to afford unsaturated derivative 35 
with exclusive formation of the a-anomer. In contrast, the same reaction using a 
catalytic amount of [nickel dichloro { 1,2-bis(diphenylphosphino)ethane)] 
[NiC12(dppe)] afforded the p-anomer of 35 exclusively. 28 

A general synthesis of bicyclic cis-fused dihydrofuran derivatives by intramole- 
cular Mitsunobu reaction is illustrated in Scheme 4. The reaction is also effective 
with 1,4-trans-related starting materials.29 

R1 = CH20Tbdms, R2 = COMe 
R1 = Me, R2 = COMe 
R1 = H, R2 = COMe 
R1 = H, R2 = C02Me 

Reagents: i. PBu3, DEAD 
Scheme 4 
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Reaction of 1,2:5,6-d~-O-~sopropylidene-3-O-triflyl-a-~-glucofuranose with 
methyllithium gives the corresponding glycal (double bond in the 3,4-position) by 
an apparent E-2 elimination. However, deuterium labelling experiments suggest 
the mechanism first involves deprotonation at C-3 followed by a 1 ,Z-hydride shift 
from C-4-4-3 and hence to prod~ct.~' 

A mild conversion of carbonyl derivatives, including lactones, into alkenyl 
silanes has been reported. For example reaction of 5-O-tert-butyldimethylsilyl- 
2,3-O-isopropylidene-~- 1,4-ribonolactone with tris(trimethylsily1)titanacyclo- 
butane gave product 36.31 

Heating methyl 2-O-benzyl-4,6-O-benzylidene-3-O-triflyl-~-~-glucopyranoside 
with water in pyridine and 1,1,1,3,3,3-hexafluoropropan-2-o1 affords a low yield 
of unsaturated compound 37. The main products from this reaction are ring- 
contracted bicyclic sugars and are covered in Chapter 14.32 

Reacting D-mannose with arylhydrazines followed by acetic anhydride in 
pyridine afforded the diazabutadiene 38. A similar reaction takes place with D- 
galactose and ~ - r i b o s e . ~ ~  

An improved synthesis of 3-cyano-3-deoxy- and 3-deoxy-3-fomyl-hex-2-eno- 
pyranosides has been described. Thus treating methyl 2,3-anhydro-4,6-O-benzyl- 
idene-a-D-galactopyranoside with diethylaluminium cyanide (epoxide ring 
opening with CN) then elimination of water with diisopropylamine, lithium 
perchlorate and tosyl chloride afforded 39 which on reduction with DIBAL gave 
40." 

CH20TWms 

36 

\ 

OBn 

37 

"NAr 

d 
39 R=CN 

OAc 40 R=CHO 

38 

A method for preparing alkenyl triflates from lactones and one for preparing 
a,P-unsaturated aldonic acids by chain extending D-glyceraldehyde derivatives 
are covered in Chapter 16, and the preparation of sugar vinyltin derivatives from 
sugar acetylenes is mentioned in Chapter 17. 
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14 
Branched-chain Sugars 

R 
I 
I 

1 Compounds with a C - C - C  Branch-point 

1.1 Branch at C-2. - Full details (see Vol. 27, p. 10, ref. 49 and Vol. 26, p. 11, 
ref. 56) of the preparation of branched C-2-(hydroxymethyl)pentoses from four 
different ketohexoses (D-psicose, D-fructose, L-sorbose and D-tagatose) by an 
interesting isomerization reaction catalysed by Ni(I1)-N,N’-dialkyl 
cyclohexanediamine have been reported. 

Dess-Martin periodane oxidation of 1,3,5-tri-O-benzoyl-a-~-ribofuranose 
affords the corresponding 2-keto derivative which reacts with ‘MeTiCl3’ (formed 
in situ from titanium tetrachloride and methylmagnesium bromide) to afford the 
C-2-branched derivative 1 together with the benzoate migration product 2. 
Perbenzoylation of a mixture of 1 and 2 produced an intermediate useful for 
making C-2’-methylribonucleosides by way of standard Vorbriigen coupling 
procedures with a number of nucleobases.2 

In studies directed towards the synthesis of pseurotin A, the unsaturated acetal 
3 has been used as a common starting material to prepare two different C-2- 
branched intermediates. In one route, 3 was 0-benzylated, the aldehyde un- 
masked with hydrochloric acid and oxidized to its carboxylic acid derivative. 
Esterification, dihydroxylation of the alkene then dimethylsulfoxide-thionyl 
chloride oxidation, addition of ethylmagnesium chloride and removal of the 
isopropylidene group gave compounds 4.3 In an alternative route, 3 was first 
epoxidized then treated sequentially with hydroxide, benzyl bromide-base and 
hydrochloric acid to give compounds 5.4 

The synthesis of polyhydroxy pyrrolidines containing a hydroxymethyl 
branching group, starting from 3-deoxy-2-C-hydroxymethyl-~-ery?hro-pentono- 
1,4-lactone, is mentioned in Chapter 18 and the X-ray crystal structures of the 
same compound and of 3-deoxy-2-C-hydroxymethyl-~h-tetrono- 1,4-1actone are 
noted in Chapter 22. 

1.2 Branch at C-3. - An interesting entry to the bicyclic moiety found in the 
nucleoside antibiotics miharamycins has been reported. Methyl-4,6-0- 
benzylidene-a-D-glucopyranoside can be propargylated in the 2-0-position and 
the remaining 3-OH oxidized to the ketone. Reaction of this compound with 

191 
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CH20Bz 

QOR' OBz OR2 

1 R' = Bz, R2= H 
2 R' = H, R2= BZ 

CH(0Et)Z 

HO tCH2 
CH20H OH 

3 4 

CH20H OB" 

5 

samarium diiodide in HMPA-'BuOH-THF afforded a high yield of compound 6 
which, on subsequent ozonolysis and sodium borohydride reduction, gave the 
corresponding key diol inte~mediate.~ 

Treating 1,2:5,6-di-0-isopropylidene-3-0-t~flyl-u-~-allofuranose with excess 
butyllithium affords 3-C-butyl-l,2:5,6-di-O-isopropylidene-a-~-al1ofuranose in a 
new type of reaction. Investigation of this reaction through deuterium-labelled 
derivatives indicates that removal of the C-3 hydrogen (u to the triflate) generates 
a carbanion which collapses to an intermediate 3-keto-derivative (with expulsion 
of CF3S02Li) and then reacts with butyllithium by addition. The corresponding 
gZucoconfigured triflate undergoes an apparent E-2 elimination to give a 3,4- 
unsaturated derivative; see Chapter 1 3.6 

Lombard0 methylenation (zinc-dibromomethane-titanium tetrachloride) of 
methyl 2-deoxy-5-0-(4-phenylbenzoyl)-~-~-gZycero-pent-3-uloside, followed by 
dihydroxylation, gave the 3-C-hydroxymethyl derivative 7 (R = 4-phenylbenzoyl) 
exclusively. A range of other 2-deoxypentuloses was also subjected to a similar 
course of reactions, but generally resulted in the formation of epimers during the 
dihydroxylation step, The hydroxymethyl group was further transformed first 
with tosyl chloride to the tosylate which was displaced with adenine or thymine 
to yield nucleoside analogues.' 

The addition of dichloromethyllithium to methyl 4,6-0-benzylidene-2-0- 
benzoyl- and 2-0-methyl-u-~-ribo-hexopyranosid-3-ulose affords branched deri- 
vatives 8 which, on treatment with caesium acetate-crown ether, affords com- 
pounds 9. The latter derivatives are thought to be formed via an intermediate 
spiro-chloroepoxide in a similar way to that described in Vol. 25, p. 162, ref. 9.8 
In a somewhat analogous reaction, spiro-tosyl epoxide 10 is formed when the 
anion derived from chlorotosyl methane (TsCH2C1) reacts with methyl 4,6-0- 
benzylidene-u-~-eryfhro-hexopyranosid-3-ulose. Compound 10 can be caused to 
react with a wide range of nwleophiles affording a wide range of branched- 
derivativesg The synthesis of 1 -(P-D-apiofuranosyl)-1,2,3-triazoles is mentioned 
in Chapters 10 and 20. 
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Me 
11 

1.3 Branch at C-4. - The novel branched-sugar 11, named caryophyllose has 
been isolated from the lipopolysaccharide of the bacterium Pseudomonus 
c ~ r y o p h y l l i ~ ~  and its relative and absolute stereochemistry determined. 

The synthesis of the methyl-branched compound 12, a building block for the 
synthesis of moenuronamide phosphoglycolipid antibiotics has been described. A 
stereoselective Grignard reaction with methylmagnesium chloride on a 4-ulose 
derivative is the key step.12 

Addition of benzodiynyl derivative 13 (R = thexyldimethylsilyl) to a 4-dose 
compound gave 14 (R = thexyldimethylsilyl) an intermediate required to prepare 
an oxabicyclo[7.3.1] analogue of the aglycone part of esperamicin and calic- 
heamicin; see also Chapter 24. 

R 

CONH;! 

HO Mo-Tms CONH;! 

HO Mo-Tms 
OH 

12 13 14 

The addition of lithium tert-butyl acetate to benzyl 2,3-anhydro-a-~-erythro- 
pentopyranosid-4-ulose gave compound 15 which, on treatment with trifluoro- 
acetic acid, afforded bicyclic derivative 16. The Cepimer of 15 was also formed 
but on reaction with acid gave only the product of de-esterification. A similar 
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series of reactions was also performed using lithium tert-butyl(methy1) acetate 
(LiCH(Me)C02fBu).14 The same a-~-erythro-pentopyranosid-4-ulose, on treat- 
ment with the anion derived from furan followed by reaction with MCPBA, then 
benzoylation gave the novel oxaspiro compounds 17.*5 

0 h d  
15 16 

OBZ CH20Bn 

17 18 

3 - Deoxy - 1,2: 5,6 -di - 0- isopropylidene- 3 - C-methylene- a-mribo- hexofuranose 
has been converted in several steps to the branched-chain compound 18 as a 
precursor to 2',3 '-dideoxy-3 ',4'-dihydroxymethyl pyrimidine nucleosides. The 
hydroxymethyl group at C-4 was introduced by way of a crossed aldol 
condensation of a 5-formyl derivative with formaldehyde followed by a 
Cannizaro reduction of the intermediate hydroxy aldehyde in a similar manner to 
that previously described in Vol. 13, p. 126, ref. 16.16 

It has been observed that acetolysis of the branched 1,6-anhydropyranose 
sugars shown in Scheme 1, followed by saponification then dehydration affords a 
mixture of the starting material and a 1,6-anhydrofuranose; the proportion of the 
latter increases as the electronegativity of the substituent at C-4 increases, as 

R=Me 95 : 5 
R = C02Et 5 95 

Reagents: i,TFA, Ac20; ii, NaOMe, MeOH; iii, TsOH, benzene 

Scheme 1 
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R 

19 

shown. This strategy was used to prepare di-C-substituted compounds 19 (R = 
CH2=CHCH2, Ph, CHzOTbdps) for potential use in the synthesis of the 
zaragozic acids (squalostatins). l7 

R 
I 
I 

2 Compounds with a C-C-C Branch-point 

N 

The hydroxylamino-containing evernitrose-derived unit, 20, of evernitromicin 
can be oxidized to the nitro-derivative 21 by a peroxidase enzyme.'* 

A synthesis of L-vancosamine derivative 22, starting from 2,6-dideoxy-P-~- 
Zyxo-hexopyranoside, has been reported in which the key step is the stereoselec- 
tive addition of the in situ prepared cerium reagent, CH3CeC12, to an oxime ether 
intermediate. l9 

CH20Ac 

" e o y - y - q >  &a 
4% 

HO OMe AcO 

Tms 

Tms 
24 ' 

R NH2 

20 R = NHOH 
21R=N02 22 23 

R 
1 

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

A general review has been published on silicon-tethered reactions with parts 
devoted to the preparation of branched-chain sugars (including nucleosides), 
through the addition of radicals generated from (bromomethy1)silyl ether tethers 
to double bonds or by the addition of radicals generated from phenyl selenides 
onto allylsilyl ether tethem20 
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3.1 Branch at C-2. - Treating the 1,5-enyne derivative 23 with triethylboron- 
ethyl iodide induces a radical cascade reaction affording doubly annulated 
derivative 24. A similar reaction is observed using the 1,5-diyne analogue of 23.21 

The light-induced reaction of tosyl bromide with the diene 25 afforded the 
bicyclic derivative 26. A detailed study of the configuration at the newly created 
chiral centre was reported.22 

The cyclopentene-annulated sugar derivative 27, prepared in several steps by 
ring expansion of cyclobutanone 28 (itself ultimately derived from the addition of 
dichloroketene to a glycal) has been shown to be a useful precursor directed 
towards the sythesis of the ABC ring system of f ~ r s k o l i n . ~ ~  

AcO AcO 

Me 0 

25 26 27 28 

Glycals can be haloetherified (NBS/ROH) to give derivatives such as 29 (R = 
CH2C=CH, C(Me2)C=CH, CH2CH=CH2 or CH2C(Me)=CH2) which, on 
reaction with tributyltin hydride-AIBN-tert-butanol, undergo radical cyclization 
reactions. For example, 29 (R = CH2C=CH) gave 30.24 

The intramolecular [2+3] cycloaddition of the nitrone derivative 31 followed by 
hydrogenolysis in methanol-hydrochloric acid of the N-0 bond in the inter- 
mediate tricyclic isoxazolidine with concomitant removal of the benzylidene 
group, furnished compound 32.*' 

Br 
29 30 

CH20H 

HO QoMe .- N H ~  

32 31 
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Scheme 2 illustrates a general route to 2-deoxy-2-C-vinyl glycosides by way of 
a cyclopropanation of glycals. Other configurated sugars are described, giving 
rise to stereochemically different products.26 

R = Tbdms Ar = Ph, 

Reagents: i, N2CHCQEt, Cu, MeOBu'; ii, LAH; iii, Ph3P, DEAD, ArC02H 

Scheme 2 

A study on the 1,2-cyclopropanation of pyranoid glycals under two different 
sets of conditions, zinc-diiodomethane-copper(1) chloride, or chloroform-base 
then lithium aluminium hydride, has been rep~rted.~' Similarly, glycals react with 
diethylzinc-diiodomethane to give cyclopropanation products which can be ring- 
expanded to oxepane derivatives (see also Chapter 1 3).28 

The P-oxy-a-diazoester 33 can be ethylated with triethylboron and then 
converted through standard chemistry into the lactone 34.29 

Thermal cleavage of nitrate ester 35 (made from L-tartaric acid) produces 
dioxalanyl radicals which undergo stereoselective cyclizations to lactones 36.30 

R 

OAc t" 
33 34 35 R = Ph or C02Me 36 R = Ph or CQMe 

Unsaturated lactones, e. g. 2,3-dideoxy-~-glycero- 1,4-pent-2-enonolactone 
undergo intermolecular cycloaddition with nitrone 37 to afford products, e.g. 38, 
by way of exo-transition states.31 

The reaction of benzyl-2-deoxy-2-C-formyl-3,4,6-t~-O-benzyl-a-~-glucopyra- 
noside (see Vol. 27, p. 170, ref. 27 for its preparation) with a protected glycosyl2- 
pyridyl sulfone in the presence of samarium diiodide leads to a high yield of the 
branched-disaccharide 39 with a 1,2-traw-C-glycoside linkage.32 The preparation 
of C-Zbranched, highly functionalized C-glycosides from 3- 0-( 1 -alkoxy-2- 
bromoethy1)glycals by a radical cascade reaction is covered in Chapter 3. 
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CH20H CH20Bn CH20Bn 

Me Me 

I 

Me 

38 

37 

H O U  

39 

3.2 Branch at C-3. - A detailed study on the cyclization of tethered radicals 40 
(X = SiMez or CHOEt) which can react by 6-exo-trig or 5-exo-trig modes of 
cyclization to produce C-6- or C-3-branched derivatives, respectively, has been 
reported. Factors that determine which pathway is followed are discussed.33 

The regioselective opening of various 2,3-anhydro-pyranoses with trimethyl- 
silyl cyanide leading to the corresponding 3-cyano-3-deoxy compounds has been 
described. The cyano group can be further transformed by reduction or con- 
trolled hydrolysis. 34 In a similar way reaction of 2,3-anhydropyranose derivatives 
with the anion derived from tert-butyl acetoacetate, followed by treatment with 
sodium hydride affords bicyclic derivative 41, for example.35 (See also ref.44 
below). Methyl 2,3-anhydro-5-O-benzyl-~-~-ribofuranoside undergoes regioselec- 
tive epoxide opening in a trans-manner with diethylaluminium cyanide to afford 
methyl-5-O-benzyl-3-cyano-3-deoxy-~-~-xylofuranoside which could be epimer- 
ized to the D-ribofuranoside with potassium cyanide in pyridine. The same 
reaction with the u-isomer was not as selective giving 3-cyano-3-deoxy-~-xylo- 
and 2-cyano-2-deoxy-~-arabino-products.~~ 

Treatment of tri-O-acetyl-D-galactal with p-substituted phenols in refluxing 
chlorobenzene containing 5% acetic acid gave aryl 2-deoxy-~-galactopyranosides 
with no Ferrier rearrangement products. Further treatment of these compounds 
with three equivalents of boron trifluoride etherate produced the glycosyl 
benzopyrans 42. Interestingly, five equivalents of Lewis acid simply caused an 
0-4 rearrangement of the aryl glyco~ides.~~ 

CH20Ac 

x, 
CH2 

0 
R 

40 41 42 

Analogues of 2-deoxy-~-erythro-pentose 3-phosphate have been prepared by 
way of alkyl radical cyclization onto vinyl phosphonates. Thus compound 43 
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CH20R CH20R 

R* 
PO(OEt);, 

43 44 R' = H, R2 = CH2PO(OEt); 

45 R' = CH2PO(OEt)2, R2 = H 

(R = Tbdms or Tbdps, prepared from D-glyceraldehyde), on treatment with 
tributyltin hydride-AIBN, affords compounds 44 and 45.38 An alternative 
stereospecific synthesis of the phosphonate isostere of 2-deoxy-~-erythro-pentose 
3-phosphate is illustrated in Scheme 3.39 

n n 
___t 

HO MsO 

CH2PO(OEt)2 CH2PO(OEt)2 
OTr 

Reagents: i, MsCI, TEA; ii, H+ resin; iii, TrCI, TEA; iv, NaH, THF; v, MePO(OEt)2, BuLi, 

BF3*OEt2; vi, Mel, CaC03 

Scheme 3 

Heating 3-O-triflyl-pyranosides in refluxing pyridine-water-toluene gives rise to 
bicyclic ring-contracted derivatives as shown for methyl 2-0-benzyl-4,6-0- 
benzylidene-3-O-triflyl-P-~-glucopyranoside in Scheme 4. A higher product yield 
was obtained when 1,l ,1,3,3,3-hexafluoropropan-2-o1 was used as solvent. 
Fragmentation, leading to open-chain unsaturated compounds is a competing 
side reaction (see Chapter 1 3).40 

The stereoselective 1,4-addition of alkyl radicals [nCgH13, 'CsH13 or Ph(CH3)3] 

Reagents: i, Py, H20, toluene, reflux 

Scheme 4 
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to the @)-unsaturated ester 46 (R = Me, Et, "Bu, 'Bu and derived from 1,2-0- 
isopropylidene-D-glyceraldehyde) affords a mixture of syn- and anti-products 
which, on treatment with methanolic HCl, affords the D-threO- and D-erythrO- 
lactones 47 and 48, re~pectively.~' 

The synthesis of racemic 1,5-anhydrogalactofuranose 49 (with a substituted C- 
3-(furyl)hydroxymethyl branch) has been achieved starting from 7-oxanorbom-5- 
en-2-0ne.~* 

COpR 

& 
46 47 R1 = alkyl, R2 = H CH20Mom 

48 R1 = H, R2 = alkyl 49 

2,3-Anhydro-1,4-di-O-benzyl-~-threitol on reaction with allylmagnesium 
bromide, osmium tetroxide, sodium periodate then HC1 affords methyl 3-C- 
(benzyloxymethyl)-2,3-dideoxy-~-threo-pentofuranoside as a useful intermediate 
for the synthesis of 2'3 '-dideoxy-3 '-C-(hydroxymethyl)-4'-thionucleosides. In an 
alternative route to such nucleosides the intermediate branched-sugar 50 was 
prepared in which the hydroxymethyl group was introduced into the 3-position 
by a light-induced addition of methanol to 6-0-tert-butyldimethylsilyl-~-gZycero- 
pent-2-eno-1,4-lactone (see Vol. 26, p. 242, ref. 1 59).43 

The synthesis of branched-chain glycals by Heck-type reaction of alkyl4-0-(2- 
bromoalkyl)-2,3-dideoxy-a-~-erythro-hex-2-enosyl derivatives is covered in 
Chapter 13. 

CH20Tbdms 

C02Me G CH20TWms 

50 

TfO 

aOBfl F~B,-, 
51 

COpBu' 

52 

3.3 Branch at C-4. - The addition of the anion derived from tert-butyl 
acetoacetate to the epoxy-triflate 51 affords the bicyclic derivative 52 by a process 
in which the triflate is first displaced with inversion of configuration followed by 
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epoxide ring-opening. With a less reactive leaving group, such as tosylate at 
position C-4 of 51, epoxide ring opening at C-3 occurs first, followed by 
displacement of the tosyloxy group. (See also ref. 35 above).44 

The unsaturated nitro-peroxy compound 53 reacts with nucleophiles at the 4- 
position to produce branched-nitro-epoxides 54 [R = D, 4-MeC&S, 
C H ( A C ) ~ ] . ~ ~  The synthesis of a thromboxane B2 precursor from an intermediate 
C-4-carboxyamidomethyl derivative is covered in Chapter 24 and the preparation 
of 1 j4-carbon linked di- and tri-saccharides is mentioned in Chapter 3. 

OH 0 OH 

CH~OAC 

53 

CH20Ac 

54 
OH 

55 

3.4 Branch at C-6. - The anthroquinone derivatives 55 (R = Ac or Bz) have 
been isolated from the Central American tree Picramnia antidesma. Uncertainties 
remain as to the absolute stereochemistry of the sugar unit however.46 

R 
I 

R 
II 

4 Compounds with a C-C-C or C=C-Branch-point 

The 1,4-diketone 56 undergoes an intramolecular aldol cyclopentaannulation 
reaction on treatment with potassium tert-butoxide, to afford 57.47 

The reaction of 2-C-hydroxymethyl glycals with phenols or phthalimide under 
Mitsunobu conditions to produce 2-C-methylene glycosides has been reported 
(See Vol. 27, p. 178, ref. 51 for the same reaction under Lewis acid  condition^).^^ 

The condensation of malononitrile and methyl 4,6-O-benzylidene-3-deoxy-a-~- 
erythro-hexopyranoside-2-ulose under basic conditions affords the corresponding 
methyl 4,6-O-benzylidene-2-(dicyanomethylene)-2,3-dideoxy-a-~-erythro-hexo- 
pyranoside. This latter compound on reaction with 3-benzyl-2-methylthio-2- 
thiazolinium iodide affords butadiene 58 whilst with 3-benzyl-4,5-dihydro-2- 
methylthio-l,3-thiazinium iodide, 59 is produced.49 

Hydrazine adds to methyl 4,6-O-benzylidene-3-[bis(methylthio)methylene]-3- 
deoxy-a-~-erythro-hexopyranosid-2-ulose (see Vol. 26, p. 162, ref. 47) and 
its [mono(methylthio)methylene] analogue to give products 60 and 61, 
re~pectively.~~ 

An asymmetric synthesis of ethyl 2,3-dideoxy-4- C-methyl-3- C-methylene-D- 
glycero-pentofuranosides has been described. Thus, regioselective cyclization of 
the chiral acetal62 (derived from 2,3-dimethyl-2-butenal) under acidic conditions, 
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ph<&--) Ph 

0 OMe 
Me 0 

56 57 

58 n = 2  
59 n = 3  

ph<{'bMe N- N 

H 

60 R=SMe 
61 R = H  

afforded 63 as a 7:3 mixture of a$ an~rners.~'  The same group have also 
prepared 2,3-dideoxy-3-C-methylene-~-g~ycero-pentoses from a rearrangement of 
chiral epoxy-alcohols, available in four steps from methyl derivatives of 2- 
butenal. 52 

CH(0Et)z 

' 2 - 2  F ' F O E t  

OPO(0H)p Me 

OH OH 

62 63 64 

The 3-C-methylene glycosyl phosphate 64 in which the methylene group is 
acting as a masked keto group has been prepared in several steps from a 3-C- 
methylene-D-glucose intermediate and used to prepare a nucleoside diphosphate 
derivative central to the biosynthesis of di- and tri-deoxy~ugars.~~ 

The condensation of 3 '-0x0-2 ',5 '-di-U-trityluridine with Wittig and related 
reagents which produces 3-C-branched unsaturated nucleosides is mentioned in 
Chapter 20 

An improved synthesis of 3-cyano-3-deoxy- and 3-deoxy-3-formyl-hex-2-eno- 
pyranosides utilizes the reaction of methyl 2,3-anhydro-4,6-0-benzylidene-a-~- 
galactopyranoside with diethylaluminium cyanide (to effect epoxide ring opening 
with CN) followed by elimination of water to afford the 3-cyano derivative. The 
3-C-formyl derivative is then formed from the latter by reduction with DIBAL." 
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15 
Aldosuloses and Other Dicarbonyl 
Compounds 

1 Aldosuloses 

Conditions for the oxidation of sucrose by Agrobacterium tumefaciens have been 
improved and optimized on a molar scale so that 3-ketosucrose is produced in 
40% yield. Some 6-deoxy-~-xyfo-hexos-4-ulose derivatives have been prepared 
enzymically as part of studies into the biosynthesis of 3,6-dideoxy and 
the thymidine diphospho-a-~-ribo-hex-3-ulose 1 has been synthesized chemically 
for similar ~tudies.~ A stereospecific synthesis of methyl 3-0-benzoyl-6-0-tert- 
butyldiphenylsilyl-2-deoxy-a-~-e~yt~ro-hexopyranosid-4-ulose, a thromboxane 
B2 precursor, has been achieved from D-galactose,' while a synthesis of D-tagatose 
from D-galactose proceeds v ia  the interesting methyl hexos-2-ulo-2,6-pyranoside 
intermediate 2.6 The 6-deoxy-P-~-arabino-hexofuranoside 5-ulose 3, a constituent 
unit of the antibiotic hygromycin, and several related analogues, have been 
synthesized from 6-deoxy-P-~-glucofuranosides via a 2,3-epoxide and selective 
oxidation at C-5.' 

2 

Me Ho\ 

HO 
3 

Treatment of the 3-deoxyhexos-2-ulose 4 with trimethylsilyldiazomethane 
(Scheme 1) has afforded a mixture of epoxides and ring-expanded products.8 A 

205 
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simple bench-top procedure for the preparation of levoglucosenone has been 
de~cribed.~ 

SiMe3 + 

P 

0 

4 SiMe3 

Reagent; i, Me3SiCHN2, BF3*OEt2 

Scheme 1 

2 Other Dicarbonyl Compounds 

Crude enzyme extracts from the white rot fungus Oudemansiella mucida oxidized 
D-glucose to ~-erythro-hexos-2,3-diulose, lo and the diulose phosphonate 5 has 
been prepared from 2,3: 5,6-di- 0-isopropylidene-D-mannono- 1,4-1actone. * 

5 
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16 
Sugar Acids and Lactones 

1 Aldonic Acids and Lactones 

A new convenient and high yielding oxidation of aqueous solutions of 
aldopentoses to the corresponding aldonolactones utilises Pd/C and oxygen in the 
presence of one equivalent of magnesium hydroxide. Gluconic acid and glucitol 
were obtained simultaneously in 90% yields by paired electrolysis of glucose with 
a lead sheet cathode and a dimensionally stable anode in a press filtration 
diaphragm.2 Some phenacyl glycosides (e.g. 1) underwent Norrish type I1 
photochemical reaction to give lactones (e.g. 2) on photolysis with Pyrex filtered 
W light,3 while hydrogenation of L-ascorbic acid (RMC, H2) has afforded L- 

gulono- 1,4-la~tone.~ 
A rhodium catalyst has been used in the oxidation of free sugars to, initially, 

the corresponding 1,s-lactones which in DMF as the reaction solvent, isomerize 
to the 1,4-la~tones.~ The rate of oxidation of 2-deoxy-~-glucose by Cr(V1) 
reagents in perchloric acid to give 2-deoxy-~-gluconic acid has been studied. 
Absence of OH at C-2 influences the stability of the chromic ester intermediate 
and leads to differences in kinetic behaviour between glucose and 2-deoxyglu- 
cose.6 In the hydrothermolysis of hexoses and oligomers thereof (e.g. glucose, 
cellobiose, cyclodextrin, fructose) small amounts of 3-deoxy-~-hexonic acids 3 
are formed.' Ozonolysis of the em-glycal4 derived from L-sorbose has afforded 
the L-xylonic acid lactone 5.* 

OH 
OBn OBn OH 

1 2 3 

The lactone moiety 6 found in mevinic acids has been synthesized from L-malic 
acid using a chiral sulfoxide reagent to control the stereochemistry at C-3.9910 
Synthesis of the negamycin lactone 7 has been reported," while a lactone 
precursor of L-acosamine and L-daunosamine is discussed in Chapter 9. 

208 
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CH20Tbdms 

B z O p  Go Po 
NH2 BzO OTbdms 

4 X=CH:, 
5 x = o  

6 7 

The isomeric 2-deoxy-1,4-lactones 8 and 9 have been synthesized in a multi- 
step procedure from levoglucosenone,12 while the branched lactones 10 and 11 
have been prepared by radical addition [CsH131 or P~(CHZ)~I ,  Bu3SnH, AIBN] 
to an unsaturated aldonic acid ester.13 The lactone 12, an intermediate in the 
synthesis of pseurotin A, has been prepared from D-glyceraldehyde in a multi- 
step pr~cedure.'~ Thermally-induced cleavage of nitrate ester 13 [derived from 

Y OH 

8 X = O H , Y = H  
9 X = H , Y = O H  

10 x = C6H13, Ph(CH2)3, Y = H 
11 X = H, Y = C6H13, Ph(CH2)3 

12 

(+)-dimethyl tartrate] produced a dioxalanyl radical which underwent stereoselec- 
tive cyclization to the lactone 14,15 while branched lactones 15 have been 
synthesized by cycloaddition of a chiral 2-alkoxyacrylonitrile to 2,4-dimethyl- 
furan. l6 The synthesis of f3-hydroxy-a-aminoacids, such as polyoxamic acid, has 
been achieved from O-protected acyclic tetroses, l7 and other P-hydroxy-a-amino 
acid derivatives are covered in Chapters 9 and 10. The ring opening of a 2,3- 
aziridino-2,3-dideoxy-aldono-l &lactone derivative with both hard and soft 
nucleophiles has been evaluated - with different proportions of regioisomers 
produced in each case. l8 

13 R = Ph, C02Me 14 15 R, R' = H, OH 
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Treatment of 2-deoxy-lactones 16 with base [ K N ( T ~ s ) ~ ,  - 90 "C], followed by 
trimethylsilyl azide generated the 2-azido-2-deoxy-lactones 17, l9 while 5,6-O- 
isopropylidene-D-mannono- 1,4-1actone has afforded, with trifluoromethanesul- 
fonic anhydride, the 2-O-monotriflate or, under more forcing conditions, the 
corresponding 2-O-triflyl-3-deoxy-pent-2-enono-l,4-lactone. Both 2-deoxy- and 
2,3-dideoxy-derivatives were prepared from these compounds and analogous 
reactions were performed on D-gulonolactone and L-mannonolactone.20 Radical 
oxidative decarboxylation of a-hydroxylactones (e.g. 18) has been effected by 
(diacetoxyiodo)benzene to give, in this case, methyl ketone 19.21 A new reagent 
system for the reduction of lactones to lactols (in which the active ingredient is 
thought to be Cp2TiH) is discussed in Chapter 2. 

18 
X , Y = H  I 16 R' = OBn, R2 = H 

R' = H, R2 = OBn 

17 R' = OBn, R2, X = H, Y = N3 

R2 = OBn, R', Y = H, X = N3 

19 

A route to 1,5-dideoxy- 1,5-imino-~-xylonolactam has utilized a 5-azido-5- 
deoxy-aldehydo-D-xylose derivative,22 and a route to C-glycosides by reaction of 
aldonolactone derivatives with alkyl lithiums followed by triethylsilane reduction 
is elaborated in Chapter 3. 

2 Anhydroaldonic Acids and Lactones 

Some O-tosyl-lactones (e.g. 20 and 21) have been cyclized to tetrahydrofuran 
derivatives (22 and 23 respectively) on boiling in di0xane-wate3~ and synthesis of 
2-deoxy-4-epi-neuraminic acid and 2,4-dideoxy-neuraminic acid have been 
recorded.24 Liposomes functionalized with neuraminic acid by way of a C- 

HO.. 

Me 

CH20Ts 

20 21 22 23 
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OAc 

24 25 26 

glycoside linkage have been prepared and tested for viral binding proper tie^.^^ A 
Diels-Alder reaction has been used as the basis of a multi-step synthesis of Kdn 
analogue 24 by way of alkene 25.26 

3 Ulosonic Acids 

A large number of aldoses and derivatives have been tested as substrates for 
Neu5Ac aldolase which adds pyruvic acid to the aldose. A free hydroxyl group is 
required at C-3 of the aldose, and aldoses with the S-configuration at C-3 lead to 
products with the S-configuration at C-4 in the product.27 An enzymic method 
for the conversion of N-acetyl-D-mannosamine and D-mannose into neuraminic 
acid and Kdo respectively has been improved and simplified, and the reactions 
were carried out on a 10 g scale.28 N-Acetyl-4-azido-4-deoxy-~-mannosamine has 
been converted with an aldolase into 5-acetamido-7-azido-3,5,7-trideoxy-~- 
gZycero-~-gaZacto-2-nonulopyranosonic acid.29 

Sequential aldol trimerisation of acetaldehyde catalysed by aldolases followed 
by enzymic addition of pyruvic acid has afforded the tetradeoxy-nonulopyrano- 
sonic acid 26,30 and the preparation of some 3-deoxy-octulosonic acids and 3- 
deoxy-heptulosonic acids is discussed in Chapter 2. 

The base-induced fbelimination of protected aldono- 1,4-1actones followed by 
sequential treatment with acidic methanol and aqueous base has afforded sodium 
salts of 3-deoxy-ald-2-ulosonic acids (Scheme l).31 

Reagents: i, Et3N, CH2C12; ii, HCI, MeOH; iii, aq. NaHC03 

Scheme 1 
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A synthesis of 3-deoxy- ~-glyceru-~-galacto-2-nonulosonic acid from D- 
mannose involved use of a keto-thiazole Wittig reagent,32 while addition of 
lithiated thiazole to a 2-deoxy-hexono-1,4-lactone featured in a synthesis of 3- 
deoxy-~-arabino-hept-2-ulosonic acid. 33 

In a further example of indium-mediated additions to aldoses, a-(bromo- 
methy1)acrylic acid added to N-acetylmannosamine in the presence of indium to 
give branched derivative 27 and its C-4 epimer. Ozonolysis of 27 afforded N- 
acetylneuraminic acid.34 In a study of the oxidation of L-sorbose (5% Pt/Ai203, 
02) to 2-keto-~-gulonic acid it was found that the reaction rate and selectivity 
was improved in the presence of certain tertiary a m i n e ~ . ~ ~  The synthesis of a 
carbocyclic analogue of N-acetyl-neuraminic acid is discussed in Chapter 18. 

A synthesis of the neuraminidase inhibitor 4-deoxy-4-guanidino-neuraminic 
acid derivative 28 from neuraminic acid has been effected and a number of N- 
substituted guanidines were also prepared,36 while further chain-shortened analo- 
gues of 28 have been prepared without C-9 then C-8 and then C-737. Other 
analogues 29 have been prepared from Kdn3* and the 5-deoxy-derivative 30 has 
been synthesized from 2-deoxy-~-arabinu-hexose by way of an aldolase-catalysed 
reaction with pyruvic acid.39 Neuraminic acid has also been converted into the 
3,4-dideoxy-4-guanidino derivative 31.40 

AcH N 

HO 

CH20H 

27 

OH OH 
H O W  

Acy-)C&Me 

HN K NH2 
NH 

28 

II I' 
RCNH 

29 R = Me, Ph, CI3C, Et 

I 

HN K NH2 
NH 

1 

HN K NH2 
NH 

30 31 

Some photoreactive CMP-neuraminic acids 32 have been prepared as sub- 
strates for a-(2 -+6)-sialyltransferases~' and synthesis of some thio-umbelliferyl 
glycosides of ulosonic acids is mentioned in Chapter 3. The ethyl thioglycoside 33 
was prepared in 47% overall yield from neuraminic acid and used as a glycosyl 
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donor with good results - selectively forming a-glycosides. A number of sialylated 
di- and tri-saccharides were ~ynthesized.~~ The 3-deoxy-~-lyxo-2-heptulosaric 
acid derivative 34 has been synthesized from 2,3,4,6-tetra-0-acetyl-p-~-galacto- 
pyranosyl cyanide via 1 -cyano-~-galactal.~~ 

OH OH OH 

R' = C O b N 3 ,  R2 = COMe 

R' = OH, R2 = C O N H C O O N 3  

A C H N ( z o y M e  OAc OAc H ( o F o C @ M e  

PhS SEt OMe 

OAc 

33 34 

N-Glycolyl-8-0-sulfoneuraminic acid, a component of a sea urchin sialosphin- 
golipid, has been synthesized from neuraminic acid via its 0-benzyl glycoside,@ 
and some neuraminic acid lipid conjugates have been prepared as neuritogenic 
agents by sialylation of lipid alc~hols."~ 

The a- and P-glycopyranosyl phosphates of 3-deoxy-~-manno-2-octu~osonic 
acid have been prepared from Kdo as inhibitors of 3-deoxy-~-manno-2-octuloso- 
nate-8-phosphate synthase, which occurs in Gram-negative bacteria.46 N-Acetyl- 
neuraminic acid has been 0-alkylated at C-4 by selective alkylation of an 8,9-0- 
isopropylidene der i~at ive,~~ and treatment of the a-benzyl glycoside of N- 
acetylneuraminic acid with fluoroacetyl imidazole has afforded a mixture of 4,5- 
and 4,9-di-O-(fluoroacetyl)  derivative^.^^ A 4-acetamido-4-deoxy-4-epi-derivative 
of N-acetylneuraminic acid has been prepared using standard  technique^.^^ 

4 Uronic Acids 

Ethyl 3-0-benzyl-4,6-0-benzylidene- 1 -thio-P-~-glucopyranoside was a key 
starting material in the synthesis of methyl (ethyl 2-0-acyl-3,4-di-O-benzyl-l- 
thio-P-D-glucopyranosid)uronate, with acyl groups being Ac, Bz, pivaloyl and 
anisoyl. These compounds were used as glycosyl donors in the synthesis of p-D- 
glucuronide disaccharides. The 2-0-benzoate afforded highest yields.50 1,2-0- 
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Isopropylidene-~-glucurono-6,3-lactone has been converted, via epimerization at 
C-5, into the specifically substituted-L-iduronic acid derivative 35. This com- 
pound has potential as a synthon for making glycosaminoglycan fragments5’ 

Glycosides of unprotected D-uronic acids have been formed directly in the 
appropriate alcohol with boron trifluoride etherate as catalyst, affording D- 
glycosid~ronates.~~ A morphine-6-glucuronide analogue has been prepared for 
use as a hapten in radioimmunoassay, using a glucuronide trichloroacetimidate 
as glycosyl donor.53 Synthesis of glucuronides of metronidazole and its hydroxy 
metabolites has been achieved using the UDP-glucuronosyl transferase activity of 
rat liver microsomes with disodium UDP-glucuronic acid as glycosyl donor.% 

35 

C02Me 

CHO wOMe fb e 

36 37 

Aldol condensation of an ‘acetyl iron’ anion with aldehyde-sugar derivatives 
(e.g. 36) and decomplexation of the iron led to chain-extended deoxy-uronic acids 
(e.g. 37 and its C-5 e~imer),~’ while addition of 2-trimethylsilylethynylmagnesium 
bromide to the 6-aldehyde derived from methyl 2,3,4-tri-O-benzyl-P-~-glucopyr- 
anoside followed by a multi-step procedure has afforded the amino-uronic acid 
38, the a-amino-acid on which miharamycin A is based.56 

A kinetic study of the oxidation of glycosides to glycuronoside sodium salts 
with the oxidant hypochlorite, bromide and catalytic TEMPO (2,2,6,6-tetra- 
methyl- 1 -piperidinyloxy radical) at alkaline pH, revealed the C-6 aldehyde 
hydrate as an intermediate which is oxidized rapidly to the carboxylate, and 
provided a mechanistic interpretation of the selectivity for primary over sec- 
ondary alcohol groups in the oxidation.57 Other authors have used the same 
conditions for a practical synthesis of methyl 4-O-methyl-a-~-glucopyranosi- 
duronic acid from methyl 4-O-methyl-a-~-glucopyranoside,~~ and yet another 
group have used these conditions to oxidize unprotected glycopyranosyl azides to 
the corresponding D-glycopyranuronosyl a ~ i d e . ~ ~  Highly stable ruthenium-2- 
(pheny1)azopyridine catalysts effect oxidation of octyl a-D-glucopyranoside in 
aqueous conditions, with sodium hypobromite as a cooxidant, to octyl U-D- 

glucopyranosiduronic acid.60 
Four chiral liquid crystalline compounds, 39 and 40, were synthesized from D- 

glucose by standard means. It was determined that 39 (X = OC7H15) has the 
properties essential for ferroelectric liquid crystals.61 

Baeyer-Villiger oxidation of the Ferrier carbocyclization products 41 and 42 
derived from glucose, gave isomeric 5-deoxy-hexofuranosiduronic acids 43 and 
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38 39 R = H, X = OC7H15 or CN 
40 R = OMe, X = OCI7Hl5 or CN 

44 respectively after acid catalysed rearrangement of the ring expanded initial 
products (Scheme 2).62 3-Deoxy- 1,2-O-isopropylidene-a-~-erythro-pentofuran-N- 
methyl-uronamide has been synthesized and transformed in to 3 '-deoxy-nucleo- 
side derivatives as adenosine receptor  antagonist^,^^ and synthesis of a 4-C- 
methyl branched glucuronamide is discussed in Chapter 14. 

0 bOH -!+ L *oBn 
BnO H02C 

OBn OBn OBn 

0 - bOH -!+ L *oBn 
BnO H02C 

OBn OBn OBn 

41 

BnO &q 
OBn 

I 

43 
0 

BnO Q H  

OBn 

42 

Reagents: i, MCPBA; ii, TsOH, CH2C12 

ii io2cb OBn Bn 

44 

Scheme 2 

5 Ascorbic Acids 

5,6-O-Cyclic acetals of L-ascorbic acid have been prepared in good yield by the 
transacetalation of L-ascorbic acid with various ketone dimethylacetals,64 and a 
furanyl analogue of dehydro-L-ascorbic acid 45 has been synthesized by 
condensation of ethyl acetoacetate with D-glucose followed by periodate 
oxidation. 65 

The kinetics of oxidation of L-ascorbic acid by the mononuclear complex 
Co(NH3)5H20(C103)3 have been studied spectrophotometrically. The mechanism 
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involves single electron transfers involving the pentamine hydroxo complex and 
the ascorbate anions, with subsequent formation of ascorbate radicals and 
CO(II ) .~~  Others have studied the kinetics of L-ascorbic acid oxidation by 
per~xynitrite,~~ and the rates of oxidation of L-ascorbic acid by copper(I1)- 
polyamine complexes have been measured,68 while the kinetics of L-ascorbic acid 
oxidation by nitrous acid have been assessed.69 

C02Me CQMe C02Me 
0 0  

45 46 47 

The reaction of 5,6-O-isopropylidene-~-ascorbic acid with superoxide followed 
by methylation of carboxyl groups has afforded oxidation products 46 and 47. In 
contrast, 5,6-O-isopropylidene-3-O-methyl-~-ascorbic acid under the same condi- 
tions gave only 47 in 82% yield.70 

Some 6-deoxy-6-N-trimethylammonium salt analogues of L-ascorbic acid have 
been synthesi~ed,~~ and carbocyclic analogues of L-ascorbic acid are mentioned in 
Chapter 1 8. 
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I7 
Inorganic Derivatives 

1 Carbon-bonded Phosphorus Derivatives 

Reaction of methyl 2,3-anhydro-4,6-0-benzylidene -a-D-allo- and manno-pyra- 
nosides with LiPPh2 afforded methyl 4,6-O-benzylidene-2-deoxy-2-C-diphenyl- 
phosphinyl-a-D-altropyranoside and methyl 4,6-O-benzylidene 3-deoxy-3-C- 
diphenylphosphinyl-a-D-altropyranoside respectively.*>2 Disaccharide phos- 
phines, 6,6'-dideoxy-6,6'-bis(diphenylphosphinothioyl)-a,a-trehalose per-0- 
methyl and -benzyl ethers, have been prepared as chiral ligands for use with Rh(1) 
hydrogenation catalysts. 

The dibromotetritol ether 1 has been converted into the epimeric mixture of 
phosphinates 2 and 3 (Scheme 1): while phosphinate 4, on base treatment 
(NhOH),  released the hypophosphorous acid 5.5 Phosphonate 6 has been 
prepared as a potential inhibitor of fructose-6-phosphate 1 -phosphotransferase.6 
Addition of lithiated methyl dimethylphosphonate to 2,3:5,6-di-O-isopropyli- 
dene-L-gulonolactone and then oxidation of the product 7 with the Dess-Martin 
reagent has afforded the diketophosphonate 8 (Scheme 2).' 

O\ I? , p\ 

MeO 
i 

CH2Br 

Ph 

CH2Br OMe OMe 

2 3 1 

Me0 io"' - Y 
Reagents: i, PhP(OEt)2, 150 "C 

Scheme 1 

2 Other Carbon-bonded Derivatives 

The reaction of methyl 2,3-anhydro-4,6-O-benzylidene-a-~-mannopyranoside 
with Ph2AsLi gave rise to the corresponding 3-deoxy-3-C-diphenylarsino- 
altropyranoside,8 whereas methyl 2,3-anhydro-4,6-O-benzylidene-u-~-aIlopyra- 
noside with PhzAsLi or Ph3SnLi gave the corresponding 2-deoxy-2-C-diphenyl- 
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Reagents; i, LiCH2P(0)(OMe)2; ii, Dess Martin reagent 

Scheme 2 

arsino or -triphenylstannyl-altropyranoside.2 A number of 5-trimethylarsonio- 
ribosides 9 with varying R groups have been prepared by quaternization of the 
appropriate arsines with methyl i ~ d i d e . ~  

I- 

Me3Asw0R OH OH 

9 

Epoxide ring opening of 1 ,2-anhydro-3,4,6-tri-O-benzyl-a-~-glucopyranose 
with Bu3SnMgMe has afforded the corresponding p-1 -C-tributylstannyl com- 
pound,1° while lithiation (BuLi, - 78 "C) of a similar p-1-C-tributylstannyl 
compound gave the configurationally stable P-carbanion which was trapped by 
C 0 2  to give the P-C-carboxylate." 

Azidophenylselenylation of glycals has generated 2-azido- 1,2-dideoxy- 1 - C- 
phenylselenyl compounds, * and a 4-deoxy-4-C-selenyl derivative has been used 
in the synthesis of disaccharides with Se in the interglycosidic linkage.I3 A 
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synthesis of 5 '-deuterated ribonucleosides featured the reduction of 5 '-acetoxy- 
5 '-C-phenylselenyl derivatives (obtained via Pummerer rearrangement of 5- 
deoxy-5-C-phenylselenoxides) with Bu3SnD. l4 

The carbene-complex functionalised sugars 10 and 11 (Scheme 3) have been 
prepared. 

AcO 

AcO AcO 

OAc OAc M = Cr, MO, w OAc 
OAc OAc OAc 

10 11 

Reagents; i, Na~Fe(c0)~;  ii, Et03SCF3; iii, K2M(C0)5; iv, Me30BF4 

Scheme 3 

3 Oxygen-bonded Derivatives 

The phosphitylation of D-mannose with phosphorous triazolides has afforded 
primarily the mannofuranose 2,3,6- O-phosphite 12. l6 The complexes formed 
separately between D-fructose and L-sorbose with 1,lO-phenanthroline and 
Co(II1) ions have been characterised, l 7 v 1 *  while composites prepared by the 
reaction of simple sugars with tetraethoxysilane and water have been shown to be 
capable of resolving racemic cobalt and chromium ion c o m p l e ~ e s . ~ ~  Sodium 
alkoxide salts of free sugars have been treated with ferric chloride to give iron- 
sugar complexes20 and five-fold deprotonated D-mannose forms dinuclear 
metalates [x,(p-~-Man-f)~]~- of trivalent X3+ (X = Fe, V, Cr and Al) with 0- 
1,2,3,5 and 6 involved in complexation.21 

f O l  

12 

A study of the selectivity of metal chelate-directed benzoylation of sucrose 
dianion, relative to unchelated sucrose anions, was conducted as part of a study 
on new synthetic approaches to the high potency sweetner sucralose. Ionic 
complexes of sucrose with various metal ions in DMF reacted at low temperature 
with benzoic anhydride. Cobalt and manganese salts directed esterification 
mostly to the 3'-OH of the fructose.22 
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Molecular modelling calculations have been used to study the interactions 
between D-talopyranose, D-talofuranose and Pb2+ and Hg2+ ions in the gas phase. 
In aqueous solutions Pb2+ ions form carbohydrate complexes with both forms of 
the sugar whereas Hg2+ ions do not. The calculations implied that the reverse 
ought to be true.23 

Some O-carboxymethyl and O-carboxyethyl derivatives of carbohydrates have 
been prepared and their complexation with Ca2+ ions in aqueous solution has 
been studied." 

The tungstate and molybdate complexes of D-glycero-~-rnanno-heptitol,~~ D- 

glycero-D-gulo-heptonate,26 and a number of aldoses and ketoses containing the 
Zyxo or manno configuration2' have been characterized using 13C- and 183W- 
NMR methods. 

The complexes formed between D-glucose and p-tolylboronic acid in both 
alkaline and neutral aqueous conditions have been studied using 'H- and 13C- 
NMR spectroscopy. The sugar always forms a boronate complex in the furanose 
form, and the complex formed between 2,2'-dimethoxydiphenylmethane-5,5 '- 
diboronic acid and D-glucose has been reassigned.28 The complex between D- 

glucose iind 3-biphenylboronic acid has been shown to be a stronger inhibitor of 
a-chymotrypsin than is the specific inhibitor chymo~tat in .~~ The phenylboronates 
13 have been prepared as carbohydrate liquid crystal rnater ia l~.~~ 

13 n =  1,6, 8, 9, 10, 11, 12, 13 

A number of arylboronic acids have been screened in a search for a large 
fluorescence change on complexing with specific sugars so that they could be used 
as sugar sensors in analytical ~ y s t e m s . ~ l - ~ ~  A calixarene substituted with two 
arylboronic acids has been shown to complex sugars, the binding being detectable 
by fluorescence changesM A calixarene bearing two boronic acids on one rim and 
a crown ether loop on the other rim forms a 1:l complex with each of D-glucose, D- 

allose and D-talose. These complexes showed either positive or negative allosterism 
upon complexation of the crown ether loop with alkali and alkali-earth metal 
 cation^.^' A diaza-18-crown-6 derivative with two arylboronic acid moieties 
attached has been shown to bind sugars and Ca2+ ions,36 and the complexes 
formed between D-glucose and another bis-arylboronic acid derivative containing 
two crown ether moieties has been studied in the presence of various cations. 
Depending on the cation, some complexes were fluorescent and others not.37 

L-FUCOW forms a polymer with a biarylbisboronic acid derivative in which 
each fucose forms complexes with two boronic acid groups from different biaryl 
moieties.38 
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Cholesteryl arylboronic acid derivatives have been used to extract sugars into 
organic solvents, and the aldose-cholesteryl boronic acid complexation results in 
a W-visible absorption shift characteristic of the aldose enantiomer used.39 
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18 
Alditols and Cyclitols 

1 Alditols 

1.1 Acyclic Alditols. - A review has appeared on the preparation of long chain- 
alditols (as well as aldoses and acids) through the use of two-directional 
synthesis, a process in which both ends of a sugar chain are simultaneously 
extended. ' 

A mathematical model for determining the number of discrete isomers of 
deoxyalditols with between 3-10 carbon atom chains has been developed.2 

The absolute stereochemistry at C-2 of acyclic 1,2,4,-triol systems can be 
determined by difference CD spectroscopy. The method has been applied to 
1,2,4-tri-O-benzoyl- and 2,4-di-O-benzoyl- 1 -O-pivaloyl-deri~atives.~ 

The kinetics and mechanism of the ruthenium(III)-catalysed oxidation of 
D-glucitol by N-bromoacetamide (see also Vol. 26, p. 186, refs. 6 and 7 for related 
work)4 and the measurement of thermodynamic parameters concerning the 
association of divalent and trivalent metal cations with xylitol and glucitol in 
water5 have been reported. 

3 - C-met h yl- 
threitol and arabinitol (of undefined absolute stereochemistry) have been isolated 
from the leaves of Loniceru gruciZipes.6 

The binding of tetra-N-acetylchitotetraitol [(GLCNAc)4-ol] to hen egg white 
lysozyme is similar to that of the triose (GLCNAC)~, from which it was concluded 
that the acyclic moiety does not significantly interact with the enzyme.' 

The natures of the gels formed from 1,3:2,4-di-0-benzylidene-~-glucitol in 
several organic solvents have been studied by IR, CD and electron micro~copy.~*~ 
1-S-Alkylthio-D-galactitols in which the alkyl chain is made up of between 6-12 

carbon atoms, have been prepared and shown to have liquid crystal properties1° 
In addition some 3-0-alkyl (n-CloH21 to n-ClbH33) derivatives of D-glucitol and 
of D-mannitol have been prepared by alkylating di-0-isopropylidene derivatives 
of D-glucose and D-mannose, followed by acetal hydrolysis and reduction. The 
liquid crystalline behaviour of the ethers was studied.' 

The synthesis of 1,5-dichloro-l,5-dideoxypentitols by reaction of unprotected 
pentitols with Vilsmeier-Haack iminium salts or Viehe-Janouseck phosgene- 
based iminium salts, in a similar way to that previously reported (Vol. 26, p. 187, 
ref. 12 and Vol. 25, p. 202, ref. 20), has been described. A detailed 'H and 13C 
NMR analysis of the products is also described.12 

Partial silylation of cyclomaltoheptaose, cellulose and amylose followed by 

1 - 0-( 6- 0- trans-Caffeo yl- p-D -gluco p y ran0 sides) of ery t hri t 01, 
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methylation, acid catalysed hydrolysis, reduction and acetylation afforded seven 
partially methylated glucitol acetates. If reductive cleavage conditions (triethylsi- 
lane-trimethylsilyl triflate-boron trifluoride etherate) are used instead of the acid 
hydrolysis step, 1,5-anhydro-~-glucitol acetates are the products. 

A paper has been published concerned with the mechanism of the P-(phospha- 
toxy)alkyl radical migration on a wide range of compounds (mainly non- 
carbohydrate) and illustrated with the conversion of ribo-diphenylphosphatoxy 
derivative 1, into 2, by treatment with tributyltin hydride-AIBN.14 

The cis dihydroxylation (Os04-NMO) of 1,5,6-trideoxy-5-(p-tosylamido)- 
erythro-hex-3-enitol or its 2-0-acetyl derivative proceeds as expected with the 
osmium complex approaching in a manner trans to the 0-2 substituent (when 
drawn in a zig-zag conformation) affording 1,5,6-trideoxy-5-(p-tosylamido)- 
gulitol as the major product. Similarly, 1,5,6-trideoxy-5-(p-tosylamido)-threo- 
hex-3-enitol gave the corresponding mannitol derivative as the major diastereo- 
mer. The products were further converted to their 3,4-0-acetonides and examined 
by NMR spectroscopy. l5 

The Diels-Alder cycloaddition of highly substituted cyclopentadienones to 1 - 
nitro-ald-1 -enitol derivatives give rise to thermally unstable nitro bicyclo[2.2. I]- 
hept-Zen-7-one cycloadducts which are readily converted to 1 -C-aryl- 1 -deoxy- 
pentitols. Thus 3 can be converted into 4. A similar reaction is observed for the 
gluco-configured equivalent of 3. 

Ph 

OAc 

Br 

OPO(0Ph)Z 

Ph 

1 2 3 

OAc 

OAc 

CH20Ac 

4 

Improved conditions for the reductive desulfurization of the diethyl 
dithioacetal of D-galactose with Raney nickel-zinc in the presence of sodium 
hydroxide to afford L-fucitol have been reported. The latter compound was 
further converted in several easy steps into L-fucose (34% overall from 
D-galactose). l7 

Calditol, isolated from a bacterial macrocycle, has been presumed to be 4-C- 
(hydroxymethyl)octitol, the acetate of which is shown in Scheme 1. This product 
has been synthesized and found not to be the natural compound which is now 
considered to be a cyclopentane derivative. l8 
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0 7  

0 

CH20Ac 

~ ~ C H ~ O A C  AcO OAc 

OAc 

HO CH~OAC 

Reagents: i, LDA; ii, Tebbe reagent (Cp2TiCH2AICIMe2); iii, BHySMe2 

Scheme 1 

Reduction of the L-rhamno-derived methyl ketone 5 with L-selectride affords 
the D-ribo-pentitol 6. Under similar conditions, the trifluoromethyl ketone 7 
affords the L-Zyxo-derivative 8. l9 

The bis 4,4,4-trifluorocrotonyl ester of 1,2:5,6-di-O-isopropylidene-~-mannitol 
shows an interleukin-2 antiproducing effect.20 

Protection of 1,5-di-O-tert-butyldiphenylsilylxylitol with (2S,2’S)-2,2’-dimethyl 
-3,3’,4,4‘-tetrahydro-6,6‘-bi-2H-pyran affords a ‘dispoke’ intermediate, which 
after de-silylation, perbenzylation then acid-catalysed removal of the acetal 
protecting group gives 1,4,5-tri-O-benzyl-~-xylitol in >95% e.e.21 

Treatment of racemic alcohol 9 with a lipase PS (Pseudomonas sp.) and vinyl 
acetate as acyl donor in isopropyl ether afforded unreacted L-threo-compound in 
>99% e.e. together with the acetate of its enantiomer in >99% e.e. After reaction 
with an acid resin then Raney nickel, the former afforded 2-deoxy-~-gZycero- 
tetrito110.22 

yH20Bn 

R Po 

CH20Bn 

R 

CH20H 

HO “t“ 
CH20H 

Protection of D-erythrono-1 ,Clactone as its 2,3-O-benzylidene acetal, followed 
by regioselective reductive acetal opening (triethylsilane-titanium tetrachloride), 
then hydride reduction of the lactone function gave 2-0-benzyl-~-erythritol. In 
contrast, tributyltin oxide mediated benzylation of the same 1 ,Qlactone then 
hydride reduction of the lactone group gave 2-O-benzyl-~-erythritol.~~ 

L-Erythrulose has been converted into 2-amino-2deoxy-~-eqthritol in six steps 
and 35% overall yield, the key step being a stereoselective reduction of the 
ketoxime orthoformate 11 with K-~electride.~~ 
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The preparations of 2-acetamido-1,3,4-tri-O-acetyl-2-deoxy-~-erythritol and 
-D-threitol from D-glyceraldehyde by way of Strecker syntheses have been 
described. 25 

When racemic 2,3-anhydro-erythritol derivative 12 or its threo analogue is 
subjected to azidolysis (sodium azide-ammonium chloride in methanol-water), 
there is, as expected, little regioselectivity in azide attack at C-2 versus C-3. 
However, when this reaction is conducted in the presence of metal ions (Li+ or 
Mg2+) a slight favouring of azide attack at C-2 is seen, reflecting a slight 
preference for the metal to chelate with the epoxide and the 4-0 Bn group. This 
selectivity is further enhanced by introducing a silyl group at 0-1 which 
discourages metal coordination thereby leading to preparatively useful amounts 
of 2-azido-2-deoxy-tetritol derivatives. In contrast, the epoxide 13 (R' = Bn, 
triisopropylsilyl, Pmb, R2 = Bn) shows a slight C-3 preference during azidolysis, 
in expectation with an electron-withdrawing inductive effect of the 1-0  substi- 
tuent. Again a marked increase in this selectivity is observed in the presence of 
Li+, leading exclusively in one case (13, R' = R2 = Bn) to 3-azido-3,4-dideoxy- 
erythro-pentitols in high yield, indicating selective formation of a 5-membered 
ring chelate between the epoxide and 1-0 Bn group rather than the alternative 6- 
membered ring chelate formed between the epoxide and 5 - 0  Bn group.26 

2-hino-2-deoxy-~-glucitol 6-phosphate, prepared by hydride reduction of 
D-glucosamine 6-phosphate, is a weak inhibitor of a bacterially derived glucos- 
amine 6-phosphate synthase (Glms), an enzyme that converts glutamine and 
D-fructose 6-phosphate into D-glucosamine 6-phosphate. Compounds 14 (n = 0,l; 
m = 1-3) were also prepared as bisubstrate analogues and tested as inhibitors of 
G l m ~ . ~ ~  

CH20Bn 

11 12 13 

14 
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The helical polymer 15 has been prepared from the D-mannitol derivative 16 
and a diboronic acid. Similar polymers can be obtained using D- and L-threitol 
derivatives.28 In a related way condensation of the same diboronic acid with 
saccharides affords saccharide-containing polymers which display CD spectro- 
scopic properties reflecting the chirality of the  saccharide^.^^ 

HoJH20H 
CH20H 

15 16 

A hexadecanuclear polyatommetalate of copper(I1)-ions and multideproton- 
ated D-ghlCitOl has been prepared and characterized as Li&ul6(~-glucitol- 
H.,j)4(~-glucitol- 1 ,2,3,4-H4)J ca. 46H20. 30 

1.2 Anhydro-alditols. - A review (in Polish) on the dehydration-cyclization of 
pentitols and hexitols of plant or mammalian origin in aqueous acid or of O-tosyl 
derivatives under basic conditions has appeared.31 

The synthesis of all positional isomers of partially methylated-acetylated or 
methylated-benzoylated derivatives of 1,4-anhydro-~-xylitol,~~ 1  canh hydro-^- 
f u ~ i t o l , ~ ~  1,4-anhydro-~-ribitol,~ 1,5-anhydro-~-mannitoI,~’ 1,5-anhydro-~-glu- 
~i tol , ’~ and 1,5-anhydro-~-galactitol~~ have been described. The compounds 
should be useful as standards for determining the primary structure of poly- 
saccharides after reductive cleavage. 
1,2:5,6-Di-O-isopropylidene-~-mannitol has been converted to the following 

five anhydro-alditol derivatives using standard chemical transformations: 
1,2-anhydro-3-deoxy-5,6-isopropylidene-~-ribitol; 1,2-anhydr0-3-deoxy-5,6-iso- 
propylidene-D-arabinitol; 3,4-anhydro- 1,2 5,6-di-O-isopropylidene-~-mannitol; 
3,4-anhydro-l,2:5,6-di-O-isopropylidene-~-iditol and 2,3:4,5-dianhydro- 1,6-di-O- 
trityl-L-idi tol. 38 

The synthesis of 3,4-di-O-acetyl-2,5-anhydro-l,6-dideoxy-l,6-diiodo-~-man- 
nitol from 2,5-anhydro-~-mannitol has been described, and differences between 
the solution and solid state NMR spectra of the former compound have been 
observed.39 

A synthesis of (+)-epiallo-muscarine from D-glucose has appeared. The key 
step involves treating 1,2-O-isopropylidene-3,5,6-t~-O-mesyl-u-~-glucose with 
ethylene glycol in the presence of tosic acid to give the 2,5-anhydro-~-idose 
derivative 17.40 

Pyranosyl- or furanosyl-1 -0-acetates are conveniently converted to anhydro- 
alditol derivatives by reductive cleavage using trimethysilyl triflate-triethylsilane 
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in acetonitrile. Thus 1,2,3,5-tetra-O-acetyl-fb~-ribofuranose yields 2,3,5-tri-O- 
acetyl-1 ,4-anhydro-~-ribitol. Other configured furanoses and pyranoses also 
undergo this reaction.41 

During an attempt to a-metalate ("BuLi-TMEDA) at the carbon bearing the 
O-carbamate group in the 1,4:3,6-dianhydro-~-glucitol derivative 18 in order to 
introduce bulky substituents with the purpose of obtaining improved chiral 
auxiliaries, an unexpected reaction took place leading to the formation of the 1,4- 
anhydro-D-xylo-enol carbamate derivative 19. It is likely that a-metalation 
occurred but was quickly followed by p-elimination to form a stable alk~xide.~* 

0 0 
II II 

A 

Pr'2NCG ,, Pi*NCO, /, 

I OH 
CH~OMS 

OMe OMe 

17 18 19 

The pyranoisoxazolidines 20 and 21 are readily obtained by intramolecular 
cycloadditions of the nitrones formed by reaction of N-benzylhydroxylamine 
with 3- O-allyl-3-C-methyl-~-allose and 3-O-allyl- 1,2- O-isopropylidene-3- C- 
methyl-a-D-ribo-pentodialdofuranoside, respectively. The latter two compounds 
are available from a common precursor, 3-0-allyl-1,2:5,6-di-O-isopropylidene-3- 
C-methyl-a-D-do-pentofuranose. Compound 20 was further converted to the 
pyranoid 22, whilst 21 was converted to the enantiomer of 22 by standard 
chemistry. Oxepane cycloadducts are also produced when 3-O-allyl-3-C-methyl- 
u - D - x ~ ~  or 3-O-allyl-a-~-ribo-pentodialdofuranose is used. (See also Vol. 27, 
p. 203, ref. 25 for related work).43 

20 21 22 

The preparation of furanoid C-vinyl glycosides from hept- 1 -enitol derivatives 
is mentioned in Chapter 3. 

1.3 Amino- and Imino-alditols. - A review (253 refs.) on the preparation, antiviral 
activity and glycoprotein maturation of deoxynojirimycin and its derivatives has 
appeared.44 



18: Alditols and Cyclitols 23 1 

N-Methyl- and -butyl-derivatives of deoxynojirimycin, 1,4-dideoxy- 1,4-imino- 
D-arabinitol and 2,5-dideoxy-2,5-imino-~-mannitol have been studied by *H 
NMR spectroscopy to provide data for determining a conformational basis for 
the inhibition of glycosidase and HIV-1 replication activity by these types of 
corn pound^.^^ 

The I-amido-1-deoxy-D-glucitol derivative 23 has been prepared and shown to 
exhibit liquid crystal proper tie^.^^ 

Full details on the preparation of urethane derivatives of 3,4-di-O-benzyl- 
1,2,5,6-tetradeoxy-1,2:5,6-diimino-~-iditol from D-mannitol as well as the 3,4- 
dideoxy-L-threu compounds 24 (R = C0:Bu or C02Bn), from a hex-3-enitol, 
have been reported. (See Vol. 28, p. 230, ref. 66 for an earlier report). In both 
cases 1,6-diamino-l,6-dideoxy-2,5-anhydroalditols were minor  by-product^.^^ 
N-Boc-L-idu-l,2:5,6-bis-aziridino derivatives have proved to be versatile inter- 
mediates for the preparation of imino-alditols. For example, treatment of the 3,4- 
di-0-benzyl compound with diethylaluminium cyanide affords a 1:2 mixture of 
pyrrolidine 25:piperidine 26,"* and with dilithium tetrabromonickelate (Li2NiBr4) 
gives bromo-derivative 27 from which displacement of bromide allows further 
f~nctionalization.~~ 

CH2NH 

OH 

OH Hoi CH20H OH 

23 

Boc 
BOCH N H2 C 

*H2R OBn 

25 R = C N  
27 R = Br 

R N 3  

24 

CH9N H BOC It"."" 0Bn NC 

BnO 

26 

2R,SR-Dihydroxymethyl-3R,4R-dihydroxypyrrolidine (2,5-dideoxy-2,5-imino- 
D-mannitol, DMDP) has been isolated from the fermentation broth of Strepto- 
myces sp. KSC-5791 along with minor amounts of deoxynojirimycin and 
deoxymannojirimycin. The DMDP was shown to be a potent inhibitor of 
trehalases from Curynebacterium sp. and the diamondback moth (Phyteila 
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xylostella). This is the first time this compound has been isolated from a 
microorganism.50 DMDP has also been synthesized by a process covered in Vol. 
28, p. 231, ref. 68, designed to act as an inhibitor of pyrophosphate fructose 6- 
phosphate 1-phosphotransferase and thus function as a herbi~ide.~' 

A synthesis of 2,5-dideoxy-2,5-imho-~-glucitol (28) involves treatment of the 
D-glucitol derivative 29 first with acid resin in methanol (to remove the silyl and 
isopropylidene groups) then hydrogenolysis. Cyclization of the so-formed amino- 
mesylate to 28 surprisingly proceeds with retention of configuration and thus is 
likely to involve the 5,6-epo~ide.~~ 

The addition of n-butylmagnesium bromide to the lactams 30 (R = "Bu, Bn or 
CgHIg), prepared by an oxidation-degradation process in the general way 
described in Vol. 27, p. 210, ref. 64, then deoxygenation, affords the highly 
substituted pyrrolidines 31.53 

NHCbz 

OMS OBn 
CH20Tbdms 

28 29 30 

BOC 
X yi3-J 
Y 

OBn 

31 X=Bu",Y = H  
or X=  H.Y = Bun 

2,3 - 0 - Cyclopentylidene - 1,4 - dideoxy- 1,4 -N- hydroxyimino- D, L- erythritol (a 
meso-pyrrolidine described in Vol. 25, p. 206, ref. 44) can be readily converted 
into a nitrone with mercury(I1) oxide and trapped in a selective manner with 
organometallic reagents (Grignards, alkyllithiums, etc.) to give the racemic N- 
hydroxypyrrolidines 32 (R = Me, Ph, PhCGC etc.). The compounds readily 
oxidize to aminoxyl free radicals.54 

The homoazasugars 33 and 34 have been synthesized and shown to be good 
inhibitors of almond P-glucosidase. The key steps in the syntheses include a two- 
carbon Wittig chain extension at the anomeric centre of a D-arabinopentose 
derivative and cyclization by attack of an amino function at an epoxide group 
(prepared via a Sharpless asymmetric epoxidati~n).~~ 

OH 

OH 

H2COH H 

32 33 34 
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A facile synthesis of both pyrrolidine and piperidine compounds from glycosyl- 
amines is depicted in Scheme 2.56 

N H B n A  BnO 

OBn 

OH OH OBn 
CH20Bn 

I' 

Reagents: i, P M g B r ;  ii, Tf20, Py; iii, H2, Pd/C, HCI; iv eMgBr 

Scheme 2 

A variety of aza-sugars have been prepared and tested as glycosidase inhibitors. 
These include 1,4,S-trideoxy- 1,4-imino-~-lyxitol as an a-fucosidase inhibitor as 
well as the piperidines 35 and nucleoside analogues 36.57 

The branchedchain pyrrolidines 37 (R = Me, Bz) have been reported, the 
synthesis being accomplished from 3-deoxy-2-C-hydroxymethyl-~-eryfhro- 
pentono- 1,4-1actone (available in two steps from lactose) using standard 
chemistry.58 

The P-L-xylosylated pyrrolidines 38 and 39 have been prepared as transition 
state mimics for glycoside bond cleavage.59 

0 

OH 

35 

OH 

36 
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R 
I 

OAc 

37 

HO p& 
1 0 

HO I 

OH 9 40 

38 R = CH20H or H, X = OH, Y = H 
39 R=H,X=H,Y=OH 

Addition of ' 3C labelled potassium cyanide to 4-azido-2,5-di-O-benzyl-4- 
deoxy-D-arabinose followed by treatment with aqueous sodium bicarbonate gave 
( 1-'3C)-5-azido-3,6-di-O-benzyl-~-glucono-l ,4-lactone plus the mannono lactone. 
Subsequent reduction of the former with sodium borohydride then hydrogeno- 
lysis gave ( l-13C)-l -deoxynojirimycin.60 

The incorporation of oxygen atoms into the alkyl chain of N-alkyl-l-deoxynojir- 
imycin derivatives has led to improved a-glucosidase(1)-inhibitory activity relative 
to toxicity towards Hep 62 cells. An example is illustrated with structure 40.61 

The syntheses of 6-amino-2-azido-2,6-dideoxy- and 6-amino-2,6-dideoxy-2- 
fluoro- analogues of 1 -deoxynojirimycin 62 and of 1,3,6-trideoxy-3,6-difluorono- 
jirimycin 63 by standard chemistry have been described. 

Reduction of the cyclopentane- O-methylhydroxylamine derivative 41 with 
lithium aluminium hydride unexpectedly gave tetra-O-benzyl- 1 -deoxynojirimycin 
through a ring-expansion reaction, in addition to the expected cyclopentylamine.M 
2,3-Di-O-acety1-4,6-O-benzylidene- 1,5-N-(benzyloxycarbonyl)irnino- 1,5-dide- 

oxy-D-glucitol (a protected 1 -deoxynojirimycin derivative) has been converted 
into the 1 -deoxygalactonojirimycin derivative 42 by a sequence of reactions 
involving unmasking of the 4-OH group and inversion at C-4 via the triflate. 
Compound 42 as well as deoxynojirimycin derivatives on route to 42 were used to 
prepare a-sialyl-(2+6) glycoside~.~~ 

Deoxynojirimycin is readily converted to 2,3-anhydro-4,6-O-benzylidene- 1,5- 
N-(benzyloxycarbonyl)irnino-l,5-dideoxy-~-mannito1 in four steps. The reactions 
of this product with azide and amines were studied.66 

2,3-Di- O-benzyl- 1,5-N-(benzyloxycarbonyl)imino-6-~-~e~~-butyldiphenyl- 
silyl- 1,5-dideoxy-~-glucito1 has been converted into the carboxylic acid deriva- 
tives 43 and 44 which were tested as glycosidase inhibit01-s.~' 

A series of imino-sugars with the imino group replacing the anomeric carbon 
atom have been prepared and tested as glycosidase inhibitors. Compound 45 was 
made from D-mannose via 1,5-anhydro-4-C-hydroxymethyl-2,3-O-isopropyli- 
dene-L-ribofuranose.68 Compound 46 was also made from D-mannose via benzyl 
2-C-benzyloxymethyl-2,3-~sopropyfidene-5-t~flyl-a,~-~-lyxofuranose by succes- 
sive treatment with azide, trifluoroacetic acid then hydrogenation-hydro- 
geno l~s i s .~~  



18: Alditols and Cyclitols 235 

CH20Bn 

OBn OAc OH 

41 42 43 R' = H, R2 = OH 45 R' OH, R2 = OH, R3 = H 
46 R' P OH, R2 = H, R3 = OH 
47 R' = H, R2 = OH, R3 = H 

44 R' = R2 = H 

Compound 47 was prepared in several steps by standard chemistry from 5- 
azido- 1 - O-benzoyl-5-deoxy-2,3-isopropylidene-a-~-lyxofuranose.~~ 

The guanidine derivative 48 has been prepared by treating 1,5-dideoxy-l,5- 
imino-xylitol (see Vol. 24, p. 197, ref. 33 for its preparation) with formamidine- 
sulfonic acid. 71 

The preparations of a-homogalactostatin and of the related substance 49, in 
which the imino-cyclitol ring is formed from mercury(I1)-assisted ring closure of 
an amine to a terminal double bond have been described.72 The synthesis of p- 
homonojirimycin and compound 50 in which the imino-cyclitol ring was formed 
by reductive-amination of a 1,5-di-keto derivative has also been de~cribed.'~ 

NH 

OH OH OH 

48 49 50 

The synthesis of 1,5-deoxy- 1,5-iminoheptitols from 2-bromo-2-deoxylactones 
in a related way to that reported in Vol. 27, p. 208, refs. 53 and 54 for the 
preparation of 1,4-dideoxy- 1,4-iminohexitols has been published.74 

Standard procedures have been used to prepare 1,5-dideoxy-l,5-imino-~- 
arabinitol which, after linking to aminohexyl agarose, was used to isolate pure 
a-L-fucosidase from bovine kidney.75 

A synthesis of a selectively protected 1,5-dideoxy- 1,5-imino-~-xylitol has been 
developed as shown in Scheme 3.76 

C02Me 

NHBn - 
OBz OBZ OBz 

Reagents: i, BnNH2; ii, BnNH2, Me&; iii, TfOH, (CHzO)", NaBH4 

Scheme 3 
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Treatment of 2,5-anhydro-3,4-di-O-benzyl- 1 -deoxy- 1 -tritylamino-D-glucitol 
with mesyl chloride, tosic acid-methanol, triethylamine then hydrogen-palladium 
catalyst affords the 1,6-imino-bridged derivative 51.77 

The reaction of 1,2:5,6-dianhydro-3,4-O-isopropylidene-~-mannitol with ben- 
zylamine followed by deprotection leads only to the seven-membered azepane 52 
in high yield. Other 1,2:5,6-dianhydr0-3,4-O-isopropylidene hexitols gave similar 
results. No six-membered ring products were detected as is the case with 1,2:5,6- 
dianhydro-3,4-di-O-benzyl-~-mannitol (see Vol. 28, p. 230, ref. 63).78 

Comound 53 has been prepared as an analogue of ADP ribose and as a 
potential inhibitor of poly(ADP-ribo~e)glycohydrolase.~~ 
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Several imino-alditols have been prepared from non-carbohydrate sources. 
2,5-Dideoxy-2,5-imino-~-mannitol has been synthesized from a pyroglutamic 
acid derivativeso (see Vol. 27, p. 209, ref. 59 for the use of pyroglutamic acid 
in the synthesis of other imino-alditols), and 1 -deoxy-L-allonojirimycin has 
been made from a protected L-serine derivative.81 A protected D-serine 
aldehyde provided access to a 1,2,4-trideoxy-1,4-imino-~-erythro-pentitol deri- 
vative for incorporation into DNA,82 and reduction of the minor natural 
amino acid, 4-~-hydroxyproline, gave 1,3,4-trideoxy-l,4-imino-~-erythro- 
pentitol which, after N-acylation with a fluorescent probe, was incorporated into 
 oligonucleotide^.^^ 

1 ,CDideoxy- 1,4-imino-~-lyxitol has been prepared from penta- 1,4-dien-3-01 
using a Sharpless epoxidation to introduce asymmetry.@ The same unsaturated 
alcohol has been used to prepare the amino-alditol derivative 54 which represents 
the C-terminal component of the renin inhibitor BW-175. The morpholino group 
has to be introduced at the end of the synthesis otherwise other products can 
result. For example, treatment of 1 -deoxy-2,3-O-isopropylidene-l -morpholino-5- 
0-tosyl-D-ribitol with base afforded the piperidinium salt 55.85 

Asymmetric syntheses of 6-deoxy-~-allonojirimycin and D-fuconojirimycin as 
well as their 1-deoxy analogues by cylcloaddition of a diene with 1-C-nitroso-D- 
mannofuranosyl chloride in a similar way to that described in Vol. 27, p. 207, ref. 
46 for the preparation of racemic imino-alditols, have been described.86 (See also 
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Vol. 28, p. 226, ref. 44 for related work). Similar cycloadditions of dienyl 
pyrrolidinones [i. e. N-(penta-1 ,Zdienyl)- or N-(buta-1,3-dienyl)-pyrolidin-2-one] 
with the in situ generated acyl nitroso compound derived from benzyl-N-hydroxy- 
carbamate with periodate have led to the preparations of racemic pyrollidines 56 
and 57 (R = H or Me). The latter compound is thought to exist as a dimer.87 An 
asymmetric synthesis of 1,5,6-trideoxy-l ,S-imino-~-altritol in which the piper- 
idine ring is formed from a pyridinium ring bearing Seebach’s oxazolidinone 
chiral auxiliary has also been described.88 
1,5,6-Trideoxy-1,5-imino-~-fucitol in protected form has been prepared from a 

hindered imine derivative of L-alanyl methyl ester,89 and furylglycine has been 
utilized as starting material for the synthesis of a 2-hydroxymethyl-dihydropyr- 
idine derivative as a building block for preparing aza-sugars including the 
racemic mannojirimycin derivative 58.90 

3,s-Dihydrocyclopentene derivatives (from cyclopentadiene) after kinetic reso- 
lution with a lipase are useful precursors for the synthesis of 1-deoxy-D- 
n~jirimycin,~~ and benzene cis-diol (from benzene by microbial oxidation) has 
been used as a precursor to 1 -deoxy-D-galactonojirimycin and bicyclic derivative 
59.92 The preparation of imino-alditol derivatives in which the imino nitrogen 
atom is part of a fused tetrazole ring is mentioned in Chapter 10 and the synthesis 
of imino-lactams is covered in Chapters 10 and 16. 

OH OH 

59 60 

2 Cyclitols 

2.1 Cyclopentane and Cyclobutane Derivatives. - A review of applications and 
mechanistic aspects of the ‘Cp2Zr’ induced direct ring contraction of hept-6-enose 
and hex-5-enose derivatives to cyclopentane and cyclobutane ring systems with 
emphasis on the application to oxetanocin synthesis has appeared. (See also Vol. 
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27, p. 214, ref. 85).93 A synthesis of the cyclopentane 60 involving such a ring 
contraction has been reported. The product was designed as a mimic of myo- 
inositol 1,4,5-trisphosphate and found to be an agonist at the natural receptor.94 

An interesting radical-induced ring contraction of 6-aldehydopyranosides to 
highly functionalized cyclopentane rings is illustrated in Scheme 4.95 

R’ = R4 = H, R2 = OBn, R3 = OMe 
R’ = R3 = H, R2 = NHC02Me, R4 = OMe 
R’ = OBn, R2 = R3 = H, R4 = OMe 

Reagents: i, Swern oxidation (modified); ii, Sm12, BdOH, HMPA 

Scheme 4 

Cyclopentane rings are also formed when the keto-oxime ether 61 (R = Bn) is 
treated with samarium diiodide, compound 62 (R = Bn) being the only product. 
Several other examples, usually affording mixtures of isomers are also de- 
scribed.96 In a similar way treatment of 61 (R = Me) with tributyltin hydride- 
AIBN gave 62 (R = Me) together with the epimer at the indicated carbon atom. 
Reductive cleavage of the oxime ether function in 62 (R = Me) with lithium 
aluminium hydride afforded the expected amine, but surprisingly gave a ring- 
expanded imino-alditol compound as 

Cyclopentane rings can also be formed readily by treating 6-deoxy-6-nitro-~- 
fructose (prepared enzymatically from dihydroacetone phosphate and 3-deoxy-3- 
nitro-Dpglyceraldehyde in the presence of an aldolase then phosphatase) with 
acetic anhydride and boron trifluoride etherate, then subjecting the mixture to 
chromatography on silica gel thereby affording 63 and the epimer at the indicated 
carbon atom.97 

(1 R,2S,4R)-4-Amino-2-hydroxy-l -(hydroxymethyl)cyclopentane has been pre- 
pared as an intermediate for 2’-deoxynucleoside synthesis from two different 

BnO OBn OAc 
OBn 

61 62 63 64 
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starting materials; ( -)-2-azabicyclo[2.2.l]hept-5-en-3-one; and chiral cyclopen- 
tene (+)-2-Azabicyclo[2.2.l]hept-5-en-3-one, a by-product from a biotrans- 
formation process, can be converted into its (-)-enantiomer, in five steps.99 

A non-carbohydrate route starting from a cyclopentanone has been developed 
to prepare the carbocyclic analogue of ascorbic and isoascorbic acid,loO and all 
possible carbapentofuranoses have been synthesized from norborn-5-en-2-one 
(optically pure).lo1 

Cyclopentane rings as found in mannostatins, trehazoline, aristeromycin, 
allosamizoline and derivatives are covered in Chapter 19. 

2.2 Inositols and Other Cyclohexane Derivatives. - A review, in Japanese, on 
aspects of the catalytic Ferrier cyclization for producing optically pure 
cyclohexanones from hex-5-enose derivatives has appeared. lo2 The mechanism 
for carbocyclic ring formation in the synthesis of 2-deoxy-scyllo-inosose, involved 
in the biosynthesis of 2-deoxystreptamine, has been the subject of labelling 
studies.lo3 (See also Vol. 28, p.238, ref. 119 for related work). The syntheses of 6- 
deoxy-inososes and 6-deoxy-inositols from D-galactose derivatives, by way of the 
Ferrier cyclization have been reported.'" See also Chapter 24 for the preparation 
of a highly functionalized cyclohexane ring as a potential unit for conversion to 
the C-ring of taxol. 

The absolute configuration of ( -)- and (+)-1,2:4,5-di-O-isopropylidene-myo- 
inositol have been assigned as 1~ and I t ,  respectively, by transformation of each 
enantiomer into an established reference compound. These assignments contra- 
dict some recent literature reports.lo5 (See also Vol. 28, p. 237, ref. 116). 

Heating 1,4,5,6-tetra-O-benzyl-myo-inositol with ethylene carbonate and a 
trace of sodium bicarbonate affords the 2,3-cyclic carbonate derivative. The 
reaction fails where there is a trans-diol arrangement as with 1,2,3,6-tetra-0- 
benzyl-myo-inositol. lo6 

The synthesis of (+)-ononit01 (65) and its (-)-enantiomer from resolved myo- 
inositol has been reported. There appears to be a marked abundance of 0-methyl 
inositols present in grains and forage legumes. lo7 Scyllo-inositol has been per-0- 
methylated under standard conditions and conformationally examined by NMR 
spectroscopy. lo* 

Racemic 4-deoxy-4-fluoro-myo-inositol has been made by reaction of 66 
with DAST (retention of configuration observed) then hydrogenoly~is,~~~ and 
2-deoxy-2-fluoro-myo-inosito1, 2-deoxy-2-fluoro-scyllo-inositol and 2-deoxy-2,2- 
difluoro-myo-inositol have been synthesized from 3,4,5,6-tetra-O-benzyl-myo- 
inositol via a selective benzoylation at the equatorial hydroxyl group and 
subsequent standard chemistry. lo 

Various cyclitols (and acyclic polyols) have been desymmetrized by formation 
of 'dispoke' intermediates. (See for example, Vol. 28, p. 237, ref. 115)."' L-Chiro- 
inositol can be converted to the silyl derivative 67 in which the trans-diol units 
are protected on reaction with 1,3-dichloro-l,l,3,3-tetraisopropylidisiloxane 
(TipsC1). Compound 67 was further converted into conduritol B epoxide and its 
thioepoxide analogue. l2 The conversion of some tetra-0-substituted myo-inosi- 
tols into adipic dialdehyde derivatives is mentioned in Chapter 15. 
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OTbdms 

OH 0-Tips Me0 OH 

65 66 67 68 

2,5-Di-0-?er?-butyldimethylsilyl-3,4-~-isopropylidene-~-glucitol on Swern oxi- 
dation then treatment with samarium diiodide gives the L-chiro-derivative 68 
together with a small amount of the myo-isomer. Compound 68 was further 
converted into its hexaacetate for characterization purposes as well as into 
conduritol F tetraacetate. l 3  

The known conduritol 69 (Vol. 25, p. 210, ref. 66) has been used in synthetic 
studies directed towards the anticancer agent (+)-pancratistatin. l4 See also 
Chapter 24 for the syntheses of (+)-pancratistatin and (+)-7-deoxypancratistatin 
involving the use and formation of cyclitols. 

The allylic a ide  70 has been sythesized in high e.e. by treating the meso- 
carbonate 71 with trimethylsilyl a ide  in the presence of Pdo and a chiral 
phosphine ligand as catalyst. Compound 70 was further converted to (+)- 
conduramine E by use of a reaction involving a [3,3] sigmatropic 
rearrangement. l5 

XO 

RO 
A 

69 R = Tbdms, X = OH 
70 R = C02Me, X = N3 

72 R = H  
75 R = A c  

71 R = C02Me, X = OC02Me 

C02H 
74 

Cyclohexene derivatives 72 and 73 containing the unusual ethyl ether group 
and named uvarigranols C and D, respectively, have been extracted from the 
plant Uvaria grundipora,116 and the shikimic acid analogue 74 has been isolated 
from the plant Sequoiadendron giganteum. l7 

A ‘one pot’ enzymatic synthesis of (6R)- and (6S)-fluoroshikimic acid from 
erythrose 4-phosphate and both isomers of 3-fluorophosphoenolpyruvate in the 
presence of 3-deoxy-~-urubino-heptulosonic acid 7-phosphate synthase, followed 
by treatment with 3-dehydroquinate synthase and dehydroquinase simulta- 
neously, then finally shikimate dehydrogenase has been described. l8  



18: Alditols and Cyclitols 24 1 

Microbial oxidation of benzene derivatives producing benzene cis-diols have 
been utilized in the preparation of 6-fl-hydroxyshikimic acid, l l9 polyhydroxylated 
cyclohexane derivatives related to cyclophellito1120 and carba-a-L-fucose. I 2 l  It is 
worth noting here that the meso-diol produced by oxidation of benzene itself has 
been resolved with a lipase giving (1 R, 2s)- 1 -acetoxy-2-hydroxycyclohexane-3,5- 
diene in >95% e.e. 122 

Benzene and toluene have also been transformed into cyclohexitols by way of a 
catalytic photoinduced charge-transfer osmylation in the presence of 0.22 M 
barium(I1) chlorate. Higher concentrations of the chlorate cause a chlorine atom 
to be incorporated. 123 Hydrogenation of tetrahydroxyquinone in the presence of 
a large amount of palladium on charcoal produces cis-inositol in modest yield.124 
1,3,5-Trideoxy-l,3,5-tris(dimethylamino)-cis-inositol has been shown to be a 

powerful ligand for hard, highly charged metal ions.125 
(-)-Quinic acid has been used as starting material to make validamine, 2-epi- 

validamine, 126 valiolamine and several diasteromers of the latter. 127 

The carbocyclic analogues of N-acetylneuraminic acid and 3-deoxy-~-manno-2- 
octulosonic acid have been prepared from the Diels-Alder endo-adduct formed 
between furan and acrylic acid,I2* and the guanidino neuraminic acid analogue 
75 has been prepared in which the cyclitiol ring was also formed by use of the 
Diels-Alder reaction. 129 

In an approach to the synthesis of natural, chiral4-epi-sannamine, the 0-acetyl 
derivative 76 has been prepared by kinetic resolution of the corresponding 
racemic alcohol using a lipase and vinyl acetate as acyl donor.13* 

Me 
AcHN 

75 76 

The syntheses of carba-p-D-glycosylceramides with imino-131*132J33 ether-131 or 
~u1fide-l~~ linkages have been reported. Scheme 5 illustrates a route to a carba- 
glucosyl analogue starting from a known carba-sugar derivative (Vol. 26, p. 204, 
ref. 133).13' 

A synthesis of the carbocyclic analogue of uridine 5'-a-~-galactopyranosyl 
diphosphate (77) as an inhibitor of fl-(1-+4)-galactosyltransferase has been 
achieved. The cyclitol ring was formed via a Ferrier carbocyclic reaction. 134 

By use of standard chemistry, 1~-3-O-benzy1-1,2:4,5-di-O-cyclohexylidene- 
myo-inositol has been converted into the carba-disaccharide 78 as a potential 
intermediate for preparing glycosylphosphatidyl inositols. 135 

The carba-mannosyl trisaccharide 79 has been built up from the addition of 
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Ts-N 
Reagents: i, OsO4, NMO; ii, Bu2Sn0, BnBr; iii, PCC; iv, NaBH4, CeCI3; v, y (CHd12Me; 

vi, Na liq. NH3; vii, Ac20, Py; viii, NaOH; ix, Me(CH2)14COCI OBn 

Scheme 5 

methyl 2-0-benzyl-4,6-O-benzylidene-ol-~-mannopyranose to epoxide (see Vol. 
27, p. 222, ref. 137) 80 then reaction of another equivalent of 80 with the primary 
hydroxyl group of the D-mannopyranose sugar after protecting group manipula- 
t i o n ~ . ’ ~ ~  Compound 80 has also been used to prepare P-D-GLC~NAC-(~ -2)- 
carba-rx-D-Manp-( 1 - ~ ) - ~ - D - G L C ~ - O ( C H ~ ) ~ M ~  as an acceptor analogue of N- 
acetyiglucosaminyl transferase-(V). * 37 

CH20H 

I 

OH OH N3 

77 

CH20H 
I 

CH20H 0 7  I 

7a 

CH20Bn 
I 

79 80 

The carba-disaccharide 81 has been designed as an antigen for preparing 
glycoside-bond forming catalytic antibodies with catalytic groups. In its synthesis 
the addition of an acetylide anion to a carbocyclic ketone, followed by an 
OH+N3 replacement, formed the key steps.’38 

The E. coli catalysed p-D-galactosidase transglycosylation of 2-nitrophenyl D- 

galactopyranoside with racemic (3,5/4,6)-3,6-diazido-4,5-dihydroxycyclohexene 
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afforded glycoside 82 which was hydrogenated to diamine 83 or heated in 
methanol to effect a sigmatropic rearrangement which after hydrogenation gave 
84 together with the isomer derived from rearrangement in the alternative sense. 
Both 83 and 84 were competitive inhibitors of p-~-galactosidase. 139 

81 82 83 R' = NH2, R2 = H 
84 R' = H, R2 = NH2 

The a-D-mannosyl-D-myo-inositol compound 85 has been reported in which 
the cyclitol ring was derived from an intermediate a-D-mannosyl oxanorbornane 
glycoside. 

The Ferrier reaction has been utilized in the construction of various amino 
cyclitols. Thus, starting from N-acetylglucosamine, 1 ~ - (  1,3,5/2,4)-4-acetamid0-5- 
amino- 1,2,3-cyclohexanetriol has been prepared and glycosylated with a D- 

glucuronic acid derivative to produce an intermediate which, after deprotection, 
afforded the carba-disaccharide The cyclitols 87 (R = a-D-arabinofuranosyl 
or 3-amino-2,3,6-trideoxy-a-~-arabinohexopyranosyl), have been prepared from 

OH OH 

85 R = Et3Si 

OH NHAC 

86 

R' 

87 88 R' = R2 = H, R3 = NH2 

89 R' = R2 = H, R3 = OH 

90 R' = R2 = NHCOCF3, R2 = H 

91 R2 = R3 = NHCOCF3, R' = H 
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methyl 3-a~do-4-benzoyl-2,3,6-trideoxy-a-~-erythro-hex-5-enopyranose by the 
aforementioned cyclization process. 142 

Carba-disaccharides 88-91 (R = a-D-arabinofuranosyl) have also been synthe- 
sized as potential antibiotics. 143 

Several examples of other glycosylated inositols are noted in Chapters 3 and 4. 
The syntheses of carba-disaccharides related to salbostatin and fortimycins are 
metioned in Chapter 19, and the syntheses of 6-membered carbocyclic nucleosides 
and the use of cyclitols as chiral auxilliaries in Diels-Alder reactions are covered 
in Chapters 20 and 24, respectively. 

2.3 Inositol Phosphates and Derivatives. - A review on the recent developments 
in the synthesis and application of phosphatidylinositols,l& and one on the 
biochemistry and chemical synthesis of myo-inositol 1,4,5-tri~phosphate'~~ have 
appeared. 

The oxazoline method and two modifications of the H-phosphonate method 
have been used to obtain glycosyl phosphatidylinositol  derivative^.'^^ 

The tritiated inositol derivatives 92 have been prepared as substrates for T. 
bmcei a-D-GLCpNAc-PI de-N-acetylase, and derivatives 93 as inhibitors of the 
enzyme. 147 

CH20H OH I 

0 

94 

0 93 R = H o r O H  

The synthesis and biology of 1 -~-3-deoxyphosphatidylinositol 94, a putative 
antimetabolite of phosphatidyl-3-phosphate and an inhibitor of cancer cell 
colony formation has been achieved from a 1-~-3-deoxyinositol reported in Vol. 
27, p. 222, ref. 143.14* 

A synthesis, in natural chiral form, of 1 -D-distearoylphosphatidyl-myo-inositol 
3,4,5tris(dihydrogenphosphate), in which the key step involves a regioselective 1 - 
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0-phosphatidylation of the protected inositol 95 with glycerol derivative 96 by 
the phoshite-phosphoniwn salt method has been r e ~ 0 r t e d . l ~ ~  (See Vol. 28, p. 245, 
ref. 169 for a racemic synthesis). 

CH2P(OMe)2 

t-OR TiG-Fc 0 Me CH20R 0 

0 
95 

OH 

97 

I 
Ph 

An optically pure tethered inositol trisphosphate 97 bearing a selective photo- 
affinity label for modification of the ligand binding site of inositol trisphosphate 
receptor proteins has been reported. lS0 

A novel phosphorylation method for myo-inositol derivatives involving appli- 
cation of the Atherton-Todd reaction under solid-liquid phase transfer conditions 
has been developed. 151 

The synthesis of 1-0-alkyl-(Me, Bn, Oct, dodecyl etc.) and 1-0-acyl (acetyl or 
stearoy1)-myo-inositol 3,4,5-trisphosphate as analogues of phosphatidyl myo- 
inositol 3,4,5-trispho~phate~~* and of myo-inositol 4,5,6-trisphosphate as an 
analogue of myo-inositol 1 ,4,5-trisphosphate1 53 have been reported. 

3-Deoxy-~-myo-inositol- 1,4,5-trisphosphate and 3-deoxy-~-muco-inosi to1 
1,4,5-trisphosphate (the C-4 epimer of D-myo-inositol) in which the cyclitol ring is 
formed by mercury(I1)-catalysed reaction of hex-5-enopyranoses bearing ally1 
protecting groups the latter which did not interfere with the catalysis, have been 
reported. Biological studies with these compounds indicate that a 4,5-rrans- 
relationship of phosphate groups should be preserved for good binding to the 
receptor of D-myo-inositol 1,4,5-trisphosphate. 54 

Standard routes for preparing D-myo-inositol 3,4,5,6- and 1,4,5,6-tetrakisphos- 
phates and their conversion through esterification into membrane permeable 
derivatives have been described. 55 

Heating readily prepared 1,4-di- O-benzoyl-~,~-myo-inosi to1 in a pyridine- 
water mixture effects a migration of the benzoate groups giving rise to all nine 
possible isomeric dibenzoate derivatives. The mixture could be separated by a 
combination of fractional crystallization and silica gel chromatography into each 
pure individual dibenzoate isomer which after subjecting to a phosphorylation- 
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deprotection sequence afforded all nine isomers of myo-inositol tetrakisphos- 
phate. 156 A kinetic investigation of the base-catalysed migration reaction of the 
dibenzoates has also been reported. 57 

L-Quebrachitol has served as a chiral source of 1 -~-3-deoxy-3-fluoro-2,4,5- 
myo-inositol trisphosphate, 1 -~-3-deoxy-3-fluoro- 1,2,4,5-myo-inositol tetrakis- 
phosphate and of 1 -D-1 ,2,4,5-myo-inositol tetrakisphosphate. The last two com- 
pounds are nearly equipotent to 1-D-myo-inositol 1,4,5 trisphosphate in both 
binding and Ca2+ release experiments. 15' 

The synthesis by established routes of racemic myo-inositol 1,4,6-trisphosphor- 
othioate and myo-inositol 1,3,4-trisphosphorothioate as low intrinsic partial 
agonists at the platelet myo-inositol 1,4,5-trisphosphate receptor have been 
reported. lS9 

Phytic acid (myo-inositol hexaphosphate) can be desymmetrized using phopha- 
tases found in Bakers' yeast which allows the isolation of D-myo-inositol 1,2,6- 
trisphosphate. This was further used to prepare 3,4,5-tri-O-phenylcarbamoyl D- 

myo-inositol. 160 

myo-2-Inosose 1 -phosphate has been synthesized by conventional means as a 
competitive inhibitor of myo-inositol 1 -phosphate synthase.161 

The deoxygenated inositol analogue 98 (R = PO:-) is a known potent inhibitor 
of myo-inositol l-phosphatase (see Vol. 25, p. 218, ref. 131). A set of analogues 
with less polar groups than phosphate have been prepared: 98 R = 
P(O)(O-)(O'Pr), P(O)(O-)(Me), P(O)(Me)2, SO3-, S02NH2 and S02NHAc. 162 

The deoxygenated inositol derivatives 99 and 100 have been synthesized in 
chiral form as mechanism-based inhibitors and probes for myo-inositol mono- 
phosphatase. 163 

98 99 100 

The synthesis of phosphorylated xylopyranosides and mannopyrannosides as 
mimics for inositol 1,4,5- and inositol 1,2,6-trisphosphate, respectively are 
covered in Chapters 3 and 7, respectively. 
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Antibiotics 

1 Aminoglycosides and Aminocyclitols 

An extensive report from Prinzbach’s laboratory has described the synthesis of 
the pseudodisaccharide sannamycin (l), its 2-epimer and various other isomers, 
including the enantiomers of sannamycin and its 2-epimer. A detailed study was 
made of the glycosylations necessary to assemble these sytems. Various other 
novel pseudodisaccharides have also been prepared, including the a-D-arabino- 
furanosyl systems 2 (R=H, a-NH2, P-NH2), and the pyranose 3;293 these workers 
also describe a Ferrier carbocyclization at the disaccharide level, using an acid 
labile 2’-deoxy-disaccharide, to give the aminocyclitol derivative 4.3 
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The trehalase inhibitor salbostatin (7) has been synthesized (Scheme 1) via 
interaction of 1,5:2,3-dihydro-~-mannitol (6) with the known a-valienamine 
derivative 5; some of the product of diaxial opening of the epoxide was also 
produced, although the desired regioisomer was isolated in 58% yield.4 

Various aminoacyl and dipeptidyl derivatives of kanamycin A and metilmycin 
have been prepared by regioselective acylation of Cu(I1) c~mplexes.~ In an 
approach to overcoming resistance to aminoglycoside antibiotics, thought to be 

252 
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due to enzymes which remove important electrostatic interactions by phosphor- 
ylation or acylation, all four analogues of neamine and three of the four possible 
analogues of kanamycin A which involve deletion of an amino-function have 
been synthesized.6 As part of a study on fluorination - toxicity relationships 
for aminoglycoside antibiotics, 5-deoxy-5-epifluoroarbekacin (8), 5-deoxy-5- 
epifluoroamikacin, and some related fluorinated antibiotics have been prepared. 
The 5-deoxy-5-epifluoro-species showed acute toxicity values almost identical 
with the modified antibiotics, in sharp contrast to the toxicities of the 5-deoxy-5- 
fluoro-compounds, and this was rationalized on the basis of basicity values for 
the 3-NH2 groups.' 

Streptomycin A and neomycin B have found novel use as effective displacer 
compounds in the ion-exchange displacement chromatographic separation of 
proteins.* A paper on the 'H-nmr assignments of the kanamycins and butirosin A 
is mentioned in Chapter 21. 

Tatsuta and co-workers have reported elegant work on the iminoacid-disac- 
charide gualamycin (9). The structure of gualamycin has been determined by 
NMR methods together with an X-ray structure of the aglycon methyl ester 
hydro~hloride.~ The disaccharide unit has been prepared in protected form, as 
has the aglycon methyl ester hydrochloride. This was made by Wittig chain 
extension of a known L-hexopyranoside to give 10, followed by hydroxylation of 
the alkene, formation of the pyrrolidine by cyclization of an amino group at C-2 
onto C-5, and further manipulation.'* The aglycon could be converted into a 
bicyclic lactam in which just the required hydroxy group at C-8 was unprotected, 
and this was linked to a phenylthio glycoside of the disaccharide, benzylated at 
0-2', to complete the total synthesis of 9. 
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There has been further work on aminocyclopentitol antibiotics. A series of 
eight analogues of trehazolin (11) has been prepared in which the a-D-glucopyr- 
anose unit is replaced by other mono- and disaccharides and by carbosugar 
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units,12 whilst a further synthesis of (+)-trehazolin (11) has been described, in 
which the aminocyclitol is derived from (R)-epichlorohydrin and cyclopenta- 
diene.13 A much higher-yielding route has been developed to make the meso- 
compound 12, which has been used previously, with a subsequent resolution, to 
make (+)-trehazolin.14 Free radical cyclization of the oxime ether 13 (Scheme 2) 
gave 14 with high stereocontrol over the orientation of the hydroxylamino 
substituent, and 14 could be converted to the aminocyclopentitol 15, stereoiso- 
meric with that found in trehaz01in.l~ The diastereoisomer 16 was the major 
product obtained by treatment of the meso-diol with (3-O-acetyl mandelic acid, 
and 16 could be converted to mannostatin A (17); use of (R)-O-acetyl mandelic 
acid led to the enantiomer of 17.16 There has been a further report on radical 
cyclization of oxime ether dithioacetals as a route to mannostatin analogues (see 
Vo1.28, p. 234),17 and cyclization of 18 using tributylstannane and AIBN gave 19, 
which has the stereochemistry found in allosamizoline, as well as other 
stereoisomers. l8  

Reagents: i, Ph3SnH, EtsB 
Scheme 2 
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2 Macrolide Antibiotics 

Full ‘H- and 13C-NMR assignments have been reported for erythromycin A enol 
ether, formed by acid treatment of the antibiotic. l9 Erythromycin A has also been 
degraded to a C(l)-C(9) fragment, still bearing both the sugar units, which is a 
useful intermediate for analogue synthesis. Two analogues were made by 
rebuilding the macrolide ring.20 Detailed conformational analysis has been 
carried out on erythromycin 9-ketone and the related antibiotics azithromycin 
and clathromycin, in aqueous solution and when bound to bacterial ribosomes. 
The cladinose unit at C-3 adopted different conformations in the different 
antibiotics when bound to ribosomes, unlike other regions of the structure, 
suggesting that structural variation of the C-3 sugar could be tolerated, whilst 
desosamine would be required at C-5.21 

The complete stereostructure of the 30-membered ring macrolid? aculeximycin, 
which contains the trisaccharide aculexitriose (Vo1.23, p. 199-200) has now been 
determined.22 

3 Anthracyclines and other Glycosylated Polycyclic Antibiotics 

Daunomycin has been converted into its 4’-O-phosphate and 4’-O-sulfate, and 
into the 3’-N-P-~-glucuronylcarbamate, a potential substrate for P-glucuroni- 
dase, these compounds being prodrugs for antibody directed enzyme-prodrug 
therapy.23 The same team has also made the more complex spacer-linked 
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glucuronide carbamate 20, where the spacer is designed such that hydrolysis by 
P-glucuronidase should be followed by intramolecular cyclization to a lactam, 
liberating da~nomycin.~~ Somewhat similarly, doxorubicin has been linked to 
carboxymethyl-pullulan via an oligopeptide spacer, in an attempt to improve the 
therapeutic index of the drug.25 Various doxorubicin derivatives have been 
described in which the 3 '-amino group is incorporated into enaminomalonyl-P- 
alanine units, as potential drug-linking domains of an antibody-drug 
conjugate.26 

Accounts of presentations at a symposium have described daunorubicin and 
doxorubicin analogues fluorinated at C-2',27 and other anthracyclines with 
reduced basicity and increased stability of the glycosidic bond, again by introduc- 
tion of halogens at C-2'.28 The 4'-morpholino-9-methylanthracycline 21 has been 
synthe~ized,~~ and the 3'-amino-function of carminomycin has been incorporated 
into a morpholine ring which also carries a hypoxanthine unit, by reductive 
amination with 2 ',3 '-seco-in~sine.~~ 

The 'H- and I3C-NMR spectra of aclacinomycin A have been fully assigned, 
and the results were used in a study of the solution conformation of the 
trisaccharide 22 of this an t ib i~ t ic .~~ The related trisaccharide 23 of ditrisarubicin 
B and betaclacamycin has been synthesized and its DNA-binding was studied. It 
was found that the DNA binding of the trisaccharide is low, indicating the need 
for the chromophere to anchor the antibiotic in the DNA.32 

2 22 R OH = Me, R' = aglycon 
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The 2,4-di-O-p-coumaroyl-u-~-rhamnopyranoside of the flavanone kaempferol, 
present in New Zealand Epicriduceae species, has antimicrobial activity against 
multi-resistant Staphylococcus 

The C-ribosyl naphthoquinone exfoliamycin (24) has been isolated from 
Streptomyces exfoliatus, along with the products of 0-methylation and of 
elimination of water in ring C. The structure was determined by X-ray crystal- 
lography of a derivative; the absolute configuration was not determined, but is 
assumed to correspond with ~ - r i b o s e . ~ ~  The first synthesis of angucycline 
antibiotic C104 (26) has been accomplished; the key intermediate 25 was made by 
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BnO 25 

0 
26 

reaction of the phenol with the glycosyl acetate in the presence of Cp2HfC12 and 
AgC104, a process thought to involve initial 0-glycosylation followed by O+C 
rearrangement.35 The structure of the related amicenomycin A (27) has been 
determined; amicenomycin B was also isolated from the same Streptomyes 
species, and in this the D-ring has undergone oxidative cleavage.36 A brief review 
has been given by Suzuki on the formation of aryl C-glycoside antibiotics by 
O+C rearrangement,37 and a review on the synthesis of gilvocarcin discusses the 
glycosylation steps3* 

4’-Deacetyl-griseusin A (28) has been isolated from an unidentified actino- 
mycete, along with 4’-deacetyl griseusin B.39 
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4 Nucleoside Antibiotics 

The chiral dihydrofuran 29 has been made by a process involving asymmetric 
epoxidation to introduce chirality, and converted to cordycepin (30) by a- 
selective dihydroxylation followed by Vorbriiggen-type glycosylation.m 2’- 
Deoxy-2’-fluoropuromycin (31) has been prepared, the fluorine being introduced 
into an intermediate of arabino-configuration using DAST.41 2’-Deoxypuromycin 
(32) has also been made by base-sugar condensation under Vorbriiggen 
conditions; sodium-salt glycosylation was a-selective, leading to the synthesis of 
the a-anomer of 32.42 

There have been several reports which relate to pyrrolo[2,3-djpyrimidine (7- 
deazapurine) nucleoside antibiotics. 2 ’-Deoxy-2’-ara-fluorotoyocamycin (33, R = 
CN) has been made by base-sugar condensation in two lab0ratories,4”~ and 
converted to the sangivamycin (33, R = CONH2) and thiosangivamycin (33, R = 
CSNH2) analogues.43* 44 The tubercidin analogue (33, R = H) was similarly 
prepared.45 The 5 ’-fluoro- and 5’-amino-5 ’-deoxy-derivatives of toyocamycin 
and sangivamycin have also been made by condensation between modified sugar 
units and a heter~cycle .~~ Some 2’-deoxy-pyrrolo[2,3-d]pyrimidine nucleosides, 
including 2’-deoxycadeguomycin (34), have been made by coupling with a 
glycosyl chloride.‘“ Tubercidin 5 ’-@methyl ether has been prepared for evalua- 
tion against adenosine receptors.48 
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Adenophostin A (37) is a naturally-occurring IP3 receptor agonist isolated 
from strains of Penicillium brevicompuctum. It has been synthesized in a sequence 
in which a key step was the a-selective glycosylation of adenosine derivative 35 
with the 2-U-benzylated glycosyl bromide 36.49 

The ribosylated furan 38 can be made by hydroxylation of the previously- 
reported 2‘,3’-ene, and can be converted in two different ways to the C-nucleoside 
antibiotic showdomycin (39).50951 

In the area of carbocyclic nucleoside antibiotics, hydrolysis of the racemic 
esters 40 (R= n-Bu or n-CsH13) by the lipase from Candidu rugosu proceeds with 
very high enantiomeric selectivity, and from the resolved materials both enantio- 
mers of aristeromycin were made by an established route. The authors report that 
a previous similar method (V01.21, p. 182) is not as enanti~selective.~~ In a new 
synthesis of neplanocin A (43), the alcohol 41, derived from D-ribose, was 
converted to the cyclopentene 42 using an intramolecular insertion reaction of an 
alkylidene carbene. The new stereocentre in 42 was mostly of the ‘wrong’ p- 
configuration, but could be corrected by a process of desilylation, oxidation and 
borohydride r e d ~ c t i o n . ~ ~  The biosynthesis of neplanocin A (43) and aristero- 
mycin has been reinvestigated, and the cyclopentenone 44 has been proposed as 
an intermediate, which is converted to aristeromycin via neplanocin A without 
any b i f~ rca t ion .~~  The 3-deaza-analogue 45 of 5 ‘-nor-aristeromycin has been 
prepared, and the antiviral activity of it and of the 7-deaza-compound (Vo1.27, 
p. 235) are reported.55 
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Scheme 3 

In several nucleoside antibiotics, the nucleoside unit is chain-extended to give 
an a-amino acid functionality, and there have been further reports of synthetic 
activity towards such compounds. There has been a study on the synthesis of the 
5-aminopentose-2-sulfate unit which is found linked glycosidically in the liposido- 
mycins; D-ribose has been converted into the compounds 46 (R = Bn, Tr, 
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Tbdms), with the regioselectivity of alkylation at 0-3 via stannylene acetals being 
in~estigated.'~ A carbohydrate-based synthesis of the 1,4-dimethy1-1,4-diazepan- 
2-one unit of the liposidomycins is mentioned in Chapter 24. The thymidine 
analogue 47 of sinefungin (both epimers) has been made by a method previously 
used for the antibiotic itself (Vo1.25, p. 230).57 The hydroxylamine 48 can be 
made diastereoselectively by addition of 2-furyllithium to the appropriate 
nitrone; it has now been converted into thymine polyoxin C (49) by a route which 
offers a higher overall yield than the one previously reported (Vo1.28, p. 254), and 
thymine polyoxin C has been converted to polyoxin J (50) by coupling to the 
previously-known a m i n ~ a c i d . ~ ~  In a synthesis of the bicyclic moiety of the 
miharamycins (Scheme 4), a key step was the intramolecular reductive cyclization 
of the keto-alkyne 51 using Sm12. Data obtained by these workers are at variance 
with those reported earlier (V01.21, p. 158) by others for allegedly the same 
compounds; the present work is supported by X-ray data and thus probably 
constitutes the first synthesis of the miharamycin bi~ycle.'~ 

Reagents: i, HC=CCH26r, phase transfer; ii, PCC; iii, Srn12, HMPA, 94%; iv, OJ, then Me2S; 
v, NaBH4 

Scheme 4 

There has been further activity concerning oxetanocin and its analogues. 
Oxetanocin A (52) can be obtained selectively protected at 0-4' by either lipase- 
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catalysed hydrolysis of its di-O-acetyl derivative or by photolysis of its di-O-(2- 
nitrobenzyl) ether.60 There has been a further route reported for the synthesis of 
the carbocyclic oxetanocin analogue ‘cyclobut G (53, B = Gua), which has 
potent antiviral activity. A photochemical [2+2] cycloaddition has been used to 
make racemic ‘cyclobut A’ (53, B = Ade),62 whilst a number of similar purines 
have been prepared via the intermediacy of the amidine 54.63 The related 
structures 55 have also been reported, 64 as have fluorinated species of type 56 (B 
= Ade, Gua, Hypo~anthyl).~~ 
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5 Miscellaneous Antibiotics 

The chemistry of staurosporine has been reviewed,66 and 3’-demethoxy-3 ’- 
hydroxystaurosporine has been isolated from a blocked mutant.67 

There have been several reports relating to the spirohydantoin hydantocidin. 
In a route to 5-epi-hydantocidin (59) (Scheme 5) ,  the a-azidolactone 57, made 
from D-ribose by Kiliani chain extension and displacement of a 2-O-sulfonate, 
underwent an interesting transformation to the bridged bicyclic amine 58 on 
oxidation with TPAP. In the conversion of 58 to 59, the pyranose to furanose 
interconversion produced only the 5-epi-i~omer.~~ On silylation, followed by 
treatment with TmsN3 and TmsOTf, 1,2:3,4-di-O-isopropylidene-~-~-psicofura- 
nose gave rise to 60, convertible to the thionoanalogue 61 of hydant~cidin.~~ The 
carba-analogue 62 was produced in a similar sequence using ally1 trimethylsi- 
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lane.70 Two hydantocidin analogues lacking the CH20H group have been made 
from 2,3-O-isopropylidene-~-erythronolactone,~~ and the carbocyclic analogue 
63 of hydantocidin has been made in race mi^^^ and optically-active forms.73 

Structure 64 has been determined for the anti-tumour antibiotic spicamycin, 
from Streptomyces elanosinicus; the N-acylglycine unit can be removed by acid 
hydrolysis, giving 'spicamycin aminon~cleoside',~~ which can then be linked to 
other N-acyl aminoacids to give spicamycin analogues.75 Alternatively, other 
fatty acids can be introduced, to give in some cases, analogues with higher 
bioactivi ty . 76 

The total synthesis of nagstatin (65) has been reported, starting from tri-0- 
benzyl-L-ribofuranose (sugar carbons indicated), which was treated with 2-lithio- 
1 -tritylimidazole, followed by cyclization, functionalization of the imidazole ring 
and final introduction of nitrogen by a i d e  di~placement.~~ Nagstatin analogues, 
lacking the carboxymethyl substituent and with different configurations on the 
piperidine ring, have been similarly prepared.78 
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The anti-fungal agent papulacandin D (66) has been synthesized; the spiro- 
cyclic core was made by attack of an aryllithium reagent on tetra-0-Tms-D- 
glucono- 1 ,S-lactone, followed by acid-catalysed spirocy~lization.~~ The fungal 
metabolite lecythophorin has been assigned structure 67; desulfated lecytho- 
phorin seems to be the same as chaetiacandin (Vo1.19, p. 186), the structure of 
which would then require revision to a galactofuranose.80 Fusacandins A and B 
are related structures of the papulacandin class, containing a p-D-Galp-( 1 +2)-p- 
D-Galp unit attached at 0-4‘ of the core unit.” 

The glycoside 68, a constituent of the antibiotic hygromycin, has been 
prepared, the stereochemistry being established by regioselective opening of a 
2’,3’-~-munno-epoxide.~* Screening has led to the identification of a microor- 
ganism, Streptomyces rimusus, that can metabolize the naturally-occurring ACE 
inhibitor A58365 A to the glycoside 69.83 

A short review has been given on lipid A analogues as potential candidates for 
treatment of Gram-negative sepsis.84 Moenomycin A is a new member of the 
moenomycin class of phosphoglycolipid antibiotics; it differs from moenomycin 
A in lacking the C-4 methyl branch on the reducing terminal sugar. Degradation 
studies revealed that the trisaccharide core was the smallest antibiotically-active 
unit.85 A synthesis of the methyl-branched uronamide of moenomycin A is 
mentioned in Chapter 14. 

C02Me 

OH 
68 69 CH2CH2C02Me 

70 

By use of ’H-13C correlation techniques, all 66 carbon signals of vancomycin 
have been assigned.86 

In the structure of the plant growth regulator calonyctin A, a long-chain 
hydroxyacid spans the terminal sugar units of a branched tetrasaccharide. The 
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sugar unit has been prepared (Vo1.28, p.71) and has now been assembled into the 
complete structure of calonyctin A.87 

In the salmycins, from a strain of Streptomyes violaceus, the disaccharide unit 
70, or its oxime, is linked via 0-6’ to the known trihydroxamate siderophere 
danoxamin.88 

The hydroxylamino group of hydroxylaminoeverninomycin can be oxidized to 
a nitrogroup using horseradish pero~idase .~~ 
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20 
Nucleosides 

1 General 

A concise review on nucleoside synthesis concentrates on convergent approaches 
and emphasises stereoselectivity, including the synthesis of 2’-deoxy-, 2’,3 ’- 
dideoxy- and 3 ’-oxdthia-nucleosides. 

Two groups have independently isolated from sponges a novel, branched and 
chlorinecontaining 5’-deoxy nucleoside 1, named kumusine2 and trachycladine 
A;3 the latter workers also isolated trachycladine B, the corresponding chlorine- 
free inosine analogue. 

1 -a-~-Ribofuranosyl-4-pyridone-3-carboxamide (2) has been isolated from the 
urine of normal and leukaemic patients, and was synthesized in an a-selective 
way.4 

HO OH 
1 

2 Synthesis 

Vorbriiggen and co-workers have developed a new direct method for nucleoside 
synthesis, illustrated by the case in Scheme 1. The method is p-selective, with the 
bridged ion shown being postulated as an intermediate, but was not successful for 
the synthesis of 2’-deo~ynucleosides.~ 

Treatment of 3 (see Vo1.27, p.248 and also Section 5 )  with either tris(trimethy1- 
silyl)silane6 or tributylstannane - AIBN7 led to the formation of 4 as major 
product, via a rearrangement of the initially-formed radical. When similar 
chemistry was carried out on 5 (the major isomer formed by treatment of the 
relevant 1’,2’-ene with NBS - pivalic acid when Tips, as opposed to Tbdms, 
protection was used), the P-D-urubino-nucleoside 6 was formed as major product, 

268 
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0 

silylated sugar ii ~ “-,,,Ao + silylated base 

H 

+ D-ribose 
(3 equiv.) 

$H20Tms 

TmsO tho+ Tms 

0 

OH OH 

Reagents: i, HMDS, TmsCI; ii, TmsOTf, MeCN 

Scheme I 

indicating that the rearranged radical reacts predominantly trans- to the pivaloyl- 
oxy group at C-2’. Treatment of 5 with allyl tributylstannane - AIBN gave the C- 
ally1 analogue 7.7 

3 4 5 6 R = H  
7 R = allyl 

Reagents: i, silylated base, TmsOTf, toluene; ii, silylated base, AgOTf, toluene 

Scheme 2 

A novel method for the stereocontrolled synthesis of a-ribonucleosides, using 
either of two pyridinecontaining leaving groups, is outlined in Scheme 2. The 
method was also applied to the synthesis of 1 -(P-D-arabinofuranosy1)cytosine 
(also with 1,2-cis-stereochemistry), and the authors discuss the reasons for the 
selectivity in terms of ‘remote activation’.* 
2-Alkyl-3-hydroxy-4-pyridone ribonucleosides (potential oral iron chelators) 

have been prepared by conventional base-sugar co~pl ing,~ and simple routes to 
spongosine (6-amino-2-methoxyadenosine) and its 8-aza-analogue have been 
described.1° 6-Nitro-1 -deazapurine undergoes ribosylation with SnCb catalysis to 
give 60% of the 9-P-product, but some 30% of 3-P-product is also formed, 
whereas 6-nitro-l,3-dideazapurine (4-nitrobenzimidazole) gives just the 9-p- 
product (purine which could be used in an improved synthesis of 
1,3-dideazaadenosine. l2 Various 2,5,6-trihalogenobenzimidazole ribonucleosides 
have been de~cribed,’~ as has 2-(P-~-ribofuranosyl)indazole, which, as its tri-O- 
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acetyl derivative, rearranges to the 1 -substituted isomer.I4 Base-sugar condensa- 
tion has been used to prepare the thieno[2,3-d]pyrimidine 8 and the thieno[3,2- 
djpyrimidine 9,15 the furo[2,3-dJpyrimidines 10l6 and 11 (where the P - D - c z ~ ~ ~ ~ o -  
compound was also prepared via a cyclonucleoside and the P-D-xylo-analogue by 
condensation), l7 and some 1 -P-~-ribofuranosyl-5,7-disubstituted pyrido[2,3- 
djpyrimidines. * 

There have been reports of various 3-cyano-1 -P-D-glucopyranosyl- and - 1 -p-D- 
galactopyranosyl-pyridin-2-ones19-20 and pyridin-2-thione~,~' ,22 along with a - ~ -  
arabinopyranosyl- and P-~-xylopyranosyl-3-cyano-2-pyridinethiones.~~ S - h i n o -  
6-aryl-3-(P-~-gluco-or -galacto-pyranosyl)tetrahydro-2-thioxo-4H- 1,3-thiazin-4- 
ones have been made by elaboration of the appropriate tetra-0-acetyl-P-D- 
hexopyranosyliso thi~cyanates ,~~ and 1 -(2-acetamido-2-deoxy-~-~-glucopyra- 
nosyl)-6-azauracil has been made by base-sugar c~ndensat ion.~~ 

3 Anhydro- and Cyclo-nucleosides 

Treatment of 12 (Vo1.27, p.228; see also Section 5) with fluoride ion, followed by 
acetylation, gave the anhydrosystem 13, and the corresponding di-0-benzoyl 
compound could be converted to the P-D-arabinofuranosyl nucleoside ana- 

The dihydrothymidine anhydronucleoside 14 has been prepared by 
reaction of the D-arubino-oxazoline with methyl methacrylate. Dehydrogenation 
using DDQ gave the anhydrothymidine 15, whilst interestingly use of Mn02 
caused oxidation of only the minor diastereomer of 14, leaving the major isomer, 
of 5s-chirality, ~nchanged.~' 

Some P-D-xylofuranos ylpyrimidines have been prepared by condensation using 
1,2-di-O-acetyl-3,5-di-O-benzoyl-~-xylofuranose; selective deblocking and activa- 
tion of 0-2'  then led to the formation of 2,2'-anhydro-P-~-lyxofuranosylpyrim- 
idines.28 

Treatment of 2'-deoxyuridine derivatives of type 16 with a polymer-supported 
fluoride at room temperature gave the 2,3'-anhydrosystems 17 in good yield.29 

The 8,5 '-cyclonucleoside 18 was prepared by intramolecular displacement of 
an 8-bromosub~tituent,~~ and the conformationally fixed uridine cyclic phosphate 
19, and the corresponding 2,5'-compound, have been prepared to study the effect 
of the conformation on their hydrolysis by ribon~clease.~~ 

There have been further studies on the reaction of purine and pyrimidine 
nucleosides with a-acetoxyisobutanoyl bromide, and the use of the resultant 
bromoacetates to form 2 ',3 '-anhydroribon~cleosides.~~ Branched nucleosides of 
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type 20 (B=Purine) have been prepared by condensation reactions; subsequent 
selective deacetylation, mesylation and base treatment then gave the 2',3'- 
anhydro-lyxonucleosides 21. Similar chemistry was also used to make the D-ribo- 
analogues.33 

TbdmsO c 

12 13 14 15 

16 17 

I I 

Ho 18 O,p/O 19 
0" 'OH 

HO CHp 

I 

CHpOH 
20 21 

OH 
22 

OH 
23 

4 Deoxynucleosides 

The enzymic propanoylation of 2-deoxy-~-ribose at 0-5 is the first step in a new 
one-pot chemicoenzymatic synthesis of 2 '-deoxyribonucleosides.34 Alginate gel- 
entrapped cells of an auxotrophic thymine-dependent strain of E. coli have been 
used to catalyse the transfer of the 2-deoxy-~-ribofuranosyl unit from 2'- 
deoxyuridine to purine and pyrimidine bases, as well as to their am- and deaza- 
analogues.35 Enzymic transglycosylation was also used as a stereoselective 
alternative to chemical synthesis in the preparation of the imidazole deoxynucleo- 
side 22.36 

Base-sugar coupling has been used in the synthesis of the nitropyrrole 23, 
designed as a universal replacement for any of the natural deoxynucleosides in 
DNA sequences,37 in a practical synthesis of 5-nitr0-2'-deoxyuridine,~~ and for 
the synthesis of 8-substituted-2-chloro-2'-deoxyadenosine  derivative^,^' 2- 



272 Carbohydrate Chemistry 

anilino-2 '-deoxypurine nucleo~ides,~~ and 1 -(2 '-deoxy-P-D-ribofuranosy1)-quina- 
z0line-2,4-dione.~ 

Phase-transfer glycosylation using 2-deoxy-3,5-di- 0-toluoyl-a-D-erythro-pento- 
furanosyl chloride led to considerable amounts of the N7-nucleosides 24 (X = 0 
or S), from which the adenine and hypoxanthine analogues could be and 
other workers have reported the synthesis of the N7-regioisomers of 2chloro-2'- 
deoxyadenosine4* and of 2'-deo~yguanosine.~~ 

Free-radical deoxygenation procedures have been used to convert 6-chlorogua- 
nosine into 2-aminopurine-2'-deoxyriboside, Bu3SnH effecting both deoxygena- 
tion at C-2' and dechlorination at C-6,"" and for the synthesis of 2-aza-2'- 
deoxyinosine (25), which was then incorporated into oligon~cleotides.~~ Treat- 
ment of the 3',5'-di-U-acetyl analogue of 14 with acetyl chloride in MeCN gave a 
chlorocompound, reducible with tributylstannane to the dihydrothymidine deri- 
vative 26.27 

A route to 2'-deoxynucleosides stereoselectivity deuteriated at C-2' involves 
the formation of derivatives 27 (B = Ade, Thy, Ura) by reduction of the 
corresponding ribo-bromides with Bu3SnH - Et3B at low temperatures; the 
stereoselectivity of this method was very good in comparison with related 
 procedure^.^^ Similar reduction of a-acetoxyselenides 28, made by seleno-Pum- 
merer reactions, gave 5 '-deuterio-compounds 29 where the RIS ratio was base- 
dependent, but with the 5 '-27- isomer always p r e d ~ m i n a n t . ~ ~  

0 0 

24 25 26 27 

PhSe Me 

A c O ~ O ~  - A c O f O y  " " k O 9  

OTWrns OTWms OH OTWrns 

28 29 30 31 

Treatment of 3 ',5'-di-O-toIuoylthymidine with acetic anhydride and H2S04 in 
acetonitrile-dichloromethane causes equilibration at the anomeric centre to give 
substantial amounts of the a-thymidine 

Truncated analogues 30 of 2'-deoxynucleosides have been prepared, along with 
their a-anomers, by base-sugar coupling, and shown to be inhibitors of uridine 
pho~phorylase.4~ Compounds of type 31 have been synthesized by addition of 
MeMgBr to deoxynucleoside 5 '-aldehydes, and incorporated into oligonucleo- 
tides using phosphoramidite me thodo l~gy .~~  The chain-extended nucleoside 
analogue 32 has been prepared in a sequence in which the 'sugar' was elaborated 
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from non-carbohydrate sources, and related structures epimeric at C-4‘ were also 
described. 

3 ’-Deoxycytidine, 3 ‘-deoxyuridine, and their 5-fluoro-derivatives have been 
prepared using 1 -O-acetyl-2,5-di-O-p-chlorobenzoyl-3-deoxy-~-ribofuranose, and 
normal coupling methods; the sugar unit was in turn derived from the antibiotic 
cordycepin. 52 3 ’-Deoxyguanosine has been synthesized by regioselective opening 
of a 2’,3‘-ribo-epoxide with LiBHEt,, the epoxide being produced from N2- 
dimethylaminomethyleneguanosine by the use of a-acetoxyisobutanoyl bromide 
and subsequent base treatment (see ref. 32).53 

In the area of 2’,3’-dideoxynucleosides, a report from Reese’s laboratory has 
described a route to pyrimidine 2’,3 ‘-dideoxy-2-thionucleosides, involving 2,3’- 
anhydro-2‘-deoxynucleosides as  intermediate^.'^ 2‘,3 ’-Dideoxy-N6-cycloalkyl- 1 - 
deazaadenosines have been prepared by base-sugar coupling, and the paper also 
reports further examples of related 2’-deoxynucleosides (see Vo1.28, ~ . 2 6 8 ) . ~ ~  
Purine 2’,3 ’-dideoxy-p-L-nucleosides have been prepared by base-‘sugar’ con- 
d e n ~ a t i o n , ~ ~  as has the 5-azacytidine derivative 33; this latter report also describes 
the synthesis of 1 -(2 ‘-deoxy-~-~-arabinofuranosyl)-5-iodouracil and -5-(2-bromo- 
viny1)uracil from ~-arabinose.’~ The chiral building block 34, derived from D- 

glutamic acid, has been used to prepare dideoxy-L-nucleosides, and gives good p- 
selectivity (ca. 5: 1) with pyrimidine bases.58 

32 
I 

33 NH2 34 

There is still considerable interest in routes to 2’,3 ’-didehydro-2’,3 ’-dideoxynu- 
cleosides (d4 systems). A report from M.J. Robins’ laboratory describes, with 
many examples, the efficient conversion of ribonucleosides to d4 systems by 
reaction with a-acetoxyisobutanoyl bromide in moist acetonitrile, followed by 
reductive elimination on the mixed trans-brom~acetates.~~ An efficient conversion 
of thymidine into d4T (36) involved the conversion of thymidine into anhydronu- 
cleoside 35 under Mitsunobu conditions followed by manipulation as indicated in 
Scheme 3.59 Bromomesylate 37, prepared from 5-methyluridine, has also been 
employed in a route to d4T,60 as has the cyclonucleoside 38 (see Vo1.28, p.267-8), 
convertible into d4T (36) in a one-pot procedure (Scheme 4).61 Treatment of 2’- 
deoxynucleoside derivatives of type 16 with a polymer-supported fluoride reagent 
in THF at reflux gives the d4 analogues in moderate to good yield,29 whilst 
treatment of the thymidine derivative 39 with potassium t-butoxide followed by 
an alkyl halide gives 3-alkyl-derivatives of d4T.62 Thioacetals of type 40 have also 
been converted into the corresponding d4 systems,63 and a symposium report has 
described the use of levoglucosenone as a precursor of d4T.& The d4 analogues 
of thieno[3,2-d]pyrimidine nucleosides have been d e s ~ r i b e d , ~ ~  as has the didehy- 
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drodideoxy analogue of 9-(p-D-hexofuranosyl)adenine, along with related deoxy- 
and dideoxy-species.66 
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36 
35 

Reagents: i, PhCOzH, PPh3, DIAD; ii, PhSeH; iii, H202, HOAc; iv, NaOMe, MeOH 

Scheme 3 
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5 Halogenonucleosides 

2-Chloro-2’-deoxy-2’-fluoroadenosine, and its N7-regioisomer, have been pre- 
pared using base-sugar condensations, in which the regiochdstry of the reaction 
depended upon the reaction  condition^.^^ Vorbriiggen-type coupling was also 
used to make the 2’-fluoro-compound 41, and its a-anomer.68 Sodium-salt 
glycosylation has been used to prepare 2’-deoxy-2’-fluoro-ara-A (42),69 and its 2- 
chloroderivative (43), separable from its a-anomer in gram quantities by 
HLPC. ’* 1 -(2’-Deoxy-2’-fluoro-P-~-arabinofuranosyl)-5-ni trouracil has also 
been prepared by conden~ation,~~ as have pyrrolopyrimidine nucleosides such as 
44, where the use of a standard deoxygenative procedure during the synthesis led 
to the 3’-deoxycompound 45.71 The adenosine analogues 46 (R=Me, Et) have 
been prepared as lipophilic prodrugs of FddI, to which they are converted by the 
action of adenosine deamina~e .~~  
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Fluorinated L-nucleosides have also been reported. Compounds 47 (B=Ade, 
Cyt) have been prepared from ~ - x y l o s e , ~ ~  and the same team have also made 
2',2'-difluorocompounds of type 48, the sugar being assembled using a 
Reformatsky reaction between ethyl bromodifluoroacetate and isopropy1idene-L- 
glyceraldehyde. The adenosine analogue showed good anti-HIV activity with no 
cytotoxicity. 74 

OR 

46 47 

HOH2C Q B 

48 

The fluorinated thionucleoside 49 was prepared from the corresponding 5 '-0- 
trityl-2'-alcohol by fluorination by DAST with retention of configuration. Use of 
the sulfoxide gave fluorination with predominant inversion of stere~chemistry.~~ 

A full account has been given of the synthesis of 3 by addition of NBS and 
pivalic acid to the 1 '-ene, and the subsequent Lewis acid-catalysed reactions with 
soft nucleophiles to give products 50 (R=allyl, CN, etc.) with a carbon substituent 
at C-1 ' (see Vo1.27, ~ . 2 4 8 ) . ~ ~  

The 4-methylthio analogue76 and some hydantoin analogues77 of 3 '-fluoro-3 '- 
deoxythymidine (FLT) have been prepared by condensation methods. 

The fluorinated xylofuranosyladenine 51 has been prepared by opening of the 
2',3'-ribo-epoxide using KHF2, and was incorporated into 2-5A analogues.78 
When the alcohol 52 was treated with DAST, the P-D-lyxo-difluoride 53 was 
obtained. This is the first report of this stereochemical pattern for a 2',3'- 
difluoronucleoside (earlier unsuccessful routes using base-sugar coupling were 
reported last year), and it was found that the cytidine analogue could be made 
directly from 53 by treatment with ammonia under mild conditions, the two 
fluorines making the base much more susceptible to nucleophilic subst i t~t ion.~~ 
Treatment of 5 '-O-acetyl-2',3 '-didehydro-2',3 '-dideoxyuridine with fluorine gas 
(10% in nitrogen) gave the trifluorocompound 54, together with the product of 
fluorination in the base only. Treatment of 54 with KOBu' gave the fluoroalkene 
55, which could be hydrogenated stereoselectively from the a-face.80 
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4‘-Fluoroadenosine has been prepared in unprotected form for the first time, 
using chemistry similar to that employed by Moffatt and co-workers for the 
synthesis of nucleocidin (Vol. 10, p. 160), but with some improvements in 
protecting groups and reagents. The compound was found to be a time- 
dependent inhibitor of adenosylhomosyteine hydrolase.81 

The positive fluorine reagent Selectofluor has been used for the a-fluorination 
of (arylthio)nucleosides, to give products such as 56, and analogous products 
from reactions at C-2’ and C-3’ were also described.82 

6 Nucleosides with Nitrogen-substituted Sugars 

2’-Amino-2’-deoxyuridine has been coupled at the amino group with various 
Fmoc-protected aminoacids; the resultant conjugates were incorporated into 
ribozymes using phosphoramidite methods.83 
3’-Amino-3’-deoxyadenosine has been prepared by coupling of the base to a 

sugar synthon derived from levoglucosenone (see Chapter 9).84 
Reactions of the uridine-derived lyxo-epoxide with various amines, including 

an aza-crown ether, each gave a mixture of the two products from attack of the 
amine at C-3 and C-2, as exemplified by 57 and 58 in the case of pyrrolidine, with 
the product of type 57 predominating. This mixture could be converted as 
indicated in Scheme 5 into the 2,2’-anhydro-system 59, presumably via an 
aziridinium intermediate. Reaction of 59 with thiophenol gave 60, whilst base 
hydrolysis gave the pure arabino-compound 57. When primary amines were used, 
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Reagents: i, MsCI, Py; ii, Py, reflux; iii, PhSH, (Me2N)2C=NH; iv, NaOH aq. 

Scheme 5 

the initial urubino-lxylo- mixture could be converted to the 2’,3 ’-aziridine under 
Mitsunobu condi ti on^.^^ 

There has been a further report (see Vo1.27, p.250) on the formation of 3’-N- 
alkylamino-3’-deoxythymidines, either by reductive alkylation, or by treatment 
of AZT with TPP followed by an alkyl halide.86 3’-Amino-3’-deoxythymidine has 
been converted to various N-substituted analogues such as 61, which showed 
some anti-HIV activity.87 

A new route to AZT involves bromomesylate 37; reductive removal of the 
bromine, followed by treatment with sodium azide and lithium carbonate gave 
5’-O-benzoyl-AZT, presumably via a 2,3’-anhydronu~leoside.~~ 2-Alkylthi0-~~ 
and the 4-methylthio-analog~es~~ of AZT have been made by base-sugar 
condensation, as have 3’-azido-2’,3 ’-dideoxynucleosides of hydantoimW Some 
computational work on conformations of AZT is mentioned in Chapter 21. 

N-Acyl-L-phenylalanyl prodrugs of 3 ’-amino-2’,3’-dideoxycytidine have been 
prepared from 2’-deoxycytidine, using a double inversion at C-3’ to generate an 
azide intermediate which was reduced and coupled to N-a~ylphenylalanines.~~ A 
report from Pedersen’s laboratory has described the synthesis of thymidine 
analogues of type 62 (X=CH2, NH, 0), either in a non-stereoselective manner 
from triacetyl-D-glucal using a method based on previous work (Vo1.25, p.252) or 
by ring-opening of a 2,3’-anhydronucleoside to give just the P-anomers. This 
latter approach with 1,2,4-triazole as nucleophile gave the triazolyl analogue 63,92 
whilst others have adopted a similar approach to make tetrazoles of type 64.93 
Reaction of 3 ’-amino-3 ’-deoxythymidine, and various similar compounds, with 
N-ethylmaleimide gave Michael adducts involving the 3 ’-amin~group.~~ 
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A new synthesis of 3 ‘-deoxy-3 ’-nitrothymidine involves displacement of an 
‘up’-iodo-substituent by nitrite ion in DMSO in the presence of phlor~glucinol.~~ 

The (hydroxy1amino)nucleoside 65 has been made by reduction of a C-3’ 
nitrone with NaBH3CN, and related 0-alkylhydroxylamines were also described, 
prepared by reduction of O-alkylo~irnes.~~ Similar 0-alkyloximes at both C-2‘ 
and C-3‘ of uridine have been prepared as potential inhibitors of ribonucleoside 
diphosphate r e d ~ c t a s e . ~ ~  

The uncharged analogue 66 of cyclic AMP has been prepared, with 5’-amino-5’- 
deoxy-2’,3 ’-0-isopropylideneadenosine as an intem~ediate.~~ Tosylates of type 67 
@=Me, I, F, CF3) have been made by Vorbriiggen-type condensations, and used 
to prepare the 2’,3’-ribo-epoxides and hence, via anhydronucleosides, derivatives 
of type 68. The same paper also describes the synthesis of 3‘,5’-diazido-3’,5’- 
dideo~y-5-methyluridine.~~ 5 ’-hido- and 5 ‘-amino-2’,5’-dideoxynucleosides of 
quinazoline-2,4-diones have been made by base-sugar condensation. loo 

Nucleopeptidic conjugates 69 have been described, with the C-N bond being 
formed by Mitsunobu coupling of the appropriate 2’-deoxynucleoside with an N- 
Boc sulfamide. lol  The S-adenosylmethionine analogue 70 has been prepared and 
its biology studied. lo* The use of 5’-amino-5 ’-deoxyguanosine in a trisubstrate 
analogue inhibitor of a fucosyltransferase is mentioned in Chapter 9. 

As regards hexopyranosyl systems, 5-substituted-6-azauracil nucleosides of N- 
acetylglucosamine have been prepared, lo3 and acetobromoglucose was used as 
starting material to make the bis(nitroimidazo1e) 71, in a search for hypoxia- 
selective antitumour agents with two bioreductively-activated units. lo4 
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7 Thio- and Seleno-nucleosides 
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3 ’-Thiothymidine and 2’-deoxy-3 ’-thioadenosine have been prepared by conden- 
sation methods.lo5 The vinyl sulfone 72 has been synthesized as a reactive 
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analogue of AZT, and it was shown to react in a Michael fashion with various 
C-, N- or S-nucleophiles. Io6 

4’-Thionucleosides continue to attract attention. The stereoisomer 73 was the 
major product of Lewis acid-catalysed reaction between 2-t-butyldimethylsilyoxy- 
thiophene and isopropylidene L-glyceraldehyde, and could be converted to the 4’- 
thioanalogue 74 of ddC; the enantiomer was also made ~imi1arly.l~~ In an 
alternative approach, the thiolactone 75 was prepared from (9-glycidol, and 
used to make 4‘-thio-dideoxynucleosides similar to 74. The u-phenylselenyl 
lactone 76 could be made stereoselectively from 75, and this could be used, after 
DIBAL reduction and acetylation, in p-selective Vorbruggen couplings, which 
led, after selenoxide elimination, to the d4 systems of type 77.1°8 The branched 
lactone 78, made by photochemical addition of methanol to the enone, has been 
used as a precursor for 4’-thionucleosides 79 (R = H or F), in a sequence 
involving double inversion at C-4’. The same workers also describe an alternative 
route to the same type of analogue in which the building block 80 was made from 
(2S, 3S)-2,3-bis(benzyloxymethyl)oxirane by reaction with allylmagnesium 
bromide followed by ozonolytic cleavage of the double bond, this approach being 
used to make uridine analogues. lo9 
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CH20Tbdps 
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An interesting pyranose-to-thiofuranose rearrangement was used in a route to 
2’-deoxy-4’-thionucleosides (Scheme 6),  but unfortunately the initial rearrange- 
ment of the thionocarbonate 81 was not regioselective.’ lo 

Purine 2’,3 ’-dideoxy-4‘-thio-~-nucleosides have been prepared by base-sugar 
condensation. 56 

The cyclopentene derivative 82 has been prepared from 2’,3 ’-0-isopropylidene- 
5 ’-thioadenosine, and was an irreversible inhibitor of S-adenosylmethionine 
decarboxylase. l1 

The sialic acid-cytidine conjugate 83 has been synthesized, the units being 
linked by displacement of a 5’-bromo-substituent on the nucleoside by a 2-thio- 
sialyl nucleophile. l2 
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8 Nucleosides with Branched-chain Sugars 

In a novel route to 3'-deoxy-2'-methylenethymidine 85 (Scheme 7), the sulfone 84 
was prepared from a-D-isosaccharinolactone; reductive elimination of 84, in a 
manner previously described for pyranoid systems (Vo1.26, p.148) then gave an 
intermediate which underwent [3,3]-sigmatropic rearrangement as indicated. 

Reagents: i, Sm12, HMPA; ii, silica gel; iii, (Tms)2Thy, Pd2(dba)3, PPh3; iv, NH3, MeOH 

Scheme 7 

Previously reported intermediates (Vo1.27, p.253-4) have been converted into 
other nucleoside analogues with two-carbon chains at C-2', such as the selec- 
tively-protected trio1 87, prepared by reduction of the lactone 86. l4 2'-C-Methyl 
ribonucleosides have been made by Vorbriiggen-type coupling of the appropriate 
base to a sugar unit (see Chapter 14).Il5 

It has been found that the anti-tumour agent CNDAC (88) (see Vo1.27, p.254 
and earlier volumes) undergoes equilibration in base to the ~ - r i b o -  epimer 89, 
degradation to the glycal being a slower process. The arabino-isomer has the 
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higher anti-tumour activity and the observed activity of the ribo-compound could 
be due to epimerization.' l6 

As regards compounds branched at C-3, 3 '-C-trifluoromethyl ribonucleosides 
have been made by base-sugar coupling (see also Chapter 14).'17 Addition of a 
Ce(II1) organometallic to the appropriate 3 '-ketonucleoside gave predominantly 
the xylo-products 90, whilst if 0-5' was unprotected, the ribo-products were 
formed with high stereoselectivity, possibly because of coordinative guidance 
from the hydroxyl function.' '* The 3'-alkyne 91 was prepared by ring-opening of 
the 2',3'-lyxo-epoxide; subsequent deoxygenation at C-2', followed by further 
chemistry at C-5' using Ph3P=CBr2 then gave the dialkyne 92 which could be 
polymerized using Cu(I). Elaboration of the second alkyne was not successful if 
0-2' was still present.'Ig 

The AZT analogue 93 has been prepared from a 3'-deoxy-3'-iodo compound 
of the same configuration, by formation of a cobaloxime and photochemical 
reaction with the nitronate anion.'20 A related iodo-derivative was treated with 
propargyl triphenylstannane and AIBN to give, after deprotection, the allenyl 
analogue 94 of AZT.12' There have been further reports on the synthesis of 3'- 
(hydroxymethy1)thymidine 95 (see Vo1.28, p.278), its incorporation into oligonu- 
cleotides via the 3',5'- and 3',3'-CH20H positions, and evaluation of their 
hybridization and enzymatic stability. 122*123 Some P-D-apiofuranosyl triazoles 
such as 96 have been made by cycloadditions of a glycosyl azide with stabilized 
phosphoranes. 124 Pyranosyl 3'-hydroxymethyl nucleosides of type 97 have also 
been prepared, the hydroxymethyl group being delivered onto a 2',3'-ene from 0- 
4' using a silicon tether, followed by inversion of stereochemistry at C-4'. 
Oligonucleotides were assembled involving units 97 (B=Ade), and these formed 
duplexes with oligothymidylate as predicted by computer modelling. 125~126 There 
have been further reports on the synthesis of 4'-(hydroxymethyl)thymidine 98, 
which has now been incorporated into oligodeoxynucleotides either in the normal 
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manner, or involving the extra hydroxyl function; branched systems through all 
three hydroxyls were also ~ r e p a r e d . ’ ~ ~ . ’ ~ ~  The Prague group have also described 
the synthesis of 2’-deoxy-, 2’,3 ‘-dideoxy- and 2’,3’-didehydro-dideoxy analogues 
of 4’-C-hydroxymethyladenosine. 129 A paper describing new adenosine analogues 
as agonists or antagonists at adenosine receptors reports the synthesis of a 
ribofuranosyl uronamide with a 4‘-C-methyl branch. 130 

Chattopadhyaya’s laboratory has reported further on systems with extensive 
modification at  C-2’ and C-3’. The unsaturated bromide 99 was made from a 
known seconucleoside (Vo1.28, p.277) and converted to 100 by treatment with 
tributylstannane followed by deprotection. In related fashion, 101 was prepared 
by intramolecular Diels-Alder reaction. 31 

The doubly-branched pyrimidine nucleosides 102 have been prepared by 
coupling of silylated uracil with a sugar unit (Chapter 14),132 and branched 
pyranosyl systems 103 have been r e ~ 0 r t e d . l ~ ~  
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9 Nucleosides of Unsaturated Sugars, Aldosuloses and Uronic Acids 

As in previous volumes, 2‘,3 ’-didehydro-2’,3 ‘-dideoxyfuranosyl derivatives are 
discussed in Section 4, together with their saturated analogues. 

Compounds of type 104 have been prepared by reaction of 3,4-bis-O-(p- 
nitrobenzoyl)-D-xylal with nucleobases in refluxing DMF, followed by deacyla- 
tion. The conformations of these analogues have been studied in some 
detai1.134J35 An alternative synthesis has been described of the alkyne 105 (see 
Vo1.25, p. 258-9 for the earlier route), involving reaction of a protected 5’- 
aldehyde with P ~ ~ P = C B I - ~ . ’ ~ ~  

The thymine nucleoside 106 has been prepared by coupling of silylated thymine 
with the glycosyl bromide (Vol.18, p.84-85), made by a photobromination 
procedure. 37 

Some glucuronate nucleosides of barbiturates have been reported,138 as has the 
analogue 107 of a thymidine dinucleotide, which was incorporated into oligonu- 
cleotides. 139 
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10 C-Nucleosides 

The new tiazofurin analogues ‘furanofurin’ (108, X=O) and ‘thiophenfurin’ (108, 
X=S) have been prepared by direct reaction between tetra-O-acetyl-P-D-riibofur- 
anose and the heterocycles, as their ethyl esters, in the presence of SnC14. 
Thiophenfurin had anti-tumour activity and inhibited IMP dehydrogenase, 
implying the need for the sulfur of tiazofurin, but that the nitrogen was not 
essential. 140 

Pyridazine C-nucleosides have been made by cyclizations of tetrazines and 
ribofuranosyl alkynes, as in the case of 109 and 110, which gave 111 after 
deprotection. 1,2,4-Triazines have been similarly prepared by cycloadditions to 
ribofuranosyl imidates; use of 109 gave 112. 142 Pyrazolo[ 1,5-a]pyrimidine C- 
nucleosides such as 113 have been prepared by interaction of 3-aminopyrazole 
with a previously-described intermediate. 143 
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An improved route to 3-(P-~-ribofuranosyl)pyrazole has been described, 
starting from 2,3-O-isopropylidene-~-ribofuranose and involving acetylenic inter- 
mediates. A stereocontrolled route to 4(5)-(f3-~-ribofuranosyl)imidazole (1 15) 
has also been developed; the epimeric mixture 114 was obtained via addition of a 
lithiated imidazole to 2,3,5-tri-O-benzyl-~-ribofuranose, and cyclization of this 
under modified Mitsunobu conditions gave selectively the f3-product. A mechan- 
istic rationale was presented, and the 2 ’-deoxycompound was similarly made. 145 

Various other 2’-deoxy-C-nucleosides of type 116 have been prepared in a non- 
stereoselective way by reaction of lithiated heterocycles with 3,5-O-Tips-2- 
deoxyribose, followed by acid-catalysed cyclization; compounds made included 
the 2-furyl, 2-indolyl, 2-pyridyl and benzothiophen-2-yl analogues. 146 

A practical synthesis of N1-methyl-2’-deoxy-~-uridine (‘yt-thymidine’) from w- 
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uridine has been developed, using free radical deoxygenation. The product was 
incorporated into oligodeoxynucleotides, 147 as were 2’-deoxyformycin, 148 and 
N2-isobutanoyl-2’-deoxy-9-deazaguanosine. 149 

Several papers have reported further uses of palladium-catalysed reactions to 
make 2’-deoxy-C-nucleosides. Illustrative is the synthesis (Scheme 8) of the 
thymidine analogue 117,150 and similar chemistry has been used to prepare 2’- 
de~xypyrazine’~’ and -pyrazolo[ 1,5-a]- 1,3,5-triazine C-nucleosides. 52 
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Reagents: i, Pd(dba)2, Bu3N, MeCN, Ph2P-(CH2)3-PPh3 
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Scheme 8 

11 Carbocyclic Nucleoside Analogues 

The carbocyclic analogue 118 of AICAR, an intermediate in purine nucleoside 
biosynthesis, has been prepared in a sequence which involved elaboration of the 
imidazole ring from a cyclopentylamine; a similar sequence was used to make the 
later biosynthetic intermediate SAICAR. 153 

Various 2 ’-O-alkylated derivatives of carbocyclic 5-methyluridine have been 
prepared, as have 6 ’-alkoxy and -acyloxy-derivatives of carbocyclic thymidine 
(119), in order to test the effect of the structural alterations on DNNRNA 
duplex stability. 154 A short and high-yielding synthesis of carbocyclic bromo- 
vinyl-deoxyuridine (BVDU) has been described, involving a cyclopentylamine 
derivative as an intermediate. 55 Carbocyclic BVDU and carbocyclic 2’-deoxy- 
guanosine have been made by a modification of an earlier route to carbocyclic 2’- 
deoxynucleosides, involving a microbiological reduction. 56 Racemic difluoro- 
carbocyclic nucleosides of type 120 have been made via the fluorination of (+)-AT- 
Boc-2-azabicyclo[2.2.1 Jhept-5-en-3-one (see Vo1.28, ~ . 2 8 4 ) , ’ ~ ~  and the (+)-enan- 
tiomer of 2-azabicyclo[2.2.l]hept-5-en-3-one has been converted into the (-)- 
enomtiomer, which is of considerable use in the synthesis of carbocyclic nucleo- 
sides in the D-series. 158 

A new asymmetric synthesis of the ‘unnatural’ (+)-form of carbovir has been 
described, involving the cycloaddition of a camphor-derived nitrone with cyclo- 
pentadiene, 159 and racemic trans-carbovir has been made using a Ramberg- 
Backlund reaction to prepare the cyclopentene unit. 160 (?)-2’,3 ’-Didehydro-2’,3’- 
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dideoxy-carbocyclic nucleosides of 5-substituted uracils and cytosines, where the 
5-substituent is a thiophene ring, have been reported,161 and these have been 
hydroxylated, to give substantial amounts of the all-cis (‘p-Zyxo’) products. 16* 

The carbocyclic 5’-nor-adenosine analogue 121, its C-4’-epimer, and their 
enantiomers have been prepared from chiral cyclopentenes, and these compounds 
were converted to phosphonates such as 122. 163 Enantiomerically-pure 5’-aza- 
noraristeromycin analogues have been synthesized by cycloaddition of a chiral 
acylnitroso dienophile with cyclopentadiene, to give, after further manipulation, 
the analogue 123 which could be hydroxylated.la A similar approach was used 
to make hydantoin analogues such as 124. 165 5’-Nor-aristeromycin analogues, 
and also a uronamide analogue, have been described as potential agonistd 
antagonists at adenosine receptors. 30 Branched carbovir analogues of type 125 
have been made from a previously-known chiral cyclopentanone derivative. 166 
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An alternative route has been developed in Marquez’ laboratory to prepare the 
methano-carbocyclic thymidine 127 (see Vo1.28, p.286). A key step involved the 
highly stereoselective formation of 126 by addition of diazomethane to the a,P- 
unsaturated nitrile, itself accessible from a known intermediate in two steps. 
Photochemical loss of nitrogen from 126 was followed by a Curtius sequence to 
establish an amine from which the thymine ring was formed.167 The aristeromycin 
analogue 128 has also been prepared, using chemistry reminiscent of earlier work 
on analogues of this type (Vo1.28, ~ . 2 8 5 - 6 ) , ’ ~ ~  and bicyclic compounds of type 
129 have been prepared as race mate^.'^^ 

A series of cyclohexenyl nucleoside analogues such as 130, which can be 
regarded as a carbovir analogue with an extra methylene group inserted, have 
been described,170 as have nucleoside phosphonates of type 131171 and the 
compounds 132 and 133 (B = Gua, Ade, Ura), where the base units were added 
to the cyclohexyl ring by nucleophilic opening of e p 0 ~ i d e s . l ~ ~  

12 Nucleoside Phosphates and Phosphonates 

The Mitsunobu reaction, using dibenzyl phosphate or benzyl methylphosphonate 
as nucleophile, can be used to convert 2’,3 ’-0-isopropylidene purine nucleosides 
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into their 5 '-phosphates or methylphosphonates. The use of pyridine as solvent is 
important in preventing the formation of 3,5'-cy~lonucleosides.~~~ Phosphoryla- 
tion of guanosine with POC13 is more selective for the 5'-O-monophosphate when 
carried out in triethyl phosphate containing some water.174 Protected 1- 
hydroxybenzotriazolyl esters of adenosine 5 '-phosphorothioate (134, X = 0) and 
phosphorodithioate (134, X = S) have been prepared; aminolysis of these gives 
phosphorothioamidates and phosphorodithioamidates, whilst alkaline hydrolysis 
forms mono- and dithiophosphates accompanied by 3 ' ,5 '-cyclic species. 175 

Various 170-labelled thymidine 5 '-phosphate triesters , alkylphosphonates, 
dialkylphosphinates and phosphoramidates have been prepared. The chemical 
shifts in the 170-NMR spectra seemed to be useful for structural assignment, but 
diastereomers at phosphorus 
shifts. 176 

CH20Me CH20M6 
134 

did not display discernably different chemical 

0 

Ph 135 OH OH 136 

The thymidine oxyphosphorane 135 has been prepared by ester exchange, 
and underwent hydrolysis to give primarily the 5'-dialkyl ph0~pha te . l~~  The 
cyclic analogue 136 of UMP has been synthesized for incorporation into antisense 
sequences to impart nuclease resistance. Its conformation was found to be similar 
to that of a nucleotide unit in A-type DNA d~p1exes. l~~ 

There continue to be reports of potential prodrugs of biologically-active 
nucleoside-5 '-phosphates. The S-acetyl-2-thioethyl ester 137 of d4T has been 
prepared, and undergoes esterase hydrolysis in the The same team have 
also made the analogous derivative of AZT.18' A series of aromatic aminoacid 
phosphoramidates of AZT have been described181 as have bis-ketol AZT mono- 
phosphates18* and 4-acyloxybenzyl bis(nuc1eosid-5 '-yl) phosphates of AZT and 
ddI. 183 Phosphodi- and tri-esters incorporating both AZT and a metal-com- 
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plexing ligand have been prepared; although they catalysed the cleavage of RNA 
fragments, they were not effective in antiviral assays.184 The triester 138 has been 
described; hydrolysis by esterase followed by elimination of acrolein gives 
FdUMP, 185 and other workers have developed a similar phosphoramidate 
system, again as a prodrug of FdUMP. lg6 

0 

137 

0 
n I 

Opiv \-/ 
OH 138 

The 3’-phosphate 139 has been prepared as the first mechanism-based inhibitor 
of a phosph~diesterase.’~~ 

New methods have been developed for the synthesis of nucleoside 3‘-H- 
phosphonates, using triphosgene as an activating agent for phosphonic acid, gg 

and involving pivaloyl chloride induced coupling of the nucleoside with 9- 
fluorenemethyl phosphonic acid followed by deprotection using triethylamine in 
pyridine. 89 Various P-D-arabinofuranosyl nucleoside 3 ‘-H-phosphonates have 
been prepared. 190 The conversion of nucleoside H-phosphonate diesters into 
phosphoramidates using the reagent system CC14 and n-BuNH2 in acetonitrile 
has been shown to result in inversion of configuration at phosphor~s.’~~ 

Oxazaphospholidines of type 140 have been advocated as alternatives to the 
more normal phosphoramidite units used in solid-phase synthesis. 192 The unit 
141, as an isomeric mixture, has been developed as an all-purpose adaptor for 
synthesis of oligonucleotides on any of the commercial supports. The unit 141 is 
attached to the support through 0-5’. After removal of the Dmtr group, the first 
nucleoside is attached via a 2’(3’)-3’ link using a phosphoramidite. The desired 
oligonucleotide is then conventionally assembled, and disconnected by removal 
of the 0-benzoyl group from the adaptor, which is followed by cyclic phospho- 
diester formation.193 

Various papers have described novel routes to 3 ‘-phosphorothioates and 
related species. Reactions of 5’-O-pixyl-2’-deoxyribonucleoside 3 ’-H-phospho- 
nates with N-(2-~yanoethylsulfanyl) phthalimide in the presence of TmsCl and N- 
methylmorpholine gives the corresponding 3 ’-phosphorothioate S-(2-cyanoethyl) 
esters, useful building blocks in oligodeoxyribonucleoside synthesis by the 
phosphotriester a p p r 0 a ~ h . l ~ ~  Nucleoside cyanoethyl H-phosphonate diesters 
have been converted to thiophosphotriesters of type 142 by reaction with TmsCl 
followed by reagents of the type ArS02SR, 195 and nucleoside 3’-H-phosphonates 
can be converted to nucleoside 3 ’-H-phosphonothioate monoesters by activation 
with PivCl in pyridine, followed by H2S in d i 0 ~ a n e . l ~ ~  The dithio-H-phosphonate 
143 could be prepared by use of PC13 and a base followed by H2S, and converted 
into the dithiophosphate 144 by oxidative coupling with 9-fluorenemethanol, 
followed by treatment with NH3; direct oxidation was less successful, and similar 
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chemistry was carried out at 0-5'.197 The use of cyclic phosphitylating agent 145, 
followed by sulfur treatment, has been developed for the one-pot synthesis of 
monothiophosphates of nucleosides, including 2',3 '-cyclic monothiophosphates, 
and for the synthesis of monothio-derivatives of dinucleoside 5 '-oligophos- 
phates.I9* Building blocks of type 146 have been developed for use in making 
oligonucleoside phosphor0 thioa tes. * 99 
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Stable phosphorofluoridites of type 147 have been prepared,200 and, by 
reaction with a second nucleoside followed by thionation, gave dinucleosidyl 
phosphorofluoroidothioates 148. Isomer separation was possible at the phos- 
phorofluoridite stage.201 Reactions of 147 with t-butanol or P-cyanoethanol 
gave, after sulfuration, intermediates which could be converted thermally (t- 
butyl esters) or by base treatment (cyanoethyl esters) into nucleosidyl 3 ' 4 -  
phosphorofluoridothioates (149, X=S). Oxidation of the P(II1) intermediates 
also gave a convenient route to nucleosidyl phosphorofluoridates (149, 

Diphenylmethylsilylethyl esters at the internucleosidic link, as in 150, can be 
rapidly deprotected using SiF4 in acetonitrile containing a little water.203 On 
treatment with acid, compounds such as 150 undergo migration of the trialkyl- 
silylethyl group from oxygen to sulfur, probably involving an ion pair in which 
the carbocation is stabilized by the p-silicon effect.204 

X=0).202 
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As regards other modifications of the internucleosidic link, a new route to 
dinucleosidyl phosphorofluoridates is illustrated in Scheme 9. The hydrolytic 
stability of the product was investigated, and various triesters were prepared from 
151 .205 Triesters have also been prepared by alkylation of dinucleosidyl 
tributylstannyl phosphates.206 

+ 

“ O W y  OAc - 

151 5 

Reagents: i, DBU, MeCN; ii, Mel; iii, AgF or Et3NH F 

Scheme 9 

The first dinucleotide phosphoramidimidate 152 derived from an aliphatic 
amine has been prepared by reaction of the phosphorimidite with the amine in 
the presence of iodine.207 

Dideoxynucleoside methylphosphonates have been prepared by reaction of a 
5 ’-O-protected deoxynucleoside with MePOF2 to give a phosphonofluoridate, 
which was then treated with a 3’-protected nucleoside in the presence of base. 
The success of the method depends on the second fluoride displacement being a 
much slower process. Dinucleoside methylphosphonothioates were prepared 
similarly.208 

An efficient synthesis of the bis(phosphonate) 153 has been described,209 and a 
route to a thymidine dimer containing an internucleoside phosphinite link is 
outlined in Scheme 10, the dimeric unit being incorporated into oligodeoxynu- 
cleotides.210 The dinucleotide 154 with a novel hydroxymethylphosphonate link 
was prepared by reaction of a dithymidinyl trimethylsilylphosphite with form- 
aldehyde; the procedure could be carried out on a solid support to give a 
decathymidylate with all links modified.211 Also reported is a procedure for the 
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synthesis of dinucleoside trifluoromethylphosphonates (155).212 Various dinu- 
cleoside phosphonamidates of antiviral agents, such as 156, have also been 
described.213 

I ,o 
‘-0Et o \  5P- CH2- c p y  

OEt by OBz OBz 

Reagents: i, BuLi, then BF3.Et20; ii, DEAD, Ph3P, PhC02H; iii, TmsCI, CHCI3, 
EtOH; iv, DBU; v, pTol-CSCI, Et3N; vi, Bu3SnH, AlBN 

Scheme 10 

With regard to oligonucleotide analogues with modifications in the sugar unit, 
there has been a further contribution from Eschenmoser’s laboratory concerning 
‘pyranosyl RNA’, where P-D-ribopyranosyl nucleosides are linked by 2‘,4‘- 
phosphate units.214 Other workers have described the dinucleotide analogue 157, 
an antisense construct with potentially increased hybridization properties.215 3 ’- 
Dimethoxytrityl-5’-phosphoramidites of a-deoxynucleosides 158 have been pre- 
pared, and these, together with the usual 5 ’-O-Dmtr-derivatives of P-deoxynu- 
cleoside 3 ’-phosphoramidites, have been used to make oligodeoxynucleotides 
with alternating cz,P-linkages, and alternating 3’-3‘ and 5’-5‘ linkages.216 

Various new 2’-5’-adenylate trimers have been described, involving a 5 ’-amino- 
5 ’-deoxyribonucleotide unit at the 5 ’-end and in some cases an acyclonucleoside 
terminal unit. These had increased resistance to pho~phodiesterase.~’~ 
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There have been further papers concerned with nucleoside phosphonates. A 
full and extended account has been given of the formation of hydroxyphos- 
phonates such as 159 by stereoselective addition of diethyl phosphite anion to the 
ketonucleoside (see Vo1.27, p.263-264) and the deoxygenation of these to give 
products such as 160. The deoxygenation gave low stereoselectivity (-2: 1) for the 
P-phosphonate. Similar chemistry can be effected at C-2’.218 Also reported on 
more fully are difluoromethylene phosphonates of type 161 (see Vo1.28, ~ . 2 9 0 ) . ~ l ~  
5 ’-O-Phosphonomethyl derivatives of nucleosides have been prepared by alkyla- 
tion using reagents TsOCH~-P(O)(OH)~ and TsOCH2 -P(0)(OH)(OEt).220 

In the area of cyclic phosphates, adenosine 3 ‘,5’-cyclic phosphorofluoridate 
has been prepared; it was shown to undergo facile conversion to adenosine 2’,3’- 
cyclic phosphate.221 A photolabile 3 ’,5 ’-cyclic phosphotriester of adenosine has 
been described,222, as have 3’,5’-cyclic phosphotriesters and phosphoramidates of 
S-chl~roadenosine.~~~ 

Acidity constants have been measured for AMP and ADP in various mixtures 
of water and organic solvents using potentiometric titration.224 The 3 ‘-triphos- 
phate of 2‘-deoxyadenosine has been described for the first time, together with 3’- 
di- and -tri-phosphates of 2’,5’-dideo~yadenosine.~~~ 5‘-Triphosphates of 2’- 
amino-2’-deoxypyrimidine nucleosides have been reported,226 as have long-chain 
acyl nucleoside di- and tri-phosphates derived from AZT and d4T, eg 162, as 
potential lipophilic p r o d r ~ g s . ~ ~ ~  Ara-C has been similarly conjugated to ether 
lipids via a diphosphate link228 and analogues of thymidine triphosphate and 3’- 
deoxy-3 ’-fluorothymidine diphosphate with large hydrophobic substituents at the 
a-phosphorus (linked as a phosphonate) have been reported.229 The analogue of 
AZT triphosphate with two intraphosphorus methylene groups, (163, X=P02-) 
has been prepared, along with the trimethylene analogue (163, X=CH2).230 A 
report from Wong’s laboratory describes an enzymatic synthesis of 3 ’-phospho- 
adenosine-5 ’-phosphosulfate (PAPS) on a 100mg-plus scale.231 

In the area of sugar nucleotides, a rapid synthesis of uridine diphosphosugars 
has been reported, involving the interaction of a glycosyl bromide with UDP; 
UDP-Gal, UDP-L-Ara and UDP-L-FUC were made in this way and shown to act 
as glycosyl sources with transferases. Although the materials were not anomeri- 
cally pure, the wrong anomer of the sugar nucleotide did not inhibit the 
t r an~fe rases .~~~  An efficient route to CMP-NeuNAc and CMP-[a-NeuNAc- 
( 2 4 )  NeuNAc] has been described, using phosphoramidite methods.233 Some 
other CMP-sialic acid derivatives are mentioned in Chapter 16. Syntheses of 
GDP-3-acetamido-and-azido-3-deoxy-~-mannose have been described, the sugar- 
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nucleotide link being made enzymatically,234 and TDP-6-deoxy-a-~-ribo-3-hex- 
ulose, a central intermediate in the biosynthesis of di-and tri-deoxy sugars, has 
also been prepared chemically.235 The analogue of UDP-Gal with a carbocyclic 
galactose unit has been described.236 A paper describing the linkage of mannose 
and dimannose units to oligodeoxyribonucleotides via a spacer area is mentioned 
in Chapter 3. 

Analogues of tiazofurin adenine dinucleotide (TAD) containing 2’-deoxy-2’- 
fluoroadenosine, 3 ’-deoxy-3 ’-fluoroadenosine and 2‘-deoxy-2 ’-fluoro-ara-A, have 
been synthesized and evaluated as inhibitors of IMP dehydr~genase .~~~  

There have been further papers related to the second messenger cyclic 
adenosine 5 ’-diphosphate ribose (cADPR). Potter’s laboratory has reported that 
the enzyme which cyclizes NAD to cADPR will also produce analogues of 
cADPR from NAD analogues with modifications in the adenosine unit (2’- or 3’- 
deoxycompounds, 8-substituents, and the formycin i ~ o s t e r e ) , ~ ~ ~  whilst Sih and 
co-workers have shown the enzymic cyclization of NADP to cADPR phosphate; 
3’-NADP and 2’,3’-cyclic NADP also were converted to the cADPR deriva- 
t i v e ~ . ~ ~ ~  The cyclase enzyme has been shown to convert the guanine and 
hypoxanthine analogues of NAD into products 164 (X=NH2 or H) containing a 
7-1’‘ link, as opposed to the 1-1” link in c A D P R . ~ ~ ~  The same sort of 7-1” link is 
formed on enzymic cyclization of 1 ,N6-etheno-NAD.241 

Some papers on the incorporation of 1,4-iminoalditols into nucleotide 
analogues are mentioned in Chapter 18, and some protecting-group chemistry of 
relevance in oligonucleotide synthesis is discussed in Section 14 below. 

13 Oligonucleotide Analogues with Phosphorus-free Linkages 

A recent Symposium Report entitled ‘Carbohydrate Modifications in Antisense 
Research’ gives an excellent overview of the types of analogue discussed in this 
Section, and also includes contributions concerned with modifications to the 
sugar unit of olig~nucleotides.~~~ 

5 ’-Thioformacetal dinucleosides 165 have been prepared by a modified 
method, which is more suitable for the cases where purine bases are involved:43 
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whilst a mild method for making the isomeric 3'-thioformacetals 168 (B=Thy, 5- 
Me-Cyt, Ade-Bz) involves the formation of phosphinates 166 and their reaction 
with the 3'-thiothymidine derivative 167 in the presence of DBU.244 A quantum 
mechanical study of the substitution of a phosphodiester linkage by the thioform- 
acetal group has been rep~rted."~ There have been further examples of dinucleo- 
sides linked by the 3%H2-CH2-S-CH2y unit, with additional substituents at C-2' 
of one of the 

The all-carbon alkene replacement 169 has been prepared by a Wittig reaction, 
and could be isomerized to the trans-alkene. Both analogues were incorporated 
into oligodeoxynucleotides and compared with the amide replacements (T, 
values). The trans-alkene was expected to have the higher T,, but it was not in 
fact much higher than for the ~ i s - i s o m e r . ~ ~ ~  The 5-atom replacements 170 and 
172 have been made and incorporated into decamers for comparison with the 
previously-reported 4-atom types 171 and 173; it was found that the 4-atom link 
gave more stable complexes for the amides, but the reverse was the case for the 
secondary a m i n e ~ . ~ ~ *  There has been further work reported on the 
yCH2NHCH2CH25' replacement,249 and thymidine dimers 174 with a chiral 
centre in the link have been described (both diastereomer~).~~~ 
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The 5-atom uronamide replacement 175 has been described, the presence of 
5-bromouracil giving increased stability to duplexes compared with the 
thymidine and similar dimers involving a-thymidine have also been 
reported.252 The piperazino-linked dimers 176 and 177 have been prepared and 
incorporated into oligonucleotides. The piperazine unit was attached to the 
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‘upper’ nucleoside by displacement of a mesylate, and for the the synthesis of 
177, reductive amination was used, with the 5’-aldehyde of the ‘bottom’ 

The conformational dynamics of nucleoside dimers linked by N- 
methylhydroxylamine units (Vo1.26, p.241-2) have been studied theoretically 
and by NOESY NMR methods.254 Reaction of amine 178 with isothiocyanate 
179 gave the thiourea-linked dimer 180; reduction of the a i d e  with H2S, 
followed by further reaction with 178 gave an iterative process used for making 
oligomers with up to four thiourea links. The thiourea units could be converted 
into internucleosidic guanidine units by treatment with peracetic acid followed 
by ammonia.255 
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‘Dimers’ formed by linking a 2’-deoxynucleoside with an acyclonucleoside via 
a carbonate unit have been synthesized.256 

14 Ethers, Esters and Acetals of Nucleosides 

When 5’-O-Dmtr-cytidines, protected at N-4, were treated with alkyl iodides in 
the presence of silver(1) oxide, the 2’Galkylated compounds were the major 
product. N4-t-Butylphenoxyacetyl protection gave the best selectivity, and the 
products were deaminated to 2’-O-alkyluridine~.~~~ An alternative approach to 
2‘-O-alkylated ribonucleosides involves the use of 181, produced by selective 
debenzylation of the tris-(2,4-dichlorobenzyl) derivative (see V01.21, p.49-50), in 
condensations with silylated bases.258 3’3 ’-Di-U-trityluridine has been alkylated 
at 0-2’ using 2-chloromethylanthracene; detritylation was followed by incorpora- 
tion into oligonucleotides which exhibited enhanced fluorescence on binding to 
complementary RNA segments.259 The synthesis of 3 ’-O-(2-aminoethyl)-2’- 
deoxyuridines has been described;260 these materials were used for the synthesis 
of ‘dimers’ of type 175.251*252 

New methods for the deprotection of nucleoside 5 ’-O-dimethoxytrityl ethers 
have been described, involving the use of 1 ,1,1,3,3,3-hexafluoropropanol as 
solvent,261 or of Dowex resin (H+ form), where the dimethoxytrityl species 
remain on the resin, simplifying further oligonucleotide processing.262 The use of 
triethylsilane, together with dichloroacetic acid in dichloromethane, has been 



20: Nucleosides 295 

advocated to scavenge dimethoxytrityl cations during the synthesis of deoxyribo- 
nucleotide phosphor~thioates .~~~ 

r CH20-cH2 bCI 
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Deoxynucleosides have been protected at 0 - 5 ’  by a modified dimethoxytrityl 
group as in 182; the N-hydroxysuccinimidyl ester permits attachment to resins 
with pendant amine groups, and the nucleoside can be recovered by mild acid 
treatment.264 On the other hand, the 1,l -dianisyl-2,2,2-trichloroethyl ether 
(DATE) protecting group, as in 183, is particularly stable towards both acids and 
bases, but easily removed by reductive fragmentation using the supernucleophilic 
lithium co bal t(1) ph tha l~cyan ine .~~~  

The 2’- and 3’-0-(6-aminohexyl) ethers of uridine have been prepared by 
alkylation of the 2’,3’-stannylene derivative, and the tether was used to link the 
uridine unit into various biologically significant conjugates266 and to make 
lipophilic derivatives.267 

When the bis-silyl ether 184 was treated with KOH in ethanol, the 5‘43- 
Tbdms group was hydrolysed; this finding seems to depend on the ‘up’ 2’-OH 
group, since 3’,5’-di-O-Tbdms-thymidine was stable to the conditions.268 

The a-aminoacyl derivatives 185 of TMP and dCMP have been prepared and 
converted to their 5’-triphosphates prior to attachment of a fluorescent probe to 
the aminohexanoyl 5-Fluorouridine has been converted into its 2’,3’- 
and 5 ’-0-(4-~arboxybutanoyl) esters by reaction with glutaric anhydride. These 
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were linked to chitosan via an amide link, and the conjugates were slow-release 
devices for 5-fluorouridine at physiological pH.270 

2 '-Deoxyuridine and 6-azauridine have been converted into esters with nico- 
tinic acid,271 as have thymidine and trifluorothymidine, where quaternization and 
reduction gave 1,4-dihydronicotinoyl derivatives.272 

Full details have been given of the enzyme-catalysed reaction of 3'-and 5 ' 4 -  
vinyloxycarbonyl nucleosides and their reaction with amines to give 3'- and 5 ' - 0 -  
carbonates (see Vo1.27, ~ . 2 6 6 ) , ~ ~ ~  and the same laboratory has described the 
enzymic alkoxycarbonylation of a-, xylu-, anhydro- and arabinu-nu~leosides.~~~ 

The dimethoxybenzoin carbonate protecting group, as in 186, has been 
developed for use in DNA synthesis; the protection is removable photochemi- 
 ally.^^^ Intermediates of type 187 have been used in the synthesis of oligoribonu- 
cleotides; the 2-(4-nitrophenyl)ethylsulfonyl (Npes) protecting group at 0-2 ' is 
selectively removable, using DBU, in the presence of various protecting groups 
on the base.276 

The sulfamoyl derivative 188 of AZT triphosphate has been synthesized in 
Vince's 1ab0ratox-y.~~~ 

Reaction of 3 ',5'-di-t-butylsilanediyl derivatives of nucleosides with 2-(tri- 
methylsilyl) ethoxymethyl chloride (Sem chloride) gives the 2'-O-Sem derivatives 
189, from which the 0-silyl protection can be removed by HF in p ~ r i d i n e . ~ ~ ~  

There have been further reports of the enzymic galactosylation of nucleosides 
at 0-5' using ~-galactosidases.279~280 
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15 Miscellaneous Nucleoside Analogues 

5 '-O-Amino-2'-deoxynucleosides 190 involving all the main nucleobases have 
been prepared by Mitsunobu reactions involving N-hydroxyphthalimide; the 
products are of relevance in the synthesis of antisense oligonucleotides (see 
Vo1.26, ~.242).~*l 

There have been further reports from Leumann's laboratory on the incorpora- 
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tion of bicyclodeoxynucleosides (see Vo1.27, ~ . 2 6 8 - 9 ) ~ ~ ~  and their ~ z - a n o m e r s ~ ~ ~  
into oligodeoxynucleotides, and the C-5’ epimer 191 has been prepared by 
inversion of stereochemistry; incorporation of this epimer into oligomers led to 
significant reduction in affinity for complementary sequences.284 

Further 1,s-anhydrohexitol nucleosides have been described (see Vo1.27, p.269 
for earlier),285 and incorporated into oligonucleotides.286 The phosphonate 192 
was prepared from diacetyl-L-arabinal by Ferrier rearrangement followed by 
deacetylation; subsequent Mitsunobu reaction with 2-amino-6-chloropurine led 
to the unsaturated nucleotide analogue 193; similar chemistry on diacetyl-D-xylal 
gave rise to the enantiomer of 193.287p288 
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Reports from Nair’s laboratory have described the synthesis, from D-glucose, 
of homologues 194 of ‘isodideo~ynucleosides’,~~~ and the incorporation of (S, 5‘)- 
iso-ddA into a dinucleotide with deoxyadenosine.290 

There have been more reports on dioxolanyl nucleoside analogues. 5-Substi- 
tuted analogues of D-(+)-dioxolan C have been made from 1,6-anhydro-~- 
mannose as for the parent system (Vo1.26, ~ . 2 5 6 ) , ~ ~ l  whilst phosphonates of type 
195 (B=Thy, Cyt, Gua) have been prepared, along with their t rans- i~omers .~~~ 
Homologated compounds of type 196 have also been described, and the rates of 
hydrolysis of the dioxolane rings were studied.293 Chu’s group has prepared the 
dioxolane analogue 197 of t i a ~ o f u r i n , ~ ~ ~  and also analogues such as 198, with the 
nucleobase at C-2 of the dioxolan ring; these compounds, were, not surprisingly, 
of limited stability, but the use of 5-fluorouracil as base helped matters.295 The C- 
nucleoside system 199 and its enantiomer have also been prepared in the same 
1aborato1-y.~~~ 

In the oxathiolane area, a paper from Wellcome Laboratories describes work 
done there on the preparation of 3-thiacytosine and related whilst 
a synthesis of 3TC? involving an enantioselective enzymic hydrolysis has been 
reported.298 The difluorophosphonate analogue 200 of FTC has been made as a 
racemate with other d i a s t e re~mers ,~~~  and 1,2,6-thiadiazine dioxide analogues of 
3TC? have been reported.300 A full account has appeared concerning the synthesis 
of regioisomeric systems such as 201 (see Vo1.28, ~.297).~O’ 

The thiazolidinyl analogue 202 of pseudouridine, and its enantiomer, have 
been made, with chirality originating in D- or ~-cysteine,~O~ whilst thiazolidinones 
203 (B=Cyt, Thy, 5-fluoro-Cyt) have been prepared, using Pummerer-type 
chemistry.303 4’-Azathymidine derivatives such as 204 have been prepared by 
cycloadditions of nitrones with vinyl acetate, followed by base-‘sugar’ condensa- 
t i ~ n , ~ ~  and the isoxazolidinyl nucleoside 205, and its trans-isomer, have been 
made as race mate^.^^^ The N-in-ring analogue 206 of 3’-deoxythymidine has 
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been synthesized by linkage of the base to 4-hydro~yproline,~~~ and the analogues 
207 (B = Ade, Gua) of oxetanocin have been made by building up the purine ring 
from a previously-known chiral N-amin~azetidine.~~’ 

The cyclopropane 208 could be prepared in high diastereomeric excess by 
treatment of the cis-alkene (derived from L-gulonolactone) with Et2Zn/CH212. 
Subsequent manipulation, including a Curtius reaction, then gave the L-nucleo- 
side analogues 209.308 There has also been a full account of work first reported 
last year (Vo1.28, p.298) in which similar chemistry is used to prepare structures 
such as 209, but in the enantiomeric series.309 The meso-cyclopropane 210 has 
also been described,310 as has the racemic spirocompound 211, which has 
antiviral and antileukaemic activity.31 

The Wadsworth-Emmons product 212 has been converted to 213, from which 
both 5 ’- and 3‘-phosphoramidites were made, for incorporation into &-DNA 
sequences. 

A Wadsworth-Emmons reaction on an adenosine 5‘-aldehyde derivative was a 
key step in the synthesis of ‘adenosylspennidine’ (214), an inhibitor of spermidine 
~ y n t h a s e . ~ ~  

2‘,3 ’-O-Isopropylideneuridine-5‘-aldehyde could be used in condensations with 
pyrrole to make porphyrins containing either two or four nucleoside units 
attached at the me~o-posit ions.~~~ 

16 Reactions 

A range of purine 2’,3 ’-seconucleosides have been prepared, using periodate 
cleavage followed by borohydride reduction, both reagents being resin-supported. 
The products were tested as antimalarials.315 

Kinetic parameters for the oxidation of various nucleotides and 2’-deoxynu- 
cleotides by oxoruthenium (IV) species have been determined. The kinetics and 
product analyses were consistent with oxidation at  C-1’, and the increased 
reactivity of DNA compared with RNA could be explained on the basis of 
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deactivation of the oxidation product by the polar effect of the 2’-hydroxyl 
The Fe(II1) complex of 2-aminomethyltetrahydrofuran-N,N-diacetic 

acid, in the presence of H202 catalyses hydroxylation of deoxyguanosine at the 
2‘- and 8-positions, thus indicating that in vivo conversion of deoxynucleotides to 
ribonucleotides might be possible.317 A paper on the oxidative degradation of 
thymidine is mentioned in Chapter 10. 

ESR spin trapping experiments were used to study the radicals produced by 
reaction of ‘BuO’ and PhC(Me)20’ with nucleic acid components. It was found 
that H-abstraction from sugars was a minor reaction and may occur by radical 
transfer from the bases.318 

The photolysis of 2’-deoxy-2’-iodouridine has been studied, to investigate the 
fate of C-2’ radicals in nucleosides. The results support the idea that initial 
dissociation into radicals is followed by single electron transfer to give the ion- 
pair 215 (Scheme ll) ,  which then undergoes 1,Zhydrogen shifts to give the 
products 216 and 217, although other products are also formed. Deuterium- 
labelling studies supported this scheme.319 

215 21 6 

Scheme 11 

21 7 

In the hydrolysis of dinucleotides, bimetallic cooperation of Zn(I1) with 
Sn(IV), In(III), Fe(II1) or Al(II1) leads to an increased rate of reaction, and a 
mechanism was proposed for the coopera~t ivi ty .~~~ The same group have also 
shown that a dinuclear Zn(I1) complex efficiently cleaves ApA at 50°C and 
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pH 7.321 The rate of hydrolysis of CpU has been compared, under several 
conditions, with the hydrolysis of analogues with a methyl substituent at C-5’, 
both diastereomers being investigated.322 The mechanism of hydrolysis of UpU 
and related dialkyl phosphates in aqueous morpholine has been shown to differ 
in detail from the Breslow and Xu mechanism.323 An investigation has been 
reported into the kinetics and mechanism of desulfurization, ester hydrolysis and 
transesterification (to the 2‘-5’-esters) of the diastereomeric uridylyl (3’-5’) 
uridine phosphoromonothioates.324 A detailed kinetic analysis has been carried 
out on the interconversions and hydrolyses of 5’-0-pivaloyluridine 2’- and 3’- 
dimethylphosphates in the pH range 0-9.325 

2’-Thiouridine, 2‘-thioadenosine and 2’-thiocytidine undergo glycosidic clea- 
vage in aqueous solution at and above pH 6.5, whereas the C-2’ epimer of 2’- 
thioadenosine, and the corresponding disulfides, are stable under mildly basic 
conditions. It was postulated that the hydrolysis involved the 1,2-epi~ulfide.~~~ 
The degradation of monoamino analogues of 2’- and 3‘-deoxyadenosine, and the 
uru-stereoisomers, has been studied. At acid pH, the amino-analogues are more 
stable than the hydroxy-comp~unds.~~~ 
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21 
NMR Spectroscopy and Conformational 
Features 

1 General Aspects 

Reviews on theoretical and experimental aspects of ' 3C nuclear magnetic 
relaxation and motional behaviour of carbohydrate molecules in solution, and 
on 13C-lH coupling constants in the conformational analysis of sugar molecules2 
have been published. The spectral quality of the ensembles obtained with the 
CICADA algorithm, a newly developed conformational search method, and 
those obtained with MM3 have been compared and tested against experimental 
NMR and optical rotation data of small carbohydrate molecules in s ~ l u t i o n . ~  
The capacity of three very different molecular mechanics force fields to reproduce 
a set of experimental spectral data (o.r.d., NOE, NMR coupling constants) has 
been probed by application to the conformational behaviour of ethyl p-lacto- 
side.4 

Postacquisition enhancement yields pure-phase spectra with concomitant 
increase in the signal to noise ratio and improved accuracy in the measurement of 
long-range heteronuclear coupling constants, as has been shown for 3J,-4,H-6s 

and 3Jc-4,H-6R in the reducing-end glucose residue of is~maltose.~ A new method 
for determining long-range 3C-1H coupling constants accurately, even when they 
are close to zero, is based on the propagation of magnetization in a multi-stage 
Hartmann-Hahn experiment involving a chain of coupled protons; the technique 
has been illustrated with a-D-glucopyranose as the model6 

Theoretical conformational analyses of 2-hydroxypiperidine and 2-hydroxy- 
hexahydropyrimidine indicated that the anomeric effect is due to charge back 
donation from lone pairs rather than to dipolar rep~lsion.~ A molecular orbital 
study of the reverse anomeric effect in N-pyranosylimidazoles suggested that the 
effect is not a general phenomenon even for glycosylated quarternary ammonium 
compounds.8 The proportions of axial anomers of various glucosylamines and 
their conjugate acids have been determined by lH-NMR spectroscopy. The 
changes upon N-protonation were small and were accounted for by steric reasons 
rather than reverse anomeric e f f e ~ t . ~  

Electron-nuclear relaxation studies with 'TEMP0L'-labelled carbohydrate 
molecules, e.g. P-D-glucopyranose derivativee 1, allowed the evaluation of 
intramolecular interspin distances up to 10-15 A in length with good accuracy.I0 
In a symposium report, hydrogen-bonding in small sugar molecules (threitol, 
erythritol, P-D-glucopyranose, maltose) as described by the 1992 version of 
MM3, has been compared with diffraction data obtained by construction and 

31 I 
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optimization of model miniature crystals (ca. 700 atoms)." Evidence from 
molecular modelling and NMR spectroscopic experiments for the entrapment of 
water in a simple carbohydrate complex has been presented.12 The electronic 
properties of glycosylated chromophores (carminic acid, glycosylated oxazines, 
etc.) have been studied by AM1 semiempirical calculations in an effort to 
understand and predict the static and dynamic characteristics of these com- 
pounds, which are used to probe the nucleation and crystallization behaviour of 
sugar solutions. l3 

2 Furanose Systems 

NOE Studies have been used to establish unambiguously the stereochemistry at 
C-5 of compound 3, the new chiral centre being formed in the chain-extension 
of 2 by a Reformatzki rea~ti0n.l~ A comparative study of the conformations of 
furanose and thiofuranose derivatives, in particular compounds 4 and 5, has 
been published; the relatively weak anomeric effect in 5 is reflected in the 
tendency of its anomeric substituent to remain equatorial, as shown, whereas 4 
exists as aTJ3T2 mixture.15 An attempt has been made to correlate the 
biological activity of 1,4-dideoxy- 1,4-imino-~-arabinitol derivatives 6 with their 
conformations which change on N-alkylation. The activity also depend on the 
size of the N-alkyl group.16 According to molecular dynamics calculations the 
N-hydroxypyrrolidine analogues 7 of C-glycofuranoside derivatives should 
prefer N-exo- C-exo conformations; 'H-NMR spectroscopic evidence indicates, 
however, that in solution the N-endo forms with equatorial N-hydroxy groups 
predominate. l7 

An investigation of one-bond 13C-lH spin coupling constants has been 
performed with the model compound 8 to allow predictions to be made for 
other furanose rings, especially those of nucleosides.'* A new program, the 
'HETROT' algoiithm, has been developed for the conformational analysis of 
sugar rings in nucleosides and nucleotides; it combines information on 'H-lH 
and 13C-lH coupling constants to calculate all possible values for the five 
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parameters that describe the conformation of the furanose ring and has been 
applied to AZT (9).19 Conformational analysis of the 5-hydroxymethyl analogue 
10 of AZT by the PROFIT program showed that the presence of the CH20H 
group at C-5 changes the conformation of the exocyclic side-chain of the sugar 
moiety, which might explain why 10 is not phosphorylated by human thymidine 
kinase.20 Analysis of ribo- and 2’-deoxyribo-nucleosides 11 and 12 and their 3’- 
ethylphosphates 13 and 14, respectively, by ‘H-NMR spectroscopy revealed that 
phosphorylation at 0-3’ shifts the conformational equilibrium towards the 
‘South’ form; this tendency is enhanced by a specific interaction when the 2’- 
position is hydroxylated so that 13 adopts a unique (S,E-)  conformation.21 

H O C W  HOC@N N , ‘\y“’ T R O A c  

NH2 

BzOCH 

OR X OH BzO OBz 

11 X = O H , R = H  
12 X = R = H  
13 X = OH, R = POPH(0Et) 
14 X = H, R = P02H(OEt) 

15 16 

Conformational analyses by NMR spectroscopy and/or theoretical calculations 
have also been reported for 6-methy1-2’-deoxy~ridine,~~ 2’,3’-dideoxythymidine 
analogues with known antiviral activity,23 T-deoxy-2’-fluoroarabinofuranosylur- 

some D-arabino-, ~-1yxo- and D-xylo-furanosyl pyridine-C-n~cleosides?~ 
the N-7 regioisomer 15 of 2-chlor0-2’-deoxyadenosine,~~ the 4-thymin-1 -yl U-L- 
lyxofuranose derivative 16,27 cyclic ADP ribose,28 and 1,2-dideoxy-~-ribofura- 
nose, its 3- and 5-phosphates and the trimer 17.29 
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3 Pyranose and Related Systems 

The 'H- and 13C-NMRspectra of a series of partially 0-methylated methyl 
glycopyranosides have been unambiguously assigned by HMBC (heteronuclear 
multi-bond correlation) experiments, and values for the changes in 'H and 13C 
chemical shifts at the site of methylation and in the p- and y-positions have been 
tabulated.30 The complete relative stereochemistry of caryophyllose (18), a new, 
branched 12-carbon sugar from the lipopolysaccharide fraction of Pseudornonas 
caryophylli, has been assigned by 'H- NMR spectroscopy; its absolute configura- 
tion was independently elucidated by Mosher's empirical method and by Exciton 
chiral co~pling.~'  The configurations at the quarternary carbon atoms of 
branched glycopyranose derivatives, such as 19, have been determined.32 

HOCH2 

pAde 
I I I  

0-P-0  

AH wAde OH 

H o F o H  H AcO 

OH 

OH 

Me 

i a  

17 

01 

Me OH 

19 

The effect of electric fields of various strengths and directions on the 
conformational behaviour of 2-methoxytetrahydropyran (a simple glycoside 
model) has been investigated by the ab initio molecular orbital method.33 In 
another theoretical study (by AMl) the influence of the solvent (H20) on the 
conformational stabilities and the rotational motions of exocyclic groups in the 
model compounds 2- h y d r oxy - , 2- h y dr ox yme t hy 1- and 2,3 -di h ydrox y - t e t ra h yd ro - 
pyran, as well as in a- and P-D-~~uco- and D-galacto-pyranose has been 
examined. 34 Molecular mechanics and quantum mechanical electronic structure 
theory have been employed to analyse the factors contributing to the relative 
energies of two hydroxymethyl conformers for each of the two chair forms 
and' C,) of P-D-glucopyranose. Manifestations of the greater steric strain in 
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the1C4 chair include longer ring bonds, a larger bond angle at the ring oxygen 
atom and smaller puckering  amplitude^.^^ A theoretical study on the dependence 
of 3Jc,H values in 16 hexopyranoses on the conformation of their hydroxymethyl 
groups resulted in an equation which might be useful as a tool for estimating the 
conformational properties of CHzOH groups in other monosaccharides and the 
corresponding substituted groups in (1 -+6)-linked di~accharides.~~ A correlation 
has been established on the basis of CD and NMR data (3JH-5,H-6R values) 
between rotamer populations around the C-5 - C-6 bonds and electron with- 
drawing effects of the aglycons of the non-chiral alkyl P-D-glucopyranosides 20, 
and between these populations and the absolute configuration of the chiral 
aglycon carbon atoms in alkyl p-D-glucopyranosides, such as compounds 21 .37 

The rotamers about the C-5-C-6 bond of the C-6-functionalized alkyl a-D- 
glucopyranoside derivatives 22 have been investigated by 'H-NMR spectro- 

High-resolution solid state '3C-NMRspectroscopy has been applied to examine 
the crystal structures of 1,2:3,4-di-O-isopropylidene-a-~-galactopyranose deriva- 
t i v e ~ . ~ ~  Intramolecular motions in polycrystalline methyl a- and P-D-glucopyrano- 
side and methyl P-D-galactopyranoside have been probed by measuring 'H spin- 
lattice relaxation times as well as 'H second moments over a wide temperature 
range.40 A series of D-aldopento- and aldohexo-pyranoses containing 13C enrich- 
ment at various single positions have been subjected to extensive NMR spectro- 
scopic analysis in order to refine empirical relationships between ring structure 
and config~ration.~' 

scopy? 

OBz@r OAc k 

R' = M e O e C H = C H ; j - c  - 22 X = OTr, NO2, I 23 R=NH2 

24 R = NMe2, N3 0 

20 R2 = Me, Et or Pr' 
21 R2 = 2-octany1, menthyl, 

cholesteryl efc. 

Conformational analysis by MM and MO methods indicated that the ' C4 chair 
is the most stable form for methyl 3-amino-2,3,6-trideoxy-a-~-Zyxo-hexopyrano- 
side 23 and its derivatives 24.42 'H-NMR spectra of 1,6-anhydro-P-~-glucopyr- 
anose derivatives and their 3-amino-3-deoxy analogues recorded in DMSO-d6 
and D20 showed that in solvents more polar than CDC13 the Bo,3 forms are 
populated to an appreciable extent, due to disruption of intramolecular 
hydr~gen-bonding.~~ Because of charge interactions which cause repulsion 
between the substituents, the polysulfates 25 exist partly in non-chair forms, 
whereas their a-anomers and the uncharged sulfamoyl analogue 26 are entirely in 
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the 4C1 conformation, as shown by 'H-lH coupling constants.44 According to 
MMX (a new version of MM2) calculations, the 1,3-anhydro-a-~-arabinopyr- 
anose derivative 27, as well as its D-galactose and D-mannose equivalents, assume 
near E~ conformations in ~olution.~' 

MM2 Calculations performed on a series of stereoisomeric methyl 5,742- 
benzylidene-3-deoxy-3-nitro-a-~-heptoseptanosides 28 showed that the lowest 
energy conformations for these compounds are twist forms derived from 'C1,2 
and OC3,4 chairs; this was confirmed by 'H-NMR spectroscopic data.46 A study of 
the hexamethyl ether of scyllo-inositol by 'H-NMR spectroscopy revealed that all 
six exocyclic C - 0 bonds are eclipsed to relieve steric strain.47 

R P I  

oso2x OBn HO- 

25 X = O N a ,  R = C 0 2 N a  
or C H 2 0 S 0 3 N a  

27 

26 X = NH2, R = C H 2 0 S 0 2 N H 2  

NO2 

28 

4 Disaccharides 

A new, quick and convenient method for quantifying a- and p-maltose has been 
established on the basis of a thorough 13C-NMR investigation considering the 
influence of factors such as sample concentration, choice of solvent, spin-lattice 
relaxation times and NOE suppression on the accuracy.48 The hydration of a- 
maltose and amylose has been studied by molecular modelling and thermo- 
dynamic methods.49 A hydrogen bond between 4-OH and 2'-OH of disaccharide 
29, which manifests itself by the doubling of the 'H-NMR signals for the two 
hydroxyl hydrogen atoms involved in a partially deuterated sample in DMSO-d6, 
has been taken as proof of an 'anti' c ~ n f o r m e r . ~ ~  

x-D-Galp-( 1 ~ ) -X-D-GLC~NAC-OM~ a-L-Rhap-( 1 +2)-a-~-RhapOMe 
29x=/3  3 O x = a  31 

P-D-Galp-( 1 +2)-P-~-Xylp-OMe a-D-Manp-( 1 -m)-a-D-Maw-OMe 
32 3 3 n = 6  3 4 n = 2  

Computational and/or NMR spectroscopic methods have been applied to 
conformational analyses of the following disaccharides: the methyl glycosides 30- 
33,51-54 the a-(1 +2)-, a-(1 +3)- and a-(1 +6)-linked mannosyl dimers, as models 
for the linkages found in asparagine-linked g l y c o p r o t e i n ~ , ~ ~ ~ ~ ~  mannobiose and 
epimelibiose, as model disaccharides of galact~mannan,~~ eight derivatives of 
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galabiose with an a-( 1 +4) diaxial linkage,58 sucrose,59 sucrose octasulfate,60.61 
methyl a-thiomaltoside,62 methyl a-la~toside,~~@ and ethyl j.3-lactoside, sucralose, 
arabinobiose and a galacturonic acid dimer.65 The optical rotation of disac- 
charide 34 has been calculated semiempirically as a function of the linkage 
dihedral angles 8 and w.66 Conformational studies on disaccharide fragments of a 
lectin are mentioned below (Ref. 81). 

5 Oligosaccharides 

Multiple-field 13C-relaxation data for melezitose have been reported.67 The ' 3C- 
NMR spectra of the central D-GLCP-, D-Manp-, D-Galp-, L-Fuc~- or L-Rhap- 
rings of 46 trisaccharides have been simulated by use of multiple linear regression 
analysis and neural networks.68 A technique for assisting the resonance assign- 
ment process in 'H-NMRspectra of oligosaccharides containing multiple residues 
of the same type involving modified HOHAHA experiments with constant-time 
acquisition tl has been d e ~ c r i b e d . ~ ~  

Intramolecular dipolar and chemical shift anisotropy interactions in a penta- 
saccharide fragment of heparin and their effect on 13C-NMR relaxation rates 
have been discussed.70 'H- and 13C-NMR relaxation measurements have been 
used to study the internal and overall motions of the pentasaccharide corre- 
sponding to the antithrombin I11 binding-site of heparin.71 A number of tetra- to 
hexa-oses derived from porcine intestinal heparin72 and a digalactosylmannopen- 
taose liberated from legume seed galactomannan by P-mannona~e~~ have been 
fully characterized by 2D 'H- and 13C-NMRspectroscopy, and the hexasac- 
charide fragment 35 of the 0-specific polysaccharide of Hufniu ulvei has been 
identified by methylation analysis combined with NMR spectro~copy.~~ 

u-D-Manp-( 1-+2)-a-~-Manp-( 1+3)-f$~-GLcpNAc-( 1+2>-p-~-Quip3NFo-( 1 4 ) -  
a-D-GLCpNAc-( 1+4)-a-~-GLcpA 

35 (NFo = N-formamide) 

a-L-Fucp-( 1 42)-P-~-Galp-( 1 + 3)-p~-GalpNAc-( 1 -+ 3)-a-~-Galp-OPr 
36 

A review, in Chinese (4 pages, 20 refs.) on experimental and theoretical aspects 
of oligosaccharide conformations has been published.75 The conformational 
space of the terminal tetrasaccharide 36 of tumour-associated antigens has been 
examined by molecular modelling. A certain rigidity of the first two linkages 
(Fuc-Gal and Gal-GalNAc) was observed with flexibility in the third one 
( G ~ ~ N A c - G ~ ~ ) . ~ ~  An investigation of the pseudo-tetrasaccharide 37 by 'H-NMR 
spectroscopy including 1D TOCSY and ROESY experiments showed that the 
two C-linked rings are in the unfavourable' C4C-conformation.77 

Conformational studies, using experimental and/or theoretical methods, have 
been undertaken with several high-mannose-type oligosaccharides generated 
during the biochemical degradation of ManpgGLCpNAcz to Man- 
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a, a-trehalos-4-yl-0 

37 

~ S G L C ~ N A C ~ , ~ ~  solvated M a n p g G L c p - N A ~ ~ , ~ ~  several arabinoxylan oligo- 
mers,80 the carbohydrate moiety of a lectin, heptasaccharide 38, a related 
hexasaccharide and disaccharide fragments thereof,81 a series of p-( 1 -3)- 
branched P-(1-+6) oligosaccharides involved in immune reactions in plants,82 the 
pentasaccharide of ganglioside GM 1 , 83p84  the bioactive forms of the carbohydrate 
ligands in a sialyl Lewis X-selectin complex,85 the oligosaccharide moieties of a 
steroidal86 and a triterpen~id~' saponin, a-, P- and y-cyclodextrins,88 6-deoxy-6- 
L-tyrosinylaminocyclomaltoheptaose, a self-complexing P-cyclodextrin deriva- 
t i ~ e , ~ ~  fully benzylated cyclotetraisomaltoside,90 the cyclic (1 -2)-P-glucan 
cyclosophoroheptadecaose,91 and P-'cycloaltrin' (39).92 

P-D-xylp 
1 

1 
2 

a-L-Manp-( 1 4 3 )  - (P-D-Manp-( I +4)-P-~-GlcpNAc- ( 1  +4) - (p-D- GlcpNAc 
6 3 

1 1 

38 

t t 

a-L-Manp U-L-FUC~ 

Gradient-enhanced homonuclear 2D NMR techniques, applied to D-mannose- 
containing oligosaccharides, provided improved intensity in correlations between 
protons in relatively short experimental times, especially ~ h e n ~ J ~ , ~  values were 

6 Other Compounds 

A Co(II1) complex containing L-sorbose and two molecules of 1,lO-phenanthro- 
line has been investigated by CD, 0.r.d. and 'H-NMRspectroscopy, all 'H-NMR 
signals have been assigned.94 The complete 'H-NMR assignments of the 
aminoglycoside antibiotics butirosin A and kanamycins A and B, as well as 
conformational studies on butirosin A, have been reported.95 The conformation 
of adriamycin has been examined by 500 MHz 'H-NMR spectro~copy.~~ The 'H- 
and I3C-NMR spectra of the tumour antibiotic aclacinomycin A have been fully 
assigned and its solution conformation a n a l y ~ e d . ~ ~  A conformational analysis of 
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the erythromycin analogues azithromycin and clathromycin in aqueous solution 
and bound to bacterial ribosomes relied mainly on ROESY and TRNOESY 
experiments. 98 

qH20H [Go OH 

39 
R1 = H, R2 = Et(Gly0Et) or 
R' = Bn, R2 = Me(L-PheOMe) etc. 

40 

7 NMR of Nuclei other than 'H and 13C 

A number of ureido sugar derivatives 40 have been examined by 'H-, 13C- and 
15N-NMR spectroscopy in solution and by 13CP MAS in the solid state; the 
NMR data indicated that replacement of one amino acid residue by another has 
no significant effect on the conformation of the glucopyranose moiety.99 
Thermodynamics calculations of the weakly hydrogen-bonded complexes formed 
by nucleosides, such as 41, have been carried out on the basis of information 
from15N- and170-NMR data. loo A conformational study of cyclic ADP-ribose 
made use of lH-, 13C- and 31P-NMR methods.28 The spectral spin-diffusion 
process between the 31P nuclei of dipotassium a-D-glucopyranose 1 -phosphate 
has been studied under magic-angle conditions. lo* 13C- and '83W-NMR experi- 
ments have been used in the structural characterization of the tungstate 
complexes of D-glycero-D-manno-heptitol'02 and of a number of other aldoses 
and ketoses with the lyxo-configurati~ns.'~~ 
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22 
Other Physical Methods 

1 IRspectroscopy 

FTIR reflection spectroscopy has been employed in a structural study of D- 

glucose, D-fructose and sucrose in aqueous solution. Mono- and disaccharide 
spectra evidenced inter- and intramolecular interactions, 'dimerization effect' of 
monosaccharides and conformational equilibria. ' Molecular mechanics calcula- 
tions of the vibrational spectra of the conformers of methyl 2,6-di-O-acety1-3,4- 
anhydro-u-~~-talopyranoside-6,6-~H~ and its galactopyranoside analogue indi- 
cate vibrations in the 400-850 cm-' region which show the largest ring 
conformation dependent shifts2 Experimental IR and Raman spectra agree (to 
an average error of 4 an- ') with calculations for N-acetyl-a-D-muramic acid and 
N-acetyl-P-D-neuraminic acid (in the crystalline ~ t a t e ) . ~  Molecular mechanics 
calculations of the IR and Raman spectra of a- and P-D-glucose showed 
significant differences from experimental ~pec t r a .~  

Several studies of carbonyl group migration through enediol intermediates 
have been reported. FTIR of reducing sugars revealed two sets of temperature 
sensitive bands in the carbonyl (1700-1750 cm-') and alkene regions, the latter 
assigned to the enediol from acyclic aldehyde and ketone  sugar^.^ FTIR of 
several pentuloses, pentoses and hexuloses showed bands at 1733, 1726 and 1717 
cm-', assigned to 3-keto, 2-keto and aldehyde forms. Tetruloses showed only the 
bands at 1733 and 1717 cm-', while the corresponding 2-deoxyaldoses showed 
only one peak. Sugars exhibiting carbonyl migration showed an alkene band at  
1650 cm-' (from enediol intermediate) which, like the carbonyl bands, was also 
pH and temperature sensitive.6 Vibrational (Raman) optical activity (ROA) 
spectra of D-fructose, D-sorbose, D-tagatose and D-psicose in aqueous solution, 
combined with data from previous studies, provide information about anomeric 
configuration, exocyclic CH20H orientation and relative disposition of the ring 
hydroxyl~.~ 

FTIR, along with Mossbauer spectroscopy and thermogravimetry, has been 
used to indicate that dibenzyltin(IV) dichloride reacts with sugars to give tin(1V) 
oxide-containing products along with dibenzyltin(1V) sugar 

The use of vibrational spectra in oligosaccharide studies has been furthered this 
year. For a set of six disaccharides with different types of glycosidic linkages (a,a- 
trehalose, sophorose, laminaribiose, maltose, cellobiose and gentiobiose) IR and 
Raman spectra show good agreement with calculated frequencies below 1500 
cm-'. No additional terms are needed in the potential energy calculations to 
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express the exo-anomeric effect.g Another study of eight oligosaccharides in the 
crystal state using FTIR in the 1500-100 cm-' range and Raman between 1500- 
600 cm- I, provided information relating to stereochemistry and the nature of the 
glycosidic linkages.1° An analysis of the sulfate region of the IR and Raman 
spectra of heparin from cattle lung mucus was reported." 

IR has been used to characterize the carbohydrate a-amino acids 2-amino-2- 
deoxy-D-glycero-D-falo-heptonic acid and 2-amino-2-deoxy-~-glycero-~-gluco- 
heptonic acid.12 

Polarized reflection spectra from two faces of 2'-deoxyadenosine single crystals 
indicate that the deoxyribose group has little effect on the adenine chromo- 
phore.I3 IR and Raman spectroscopy have been used for structural and 
conformational studies of phosphonylmethyl analogues of diribonucleoside 
monophophates. l4 The relative humidity-induced structural transitions of guano- 
sine and disodium ATP have been monitored by low frequency Raman spectros- 
copy. Five well defined states of the former and four of the latter are seen, with 
stacked bases forming long chains. The transitions are reversible.15 The use of IR 
to study polymorphism of erthythromycin has been reported.16 An IR method 
for determining the crystal structure of a-D-galactopyranose has been described. l7 

2 Mass Spectrometry 

Low resolution EI mass spectral studies of pyrimidine, cytosine and derivatives of 
cytosine and isocytosine has been reviewed [54 refs].'* 

Fast atom bombardment (FAB) collison-induced dissociation mass spectra 
(CID-MS) of the [M-HI- ions of methyl 2-, 3-, 4- and 6-deoxy-~-galactopyrano- 
sides and related compounds, indicate that charge localization in fragment ions 
strongly directs fragmentation reactions. l9 Ion cyclotron resonance (ICR) MS 
has been used to measure gas phase affinities of Me3Si+ (guest) and a series of 
permethylated monosaccharides and simple crown ethers (hosts).20 Gas phase 
reactions of a- and p-glycosyl fluorides with tetramethylsilane generate 
[M+SiMe3]+ ions which are more stable than the corresponding [M+H]+ ions.21 
Negative ion FAB-MS allowed the differentiation of three isomeric deoxyfiuori- 
nated sugars, the peculiar fragmentations observed also allowing investigation of 
the role of the F in the decomposition processes.22 Positive ion FAB-MS can 
distinguish permethylated aldo- and pseudo-aldobiouronic acids; CID spectra of 
the [M+H]+ ions and [M+H-MeOH]+ ions allow identification of the type of 
interglycosidic linkage.23 FAB-MS of disaccharide analogues of muramyl dipep- 
tide have been reported.24 Surface-induced dissociation spectra of four isomers of 
mannosyl-a( 1 +Y)-mannose (Y=2-4, 6) on a 2-(pe~uorooctyl)ethanethiol mono- 
layer gold surface were reported.25 

This year has seen a number of mass spectrometric applications to oligosac- 
charide characterizations. Liquid secondary ion mass spectrometry (LSIMS) has 
been used in characterization of tetra-, hexa- and octasaccharides derived from 
porcine intestinal heparin.26 Laser desorption time-of-flight MS of heparin 
fragments complexed with (Arg-Gly)lo and (Arg-Gly)l~ overcomes the problem 
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of weak signals from the uncomplexed  saccharide^.^' For decasaccharides and 
larger, complexation with the protein angiogenin (MW 14,120) was employed. 

Positive ion FAB tandem MS provides a means of differentiating positional 
isomers of monosulfated disaccharides derived from heparin and heparin sulfate, 
and was also applied to di- and trisulfated disaccharidesa2* Electrospray MS was 
used to observed the non-covalent complex between human antithrombin I11 
(which inhibits thrombin and is activated by heparin) and the heparin pentasac- 
charide recognition determinant.29 Sequence determinations have been made for 
trifluoroacetylated plant glyco~ides.~~ HPLC-MS using positive ion FAB of 
malto-oligosaccharides (4-1 0) reductively aminated with 4-hexadecylaniline has 
been de~c r ibed .~~  Thermospray and continuous FAB HPLC-MS of plant extract 
glycosides (of 1 -8 sugars) provide complimentary information, giving mass, 
number of sugars, type of aglycone amd sometimes sugar sequence.32 Electro- 
spray tandem-MS allows structural characterization of underivatized polysialo- 
gangli~sides.~~ 

The 1-2, 1 +3 or 1 +4 linkage type of xylobioses has been distinguished using 
unimolecular decomposition spectra (MIKE) of the [M+NH4]+ ions or CID-MS 
of [M+MeNH3]+ ions or permethylated derivatives. 34 

CID-MS of permethyl or peracetyl derivatives of the products of three 
isomeric (linearhranched) pentasaccharides reductively aminated with tri- 
methyl(p-aminopheny1)ammonium chloride (and thus bearing a preformed 
charge) yields exclusively reducing end containing fragment ions.35 A combina- 
tion of mass spectral techniques, positive and negative ion FAB, electrospray 
and low energy tandem MS have been examined on the underivatized, N- 
acetylated-permethylated and permethylated core oligosaccharide of Aeromonas 
hydrophiliu (chemotype III).36 

A matrix of 2,5-dihydroxybenzoic acid and 1 -hydroxyisoquinoline (wt ratio of 
3: 1) proved most suitable for MALDI-MS of olig~saccharides.~~ A new study of 
the use of electrospray ionization MS of cyclodextrins and guests shows that 
some amino acids least likely to form inclusion complexes show the most intense 
complex ions. This suggests previous data identifying complexes in this way are 
probably due to electrostatic adducts formed in the electrospray process.38 

Mass spectrometry has also seen a number of applications to glycoconjugates. 
Electrospray mass spectra have been used to obtain molecular weight, sequence, 
linkage and branching data for glycolipids and glycoprotein g l y c a n ~ . ~ ~  Low and 
high energy CID-LSIMS have been used for structural analysis of mono- and di- 
sulfated glycosphingolipids. The method can identify the position and number of 
sulfates in samples of less than 1 nmol.40 LSIMS and MALDI-TOF have also 
been used to study glycosphingolipids as native compounds, or permethylated, 
peracetylated or perbenzoylated derivatives, the latter giving sensitivity advan- 
tages of at least two orders of magnitude. Fragmentation of derivatives differed, 
with permethylated compounds favouring ceramide derived ions, and peracylated 
compounds enhancing production of carbohydrate derived ions.41 Electrospray 
MS of methylated glycosphingolipids provided more structurally diagnostic 
fragments than high energy tandem MS4* A study of a range of matrices for 
MALDI-TOF analysis of sphingo- and glycosphingolipids was reported.43 
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Mass spectral methods for the structural characetrization of flavonoid glyco- 
sides have been discussed.u Negative ion frit-FAB LC-MS was used to charac- 
terize the structures of the glycosidic antibiotics of the glykenin family produced 
by Basiciomycetes spp. Molecular weights and the exact acetyl locations in the 
sugar moieties were provided.45 CID-MS (He or Argon collision gases) of a 
number of carbohydrate antibiotics (RMM of 700- 1 500) indicate that cationized 
antibiotics give a higher yield of diagnostically useful high mass ions that do 
protonated  antibiotic^.^^ The exact positions of acetyl groups of glykenin 
glycosidic antibiotics (from Basidiomycetw spp.) were determined using a MS/ 
MS technique under high energy collision  condition^.^' Fragmentation patterns 
of 0-acetylated 4-0-methyl- and 6-acetamido- and 3,4-, 2,4- and 2,3-diacet- 
amido-pyranosides confirm the location of the acetamido groups.48 Three general 
fragmentation pathways of 46 new 2-amino-N-alkyl-4,6-0-benzylidene and N,N- 
dialkyl-2-deoxy-~-hexopyranosides were identified in EI-MS.49 

Solid SIMS has proved useful in the study of acetylated precursors of a series 
of glycosylated porphyrins (solid SIMS spectra are not complicated by chemical 
noise or matrix  reaction^).^^ 

Capillary HPLC-MS employing a new ‘in source’ thermospray-type interface is 
suitable for low RMM polar compounds, with adenosine being a demonstration 
e~ample.~’ A quantitative FAB investigation of four RNA nucleosides indicates 
H-bonded complexes form primarily at the liquid-matrix interface.52 Electrospray 
tandem-MS has proved useful for characterization of AZT and a series of 3’- 
azido-2’,3’,4‘-trideoxy-5-halogenated-4‘-thio-uridine analogues.53 A study of ion- 
trap collisional activation of deprotonated deoxymononucleoside monophos- 
phates and deoxydinucleotide monophosphates shows that loss of base in 
monophosphates occurs at a lower threshold for 3’- than 5’-phosphates. Loss of 
charged base from dinucleotides is highly dependent on the identity of both 
basesu In another study, several mass spectral techniques provide an order of 
pair stability for H-bonded nucleoside d i m e r ~ . ~ ~  

There was a report on solid state MS of cyanocobalamine, glucose and 
raffinose on a disperse oxide surface.56 

3 X-ray and Neutron Diffraction Crystallography 

Specific X-ray crystal structures have been reported as follows (solvent molecules 
of crystallization are frequently not recorded). 

3.1 Free Sugars and Simple Derivatives Thereof. - A comparison of calculated 
low energy crystal structures with observed structures for a- and P-D-glucose, a- 
and P-D-galactose, a-D-talose and p-D-allose, provided some examples in which 
the observed structures were more than 20 kJ mol-* higher in energy than the 
calculated lowest energy  structure^.^^ Dehydrated lactose exists in a hygroscopic 
U H  form whose X-ray structure is the same as that of the monohydrate. A 
thermally induced transition converts this into a stable as form.58 
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3.2 Glycosides, Disaccharides and Derivatives Thereof. - Penta-0-benzoyl-a-D- 
fructofuranose adopts an E2 config~ration.~~ An X-ray of methyl U-D- 
arabinofuranoside bound to concanavalin A has been reported.60 

The 0-glycosides: Benzyl 2-acetamido-4-azido-3-O-benzoyl-6-O-(tert-butyldi- 
phenylsilyl)-2,4-dideoxy-~-~-glucopyranoside,~' 2-chlorophenyl 3,4,6-tri-0- 
benzyl-2-deoxy-2-methylene- P-~-glucopyranoside~~ and benzyl 3,4,6-tri- O-mesyl- 
p-D-ghcopyranoside (see Chap.8 for ~ynthesis).~~ The glycosides bearing long 
chain C6 0-acyl groups: methyl 6-0-n-octanoyl-~-~-glucopyranoside, methyl 6- 
O-n-decanoyl-P-D-glucopyranosidea and the two a-D-galactopyranoside analo- 
g u e ~ . ~ ~  X-Ray analysis has contributed to studies of the C5C6 rotational 
isomerism of 6-substituted methyl 2,3,4-tri-~-acetyl-a-~-glucopyranosides.~~ 

Compounds containing less common sugars: Methyl 2-O-(cyclohexylcarba- 
moyl)-6-deoxy-3,4-0-hexafluoroisopropylidene-a-~-altropyranoside, co-crystal- 
lized with 1 , 1 , 1,7,7,7-hexafluoro-2,6-dihydroxy-2,6-bis(trifluoromethyl)-4-hep~- 
none.67 X-Ray analysis of methyl 4,6-0-benzylidene-3-O-methyl-a-~-altropyra- 
noside showed 'C4 conformation and a single type of H-bond, OH(2)- - .0(1);68 
methyl 2,2'-anhydro-4,6-0-benzylidene-3-deoxy-3-C-(2-hydroxyethyl)-a-~-allo- 
pyrano~ide;~~ 1 6-P-acetoxy-3-P-[2,6-dideoxy-3- 0-methyl-a-L-arabino-hexopyra- 
nosyloxy]- 1 4-hydroxycard-20(22)-enolide. 70 

Peracetylated derivatives: the plant hormone-related 2-(indol-3-yl)-ethyl and 2- 
phenylethyl P-D-xylopyranosides 1 and 2 re~pectively;~' 2-(indol-3-yl)ethyl p-D- 
galactopyranoside tetraacetate, related to the plant hormone auxin. Structural 
analysis was also assisted by 'H NOE NMR  experiment^;^^ peracetates of (2s)- 
butyl 6-O-(~-~-apiofuranosyl)-~-~-glucopyranoside glycosides isolated from 
cassava (Manihot e~culenta).~~ 

@q" 
AcO 

2 R =  Ph- 

Z(j 

r- 
3 

(OAc 
AcO 

5R=OAc 
6 R = B r  

AcO 

Ph 

The disaccharides a-D-galactopyranosyl a-~-galactopyranoside,~~ a-D-allopyr- 
anosyl u-~-allopyranoside,~~ 3,3',4,4'-tetra-0-benzoyl-2,2',6,6'-tetradeoxy-a,a- 
ribotrehalose 3,76 2,3,4,6,1',3',4',6'-octa-O-acetyl-~-sophorose, methyl 2,3,4,6,3', 
4',6'-hepta-O-acetyl-P-sophoroside, methyl 2,3,4,6,3',4'-hexa-O-acetyl-6'-deoxy-P- 
~ophoroside~~ and methyl 2-0-(2,3,4-t~-O-acetyl-~-~-xylopyranosyl)-3-O-benzyl- 
4,6-0-benzylidene-a-~-mannopyranoside 4.78 
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The trehalose derivatives 3-0-benzyl-4,6-0-benzylidene-2-deoxy-a-~-ribo- 
hexopyranosyl 4',6-0-benzylidene-Z-deoxy-a-~-ribo-hexopyranoside~~ and 
2,2',3,3'- tetra-O-benzoyl-6,6'-dideoxy-4,4'-di- O-mesyl-6,6'-dithiocyanato-a,a-tre- 
halose;80 di-N-acetylchitobiose complexed to turkey egg lysozyme.81 

3.3 Higher Oligosaccharides and C-Glycosides. - Following the previous 
section, not only di-, but tri- and tetrasaccharide complexes of rainbow trout 
lysozyme have been characterized by X-ray analysis.82 The orientation of the 
(a1+6) mannosyl arm of a heptasaccharide and hexasaccharide (and 
disaccharide fragments) has been studied by molecular dynamics simulations and 
compared with protein-carbohydrate complex crystal s t r ~ c t u r e s . ~ ~  

The crystal structure of methyl P-D-cellotrioside complexed with water and 
ethanol shows 4 independent molecules with an extended conformation. All rings 
are 4C1 and each 0 6  primary hydroxyl group is in the gt conformation. The 
structure shows many common points with cellulose I1 and these data can thus be 
used to provide an improved structure of cellulose ILW Crystal structures of 1,6- 
anhydro-P-maltotriose nonaacetate 5 and 6"-bromo-6-deoxy- 1,6-anhydro-P- 
maltotriose octaacetate 6 show glycosidic conformations almost the same as 
other a( 1 +4) linked oligosaccharides, and weak intermolecular C-Ha - a 0  H- 
bondss5 The crystal structure of Konjac mannan has been reported.86 Small 
angle neutron scattering (along with light scattering) has been used for analysis of 
succinoglycan in solutions, the unexpected results being explained on the basis of 
the stereoregularity and semirigid nature of the poly~accharide.~~ 

Several cyclodextrins and complexes have been the subject of X-ray studies. 
The azido and ally1 groups of mono-6-azido-6-deoxy-a-CD and mono-2-0-allyl- 
a-CD are included in the cavity of the adjacent unit leading to a helical 
polymer.88 The x-system in P-CD-but-2-yne-l,4-diol interacts with sugar ring 
CHs, while other ring CHs interact with the CHzOH hydroxyl proton and one 
CH20H methylene proton interacts with an axial oxygen linker between the 
sugars.89 
Hexakis-(2,6-di-O-methyl)-u-cyclodextrin crystallizes in two different forms 

when grown from 10% aqueous sodium hydroxide by slow evaporation of water 
at ca. 90 "C90 In the one form, the cyclodextrins are arranged in a helically 
extended polymeric chain formed by inclusion of an 0 6  methyl into the cavity of 
the adjacent molecule. The other form shows a cage-like packing, but the 
macrocycle conformation in both cases is nearly identical. The structure of the 
inclusion complex of hydroquinone with a-cyclodextrin has been determined.g1 
The structure of heptakis-(2,6-di-O-methyl)-cyclomaltoheptose (dimethyl P-CD) 
is stabilized by intramolecular (03)H. - -0(2) H-bonds between neighbouring 
glucose ~ n i t s . ~ ~ T h e  structures have been determined of tetra-0-acetylanhydroex- 
foliamycin 7 from Streptomyces exfoliat~s;~~ the tetrabenzylated C-imidazoglyco- 
side (see Chapter 3) 8 which is a precursor to a P-glycosidase inhibitor;" the 
bisacetylene linked glycoside 9 95 and the diacetylene containing enediyne ana- 
logue the Clinked sugars 11 and 12 derived by cycloaddition to the aldose 
nitroalkene (see Chapter 1 8).97 
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3.4 Anhydro-sugars. - The 13C-labelled dimeric anhydride 13,98 1,6-anhydride 
14,99 spiroepoxide 15, loo 1,6-anhydro-4-0-benzy1-3-deoxy-2- 0-methyl-P-D-ribo- 
hexopyranose and 1,6-anhydro-4-0-benzyl-2-C-(2-cyanoethyl)-2,3-dideoxy-~-~- 
ribo-hexopyranose. lol 

Me H oH 

Tms h e  OH HO 

13 =13C 14 R = Tbdps 15 

3.5 Nitrogen-, Sulfur- and Selenium-containing Compounds. - The peracetate 
(16) of the product of reaction of D-glucose with aminoguanidine,lo2 the 
phenylsulfenamide 17, lo3 the imidazolidin-2-one 18, lo4 3-O-P-~-glucuronosyl 
morphine, lo5 three N-aryl-N-pentopyranosylamines N-p-nitrophenyl-N-(2,3,4- 
tri-0-acetyl-P-D-lyxopyranosyl)amine, N-acetyl-iV-p-nitrophenyl-N-(2,3,4-tri-O- 
acetyl- a-L-arabinopyranosy1)amine and N-p-nitrophenyl-N-(2,3,4-tri-O-acetyl-a- 
L-arabinopyranosyl)amine,lM the N-bromoiminolactone 191°7 and 2-p-D- 
glucopyranosyloxy-N,N, 0-azoxymethane. lo* 
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The P-D-fructofuranosylamhe-derived oxazolidinone 20 in the 5E configura- 
t i ~ n , ~ ~  N-(n-octyl)-6-deoxy-~-gluconamide, lo9 N-( 1 -octyl)-D-arabinonamde, N- 
(1 -dodecyl)-D-ribonamide,' lo and the amide 21, ' the non-2-enoic acid ester 22 
which is derived from a KDN derivative (see Chapter 16).l12 

The terminal unit 23 of the O-specific polysaccharide of Vibriu cholorae, and 
the corresponding N-trifluoroacetate, ' the N-linked L-tyrosine benzyl ester 
24,' l4 and N-( 1 -deoxy-P-D-fructopyranos-1 -yl)glycine.l Is 

OH 

OAc OAc OH 

20 LOH 21 

BzHN O@ 1 OAC 

& OAc 

HOQO Ac& ( OAc 

24 25 OAc 26 
f-" 

X-ray structures of the unusual tricyclic amido glycoside 25 and azepine 26 
were reported.'16 Their synthesis by radical chemistry is described in Chap. 24. 
The N-hydroxypyrrolidine 27l l7 and the imine hetero-Diels-Alder adduct 28 (see 
Chapter 24). l 8  

?H 

27 28 1% 
Me 

CHCIMe Me 

29 H203PO 

OH 

30 
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The thioglycoside antibiotic clindamycin-2-phosphate 29 has three separate 
molecules in the crystal, differing mainly in the orientation of the phosphate 
group and the pyrrolidinyl moiety. l9 Thiosugar glycoside 3Ol2O and bis(2,3,4,6- 
tetra- 0-acetyl-P-D-glucopyranosy1)diselenide and disulfide. 121 

The heterocycle-containing sugar derivatives 31, 32, 122 C-glycosidic thiophene 
33123 and the thiazolidine pentacetate 34,124 this confirming a structure proposed 
over 65 years ago. 

Sugar sulfates: 2-deoxy-2-(sulfamho)-a-~-glucopyranose sodium salt, 125- 126 2- 
amino-2-deoxy-~-glucopyranose-3-sulfate, 2-amino-2-deoxy-~-~-glucopyranose- 
6 - s ~ l f a t e ' ~ ~  and 2-amino-2-deoxy-a,~-~-glucopyranose-3-hydrogensulfate, 2- 
amino-2-deoxy-a-~-glucopyranose-6-hydrogensulfate. 25 

,C02Et 

OH OH 

Ph 

AcO Aco4 
OAc 

31 n = l  R =  Bn 33 34 
32n=2 R = B n  CH~OAC 

3.6 
cyclopentenone 36 (see Chapter 24 for synthesis). 129 

Branchedchain Sugars. - The oxazolidinone 35,12* and the novel fused 

\ 
HO 

\ 
?Me HO 

Q 
o+& 0- -0 

Ph-0 

O P O M e  0 

36 

35 I 

HO OH 

37 

W O H  OH 

38 

39 -OH OH 

3.7 Sugar Acids and their Derivatives. - D-Erythroascorbic acid (2,3-didehydro- 
D-glycero-pentono- 1,4-1actone) 37, 30 3-deoxy-2-C-hydroxymethyl-~I~-erythro- 
tetrono- 1 ,Clactone 38, 3-deoxy-2- C-hydroxymeth yl-D-erythro-pentono- 1,4- 
lactone 39,131 lactone 40 (see Chapter 16),132 brominated lactone 41 (see Chapter 
8), 33 and 2,3-dideoxy-~-eryfhro-hex-2-enono- 1 ,Qlactone and -1,5-lactone. 134 

The neuraminic acid analogue 42135 and 43,136 an intermediate in a synthesis of a 
4-guanidino carba-neuraminic acid analogue. 
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3.8 Inorganic Derivatives. - The X-ray structure of 6-deoxy-1,2-0- 
isopropylidene-6-t~phenylstannyl)-a-~-glucofuranose shows tetrahedral tin, ring 
carbohydrate hydroxyl groups held together by intramolecular H-bonds and an 
intermolecular contact between one ring OH proton and an isopropylidene ring 
oxygen atom. 137 

This year has seen continued interest in metal complexes of multiply deproto- 
nated sugars. Five fold deprotonated mannose is a ligand in homoleptic dinuclear 
metalates of trivalent metals, and the crystal structure of one complex, 44 of 
formula [Fe2(P-~-ManfH_5)2]~- was reported. 38 The structure of the hexadeca- 
nuclear polymetalate of Cu(I1) and multideprotonated D-sorbitol of formula 
Li8[Cu(D-SorbH-6)(~-Sorb 1 ,2,3,4H&]ca.46H20 46 has a toroidal structure. 139 

Vertex sharing rings of Cu303 are a major structural motif. This structure is 
comparable with the toroidal cyclodextrin lead complexes reported previously, 
though in that case the toroidal structure was ligand pre-determined. X-Ray 
structures of a series of [M(tdci)z]Cl,. 15H20 (tdci=l,3,5-tri-deoxy-l,3,5-tris(di- 
methy1amino)cis-inositol) complexes (45), with M=A1, Fe, Ga and In, show 
coordination exclusively through trisdeprotonated hydroxyl groups (and not 
amino groups). la 

4 

45 

The structure of bis[6-amino- 1,3-dimethyl-5-(2’-ethyl)-phenylazoniumuracil]- 
tris)thiocyanato-S)cuprate(I) has been obtained at 193K. 141 
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8' 

3.9 Alditols, Cyclitols and Derivatives Thereof. - The structural determination 
of gualamycin 47 has been assisted by X-ray analysis of the aglycon methyl ester 
hydrochloride. 142 

3,4-Di-O-acetyl-2,5-anhydro-l,6-dideoxy-l,6-diiodo-~-mannitol48, 143 the sialyl 
Lewis X mimetic intermediate 49,1M and cyclopentane 50.145 The X-ray structure 
of the hexamethylether of scyllo-inositol shows that all six exocyclic C-0 bonds 
are eclipsed with the corresponding ring C-H bonds (the methoxy group is 
constrained by the two adjacent, equatorial, methoxyl groups). 146 Structures of 
the glycosidase inhibitors 52 and 52147 and of the N-Boc-deoxynojirimycin 53 has 
been determined adopting a 'C4 conformation.148 

"%O OH 

HO NH2 & 
HO 4a 49 v 50 

47 

HO 
\ 

HO I 

I 
51 52 53 

3.10 Nucleosides and their Analogues and Derivatives Thereof. - 5-Acetyl-l-(3,5- 
0-isopropylidene-a-D-xylofuranosyl)uracil monohydrate has the furanose ring in 
a C2'-endo, C3'-endo conformation and a glycosidic torsion angle of - 3lo.l4' X- 
ray structures of adenosine, cytidine, uridine and thymidine were interpreted in 
terms of C-H- - a 0  interactions, while guanosine lacks these interactions. 50 

Another structural analysis of cytidine was reportedI5l and studies of crystal 
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engineering of cytidine, 2’-deoxycytidine and their phosphonate salts were 
undertaken. lS2 

Base analogues: The N-7 regioisomer of 2-chloro-2’-deoxyadenosine (54), N-[ 1 - 
phenyl(2R)-prop-2-yl]-2-chloroadenosine, Is3  3-methyluridine, 1 -methylinosine, 54 

2’-deoxy-5-ethyl~ridine~~~~ the pentafluorophenyl base analogue 55,’56 the 
8H-pyrimido[4,5-c] [1,2]-oxazin-7(6H)-one 56, 57 spirocyclic bridged system 57, 58 

and 3,3-dimethyl-2-butene cycloadduct 58 (a crystalline mixture of 
diastereoisomers). 59 

OH 
54 55 

OH 

Me Me 

Me 

OH .w‘ 
OAc 

56 

/J HO 

0 

Ho@o 
OH 

59 60 R=Thy and Ura 61 

The X-ray of the 4’-azathymidine 59 shows the N-substituent to be a- 
disposed. m The branched nucleoside analogues 6O,l6l the 1,5-anhydrohexitol 5- 
iodouracil nucleoside 61, 162 the dioxolane 2’,3’-dideoxynucleoside analogues cis- 
4-(hydroxymethyl)-2-(thymin- 1 - ylmethy1)- 1,3-dioxolane, ci~-2-(hydroxymethyl)- 
2-(thymin-l -ylmethyl)-l,3-dioxolane and trans-4-(hydroxymethyl)-2-(uracil-l -yl- 
methyl)-l,3-dioxolane, 163 the pyranosyl nucleoside component 62 of antitumour 
antibiotic spicamycin’@’ and the carbocyclic nucleoside analogue precursor 63. 65 

Anhydronucleoside 64, 166 heterocycle fused nucleoside 65, 167 3’-isocyano-2’,3‘- 
dideoxyuridine, 5‘-azido-2‘,5’-dideoxythymidine, 169 2’-amidonucleoside ana- 
logue 66, 170 the tnazole derivative 67,I7l the imidazole-4-carboxamide nucleoside 
68, 172 3’-(tetrazol-2’’-yl)-3’-deuxythymidine and its 5”-methyl derivative 69 and 70 
re~pectively,’~~ diacetylene nucleoside 71,174 base protected a-anomer of the 
bicyclic cytosine nucleoside analogue 72. 175 
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4 ESRSpectroscopy 

A series of D-glucosyl-based neoglycolipids, both j3- and a- anomers of 0-, S- and 
C-glycosides, have been prepared bearing spin labels. The relatively short-lived 
imino N-oxyl group was used for 0-glycosides, and the N-acylamino N-oxyl 
moiety was employed for S- and C-glycosides. ESR spectra provided conforma- 
tional information about the lipophilic chain. 176 

5 Polarimetry, Circular Dichroism, Calorimetry and Related Studies 

Theoretical predictions of vibrational CD spectra of D-glyceraldehyde, D- 

erythrose and D-threose have been made through development of a method to 
scale calculated force constants to agree with experimental values.177* 17* 

CD spectra of tautomeric and protonated cyclic adenosine derivatives e.g. 73 
have been described. 179 A review of the chiroptical properties of cholesterol 
glycosides and chirality distinction has appeared (e.g. D-glucose and L-glucose 
lead to red and blue shifts respectively).180 CD has been used for chirality 
detexmination of dideoxy-glycero-mannonopyranosederived 74. 18* The C2 chir- 
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ality of acyclic 1,2,4-triols 75 and 76 has been determined from CD difference 
spectra by the excitol interaction of the terminal 1,2-dibenzoate. ls2 Cyclodextrin 
has been used to determine the effect of 21 solvents on aggregation of amphoter- 
icin B. Absence of strong solvent interactions leads to self-association. 183 
Cyclodextrin 77 and the porphyrin 78 associate as box and lid. The absorption 
profile of this complex changes markedly when pentachlorophenol is complexed 
in the cyclodextrin cavity.'84 

OH OH 

73 

ysEt R , O V R  

OBZ OBZ 
0 OH 
/ 

75 R1 = Piv, R = H, CH-CH2 
76 R1= Bz, R = CH20H, CH20Ac 

74 

77 

7 

This year has seen several further reports by Shinkai's group on the develop- 
ment of boronic acid based carbohydrate recognition molecules. Boronic acid 79 
forms a polymeric complex 80 with ~ - fucose . '~~  The CD spectrum shows one 
positive maximum and two negative minima. An anthracene-based diboronic 
acid bearing two 15-crown-5 rings complexes D-glucose to form the CD active 
fluorescent complex 81, but metal complexation (Ba2+, Sr2+, K+, Na+) of the two 
15-crown-5-rings leads to disruption of the complexation to the saccharide 
leading to the CD inactive non-fluorescent complex 82. 186 The calixarene scaffold 
for boronic acid sugar binders 83 forms a 2:l complex 84 with D-fructose but a 
1:l complex with D-glucose involving 0-1, 0-2, 0-4  and 0-6. Binding is detected 
by fluorescence. 18' CD detection of saccharide recognition with several diboronic 
acids has also been discussed.Is8 

Time domain reflectometry has been used to study the hydration of L - x ~ Z O -  and 
D-arabino-ascorbic acid solutions in water and water ethanol mixtures, 89 differ- 
ential scanning calorimetry and thennogravimetric analysis have been used to 
study hydration of a-maltose and amylose,lgO a new physical chemical model 
describes the thermodynamic properties of binary water-carbohydrate 
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mixtures, 191 the surface, interfacial, emulsification, foaming and solubilization 
properties of rharnnolipids and sophorolipids have been examined. 192 

N-Hydroxysuccinimidyl esters react with glycosylamines to provide glycocon- 
jugates which can be cross-linked to amino-functionalized resins. Lectin immu- 
nostaining, or flow cytometry using a fluorescently labelled lectin are used to 
identify carbohydrate-protein recognition of these sugar-bead conjugates. 193 
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23 
Separatory and Analytical Methods 

1 General 

Methods for the quantitative chromatographic analysis of inositol phosphates 
and inositol phospholipids have been reviewed. 

2 Chromatographic Methods 

2.1 Gas-Liquid Chromatography. - In connection with analytical work on 
seaweed polysaccharides in which D- and L-galactose derivatives both appear, the 
enantiomers of galactose and their 3-, 4-, and 6-methyl ethers were readily 
separated after reductive amination using enantiomerically pure 1 -amino-2- 
propanol followed by acetylation. The 2-methyl ethers could be separated when 
reductive amination was performed with (S)-a-methylbenzylamine.* During work 
on the synthesis of cationic starches 2-hydroxy-3-(trimethylarnmonio)propyl 
ethers were made and the positions of substitution were determined following 
glycosidic bond cleavage by methanolysis, and methylation of the free hydroxyl 
groups. Subsequently the cationic substituents were converted to 2-methoxy-2- 
propenyl ethers or 2-oxopropyl ethers prior to identification by capillary GLC/ 
MS3 For the purposes of monitoring bacterial peptidoglycan in house dust, 
muramic acid was released by hydrolysis and GUMS analyses were carried out 
on the pertrimethylsilyl  derivative^.^ 

Capillary GC/MS of trifluoroacetylated plant glycosides was applied to fruit 
and wine products using a negative ion chemical ionization r n e t h ~ d . ~  Capillary 
GC analyses of bile acid 3-glucosides and 3-glucuronides as various silylated 
derivatives were conducted using a thermostable stainless-steel capillary column.6 
A report of the GC/MS determination of 1,4:3,6- dianhydroglucitol-5-nitrate in 
human plasma has appeared, and a related study focused on the metabolites of 
the 2- and 5-mononitrates in plasma.* Fatty acid esters of sorbitan (a mixture of 
1,4-anhydro- and 1,4:3,6-dianhydro-glucitol) used as emulsifiers and stabilizers in 
the food and cosmetic industries, were analysed by GC of their pertrimethylsilyl 
 ether^.^ 

2.2 Thin-Layer Chromatography. - The combination of TLC separations and 
liquid secondary ion MS or MS-MS analyses for various carbohydrates has been 
covered in a review.1° 
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Analysis of N-acetylchitooligosaccharides by the Iatroscan procedure has been 
reported. This system combines the efficiency of plate TLC for separating 
components and the sensitivity of flame ionization detection.' In related work 
disaccharides derived from heparin and chondroi tin sulfate have been analysed 
by reductive amination with an aminolipid followed by high performance TLC 
separation and liquid secondary ion MS12 

Two-dimensional TLC on poly(ethy1eneimine)-cellulose plates of radiolabelled 
adenosine and 2'-deoxyadenosine and their metabolites have been described. 
TLC was also used to separate hygromycin B from gentamicin and other 
aminoglycoside antibiotics, detection being done with a fluorescamine dip. l4 In 
related work the relative amounts of neomycin sulfates B and C were determined 
on TLC plates with 4-chloro-7-nitrobenzo-2-oxa-l,3-diazole as fluorescent 
reagent. This was followed by densitometric determination and the method was 
applied to a variety of commercial antibiotic ~amp1es.l~ 

2.3 High-pressure Liquid Chromatography. - References are grouped according 
to the class of sugar being analysed; not all of the important parameters 
pertaining to the separations are provided. 

2.3.2 Detection metho&. - An indirect W method for mono-, di- and tri- 
saccharides uses an unsaturated acid, for example muconic or sorbic acid, as W- 
absorbing component in the mobile phase. HPLC was conducted on a porous 
graphitized carbon column with aqueous alkaline eluant. l6 

2.3.2 Neutral sugars, alditols and derivatives thereoJ: - Reversed-phase HPLC 
studies have revealed a linear relationship between monosaccharide retention 
times and their Walkinshaw hydrophilicity indices. The method holds 
considerable promise for studies of carbohydrate solvation and hydrophobic 
intera~ti0ns.l~ A system used to determine sugars and organic acids in food and 
drink samples uses on-line dialysis prior to HPLC separation. * HP anion 
exchange chromatography with pulsed amperimetric detection has been applied 
to marine sample hydrolysates for the determination of ten  monosaccharide^.^^ 
Cation exchange resins, on the other hand, have been used at 85°C for alditol 
separations. A novel detection method employed in this work involves following 
the decrease in absorbance of a molybdate 2,5-dichloro-3,6-dihydroxy- 1,4- 
benzoquinone anion complex caused by bonding of molybdate to the alditol.20 
Partially methylated 1,5-anhydro-~-galactitol benzoates, prepared during 
reductive cleavage analyses of polysaccharides, were separated by a mixture of 
reverse phase and normal phase HPLC and their GC and MS characteristics were 
reported.21 

2.3.3 Glycosides and glycosylamines. - When methacrylic polymers were used as 
HPLC packing they showed selective binding for the p-isomer of p-aminophenyl 
galactoside tetraacetate. 

Other a-anomers were also bound less effectively, and the amino group was 
required to permit association with the acid functions of the polymer.22 Several 
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reports have appeared on the HPLC analysis of plant glycosides: hydroxy- 
stilbene glycosides in wine,23 steroidal and flavonoid glycosides of the Chinese 
medicine wuu-ji-sari," mono- and more complex acylated di- and tri-glycosides 
of an tho cyan in^,^^ various cardiac glycosides, for example digitoxin, digoxin and 
their metabolites,26 and cardenolides and saponins in crude plant extracts.27 In 
the last case both thermospray and continuous flow HPLC-MS techniques were 
employed and gave complementary information. 

Me2N 0 
1 

OH OR' 

R' = H or a-L-Rhap 

R2 = H2CCOC6H4Br-p 

1 

2 

OMe 

In the field of microbial products, the rhamnolipids 1 have been analysed by 
reverse phase methods,** and 2-O-a-~-glucopyranosylglycerol, a cyanobacterial 
'osmolyte', has been analysed in the presence of several disaccharides, sugars and 
alditols. In the latter case reverse phase and calcium ion cation exchange resin 
columns were used.29 

Reverse phase methods were also used to assay dimethylaminoetoposide (2) 
together with a stereoisomer and their N-demethylated metabolites in the urine of 
cancer patients.30 A related paper discusses an analytical method for etoposide 
and isomers in plasma.31 Other work describes the isolation of glucuronides of 
metronidazole (3) and its hydroxy metabolite (4) by preparative HPLC 
methods,32 and the antipyrene metabolite derivatives 5-7 were identified by 
thermospray LC-MS methods.33 In the area of the metabolites of narcotics, two 
papers have described the reverse phase-HPLC analysis of morphine and its 3- 
and 6-glucuronides in biological  sample^.^*^^ In the first case, fluorescence 
detection was used, in the latter electrospray MS procedures. Codeine and seven 
glycosidic metabolites have also been anal ysed by reverse phase-HPLC proce- 
dures with W or electrochemical d e t e ~ t i o n . ~ ~  

The glycosylamine 8, which is a new anti-cancer agent NB-506, can be assayed 
by a reverse phase-HPLC procedure.37 

2.3.4 Di- and oligosaccharides and their derivatives. - Two HPLC-based methods 
have been used for the examination of unsaturated disaccharides released by 
enzymic digestion of heparin or heparan sulfate. In the first case various esters 
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were examined,38 while in the latter the sulfated disaccharides were examined on 
cation exchangers without deri~itization.~~ 

Reverse phase procedures were used for the separation of the major flavonoid 
disaccharide glycosides in orange and grapefruit concentrates,m and anion- 
exchange columns with pulsed amperometric detection allowed the separations of 
the oligosaccharides of honeys.41 From this, fingerprints were developed for the 
types of honeys; none of the constituent oligomers was identified.41 

The cellotriose and cellotetraose released from barleys with lichenase have been 
determined by a reverse phase procedure as a means of assaying for P-glucan 
content,42 and HPLC-MS allowed the analysis of the maltosaccharides (DP 4-1 0) 
following reductive amination with 4-hexadecylaniline. The MS was conducted in 
the negative mode.43 

2.3.5 Esters. - HPLC methods have been used to separate a wide range of sugar 
phosphates, bis-phosphates and nucleoside mono- and bis-phosphates. The 
method was based on the use of anion exchange resins and permits the detection 
of nanomole amounts of the esters.44 A procedure for ion-pair reverse phase- 
HPLC analysis in plasma of gemfibrozil ester 9 avoids an intramolecular 
rearrangement or hydrolysis observed under physiological  condition^.^^ 

2.3.6 Sugar acih. - An extensive range of sugar acids and lactones has been 
separated on HPLC cation exchange and anion exchange resins have 
been used for determining ascorbic acid and galacturonic acid in fruit j~ices .4~ 
Ascorbic acid and dehydroascorbic acid have been assayed using ion exclusion 
columns,4* and the magnesium salt of ascorbic acid 2-phosphate in cosmetic 
emulsions has been determined by a reverse phase procedure, it recently having 
been introduced as a skin whitener and radical scavenger.49 

The neuraminidase inhibitor GC167 (10) has been assayed in human serum 
using reverse phase-HPLC and derivatization with benzoin to give ll.50 

2.3.7 Inositols. - Strong cation exchanger resins in the protonated form have 
been used for the determination of inositol in pharmaceutical form~lations.~' 

2.3.8 Antibiotics. - The use of HPLC methods for the determination of the 
macrolide antibiotics roxithromycin and clarithromy~in,~~ and also 
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spectinomycin in plasma,53 has been reported, and an HPLC-thermospray MS 
assay for pirlimycin I (12) in bovine milk and liver samples has been developed.s4 

Et 

OH 

12 

2.3.9 Nucleosides. - Adenosine was one of the compounds used to demonstrate a 
capillary HPLC-MS technique that employs a new ‘in source’ thermospray 
interface suitable for use with low molecular weight polar corn pound^.^^ 
Succinyladenosine and pseudouridine were amongst the purine and pyrimidine 
nucleosides detectable in an automated column switching HPLC method 
developed for examining nucleoside metabolic  disorder^.^^ Reverse phase 
procedures were used in the determination of diaminodideoxy analogues of 2’- 
and 3’-deo~yadenosine,~~ and the antiprotozoal drug sinefungin 13.58 Similar 
procedures were used to assay thiopurine and methylthiopurine nucleosides and 
the corresponding nucleotides in cells. For low levels of thioguanine nucleotides 
in red blood cells the compounds were first oxidised with permanganate and 
detected fluorimetri~ally.~~ 

In the field of pyrimidine nucleosides HPLC methods have been used to assay 
1 -P-D-arabinofuranosylcytosine in biological samples,60 its 5 ’-stearyl phosphate 
derivative, which is a pro-drug,61 and N4-hexadecyl- and N4-octadecyl derivatives 
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which were prepared as pro-drugs for arabinosylcytosine.62 Likewise an HPLC 
assay of the antitumour agent gemcitabine (2’-deoxy-2’,2’-difluorocytidine) and 
the corresponding uridine derivative, to which it is metabolised, has been 
developed for use with human urine and plasma samples.63 

A reverse phase HPLC thermospray MS method for detection of impurities in 
AZT found some of the 5‘-trityl derivative and 3’-chloro-3’-deoxythymidine in 
tiny amounts; these are process impurities.64 The AZT metabolite 3 ’-a&no-3 ’- 
deoxythymidine can be assayed in plasma samples following derivatization with 
9-fluorenylmethylchloroformate followed by fluorimetric detection. This metabo- 
lite is five times more toxic to bone marrow cells than is AZT.65 I-P-D- 
Arabinofuranosyl-E-5-(2-bromovinyl)uracil has been determined in urine using 
reverse phase columns and both manual and automated methods.66 

2.4 Column Chromatography. - Enzyme-based and antibody-based post 
column detection systems for mono-, di- and oligosaccharides have been covered 
in a review of ‘biospecific detection in liquid chr~matography’.~~ In a 
fundamental study leading to methods for separation of macrolide antibiotics on 
silica gel Langmuir adsorption isotherms and rate parameters were determined.68 
Silica gel loaded with 8-hydroxyquinoline binding iron(II1) has been used to 
selectively retain inositol 1,2,6-triphosphate and its 0-phenylacetyl derivative for 
analysis in plasma.69 Mixtures of various nucleosides were separated on 
copper(II)-complexed carbohydrate polymers such as Sephadex and modified 
cellulose.70 The acidic products formed on treatment of saccharides under 
oxidizing conditions with alkali have been separated using cation exchange 
columns and the analyses led to a further assessment of the mechanism of the 
alkaline degradation of sugars. The well known Isbell mechanism was 
~onf i rmed .~~  An improved method for determining the constituent 
monosaccharides of glycoproteins, following hydrolysis, used anion-exchange 
chromatography with pulsed amperimetric detection.72 The proportions of 
glucose, maltose and maltotriose bound on a sodium-form polystyrene cation 
exchange resin at 60 “C increases with salt concentration and also with the size of 
the molecules.73 

A porous graphite column has shown promise for separations of polar 
metabolites, such as glucuronides of AZT.74 Micellar electrokinetic capillary 
chromatographic analysis of forty desulfoglucosinolates produced enzymolitically 
has been reported,75 and a further study examined the liminoid glucosides in 
citrus seeds.76 

HO OH 

13 

HO OH 

14 
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3 Electrophoretic Methods 

Almost all reports refer to the use of capillary electrophoresis which has now 
become an important analytical tool. In a comprehensive analysis of the 
aldohexoses the sixteen stereoisomers were separated by the method following 
reductive amination with (9-1-phenylethylamine. In a separation of a more 
extensive range of compounds, nineteen out of twenty aldohexoses and tetroses 
were separated in a single run.77 A combination of capillary electrophoresis in 
strongly alkaline media, coupled with off-column amperometric detection was 
effective for the separation and detection of monosaccharides with a detection 
limit of 1-2 PM.’~  Indirect UV detection of unsubstituted sugars under highly 
alkaline conditions was used in conjunction with their separation by capillary 
electrophore~is.~~ A further method operating at the nanomolar level involved 
derivatization of monosaccharides with the fluorogenic reagent 3-(p-carboxyben- 
zoyl)quinoline-2carboxaldehyde following reductive amination to 1 -amino- 1 - 
deoxy alditols.80 

High pressure capillary electrophoresis was used in the determination of mono-, 
di- and tri-sulfated unsaturated disaccharides released enzymically from glycos- 
aminoglycans.sl In related work, capillary electrophoresis and polyacrylamide gel 
electrophoresis were applied to the analysis of low molecular weight heparins and 
heparin oligosaccharides,82 and the former method was used to monitor selective 
pivaloylation of a trisulfated unsaturated disaccharide derived from heparin.83 

Capillary electrophoresis, coupled with laser-induced fluorescence detection 
has been used as an extraordinarily sensitive analytical procedure for oligosac- 
charides derived by enzymic degradation of polymers. The carbohydrates were 
linked to tetramethylrhodamine by way of a spacer group and the fluorescent 
products could be detected at the limit of 50 molecules, which must be taking 
analytical chemistry in this field to a new limit.84 A similar procedure using 8- 
aminonaphthalene-l,3,6-trisulfonic acid was applied to neutral and basic oligo- 
saccharides and operated with a detection limit of 5 x 10-8M, derivatization 
being conducted in volumes as small as 2 ~ 1 . ~ ~  A further use of this approach has 
been with sialogangliosides labelled with 7-aminonaphthalene-1,3-disulfonic 
acid.86 

Two reports have appeared on the use of capillary electrophoresis in the 
determination of ascorbic acid. One was for use with vitamin formulations and 
required L-cysteine be added as ant i -~xidant ,~~ while the other was for determina- 
tion of the acid and also gluconic acid in foods and beverages.88 Another 
application was to the separation of mono- and unchlorinated analogues of 
compound 14 from this compound which is a novel phosphonate analogue of 
adenosine 5’-tripho~phate.’~ A further study used the method coupled with on- 
line electrospray MS in the negative ionization mode to determine inositol mono- 
to hexa-phosphates and related compounds.g0 

A review has appeared on ‘Fluorophore-assisted carbohydrate electrophoresis 
(FACE)’ by which fluorescently-labelled carbohydrates are separated on poly- 
acrylamide gels and a charged-coupled device camera is used to detect and 
quantify the productsg1 
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4 Other Analytical Methods 

A quantitative assay for D-galactose depends on an enzyme sensor based on D- 

galactose oxidase and a tris(2,2’-bipyridine) complex of osmium as a redox 
mediator developed on a carbon electrode.92 

A range of physical methods including FTIR and ESR spectroscopy, magnetic 
susceptibility measurement and cyclic voltametry have been applied to transition 
metal saccharide complexes. A range of simple sugars were used in the 

Compound 15 has been used as a photo-induced electron transfer sensor for 
sugars which will detect a range of compounds at neutral pH values in aqueous 
media.94 
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24 
Synthesis of Enantiomerically Pure 
Non-carbohydrate Compounds 

1 Carbocyclic Compounds 

An extensive review on the ring contraction of furanosides and pyranosides to 
cyclobutanols and cyclopentanols respectively, has appeared. 

The furanosides 1 and 4 react with magnesium methoxide to give the annelated 
cyclopropanes 2 and 5, and sodium borohydride reduction followed by detrityla- 
tion affords 3 or 6 and 7 (Scheme 1). The reaction of 1 proceeds via an elimination 
occurring within intermediate 8, to generate magnesium enolate 9, which is 
internally alkylated by displacement of the C5 tosylate.2 

TrO 

MsO OH 
1 2 3 

TrO 

OMe - OMe - OMe 

MsO OH R2 

4 5 6 RI=OH, R2=H 
7 RJ=H, R*=OH 

Reagents: i, Mg(OMe)2, MeOH, PhH, 50-60 OC; ii, NaBH,; iii, 80% AcOH. 

Scheme 1 

3’- -‘MgOMe MgOMe 
9 

\\ 
0 8  

Intramolecular photochemical [2+2] ene-allene cycloaddition of 10 or homo- 
logue 11 generates the tricyclic methylene cyclobutanes 12 and 13 in 60-99% 

357 
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yields. Using substrates with R=Me, Lewis acid catalysed introduction of an 
anomeric acetoxy group gives the bicyclic product 14, further elaborated to C- 
allylic glycoside 15. The related substrates with a tethered allylic alcohol 16 
similarly undergo [2+2] addition to form the tricyclic cyclobutanes 17 in 62-95% 
yield.3 

10 n=l, R=H or Me 
11 n=2, R=H or Me 

n =1,2 

12 n=l, R=H or Me 
13 n=2, R=H or Me 

OH 

16 

OH Q$ OAc lqTAc 
0 

Me < Me 

14 15 

OH 

R’= RZ= H 

R’-R~= 
) R’=Me, R2=H 

R’-R2= (CHZ)~ 

17 

Unsaturated aldonolactones 18 and 20 are converted in good yields to the 
functionalized homochiral cyclopentanoids 19 and 21 respectively, by intramo- 
lecular radical conjugate additions (Scheme 2).4 Intramolecular radical conjugate 
addition has also been employed on the acyclic Wittig-derived 22 with 
concomitant lactonization to give the cyclopentanoid 23 in 64% yield (Scheme 3). 
The reaction was not diastereospecific, with C1 and C5 epimers of 23 also being 
formed.* 

18 19 20 21 

Reagents: i, e S n B u 3  , AIBN, EtOAc; ii, Bu3SnH, AIBN, EtOAc. 

Scheme 2 

The fused cyclopentane 25 has been prepared by radical cyclization 
via deoxygenation of 24 (Scheme 4).6 This ring system is a carbocyclic 
analogue related to the A/B ring system of the cytotoxic sesquiterpene, 
(+)-eremantholide. 
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OH 

/ I  - . -  

I .. 38“;‘\0B* - 6  

3 ’  
4 2 \ C02Me 11 - 2 -  
OH OH 

22 
OH 

Reagents: i, Ph3P=CHC02Me; ii, Bu3SnH, AIBN, Et3B. 

Scheme 3 

PivO 
H O J  5 P i v O l  PivO 

Reagents: i, 106; ii, PCC; iii, EtsN, MeOH; iv, NaH, imidazole, CS2; v, Mel; vi, Bu3SnH, AIBN. 

Scheme 4 

The first example of an intramolecular aldol cyclopenta-annulation on a 
carbohydrate system has been described by Jenkins and co-~orkers .~ Epoxide 26 
was converted to 27 via axial epoxide opening with ally1 magnesium chloride and 
subsequent diastereoselective enolate methylation, Wacker oxidation of 27 then 
providing diketone 28. Treatment with potassium t-butoxide led to cyclopenta- 
annulation and dehydration of the intermediate aldol product gave 29, confirmed 
by X-ray structure analysis. 

26 27 X = CH=CH;! 
28 X = C(O)CH3 

’0 
29 

The spiro-fused cyclopentenone 31 has been prepared by 3-aza-Cope 
rearrangement, intramolecular Mannich reaction, p-elimination reaction se- 
quence from 30. A mixture of enamine stereoisomers in the initial condensation 
leads to a mixture of spirocyclic epimers in 31 (Scheme 9.’ 

Chiara and co-workers have reported a new samarium diodide-catalysed 
synthesis of highly functionalized cyclopentanes, for example 32, in good yields 
from hexosyl O-benzylhydroxylamines (Scheme 6).9 Epimers were also formed in 
most cases. Terpenyl alditol derivative 34 was synthesized by Wittig reaction of 
D-ribose derivative 33 and further elaborations. lo 
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OHC - 
Memo 

30 

”. 
Reagents: i, Pyrrolidine; ii, MemOC(-CH2)CH21. 

Scheme 5 

B n O , , H p ; O B  n 

BnO -0Bn 

32 
Reagents: i, Sm12, -25 to 0 OC. 

CHO OBn w-  x 
33 34 

HO 
NH2 

Scheme 6 

Jung and Choe’ have reported an efficient synthesis of cyclophellitol36, along 
with the l(R),l(S) analogue 37, from D-glucose derived 35. The key transforma- 
tions were Ferrier rearrangement, diastereoselective epoxidation and finally 
selective hydrogenation of the ring carbonyl group (Scheme 7). A similar strategy 
was described previously (Vo1.28, p.349). 

OH OH BnO BnO 
35 36 37 

Reagents: i, HgC12, H20 ii, MsCI; iii, MCPBA; iv, K2C03, MeOH; v, H2, Pd. 

Scheme 7 

Ferrier rearrangement was also the key transformation in a synthesis of the 
2-aminohexahydrobenzoxazole analogue 40 of trehazolin. Thus, reaction with 
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Hg2+, H20, oxidation then reduction of the derived ketone, followed by 
epoxidation and debenzylation converted 38 to 39 which was further elaborated 
to 40 (Scheme 8). l2  

HO 

RO &oMe BnO 

l+vo ,,,, oHvi. ii, v, vii, vi; 

HO 
OR 

38 R=Mom 39 40 OH 

Reagents: i, Hg(O?CCF3)2, MesCO!, H20; ii, AcpO, Py; iii, NaBH4, CeC13 ; iv, MCPBA; v, H2, Pd(OH)2/C; 
VI, NaN3, NH4CI; VII, HCI, MeOH; VIII, B n O l  

Scheme 8 

Levoglucosenone was the starting material for studies towards the synthesis of 
the potent Na+-channel toxin (+)-tetrodotoxin. In model work, levoglucosenone 
was converted in 14 steps to 41 and then elaborated to 42 with new stereogenic 
centres introduced by allylic oxidation and epoxidation reactions. Lactone ring 
opening and elimination followed by transannular lactone formation through 
epoxide ring opening then gave the model compound 46. Further work converted 
levoglucosenone to 43. Epoxidation of the endocyclic alkene, followed by 
ozonolysis, addition of vinyl Grignard and benzoylation gave 44. Oxidative 
cleavage of this new alkene then installed the carboxylate group. Lactonization 
analogous to that employed for the model compound gave 45 (Scheme 9).13 

Levoglucosenone 14 - Steps 6' H - HO @ __t i [ ""OAc 

BzO 
"'OAc 

'"0 Ac ""OAc 0 
\ 

0 
I vii OBf 4 l  OBz 42 

t 
o+ 4- & R:iii-xi __t &: - xii ;:& R'HN AcokoBz AcO 

OH OH 
43 Rl=COCCl3 44 45 46 

0 

Reagents: i, HCI, MeOH; ii, TsCI, Py; iii, Se02; iv, MCPBA; v, Nal; vi, Zn/Cu; vii, Si02; viii, MCPBA, 
NaHP04; ix, 03, Me2S; x, CH2=CHMgBr; xi, BzCI; xii, cat. RuCI3, Na104. 

Scheme 9 
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Shing and Wan have employed quinic acid as starting material for a synthesis 
of valiolamine 47 and several analogues, 48-50, of this aminocyclitol analogue. l 4  

OH OH OH 

H2N H2N 
OH OH OH OH 

47 48 49 50 

The antitumour alkaloids of the pancratistatin and narciclasine classes have 
been the subject of several synthetic efforts this year. The L-mannonolactone 
derivative 51 is the starting material for a synthesis of narciclasine analogue 55 
and two related compounds. The key transformations are elaboration of the 
carbohydrate adduct 53, derived by base-catalysed coupling of 51 with the anion 
derived from benzamide 52 to the cyclohexanone derivative 54. This involves 
selective removal of the C5,C6 isopropylidene group, oxidative cleavage of the 
C5,C6 bond and an intramolecular aldol reaction involving the CS-derived 
aldehyde and the benzylic ketone enolate (Scheme lo). l5  

51 
52 53 

OH OH 

0 
ii-iv 

CONEt2 

54 OMe 0 55 

Reagents: i, sBuLi; ii, AcOH; iii, Na104; iv, DBU, THF, Na2C03. 

Scheme 10 

D-Gulonolactone is the starting material for a synthesis of (+)-7-deoxypancra- 
tistatin (60). Thus, D-gulonolactone-derived 56 is elaborated to benzyloxyimine 
57, and thence to 58. Intramolecular radical cyclization onto the benzyloxyimine 
function establishes the cyclohexylamine ring of the natural product in 59, then 
elaborated to 60 (Scheme 1 l ) . l 6  Hudlicky's group have reported the total 
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synthesis of (+)-pancratistatin itself by elaboration of the diol obtained by 
Pseudowonas aerogenosa dihydroxylation of bromobenzene. l7 

OMom 

56 57 

OMom OH 

iv - 
0 60 

Reagents: i, TbdmsCI, ImH; ii, DIBAL; iii, BnONH2; iv, Bu3SnH, AIBN. 

Scheme 11 

This year has also seen approaches towards components of the anticancer 
natural product taxol from carbohydrate starting materials. Paquette and Bailey 
have used the 5-deoxy-5-iodo-ribofuranoside 61 as starting material for synthesis 
of 63, a precursor to the C ring of taxol. The carbohydrate-derived vinyl iodide 
62 is transmetallated and the resulting vinyllithium reacts with terpenone 64 to 
afford 63 (Scheme 12).'* 

61 

Reagents: i, t-BuLi, 

i - 

Scheme 12 

D-Glucose is the starting material for synthesis of intermediates for both the A 
and C rings of taxol. Thus, D-glucose-derived 65 was converted to 66 by H$+, 
H20 treatment and the product was used to prepare 67, a protected precursor 
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directed towards the C ring of t a x 0 1 . ~ ~ ~ ~ ~  This cyclohexanone served as an 
intermediate elaborated to 68, a precursor directed towards synthesis of the A 
ring of taxol. 

OPmb OPmb 

"%0R2 R'O 3 OMe PhS 
OR2 

OR2 
65 66 67 68 

R' = Pmb 
R2 = Tbdms 

The silyl-tethered compound 69 undergoes a tandem radical cyclization 
followed by desilylation and oxidation of the sulfide and elimination to give 
bicyclic 70; further elaborations (by way of 71) convert this intermediate to 
cyclohexane derivative 72, transformed in five steps to 73, an intermediate in 
Woodward's reserpine synthesis (Scheme 1 3).21 PCC oxidation of the enol ether 
function of 72 yielded 74. 

D-Arabinose is the starting material in a synthesis of 1 a,2P-dihydroxyvitamin 
D3 (78). The derivative 75 is converted to the protected eneyne 76 in seven steps. 
This undergoes a palladium-catalysed cascade process on reaction with vinyl 
bromide to give 77, yielding, after deprotection, the vitamin D3 analogue (Scheme 
14).22 (See Vol27, p.3 17 for synthesis of a similar chiron from D-mannitol). 

R ' ° F S F ' h  
. ... 
1-111 c A  - M:poMe 

72 
TbdpsO 

71 R'=H, R~=OH 

R=i-Pr 

Me02C 3 - 
TbdpsO 

OAc M e O Z C h  OMe OAc 

73 74 

5 

vi, xii-xv 

MeO'"" 

Reagents: i, Bu3SnCI, NaCNBH3, AIBN; ii, H202, KHC03, KF; iii, TipsCI; iv, PhOCOSCI, Py; 
v, Bu3SnH, AIBN; vi, Bu4NF; vii, Bu2Sn0, NBS; viii, NaBH(OAc)3; ix, TbdpsCI, Et3N; x, Mel, Ag20; 
xi, Ac20, Py; xii, AcOH; xiii, PDC; xiv, TmsCHN2; xv, 03 .  

Scheme 13 



24: Synthesis of Enantiomerically Pure Non-carbohydrate Compoundr 365 

D-Arabinose - 
75 

76 + 
Br p 

77 

vii, viii 

76 I 

OH 

Reagents: i, Zn, CH212, AIMe3; ii, HCI, MeOH; iii, 2,4,6-trimethylphenylsulfonyl chloride, Pyr; iv, Me2C0, 
CuSO4, TsOH; v, LiCCH.(CH2NH2)2; vi, TbdmsCI; vii, Pd2db%.CHC13; viii. HCI aq., THF. 

Scheme 14 

Tri-0-acetyl-D-glucal has been used for the synthesis of a number of 
functionalized cis-decalins, via pyranone 79. Intramolecular Diels-Alder reaction 
of 79 gives the tricylic intermediate 80. Lithium aluminium hydride reduction 
affords a 1 : 1.7 mixture of alcohols which are separated and elaborated to 81 and 
82 (Scheme 15). Ferrier rearrangement converts these to cis-decalins 83 the 
structures of which were proven by single crystal X-ray analysis.23 

n-:. . 

/""" 

81 R1=OMom, R2=H 
82 R'=H, R2=OMom 

03 

Reagents: i, BF3.0E12, CH2=C(Me)=CH(CH2)20H; ii, NaOMe, MeOH; iii, tBuCOCI; iv, Mn02, CC14; 
v, PhH, hydroquinone, 155 OC; vi, LiAIH4; vii, MsCI; viii, Nal, butanone; ix, MomCI, CPr2NEt; 
x, AgF, Py; xi, Hg2+, H20. 

Scheme 15 
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2 Lactones 

Sporothriolide 85 has been synthesized from carbohydrate derivative 84, utilizing 
intramolecular radical cyclization onto a tethered acetylene, and 4-epi-ethisolide 
87 has been prepared similarly from 86 (Scheme 1 6).24 

H13C6 i9ys)s: HI&% , Y O M e  Et ‘To I I  0 ‘ L o  

84 85 86 87 

Reagents: i, Bu3SnH, AIBN; ii, HCI; iii, PDC, NaOAc. R = C(=S)SMe 

(-)-Muricatacin 89 has been prepared from the D-isoascorbic acid-derived bis- 
epoxide equivalent 88 [SPR Vo1.26, p.190, ref. 221 by two routes, one of which is 
shown in Scheme 17.25 Similarly, L-ascorbic acid is the starting material in a 
synthesis of 6-hydroxy-6-valerolactones, via the formal bis-epoxide equivalent 90, 
epimeric with 88, converted to epoxide 91 (with epoxide transposition), and 
thence to lactone 92, the major mosquito oviposition attractant pheremone 
(Scheme 1 8).26 

> z i o  - 5steps o~~~~~ 07 
OH 

W 2 h l  Me (CH2) 1 1 Me 

88 89 
Reagents: i, CH2(C02Et)2, NaOEt; ii, MgC12.6H20, MeCONMe2; iii, DDQ, CH2C12, H20. 

Scheme 17 

i-iv - v-viii H ~ l c l o ~ ~  

BnO - O I  HO 
C10H21 

i-iv ( - 
BnO 4 - H ~ l c l o ~ ~  

un 

90 91 92 

Reagents: i, CgHtgMgBr, Li2CuC14; ii, BnBr, NaH, Bu4NI; iii, HOAc, H20; iv, Ph3P, DIAD; 
v, LiCCCOzEt, BF3.0Et2; vi, H2, PdIC; vii, K2C03, MeOH then HCI; viii, 150 O C .  

Scheme 18 

Buszek and J e ~ n g ~ ~  have reported a synthesis of the &membered lactone 96, a 
precursor of octalactin A 97 and B (which has an alkene in place of the side chain 
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epoxide), from ascorbic acid. The known ascorbic acid-derived 93 undergoes 
conjugate addition and reductive elimination, followed by hydroboration and 
borane reduction to give the intermediate trio1 94. This was then elaborated to 95 
and lactonized to the known compound 96 (Scheme 19). 

:& 0 . ... H O A o H  6 1 2  - H02C 

OH MpmO OH 
4 -  

3 2  

93 94 95 
0 0 

__c HO.,,, 0 
"+*O 

,,#" 2 , "*.I, 

96 97 

Reagents: i, Me2CuLi; ii, Zn, HOAc; iii, 9-BBN, then BH3 then H202. 

Scheme 19 

The two epimeric 3-hydroxy-4-hydroxymethyl4butanolides 98 and 99 have 
been prepared from levoglucosenone (Scheme 20).** 

H o ~ O  - xi, iii, iv - v-x eo - i-iv " ~ 0  

OH 0 0 
98 levoglucosenone 99 

Reagents: i, H20, Et3N; AcOOH, AcOH; iii, Me2S; iv, HCI, MeOH; v, LAH; vi, AcOH, AcOAg.I2; 
vii, NH3.MeOH; viii, Swern; ix, (PhSe)2, NaBH4; x, AcOH, EtOH;xi, AcOOH, AcOH 

Scheme 20 

Reagents: i, Tf20, Py; ii, Me3SnH, LiCI, Pd(PPh& iii, H2, Pd/C, i-Pr2NEt. 

Scheme 21 
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A number of useful chiral lactones have been prepared from L-mannonolactone 
(Scheme 21). D-Gulonolactone has also been similarly employed, and the 
enantiomers of these two groups of lactones have been obtained commencing 
with D-mannonolactone and L-gulonolactone, re~pectively.~~ 

The lactone 103, a key intermediate towards pseurotin A, is obtained in 10 
steps from 100 (Scheme 22) through diastereoselective vinylation of 100, and 
dihydroxylation of intermediate 101. 30 

100 101 102 103 

Reagents: i, BuLi Br,kcH(OEt)2 ; ii, KOH, BnBr, DMSO; iii HCI, THF; iv, NaOCI2; v, 4-tolNNNHMe; 

vi, OsO4, NMNO; vii, Swern; viii, EtMgCI; ix, HCI, THF; x, MmtrCI; xi, NMNO, rrPr4NRu04. 

Scheme 22 

Tri-0-acetyl-D-glucal is the starting material for a synthesis of lactone 108 via 
104. Palladium catalysed allylic substitution at C4 to give 105, formed as a 72:28 
mixture of epimers at the sulfonyl substituted centre, and desulfonation are the 
key steps. Intermediate 106 then undergoes iodoetherification giving 107 which is 
radically deiodinated to 108. This lactone is related to a precursor of throm- 
boxane B2,109 (Scheme 23).31 

104 105 106 

OH 
,,,,,OCPr 

,.++ H02C 2" ,,N' 

HO 107X= I 109 
108X= H 

__c iii 

xo 
0 iv ( 

Reagents: i, NaPhS02CHCONEt2, Pd(PPh3)4; ii, 6% Na(Hg), MeOH, NaH2P04; iii, 12, Ag(OCOCF3), 
aq. THF; iv, Bu3SnH, AIBN. 

Scheme 23 

D-Glucose is the starting material for a new synthesis of the immunosuppres- 
sive agent (-)-PA-48153C 110, via the methyl glycoside lll.32 
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BnO OBn 

110 111 

3 Macrolides, Macrocyclic Lactams and their Constituent Segments 

The dispiroacetal component 122 (Scheme 25), a segment of tautomycin, has 
been synthesized from tri-O-acetyl-D-glucal and levoglucosenone in a convergent 
synthesis. The glucal is converted to the 2,3,4-trideoxysugar 112 and then to the 
protected C-glycoside 113. Deprotection of the acetylene and hydrosilylation, 
followed by several steps involving methylation and sulfide oxidation gives 114 
which is elaborated to epoxide 116. 

Levoglucosenone is converted to 117, isomeric with 112, in 5 steps and is then 

112 113 114 

HO 

115 116 

xii, xvii-xx c JJ, - iv 

EtO 

OAc 
118 

OAc PhS 0 
117 

119 PhSo2 120 R = Tbdms 

Reagents: i, BF3.0Et2, EtOH; ii, CuCN, MeLi; iii, H2, 5% WC; iv, TMS-CC-SPh, BF3.0Et2; 
v, CO~(CO)~; vi, TfOH; vii I - viii, Et3SiH, Na2RCl6.6H20; ix, NaOMe, MeOH; x, TbdmsCI, ImH; 
xi, MCPBA; xii, MeLi.LiB4 &, TBAF; xiv, (Ph0)3PMel; xv, Zn; xvi, TbdmsOTf, 2,6-lutidine; xvii, 
H2NNH2.H20, EtOH; xviii, NaH, DMSO; xix, AqO, Py; xx, EtOH, TsOH. 

Scheme 24 
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transformed to C-glycoside 118, which is then elaborated to 119 and 120 (Scheme 
24). The carbanion generated from 120 reacts with 116 giving 121, which, after 
oxidation, deprotection and Wacker reaction affords the dispiroketal 122 
(Scheme 25).33 

116 + 120 - i PhS02 J3.J- OR HO “%, R = Tbdms 

SO2Ph 
121 

Reagents: i, nBuLi, cat. BF3.OEt2; ii, PCC; iii, DBU; iv, [(Ph3P)CuHI6; v, TBAF, TsOH; 
vi, PdC12, CuCI, 0 2 ,  DMF. 

Scheme 25 

D-Xylose is the starting material in another convergent synthesis, in which 
the two acyclic D-xylose derived components 123 and 124 are precursors to 
(-)-colletol1Z.” 

124 125 

4 Other Oxygen Heterocycles, including Polyether Ionophores 

A short review [8 refs] has appeared this year describing syntheses of zaragozic 
acid a number of which use carbohydrate starting materials.35 D-Xylose is the 
starting material for synthesis of 126, a model of the tricyclic core of the zaragozic 
acids. The key steps are thioacetal acetate exchange, and acetate displacement 
with a silyl enol ether, followed by acetal exchange to form the ketal ring of the 
final product (Scheme 26).36 

A close analogue 129 of the bicyclic core of the zaragozic acids has been 
prepared from 2,3:4,6-di-isopropylidine-~-xyZo-hexulosonic acid. Key carbon 
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OBz 

BzO BzO 
EtS 

iv - 
BzO 126 HO 

Reagents: i, EtSH, HCI; ii, PhCH(OMe)2, H+; iii, Hg(OAc)2. HOAc; iv. EtC(=CH2)0Tms, 
TmsOTf, 0 OC; v, MeOH, H+; vi, LAH. 

Scheme 26 

homologations are achieved through enolate hydroxymethylation of 127 and 
Wittig methylenation of the aldehyde from Swern oxidation of 128 (Scheme 
27).37 A modification of this approach has also been used to prepare 130, which 
has two further carbon substituents as required for the zaragozic acids 
themselves. 38 

Carreira and Du Bois have provided full details of last year’s report of a 
synthesis of (+)-zaragozk acid C from D-erythronic lactone 131, via amide 132 
and alkyne 133 (Scheme 26).39 

* H O M e  

iv-viii, vi, ix 

BnO 

129 130 

Reagents: i, HCHO, NaOH; ii, Li, NH3; iii, Me2C(OMe)2; iv, Swern; v, Ph3P=CH2; vi, H+; 
vii, NaH, BnBr; viii, 0 ~ 0 4 ,  NMNO; ix, Ac20, Py. 

Scheme 27 
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Et 
W O  - i-iii 

OBn OBn 
131 132 133 

Reagents: i, Me2NH; ii, (Me0)2CEt2; iii, NaH, BnBr; iv, LiC(OEt)=CH2; v, TMS-C 
vi, 0 3 ;  vii, NaBH4; viii, TbdmsCI; ix, TmsCI. 

OH OH 

C-MgBr; 

Scheme 28 

The bicyclic compound 138 [R=allyl, phenyl or CH20Tbdps], related to the 
core of the squalestatins and zaragozic acids, has been prepared from anhydro 
sugar 134 via 137 (Scheme 29). Notably, with models where R=Me or C02Et, 134 
is converted to anhydro sugar 135 predominantly when R=Me, but 136 predomi- 
nantes when R=C02Et. This is rationalized by the destabilizing effect of electron 
withdrawing carboethoxy group on the oxonium intermediate involved in the 
formation of 136 (carboethoxy a to O+), relative to the 6-membered oxonium 
leading to 135 (carboethoxy p to O+).40 

v, vi 
OH 

OBn 
OH 

OBn 
0 

135 136 134 R=Me, C02Et 137 138 

Reagents: i, RMgX; ii, CF3C02H, AqO; iii, NaOMe: iv, pTsOH; v, Me2C0, H+; vi, PDC; vii, MeCeCI; viii, HCI. 

Scheme 29 

The dihydrofuran derivative 143 has been prepared ultimately from glucitol via 
the dianhydride ditosylate 139. Reaction with sodium iodide in acetone gave a 
mixture of mono- and diiodides 140, 141, which were collectively converted to 
tosylate 142 and hence 143 on reaction with methyllithium (Scheme 30).41 

139 140 X=OTS 
141 X=l 

142 143 

Reagents: i, Nal, acetone; ii, MeLi. 

Scheme 30 
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Intramolecular 1,3-dipolar cycloaddition between the ally1 ether and nitrone 
units in 144 provides the fused tetrahydrofuran 145.42 Interestingly, the 
analogous compound, containing O-ally1 groups (in place of O-benzyl) 
potentially allowing formation of other fused ring systems, also gives the [3.3.0] 
bicyclic product. Methyl-4,6-O-benzylidine-a-~-glucopyranoside is the starting 
material for 146, a model for the bicyclic unit of the miharamycins (discussed in 
chapter 1 9).43 

CH20Bn 
Bn 

Bq OH 

B n o f c  = OBn O x , , , , .  0 Ph 

MeO''"' 0 
OBn 

CH20Bn 

144 145 146 

D-Glycero-D-gufo-heptono-y-lactone from which 147 is derived, is the starting 
material for a synthesis of (+)-goniofufurone 148 (Scheme 31).44 

cHo 147 148 

Reagents: i, PhMgBr; ii, Ac20, Py; iii, NaOH; iv, Na104; v, Ph3P=CHC02Me; vi, AcOH, H20; vii, DBU. 

Scheme 31 

The fused methylene tetrahydrofuran 150 is obtained in variable yield (20- 
72%) by palladium-catalysed cyclization of the vinyl bromides 149, in the 
presence of NaBPb or Bu3SnH (in an attempt to trap the a-palladium species 
with phenyl). The non-cyclized product 151 arising from phenyl coupling to the 
vinyl bromide function is also obtained, along with the endocyclic dihydrofuran 
152 as a minor product (7-38% yield) when R=H45 

149 
R = OEt, OBu', OC~H~BU' 

150 151 152 
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The isomeric epoxy triflates 153 and 157 undergo triflate displacement-epoxide 
opening with the dianion of methyl propanoyl acetate. Reaction of 153 generates 
the epimeric bicyclic tetrahydrofurans 154 and 155, subsequent treatment with 
triflic acid leading to isomerization about the alkene bond to a mixture of 154- 
156. Isomeric 157 under similar conditions gives 158 and 159, with triflic acid 
catalysis leading to some of the alkene isomers 160 along with 158 (Scheme 32).46 

153 

157 

Me02C% + fvleO2C% 

HO 
Ho OBn OBn 

158 w 159 

Reagents: i, methylpropionylacetate, NaH, BuLi; ii, TfOH, 0 OC; 160 OBn 

Scheme 32 

Epoxide 153 was also converted into the tricyclic ring systems 161 and 162, 
using 2-carboxymethylcyclopentanone and 2-carboxymethylcyclohexanone, with 
NaH, BuLi, respectively. 
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Tethered intramolecular [3+2] nitrile oxide and nitrone cycloadditions have 
been investigated starting from 163.47 In general, NO bond cleavage proved 
problematical, but the reaction was successful in some cases, compound 164 
converted to the tetrahydrofurans 165 and 167 (Scheme 33). Analogous cyclo- 
addition chemistry was used to prepare the pyrrolidine analogue 278 [section 51. 

0-CHO 

1 vii 

163 

0 1  

Reagents: i, BnNHOH; ii, H2, Pearlman's catalyst; iii, MeOH, HCI, Ultrasound; iv, BnBr; v, LAH; 
vi, Ac20; vii, NH20H; viii, NCS. 

Scheme 33 

169 X = 0, Y = CH2 171 X = 0, Y = CH2 
170 X = CH2, Y = 0 172 X = CH2, Y = 0 

The synthesis and structure-activity relationships of a series of 3-substituted 
muscarines 168 have been described. The cis-3-fluoromuscarine 168(b) showed 
selectivity and binding affinity similar to the muscarines, while the trans epimer 
168(c), and either epimer of the 3-hydroxy, 3-azido or the 3,4-epoxymuscarine all 
showed substantially lower binding affinity and activity.48 L-Sorbose is the 
starting material for synthesis of the tetrahydrofurans 169 and 170, which were 
deoxygenated via their O-xanthates to give 171 and 172. Epimerization was 
observed so that either 169 or 170 generated mixtures of epimers 171 and 172.49 

Levoglucosenone is the starting material for a new, shorter route to (-)-ti- 
multistriatin 175.50 The key steps involve firstly conjugate addition of nitro- 
methane anion to levoglucosenone, followed by addition of another equivalent of 
this anion to the ring ketone. Radical deoxygenation and denitration of the 
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derived thiocarbonate 173, and a two carbon homologation at C2 via alkylation 
of the intermediate dithiane 174, is then followed by final anhydro ketose 
formation (Scheme 34). 

173 174 175 

Reagents: i, Bu3SnH, initiator; ii, BF3, HS(CH2)3SH; iii, MepC(OMe)s, H+; iv, BuLi, Etl, v. Cd(C03)2, 
HgC12, MeCN. 

Scheme 34 

Diels-Alder addition of dimethyl acetylenedicarboxylate to ascorbic acid- 
derived furan 176 (through (+)-Eu(hfc)3 catalysis) provides a route to the bicyclic 
system 177 (and its diastereoi~omer).~~ Chain-extended 2,3-dideoxypyranosides 
178 (both D-gluco- and D-galacto- series) serve as precursors to 2,s-disubstituted 
tetrahydrofurans in an IDCP-mediated reaction. Cis isomers predominate when 
using E-alkenes 178 (E=Pr, Z=H) 179, and in the case of the Z-alkene isomer of 
178, cis products again generally predominated, though a 1 : 1 cis:trans mixture 
was obtained in the D-galacto case with R = ~ - B u . ~ ~  Remote stereocontrol directs 
introduction of the new chiral centre. When the alkene bears only terminal 
hydrogens, a 1.5: 1 mixture of C2 epimers is obtained. 

176 ’ 177 178 R=Ot-Bu, OTr 179 

D-Glucose is the starting material for a synthesis of an intermediate towards 
zincophorin 186, a natural product with high activity against Gram-positive 
bacteria. Thus, palladium-catalysed allylic substitution of 180, followed by 
reductive desulfurisation and 6-OH protection affords 181. Iron(II1) chloride C- 
glycosylation followed by reduction of the ring double bond generates a near 
equal mixture of the diastereoisomers 182 and 183, which are converted to 184 
and 185 respectively (Scheme 35). Product 185 has the appropriate stereochem- 
istry for the tetrahydropyran ring of z in~ophorin.~~ 
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RO "?> - i R+ - ii,iii 

*3ipr = - 
RO O'Pr O'Pr 

180 R=C02kBu 181 
Ph02S SQPh 

%;c%o?$+ OAc 184 C02Me + 185 C02Me 

Reagents: i, NaCH(S02Ph)2, Pd(PPh3)d; ii, Mg, MeOH; iii, CIC02'Bu, Py; iv, FeC13, AqO, 
MeCH=CHOAc; v, H2, Pd/C; vi, NaOMe, MeOH; vii, Jones; viii, CH2N2. 

OAc 

182 183 

Scheme 35 

Me02C 186, zincophorin 

A synthesis of (+)-hongocinin 188 from L-rhamnal derivative 187, has estab- 
lished that the natural product is the enantiomer of 188 (Scheme 36).54 

OMe OH : 

187 Me0 CN 188 

Reagents: i, Ti&, AIMe3, -78 OC; ii, NH3, MeOH; iii, PDC, iv, @ii 
0 

Scheme 36 

Great interest in enediyne targets has continued. A [7.3.1]oxabicyclo analogue 
193 of the esperamicidcalicheamicin aglycon has been prepared from the 
thioglycoside 189. The diyne component is introduced by using a cerium acetylide 
addition to the C4 keto derivative of the sugar, giving 190. Elaboration of the 
sugar to the unsaturated sulfone 191, hydroxymethylation at  C2, conversion of 
the second acetylene to an iodoacetylene, desulfonation and hydroxymethyl 
oxidation affords 192, which undergoes a Nozaki-type ring closure to the cyclic 
diyne 193 (Scheme 37).55 
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- i-iii 

Tds 
St-BU 

191 
189 1 90 Td s-t h exy Id i met h y Isi I y I 

OMe OMe OMe 

b/"'"= bi"' 
192 193 

Tds 

Reagents: i, CH2=CMe(OMe); ii, Dess-Martin; iii, 
iv, MCPBA, NaHC03; v, BuLi; vi, Mel, NaH; 
vii, LDA then HCHO; viii, TBAF; ix, 12, morpholine; 
x, PCC; xi, CrC12, NiC12. 

Scheme 37 

Staurosporine 196 has been prepared from 6-O-triisoprylsilyl-~-glucal 194 by 
Danishefsky and co-worker~,~~ via the oxazolidinone epoxide 195. The key epoxide 
stereochemistry was established by diastereoselective epoxidation using dimethyl- 
dioxirane (Scheme 38). The enantiomer of staurosporine was also prepared by the 
same synthetic route but commencing with the D-sugar. These syntheses corrected 
the prior assignment of absolute configuration of the natural product. 

Reagents: i, NaH, CC13CN; ii, BF3.0Et2; iii, TsOH, Py, H20; iv, NaH, 0 O C  to r.t.; v, NaH, BomCI; 
vi,TBAF; vii, NaH, PmbCI; viii, DMDO. 

Scheme 38 
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A number of approaches to components of polyether natural products have 
been reported. Several diastereoisomers of a part of the 32-ring polyether 
antibiotic maitotoxin have been prepared to establish configurations in the 
C63-C68 alicyclic portion of the natural product (by NMR c~mparisons).'~ The 
D-glucose derived 197 [Tetrahedron Lett. 1994, 35, 50231 was converted to 198 
and 199, which were then coupled to afford 200 and 3 diastereoisomers. NMR 
indicated that 200 has the relative stereochemistry of the natural product. 

197 198 

BnO 

OH 

199 200 

The same group have used a similar tactic to determine stereochemistry at C35- 
C39 by preparing 201 and 202 from D-glucose (via known intermediate deriva- 
tives) and elaborating these to 203.58 

iuasv3 nu 
U I I U  

,0, \YO* ,,,,. OH 
HO 

201 202 203 

The A/B ring system of the polyether marine toxin ciguatoxin has been 
synthesized from methyl D-glucopyranoside-derived C-ally1 glycoside 204. This 
was elaborated by hydroboration-oxidation and protection group reorganization 
to 205. Palladiumcatalysed 0-allylation, reduction and stannylation, changing 
the 0 3  benzyl to p-bromobenzyl, desilyation and oxidation then affords 206. 
Boron trifluoride-catalysed intramolecular allylation provided 207, elaborated 
then to the ciguatoxin A/B ring component 208 (Scheme 39).59 

Another synthesis of the ciguatoxin A/B ring system has been prepared from 
tri-0-acetyl-D-glucal from which 209 was made. Lithium Tms acetylide 
substitution, replacement of the 0 4  ethoxyethyl with acetate and anomeric 
deoxygenation gives 210. Titanium dichloride-catalysed reaction with 3R,4S- 
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dipivaloyloxy-4,5-dihydropyran and acetylene protection as its cobalt hexacar- 
bony1 complex then gives 211.60 Ring opening is directed by the cation-stabilizing 
effect of the cobalt-complexed acetylene; pivaloylation and deacylation affords 
212, and boron trifluoride-catalysed cyclization is then effected onto the cationic 
intermediate stablised as its cobalt complex. Removal of the alkyne protecting 
group and selective hydrogenation affords the A/B ring system analogue 213 
(Scheme 40). The C2 epimer was also prepared by employing 3R,4R-dipivaloy- 
loxy-4,5-dihydropyran. 

V * ' A i r B n  

BnO I HO 
BnO PivO pBrBnO 

204 205 206 

xii - =pc& 
HO 

207 Ho OH 208 

Reagents: i, 9-BBN, sonication then H202, NaOH; ii, TbdpsCI, ImH; iii, H2, Pd(OH)2; iv, Me2C(OMe)2, 
H+; v, PivCI, py, DMAP; vi, allylcarbonate, Pd(dibenzy1idene acetone)3.CHC13, Ph2P(CH2)4PPh2; 
vii, OIBAL; viii, BusSnCI, rrBuli, HMPA; ix, pBrBzCI, EtsN, DMAP; x, TBAF; xi, SOs.Py, Et3N, DMSO; 
xii, BF3.0Et2. 

Scheme 39 

vii, viii 

21 2 

Reagents: i, Li-CGC-TMS; ii, cat. PPTS; iii, Ac20, Py; iv, BF3.0Et2, HSiEt3; v, Ti&, 
3,4dipivaloyloxy-4,5dihydropyran, -20 OC; vi, Ce(CO)8; vii, Piv20, TfOH then MeOH; 
viii, K2CO3, MeOH; ix, BF3.0Et2; x, H2, RhCI(PPh3)3 

Scheme 40 
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The herbicidins continue to attract interest, and this year Vogel and Emery 
have utilized an aldol reaction of bicyclic lactone 217 and D-xylose derivative 214 
as a key carbon-carbon bond forming step to give 215, as an epimeric mixture. 
Further elaboration then provides a route to the herbicidin analogue 

MomO 214 

OHC 

OH 

215 

OH 

MornO”“’ 

HO 

21 6 

Two reports detailing the synthesis of carbohydrate-containing macrocycles 
have been reported this year. Thus, 0-ally1 glycoside 218, derived from D-glucose, 
undergoes oxidative cleavage, reduction and tosylation to afford 219. Substitu- 
tion of the tosylate with the precursor alcohol 220 followed by reductive 
benzylidene opening with sodium cyanoborohydride provides 221. Macrocycliza- 
tion is then achieved by reaction with bis-tosyloxy di(ethy1ene glycol) to give bis- 
gZuco[22]crown-8 222.62 

RO 
do I 

218R=Bn o- 

HBC:O* HO 

RO I 
O\ 

HO R O g o )  

BnO 22 1 

D-Threitol is the starting material for a cryptand. Thus, carbohydratederived 223 
reacts with diacyl chlorides 224 and borane reduction affords macrocycles 225 
(n=l,2). Similarly, 223 reacts sequentially with two equivalents of dimesylate 227 
to afford cryptand 226.63 
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0 # - _ -  f in -  

223 A3 

227 225 226 

5 N-Heterocycles 

A survey of the utility of l-thiazoles as masked aldehyde equivalents in amino- 
carbohydrate synthesis has appeared and describes routes to a range of 2-amino- 
sugars, azasugars and higher amino-sugars (including desmotic acid and 
lincosamine).64 

A number of reports have described syntheses of quinolizidines related to 
castanospermine, swainsonine and analogues. Hetero-Diels-Alder reaction of 
carbohydrate-derived imines with Danishefsky's diene has provided a route to 
several castanospermine analogues.65 D-Glucose-derived imine 228 provides 
heterocycle 229 with 9: 1 diastereoselectivity. Borohydride reduction, selective 
05,6 deprotection and C5,C6 cleavage with lead tetraacetate, followed by 
intramolecular reductive amination affords castanopsermine analogue 230. In a 
similar manner, L-arabinose and D-mannose serve as starting materials for the 
synthesis of 231 and 232 respectively. This same hetero-Diels-Alder strategy has 
previously been used by the same group for synthesis of swainsonine and isomers 
[SPR, Vo1.28, p.365-6, ref. 741. 

228 229 230 231 232 

Martin and co-workers& have utilized l-lithiofuran addition as a key carbon- 
carbon bond-forming step for construction of 8,8a-di-epi-castanospermine. Inter- 
mediate furan aduct 233 is elaborated to 234 via furan oxidation and thence to 
the castanospermine analogue 235 (Scheme 41). 

A number of C8 modified castanospermine analogues 237 have been prepared 
by displacement of 8-sulfonate derivative 236.67 Retention of stereochemistry is 



24: Synthesis of Enantiomerically Pure Non-carbohydrate Compoundi 383 

o? i-iii 

CH20Tbdms OMe 

233 234 

Reagents: i, t-BuOOH, VO(acac)2; 
vii, H2, PdlC; viii, CF3C02H. 

235 

ii, Mel, Ag20; iii, K-selectride; iv, MsCI, Et3N; v, NaN3, DMF; vi, TBAF; 

Scheme 41 

observed due to intramolecular participation by the tertiary amine nitrogen 
which accounts also for the further rearrangement products 238. The glycosidase 
inhibitory efficacy of a range of bicyclic and monocyclic azasugars have been 
reported. Thus, 241 and 242 (which are stereochemically related) are less potent 
P-glucosidase inhibitors than castanospermine 240, but better P-galactosidase 
inhibitors than swainsonine 239. Compound 243 and swainsonine show similar 
inhibition of a-mannosidases.68 

R1 = N3, F, CN, OMe 
R2 = Bz, Bn 

238 OR2 

241 242 243 240 

L-Ribose derivative 244 undergoes addition by 1 -1ithio-2-N-tritylimidazole to 
give 245, which is then converted to fused imidazole 246 and thence to amino 
sugar analogue 247 (R=NHAc, OH), which shows glycosidase inhibitory proper- 
ties (Scheme 42).69 

a series of 
1,5-dideoxy-l,S-irninoheptitols have been prepared from 2-brornoaldonolactones 
derived from D-glucose, D-mannose and ~-galactose,~l D-Arabino- and D - g h C O -  

The fucose-related imino alditol 249 has been prepared from 
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BnO OBn 

CH20Bn P O H  

244 

I - 
/=I 

OAc- ,,,,,R 

BnO OBn HO OH 
BnO 

HO 

245 CH20Bn 246 247 

Reagents: i, 1 -lithio-2-N-tritylimidazole; i i ,  BnS02C1, Py; iii, A g o .  

Scheme 42 

glycosylamines have been elaborated to 5- and 6-membered ring products 250 
and 251,72 while D-Mannitol is the ulitmate starting material for pyrrolidine and 
piperidine derivatives 252 and 253 [see Chapter 18 for full synthetic di~cussion].~~ 

GOH 
OH 

Ph2C5 

PhzHC, H .HCI 
OH H O H 2 C ~ , , , , ~  Et 

H d  OH 

250 

T% 
t-Bu K O  

0 249 

, p n  

"+,,,,,,, NHBW 

Boc CN NH2 

252 253 

Synthesis of the morphoiine-derivative renin inhibitor BW- 175 (254) and the 
spiroammonium derivative 255 are described in chapter 18.74 The antibiotic ( -)- 
anisomycin 258 has been prepared from glycosylamine 256. Grignard addition, 
oxidation and cyclization affords pyrrolidinone 257 which was elaborated by 
known means to 258.75 

En H 

254 
\OMe 'OMe 

257 258 
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D-Glucose is the starting material for a total synthesis of (+)-lactacystin 264, the 
first non-protein neurotrophic factor. Selective protection and secondary alchohol 
oxidation of 259, derived from D-glucose, provides 260, elaborated to the trichloro- 
acetimidate 261. Overman rearrangement to 262 is a key step in the conversion to 
263, which is converted in eight further steps to (+)-lactacystin (Scheme 43).76 

Quayle and co-workers have examined the hetero-Diels-Alder reactions of 266 
and related dienes (derived by Stille coupling of the precursor stannyl glycals) 
with 265 to provide tricycles 267-270.77 

A number of chiral piperazines e.g. 273 and 271 have been prepared from 
amino acid amide derivatives of D-glucosamine 272 (Scheme 

259 261 

cocci3 H02C TN 
viii, ix- Hog- x, xi 

%,,,OBn - %,,,OBn - 
OCHO 

263 264 woH OH 

Reagents: i, Bu2Sn0, D; ii, BnBr, CsF; iii, CQ, dil. H2SO4; iv, Ph3P=CHCO2Et; v, DIBAL; 
vi, CI3CCN, NaH; vii, 150 OC; viii, TFA, H20; ix, Na104, MeOH-H20; x, Jones; xi, NaBH4, MeOH. 

Scheme 43 

B n O v  BnO"*" B n O W N  BnO''"' N' Y O  

OBn X N P h  
Ph 

OBn 
265 266 267 R1 = Ph, Me 0 

R' 

268 R2 = Ph, ~ B u  269 R' = H, Me; R2 = C02Me 270 
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Ho\ 0 

271 R =  i-Pr, Bn tz! 273 
Reagents: it NaBH4; ii, NalO,; iii, H2, Pd/C; iv, Boc20, MeOH. 

Scheme 44 

l-Oxacephem 275 has been prepared from the L-arabinal adduct 274.79 Fleet's 
group have provided full details [preliminary report: Vo1.23, p.273, ref. 631 of 
syntheses of quinuclidine diol 276 and of octahydro-2-furo[2,3-c]-pyridinol 277 
from D-arabinose.80 The fused pyrrolidine 278 has been prepared by an intramo- 
lecular cycloaddition route the oxa-analogue chemistry of which is described 
above in section 4.47 

TmsO q N R  I Ho>7 
TmsO COZt-BU 0 

274 275 

Pearson and Lovering have completed the first synthesis of the amaryllidaceae 
alkaloids (-)-amabiline 281 and ( -)-augustaxnine 280, from the common 
intermediate 279 using intramolecular [3+2] 2-azaallyl anion based methodology 
(Scheme 45).81 In the synthesis of 281 the intermediate is trapped by a Mannich 
type electrophilic aromatic substitution, while for 280, trimethyl orthoformate is 
used for electrophilic aromatic substitution-based cyclization. 

Complex tricyclic heterocycles have also been prepared by interesting 
sequential radical reactions of succinimidyl N-glycoside 284. 1'6-Hydrogen 
abstraction followed by transannular hemiaminal fragmentation affords 282, 
which on photolysis provides tricyclic 285 via biradical 283. Alternatively, 1,7- 
hydrogen abstraction affords 286 which does not undergo further fragmenta- 
tion.82 The structures of 285 (R=Me) and 286 were proved by X-ray structural 
analysis. 
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Scheme 45 
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L-Ascorbic acid has been converted into isomers of 1,4-dimethyl-1,4-diazepin- 
2-one, the key heterocyclic component of the liposidomycin nucleoside antibio- 
tics. The common intermediate 288 is converted to epimeric 289 and 290, which 
are elaborated by parallel means (i.e. conversion of 290 to 291 involves the same 
reactions as conversion of epimeric 289 to 292) to heterocycles 292 and 291 
(Scheme 46).83 
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RO&JMe R;,q--M:iii-xvii - BnO 
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Reagents: i, AcCI, MeCOMe; ii, H20, CaC03; iii, Mel, AcNMe2; iv, NaBH4; v, Bu2SnO; vi, BnBr; 
vii, TsCI, Py; viii, K2CO3, MeOH; ix, NaOBn; x, NaN3, DMF; xi, HCI; xii, K2C03, DMF; 
xiii, MeNHCH2C02H; xiv, H2, Pd/C; xv, DCC; xvi, TbdpsCI; xvii, Mel, DMF. 

Scheme 46 

6 Acyclic Compounds 

A review on the reactivity of sugar-derived acyclic sulfones has appeared, and 
describes conjugate additions, desulfonations, vinyl deprotonation, allylic trans- 
position and dipolar cycloaddition reactionss4 

OH 0 

HO HO OH 

H N J y c H 2 ) " M e  HN&(cH2)"Me 

BzO R R 

r ( C H 2 ) , M e  fl (CH2)mMe 

OH OBz OH OBz 
OH 

293 agelasphin-9b 294 R =  H,OAC 295 

As in previous years, the synthesis of ceramides, sphingosines and related 
compounds has seen continued attention. Analogues of agelasphin-9b 293, an 
antitumour agent from a marine sponge po1.27, p.211 have been described. Thus, 
3,4,6-tri-O-benzyl-~-galactose and 3,5-di-O-benzyl-~-xylose have been elaborated 
into the aminopolyol derivatives 294 and 295, which are coupled with tetra- 
benzyl-D-galactosyl fluoride to provide the ceramide analogues.85 Structure- 
activity data against B-16 tumour cells in mice were reported. 

The sphingosine 296 has been prepared from D-mannose in 10 steps.86 
Levoglucosenone is the starting material for a synthesis of (2S,3S,4R)-2-amino- 
1,3,4-octadecanetrio1300 (see Scheme 47), by carbonyl reduction, diastereoselec- 
tive cis-oxyamination and reoxidation to 297. Regioselective Baeyer-Villiger 
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reaction and reduction of the resulting lactone 298 and Wittig homologation of 
the terminal hydroxyl provides the key steps to 3Wg7 

NH2 HO NH2 HO 

296 297 298 

The same D-ribo phytosphingosines 300 and also the L - Z ~ X O -  analogue 303 have 
been prepared starting from D-galactose and D-xylose, respectively. The known 
D-galactose derived 299 (R=Me) underwent stereoselective [J.  Org. Chem. 1966, 
31, 2201 propargylation and further homologation, while xylose was elaborated 
via the known dithioacetal 301 to 302, and then using recently reported [J.  Org. 
Chem. 1993,58, 55761 terminal acetal opening methodology, followed by mesyla- 
tion, azidation, acetylene alkylation, deprotection and acetylene reduction, 303 
was produced (Scheme 47).88 

y 2  OH 
HOTc14H29 

OH 
299 300 

301 302 303 

Reagents: i, Zn, propargyl bromide; ii, C1 H23Br, BuLi; iii, Tf20, Py; iv, NaN3; v, TFA then H2, Pd/C; 
vi, HgO, BF3.0Et2; vii, CBr4, PPh3, Zn; viii, BuLi; ix, MeMgI; x, MsCI, Py; xi, NaN3; xii, C12H25Br, LDA. 

Scheme 47 

D-Galactose is also the starting material for another sphingosine synthesis 
via 299 (R=Ph), proceeding analogously but using aldehyde vinylation (rather 
than propargylation). The allylic alcohol products 304 and 305, on reaction 
with the appropriate orthoformate, then undergo a Claisen rearrangement to 
306. This can then be converted to sphingosine 308 or deoxy analogue 307 
(Scheme 48).89 
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Reagents: i, CHz=CHMgBr; ii, MsCI, Py; iii, RCH2C(OMe)3, D; iv, tetramethylguanidinium azide, DMF; 
v, TsOH, MeOH; vi, H2S. Py; vii, LAH. 

Scheme 40 
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Synthesis of nine analogues of the potent immunosuppressive agent myriocin 
have been made, starting from 2-deoxyglucose via 309 as a common intermediate. 
Amongst the analogues were 2-epi-myriocin 310 and 14-deoxymyriocin 311. The 
latter proved to be 30 times more active than the natural product in a mouse 
model. 90p91 

(2S,3R)-3-Hydroxyleucine 313 has been prepared from D-glucose via known 
ketone 312.92 Dipeptide isosteres 315 (e.g. Y=CH2Ph, X=OMe, R2=Boc, R1 =Bn) 
are available from D-glucose-derived 314.93 

H2N$iH P h C H C G  I C02Me I 

CHO 0 OMe 
R2NH 

I 

312 31 3 314 Y 315 316 

D-Arabinose has been converted to the aldehyde 316, used in synthesis of the 
eicosatetraenoic acid (leukotriene) 1 ~ - o x o - L T B ~ ~ ~  The D-arabinose-derived 
dithioacetal317 has been used to construct 319, which is related to the C12-Cl8 
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portion of the macrolide antitumour antibiotic laukacidin C (Scheme 49). Asym- 
metric crotylation (using Brown’s E-crotyl diisopinocamphenyl borane reagent) 
of the aldehyde obtained from p-methoxybenzyl ether protection and dithioacetal 
deprotection of 317 provides intermediate 318.9s The same dithioacetal has also 
been converted to 321 by White and Jensen (Scheme 50). This vinyl iodide is an 
intermediate for a synthesis of cyclopropane containing marine eicosanoid~.~~ 

OH PmbO OH 

31 7 31 8 319 
R = Tbdps 

Reagents: i, NaH, PmbCI; ii, HgC12, HgO; iii, 

Scheme 49 
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Reagents: i, NaHMDS, TbdpsCI; ii, NCS, AgN03; iii, Ph3P=CgH12; iv, TFA; v, Pb(OAc)4; 
vi, CHIS, CrCI2. 

Scheme 50 

D-Mannitol has been converted into 1 -stearoyl-%[(Z,Z,Z)-9,12,15-linolenoyl]- 
sn-glycerophosphocoline 323, via 322.97 1,6-Anhydro-~-glucose has been con- 
verted into aldehyde 324.98 

0 

+-UCH0 
OMpm 

324 
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Acyclic eneynes have been prepared by Nicholas ring opening of cobalt 
hexacarbonyl complexed C-glycosylacetylene 325. Silver tetrafluoroborate-cata- 
lysed reaction with pivaloyl chloride followed by nucleophilic trapping of the 
intermediate a-acetylenic cation leads to isomer 326 using alcohols or allylic 
nucleophiles, but to a mixture of 326 with isomeric 327 (R=SPh) when thiophenol 
is used as the nucleophile. Use of water as the nucleophile leads to competing acyl 
migration and thus products 327 [R=OH] and 328. This suggests participation of 
the acetoxy group in cation stabilization as in 329.99 

328 329 

D-Mannitol bis-p-methoxybenzylacetal derivative 330 is the starting material 
for synthesis of the lipid-like ether stereoisomers 331 and 332, prepared as 1251 
labelled materials for radiodiagnostic tumour imaging. loo 

All possible stereoisomers of E-4,5-dihydroxydec-2-enal 333 have been pre- 
pared from D- and L-arabinose, D-ribose and L-lyxose. Key reactions involve C1 
Wittig homologation, reduction and C4,CS oxidative cleavage. lol  The eneyne 
336, an intermediate for a synthesis of la,25-dihydroxyvitamin D3, has been 
prepared from D-xylose via lactone 334 and 335. Lithioacetylene used for alkyne 
introduction and further elaboration provides 336 (Scheme 51). *02 
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334 R = Tbdps 335 R = mesityl sulfonyl 336 

(ChhMe 

331 

Reagents: i, DIBAL; ii, Ph3P+CH3Bf, t-BuOK; iii, TBAF; iv, 2-mesitylenesulfonyl chloride, Py; v,K2C03; 
vi, HC=CLi; vii, MemCI. 

Scheme 51 

1 ,li-Anhydro-~-glucose has been converted to 339, a prostaglandin precursor, 
by way of 337, which was epoxide ring-opened by an acetylide anion. Standard 
manipulation affords 338 and hence the target compound (Scheme 52).lo3 

- F O M e  5 aAm 
Am OBn 

; ii, LAH; iii, NaH, BnBr; iv, HCI, MeOH; v, MsCI, Py; vi, Nal, Me2CO; 
OThp 

Am OBn OBn 

O B O  i-vi 

337 339 

Reagents: i, =-* 

vii, Zn/Cu, BF3.0Et2. 

Scheme 52 

The protected glyceric acid derivatives 340 and 341 are obtained from D- 

isoascorbic acid by ruthenium catalysed oxidative degradation. lo4 

340 341 

7 Carbohydrates as C h i d  Auxiliaries, Reagents and Catalysts 

A further report on uses of anomerically-linked D-glucose systems as auxiliaries 
in hetero-Diels-Alder reactions has appeared this year. In this case, the sugar 
served as the dieneophile component 342 (R*=tetra-0-acetyl-P-D-glucopyra- 
nosyl) which reacted with Danishefsky's diene to afford enone 344 as the major 
epimer (9: 1 ratio) after TFA-catalysed elimination. Oxidative removal of the 
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auxiliary provided the chiral hydroxy diacid 345. The reaction was shown 
to proceed via the initial Mukaiyama aldol product 343, with TFA catalysing 
the subsequent intramolecular conjugate addition and elimination reactions 
(Scheme 53).lo5 

qi - 
R'O 0 

342 343 OMe 344 345 

Reagents: i, BF3, Meov ; ii, TFA; iii, 0 3  then H202. 

OTms 

Scheme 53 

The L-quebrachitol-derived acrylate 347 undergoes Diels-Alder reaction with 
cyclopentadiene, affording 346 under titanium tetrachloride catalysis in ether, 
and predominantly 348 under tin tetrachloride catalysis in toluene. The nature of 
the solvent was shown to play a major role in influencing the stereochemical 
outcome. The facial selectivity under tin tetrachloride catalysis was reversed on 
using ether as solvent, providing mainly 346, however, using aluminium 
trichloride or diethylaluminium chloride leads to mainly 346 in either toluene or 
ether. The results were rationalized by suggesting that coordinating solvents lead 
to Re-face addition on conformer 349, while non-coordinating solvents allow Si- 
face addition via chelate 350. Similar results were obtained using the dicyclohex- 
ylidene acetal analogue of 347 (Scheme 54). lO6 

CO, R' 

I 
346 347 348 

Reagents: i, T i c k  Et20, -78 OC; ii, SnCI4, PhH, -78 OC. 

R* = Lquebrachitol 

Scheme 54 
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The carbohydrate derived nitroalkene 351 undergoes Diels-Alder reaction with 
1,3-butadiene to afford 352, while 354 leads to a reversal of the diastereoselec- 
tivity giving 355 as the major products. However, the diastereoselectivity was 
modest with ratios of 78:22 and 67:33 for these two reactions. Denitration, acidic 
deacylation, sodium periodate cleavage and final reduction provided the (8 and 
(R) alcohols 353 and 356 respectively (Scheme 55).lo7 

02NlR, i o\"" R' = R2 = 

AcO 

- 
R' 

351 352 353 

354 355 356 

Reagents: i, 1,3-butadiene, 24 d. 

Scheme 55 

Vinyl ether 357 undergoes [2+2] cycloaddition with chlorosulfonyl isocyanate 
to give the p-lactams 358 and 359, with selectivities of 54:46 to >97:3. The best 
results were obtained with small R1 and R2 groups and the stereoselectivity was 
rationalized by invoking x-x stacking of the electrophilic aryl ring and the vinyl 
ether olefin, blocking the Si face. Notably, when the sulfonyloxy group was 
replaced by a hydrogen, thereby producing a C6 methyl group, the facial 
selectivity was reversed. lo* 

CPr O-R" 

358 

R ' O T  Br 

Br 

360 

L"i/ Br 

357 I 359 361 

Diastereoselective bromination of a series of galactose and glucose-derived 
ally1 glycosides, several of which are new compounds, yields dibromide 360. 
Glycosidic cleavage affords chiral bromohydrins which can be cyclized to the 
bromomethyl epoxide 361 in up to 60% e.e.lo9 

This year two groups have described the use of sugar auxiliaries to control 
diethylzinc-catalysed cyclopropanations. Fructose-derived 362 undergoes cyclo- 
propanation, and after auxilary removal and aldehyde reduction, gives the chiral 
cyclopropane 363 in up to 90% e.e. (Scheme 56). lo 

Charette and co-workers have described the synthesis of the glucose-derived 
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allylic ether stereoisomers 364 and 365 from the precursor trichloracetimidate. 
Cyclopropanation and auxiliary removal gave the 1,l ,2-trisubstituted cyclopro- 
panes 366 and 367 respectively with high selectivities (Scheme 62). These were 
elaborated to provide all four stereoisomers of the cyclopropyl a-amino acid 
coronamic acid, 368, a component of vivotoxin and coronatine.' ' l p 1 1 2  

I 

Ph Ph 

Reagents: i, EtpZn, CHpIp; ii, H3O+; iii, NaBH4. 

Scheme 56 

364 Rl=H, &=Et 
365 RI=Et, R2=H 

366 Rl=H, R2=Et 368 
367 RI=Et, R2=H 

Reagents: i, EtpZn, CH2I2; ii, TfpO, py; iii, DMF, py, H20, 120 OC. 

Scheme 57 

A further example of Grignard additions to diacetone-D-glucose derived 
sulfinates for the synthesis of chiral sulfoxides has appeared this year, extending 
previous work [see Vol 26, p.321 and Vol 28, p.3751 to includep-tolyl sulfoxides 
and improving large scale synthesis.] 13 Thus, reaction of sulfinate 370 with 
methylmagnesium iodide, or of 371 with p-tolyl magnesium bromide, afforded, 
after cleavage of the auxiliary, the enantiomeric sulfoxides 369 and 372, respec- 
tively (Scheme 58). The stereochemical outcome agrees with the revised analysis 
reported previously wol28, Ch. 24, p.3751. 

0 

369 370R=pTol 1 
371 R=Me 

372 

Reagents: i, MeMgl (R=pTol); ii, TFA, MeCN-H20, iii, pTolMgBr (R=Me). 

Scheme 58 
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Diacetone-D-glucose has also served as auxiliary for synthesis of (S)-Zhaloalk- 
anoic acids, 374. Silyl enol ethers 373 were brominated or chlorinated (NBS or 
NCS) with 75-96 YO d.e., oxidative cleavage of the auxiliary then yielding the (9- 
2-chloro- and (S)-2-bromoalkanoic acids (Scheme 59). l4 

&Me, n-Pr, CPr, n-Bu, i-Bu, f-Bu X=Br, CI ’ 
Reagents: i, NXS, THF; ii, Li02H, THF-H20. 

Scheme 59 

An elegant use of D-glucose as an auxiliary for controlling [2,3]-Wittig 
rearrangements has been reported. Treatment of 375 with n-butyllithium effected 
[2,3]-Wittig rearrangement to give 376 in >99% d.e., auxiliary cleavage providing 
the homochiral propargylic alcohol 377. This methodology was extended to the 
homologue 378, which underwent rearrangement to afford a 9:l mixture of 379 
and 380, then elaborated to acetals 381 and 382. l5 

375 

BnO 

% L b R  BnO HO UR 2: 

OH OH 
376 377 

““R3 
X O  

Me0 

%iO*R O 

Me0 R1 R2 v R 4  

379 &OH, R ~ = H  
380 RLH, R~=OH 

381 R3= CEC R4=H 
382 R3=H, R4= C=C 

A four component Ugi-type reaction was employed for the synthesis of a range 
of dipeptides 383 with diastereomeric excesses of 92 to >99Y0, although the 
compounds described all retained the sugar auxiliary (Scheme 60).’ l6 
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383 

Reagents: i, RICHO, R2NC, R~COZH, ZnC12.0Et2. 

Scheme 60 

Photolysis of tri-O-benzyl glucal-derived 384 generated the acetaloxyalkyl 
radical 385, which undergoes conjugate addition to methyl acrylate affording the 
product of an overall atom transfer process 386. Desulfuration and auxiliary 
cleavage with concomitant lactonization affords the (known) lactone 387 
(Scheme 61).11’ The diastereoisomeric excess of 386 was not reported. 

384 

. r O B n  1 r O B n  

iii, iv - 
385 386 R = 2-pyridyl 387 

Reagents: i, hu; i i ,  CH2=CHC02Me; iii, Raney Ni; iv, PPTS, MeOH. 

Scheme 61 

A further application of Cz-chiral aryl selenides derived from D-mannitol has 
appeared this year [see Vol 28, p.3751. Reagent 389 (from 388) promotes 
enantioselective selenoetherifications and selenolactonizations.118 Homoallylic 
alcohols 390 and 391 are converted to cyclic ethers 392 and 393 with >98% and 
94% d.e., while &y-unsaturated acids 394 and 395 formed lactones 3% and 397 in 
>98% and 92% d.e., respectively. 

0”’ 
3eAr* 392 R<=Et 

393 R;=Ph 

388 R=Br 
389 R=PFe 

394 R1=Et 
395 R1=Ph 

O - C r R 1  

396 R1=Et SeAr* 
397 R1=Ph 
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New chiral oxazolidin-2-ones 399 and 400 have been prepared from the D- 

xylose derivative 398, and evaluated as chiral derivatizing agents for sulfonic and 
carboxylic acids. l9  

398 399 400 

Two reports have apeared in which enantioselective recognition within the 
environment of cyclodextrins accelerates the rate of a reaction. The L,L-dipeptide 
401 (R=Me) cyclizes to form the piperazine 402 in the presence of P-cyclodextrin, 
while the D,D- and L,D- isomers do not cyclize. This is rationalized as being due to 
a combination of favourable n-x stacking and chiral recognition by the cyclodex- 
trin. In the case of the L,D- isomer, cyclization requires bond rotations forcing the 
aromatic systems apart. 120 

OMe 

402 0 

The rhodium chelate of 2,3-bis-(O-diphenylphosphino)-~-~-glucopyranoside 403 
catalysed hydrogenation of the enantiomeric substrates 404 and 405 with >96% 
d.e, with the same sense of stereoinduction. This is of note since one case will 
involve matching, and one mismatching, double diastereoselection, but catalyst 
stereocontrol is clearly dominant. The a-anomer of the catalyst [see Vol28, p.3771 
also gave the same diastereoisomeric outcome but with low selectivity. The 
opposite sense of diastereoselectivity was obtained using 406. 121 

403 404 405 406 
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A range of 5-dialkylamino-5-deoxy-l,2-isopropy~idene-a-~-xy~ofuranoses 407 
have been evaluated for catalysis of diethyl zinc additions. Addition to benzalde- 
hyde gave R products with all catalysts in 30-90% e.e. with all but one reaction 
proceeding in >@YO e.e.122 A range of monosaccharide derivatives (with free OH 
groups) were investigated as chiral additives in sodium borohydride reductions of 
prochiral ketones, the best result being the reduction of benzylacetone in 61.9% 
e.e. using diacetone-D-glucose as additive. 123 

R1=R2=Me, Et, +Bu, Bn 

R =Me, R2=CH2CH2NMe2 

D-Arabinose has been elaborated into 2-alkoxytetrahydropyranyl auxiliaries 
for reductions, Grignard additions and allylations. All reactions utilize magne- 
sium bromide etherate as catalyst. Thus, 408 [R1=H, Me] undergoes diastereo- 
selective reaction with certain Grignard reagents to give 409 with >30:1 
selectivity. In addition, 408 [R*=Me, R2=Bn] undergoes allylation with allyltribu- 
tyltin with 25:l selectivity (ally1 Grignard gave poor selectivity) to give 409 
[R'=Me, R2=Bn, R3=CH2CH=CH2]. Addition of phenyl Grignard reagent to 
408 [R1=Me, R2=Tips] gives 410 showing opposite facial selectivity to Grignard 
or allyltin additions to 408 [R1=Me, R2=Bn].124,125 

0 OH OH 

408 R2 = Bn, Si(CPr)3 409 41 0 
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