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Preface 

The literature of 1992 again vividly illustrates the increasing complexity of the chemistry of the 

smaller members of the carbohydrate family, and while this increases the difficulty of the 

reporting task, it concurrently adds to the interest and benefit of the job from the reviewers' 

point of view. No longer are members of our team confined to reading "standard" carbohydrate 

chemistry; their duties introduce them to a vast range of reactions and 'methods which have 

applicability in general organic chemistry, and many natural products other than sugars and a 

range of biochemical phenomena must be surveyed in the course of abstracting. 

One worrying issue directly related to the increasing complexity of the reactions now used 

with carbohydrates relates to the abbreviations employed for ever-more-complex reagents and 

substituent groups. Unhappily it is becoming not unusual for us to encounter 

abbreviations/acronyms which are not even explained in the texts of papers, and in such cases 

we must retain them in our abstracts, and thus be less helpful to readers than we would wish. 

Our lists of abbreviations given at the beginning of each volume are therefore becoming 

deficient, and this we of course regret. The time has come, one might speculate, for a 

standardisation in the use of abbreviated names and for an approval system. Such 

developments certainly would allow us to improve our product. 

This volume sees the introduction of computer-drawn structural formulae. We trust that 

the inevitable minor problems caused by the transition will resolve readily and that we will be 

able to bring forward the publication dates. While this remains a continuing objective a 

necessary increase in the size of the team brings with it increasing possibility of delays. 

This year Dr Tim Gallager, University of Bristol, is welcomed as a reporter, and the help 

of the staff of the Royal Society of Chemistry, especially Mr. A G. Cubitt and the artwork staff, 

is acknowledged with warm thanks. 

R J Femer 

April 1994 
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1 
Introduction and General Aspects 

Tributes to the life and work of Professors R. BognAr' and J. E. Courtois' have appeared 

in Advances in Carbohydrate Chem&tty and Biochemistry. 

A survey of major historical signifcance has been presented by F. W. Lichtenthaler on 

Emil Fischer's monumental work on the proof of the configuration of the sugars. A century 

on, it gives an in-depth insight into the story in which the reasoning and creative processes as 

well as elements of serendipity involved in the work are f ea t~ red .~  

In the area of synthesis Garegg has surveyed various regioselective reactions which are 

applied in oligosaccharide synthesis under the title "Challenges and opportunities for organic 

synthesis with saccharides of biological imp~rtance."~ More specifically a substantial review has 

dealt with basic aspects of the major issue of the methods available for the preparation of 1,2- 

asymmetric centres with defined relative stereochemistry, and 1,3-difunctional compounds in 

which 1,Zdifunctional stereorelationships may also be established. A later publication which 

builds on this will be of more specific relevance in carbohydrate ~hemistry.~ More specific 

topics to have been surveyed are cycloaddition reactions in carbohydrate chemistry6 and noble 

metal-catalysed oxidations of  carbohydrate^.^ 
Enzymes continue to gain hofd as specific synthetic tools in the field, and four major 

reviews on the topic have been published. One deals with their use in the field generally,' 

while the others focus on the enzymic production of unusual sugars,' glycosides?" 

oligosaccharides'~" and complex carbohydrates e.g. glycoconjugates." 

The topic of hydrogen bonding of carbohydrates and hydrate inclusion compounds has 

been surveyed" as have the topics of intramolecular hydrogen bonding and molecular 

association in monosaccharides and natural cell~lose.'~ Other reviews on physical aspects of 

carbohydrates have dealt with liquid crystal  compound^'^ and with molecular dynamics 

simulations in the field.15 
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2 
Free Sugars 

1 Theoretical Aspects 

The compositions of reducing sugars (aldoses, ketoses, mono- and &-saccharides) in solution 

(76 refs.)' and the hydrophobic behaviour of sugar molecules in aqueous media (33 refs.)* have been 

reviewed. 

The interactions of D-gluCOpyTanOSe, D-hctopyranose, and sucrose With a proteinaceous 

receptor have been examined by use of CPK models to validate the stereomolecular interpretation 

of sweet taste proposed for these  sugar^.^ In continuation of earlier studies (see Vol. 24, Chapter 

2, ref. 7) the kinetic effects of 17 free sugars on the hydrolysis of l-benzoyl-3-phenyl-1,2,4-mazole 

have been measured. Analysis of the results in terms of hydration and stereochemical features led 

to the conclusion that the relative positions of 2-OH and 4-OH in the sugars are critical: 

2 Synthesis 

Reviews have been published on the synthesis of monosaccharides by use of enzyme mediated aldol 

condensations (127 refs.)? on Dondoni's work on the acyclic synthesis of carbohydrates and related 

natural products by use of functionalized thiazoles as formyl equivalents: and on Shiozaki's 

research on the conversion of D-glUCOSe to L-glucose? 

2.1 T r i m  to Hexoses. - It has been shown that atomic carbon (generated by vaporizing in an arc 

under high pressure) reacts with water at 77 K to form low yields of straight-chain aldoses with 

up to five carbon atoms. A mechanism involving the hydroxymethylene species was proposed.8 

The production of a mixture of hexoses [sorbose (15%), fructose (12%), psicose (6%), tagatose 

(6%)1 from glyceraldehyde under prebiotic conditions, i.e., at 15 "C, pH 5-6, in the presence of iron 

(In) hydroxide as catalyst, has been reported? 

Polymer-supported thiazolium salts have been found to have high catalytic activity in the 

fonnose reaction, the main product being hydroxyacetone." Use of synthetic a-ketols as catalysts 

in the formose reaction led to selective formation of trioses, especially with a-ketols bearing 

elecmnegative substituents." Incubation of D-glucose with bakers' yeast in the presence of benzyl 

mercaptan gave S-benzyl thioglycerate in preparatively useful yields; fermentation experiments with 
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13C- and 'H-labelled D-glucose were carried out to confirm the hypothesis that the thiol acts as a 

nucleophile in the glycolytic pathway and also to evaluate the potential of the process for the 

preparation of specifically labelled D-glycerols.12 

EG)-" c:Ic 5 W O B n  

BnO BnO 

OBn OB n BnO 
1 

Reagents: i, PhI(OAc)2, I,(cat.); ii. HClO4, EtOH 

Scheme 1 

2 

One-carbon-extrusion by way of C-1-alkoxy radical fragmentation gave tetro- and pento- 

kanose derivatives from pentose and hexose starting materials, respectively. As an example, the 

formation of benzyl 2,3-di-O-benzyl-D-tside (2) from 2,3.4-tri-O-benzyl-D-XylOSe (1) is given 

in Scheme l . 1 3  The utility of norephedrine-derived 2-methoxyoxazolidines 3 as asymmetric 

formylathg agents has been demonstrated by the synthesis of D-ribose (as its dithioacetal 4), as 

shown in Scheme 2. The key-step was the trapping of the carbonium ion, formed from 3 on 

3 

CHzOH 

4 
Reagents: i, e,Aoms , TBDMSOTf; ii, KMn04, iii, NaBH,, iv, HS(CH2)$H, BF3.0Et 

Scheme 2 

TtQCH2 

0:; 5 R ' = M e , R Z = H  
- 6 R 1 = H , R 2 = M e  

treatment with a Lewis acid, by t~hethylsilyloxyfuran.'~ D-Xylose was converted to D-ribose and 

D-lyxose via the separable alicenes 5 and 6 which were cis-hydroxylated selectively from the faces 

opposite to the anomeric methoxy gro~ps. '~ Irradiation of the xylose derivative 7 led to a Nomsh 

I3 rearrangement involving bond formation between C-1 and the methylene carbon of the protecting 

group at C-3, as indicated in Scheme 3. Hydrolysis furnished a mixture of ~-gulose and D-idose 

which were isolated as the pentaacetates 8 and 9, respectively.16 

The biomimetic transformation of starch to D-fructose in a reactor containing inorganic 

Transketolase-catalysed stereospecific phosphate and five enzymes has been described." 
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CHO 

RCHZO{'>Ph 0 

CHzOCHzR 

I - 
OH 

/CH 

R^c\{oFph 0 

CHzOCHzR 

R = Ph, OCH20Me, or CH=CH2 

7 

flH2OAc 

8 R'=H,R?=OAC 
9 R * = O A C , R ~ = H  

Reagents: i, hv; ii, HCl, THF; iii, A%O, HClO, 

Scheme 3 

condensation of hydmxypyruvic acid, under loss of CO, (see Vol. 25, Chapter 2, ref. 9), with 

end 11, obtained from iodide 10 as shown in Scheme 4, furnished enone 12. Reduction of the 

carbony1 group with NADH and subsequent ozonolysis of the double bond gave L-gulose (13). L- 

Idose, 2-deoxy-~-xyZo-hexose and L-xylose were similarly prepared by use of the appropriate enals.'* 

2-Deoxy-L-xylo-hexose and L-xylose were also obtained by aldolase-catalysed reaction of 

dihydroxyacetone phosphate (see Vol. 25, Chapter 2, ref. 19; Vol. 24, Chapter 2, ref. 11) with 3- 

phenylthiopropanal followed by enzymic reduction and dephosphorylation to furnish intermediate 

14. The syntheses were completed by several chemical steps, as shown in Scheme 5.19 The use of 

enzyme-mediated aldol condensations in the preparation of t-are ketose 1-phosphates and of fagomine 

are covered in Chapters 7 and 18, respectively. 

I 
CH 

CH2 

CHzOH 

0 

OH Hoi CH OH 

I I  
CHZ 

iv, v 

10 11 12 13 

Reagents: i. Zn, ether; ii. aqu. HOAc; iii, p: , transketolase; iv, NADH; v. O3 

CHzOH 

Scheme 4 

The key-step in the synthesis of 5-0-methyl-D-mannose from L-quebrachitol was the glycol 

cleavage of the isopropylidene derivative 15 (Scheme 6). L-Tagatose was prepared by a similar, but 

extended reaction sequence incorporating a Mitsunobu inversion at the future C-4." L-G~UCOX has 

been synthesized in many steps from cycloheptamene (Scheme 7) via the meso-intermediate 16 

which was desymmetrizized by enzymic monoacetylation. Transformation to the allylic alcohol 17 

involved inter a h  stereoselective oxygenation and cis-hydroxylation. Omnolysis, followed by 
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OH 
CHZOH 

7H2 

CH2SPh 

CH~OAC 

- iv. v AcO { OAc 

OAc 

7HZ 

CHzSPh 
I I  
0 

OH 

HoA 
CHzOH 

CHO 

Reagents: i, &H2 , rabbit muscle aldolase; ii, phosphatase; iii, sorbitol dehydrogenase; 
I 

CH2SPh 
iv, AczO, py; v. MCPBA; vi, PhCH3, A; vii, MeO-, MeOH, viii, 0 3 ,  ix. AczO, A; x, 
DIBAL Scheme 5 

Reagents: i, NaI04; ii, NaBH4 
Scheme 6 

17 

J ii-iv 

18 

Reagents: i. Pseudamonns cepacia lipase, ii, 03; iii, NaBH4; iv, NaIO4 
Scheme 7 
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reduction and glycol cleavage, gave the target compound as its di-isopropylidene derivative 18.2' 

Alternative preparations of L-glucose and L-mannose are mentioned in Part 2.2 below. 

O R  

The syntheses of D-[2-Q- and D-[5-2H]-glucose involved, respectively, NaOD treatment of 

2,3,4,6-tetra-O-benzyl-D-glucose and NaBD, reduction of an a-D-xylo-hexofuranose-2-dose 

derivative,u and D-[6-2HJgalactose resulted from the NaBD, reduction of 1,2:3,4-di-O- 

isopropylidene-a-D-galacfo-hexodialdo- 1,5-pyranose, followed by deprotection.u The [8-%l- 

labelled photoaffinity reagents 19 and 20 were accessible from the unlabelled compounds by 

oxidation with D-galactose oxidase/catalase and subsequent treatment with Nid3T4.% 

D-[1-"C]Glucose and D-[l-"c]mannOSe with radiochemical purities >97% have been obtained by 

addition of ["Clnitromethane to D-arabinose, followed by classical Nef reaction. The two products 

were separated by semipreparative h.p.l.c..z A multi-step enzymic procedure has been devised for 

Reagents: i, koALi ; ii, MCPBA; iii, MeI, AgzO 

Scheme 8 

the synthesis of D-[ 1-I4C, 1-2H]glucose and D-[U-l4C, I-%]glucose from appropriately 14C-labelled 

D-fructose and D,O.= D-[1,2-'3CJMannose has been converted in five steps, involving oxidation at 

C-6, reduction at C-1, and Ruff degradation, to D-[4,5-'3CJarabinose. Reaction wit KI3CN and 

subsequent hydrogenation over Pt/BaSO, gave a mixture of D-[1,5,6-'3C,]-glucose and -mannose.n 

2.2 Chain-extended Compounds.- A review with 200 references on recent advances in the 

synthesis of C, -C, sugars, including neuraminic acid analogues, has been published.% 

A new route to D- and L-aminooctoses by application of the method of Achmatowicz 

(see Vol. 19, Chapter 2, ref. 18) has been developed. As an example, the synthesis of methyl a- 
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D-lincosaminide (22) starting from aldehyde 21, prepared in 6 steps from D-threonine and furanyl 

lithium is outlined in Scheme 8.29 Several unprotected aldoses (D-glucose, D-galactose, D-arabkose, 

f Ph 
CH 

CH 

CH=X 

: i o H  OH 

OH 

CHzOH 

24 25 R = C 1  27 X = N02Na 
28 X = O  

26 R = CH, 

D-xylose) reacted with the semistabilized ylide Ph,P=CHPh in dioxane to give good yields of 

products 23,= and reaction of D-arabinose with Ph,P=CHCO&t in the same solvent afforded, after 

hydrogenation and saponification, 2,3-dideoxy-~-arubin-heptono- 1,6lactone (24) in 60% overall 

yield?' 1-C-Heteroaryl-substituted, linear doses have been obtained from peracetylated glyconoyl 

chlorides (e.g., 25 + 26) on exposure to organoaluminium reagents prepared in siru from 

CH20Bn 

29 30 R' = CHZOBn, R2 = H 
31 R' = H, R2 = CH20Bn 

diethylaluminium chloride and the appropriate organolithium  derivative^.^^ Treatment of the sodium 

salt 27 of 1-deoxy- 1 -nitro-D-gfycero-D-ido-heptitol with ozone furnished heptose 28. D-glycero-D- 

gulo- and D-gfycero-D-manno-heptose as well as L-glucose and L-mannose have been analogously 

~repared.3~ Condensation of 2,6-anhydro-7-deoxy-7-nitro-~-gfycero-~-gufuc~o-heptitol with 

formaldehyde, followed by ozonolysis of the adduct, gave as the major product 3,7-anhydro-D- 

glycero-L-manno-octose." The 5-exocylization of phenyl selenoglycoside 29 under radical 

conditions gave the expected product 30 together with 31 resulting from epimerization at C-5.35 

Reagents: i, L S n B u , .  AIBN, PhH; ii, aqu. NaOH; iii, NaBh, iv, 0, 

Scheme 9 

BuQC 
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Addition of the radical generated from bromide 32, obtained in mediocre yield by 

photobromination of L-lyxose peracetate, to r-butyl2-(mbutylstannylmethyl) propenoate (Scheme 9) 

was the crucial step in a new synthesis of 3-deoxy-~-manm-octuloulosonic acid (KDO).% Zinc/copper- 

induced addition of carbohydrate residues, derived from deoxy-iodo sugars, to activated alkenes has 

been achieved under vigorous stirring, without sonication. An example is shown in Scheme lo.= 

3-0-Benzyl- 1,2-O-isop~opylidene-a-D-xylo-pentoclialdo- 1,5-furanose has been extended by use of 

Wittig methodology to give deoxy sugars 33.38 

33 R = (CHZ). Ph 
n = 1 or2 

I 

Reagents: i, Zn/Cu,@CN, THF, H20, vibromixer 

Scheme 10 

The four isomeric 6,7-unsaturated octuronate derivatives 34 (see Vol. 25, Chapter 2, ref. 25 for their 

preparation) have been transformed to the octose monoacetonides 35 and octitol octaacetates 36, 

some of which are new cornp~unds~~ Vanadium (II)-catalysed pinacol cross condensation of the 

D-xylo-and D-gulucro-dialdehyde derivatives 37 and 39 with paraformaldehyde furnished the D- 

codigurated products 38 and 40, respectively, in a non-chelation conmlled process, together with 

very minor proportions of the corresponding L-sugars.40 

34 R =  P E t  

TBDMSO OAc 
I 

CH~OAC 
1 

36 
35 R =  

HO 

Dialdehyde 39 has also been used in the construction of the 11-carbon skeletoa of the 

tunicamin analogue 434' and the 15-carbon linear monosaccharide 1,3-bis- D-gdactopyranos-6yl) 

glycerol!' Dialdehyde 39 as well as some protected D-pentofuranose-5-aldehydes have been 
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condensed with pyrrole to give, after oxidation with chloranil, porphyrins, such as compound 45, 

with sugar residues at the rneso-position~~~ Alternatively, these dialdehydes were condensed with 

nitroethane to furnish nitroalkenes, e.g., compound 41, which were converted to pyrroles, e.g., 

compound 42. Tetramexization under acidic conditions, followed by oxidation and &protection, 

gave water-soluble porphyrins, e.g., compound 46.44 

R 

44 R =  'e0 o+ 46 R' =Me, R2 =  OH, R3 = H 

X , Y = O  
or X = H , Y  =OH 
or X = O H , Y  = H  

I 
OH 

The steric come of the osmylation of five higher sugar olefins, such as compounds 44 has 

been examined. Kishi's rule was found to be obeyed in all but one case (44, X,Y = O)." 

3 Physical Measurements 

The physical and chemical properties of some L-hexoses, especially those related to their use as 

alternative sweeteners, have been disc~ssed.~ 

The standard enthalpies of formation and combustion of D-ribOSe and D-ribono-l,4-lactone 

have been determined by calorimemc combustion in air.'" Differential scanning calorimetry on an 

aqueous sucrose solution revealed two glass transitions, at -63 "C and -43 "C, upon cooling and 

warming, respectively, the bulk of the water freezing at -18 "CP8 

Studies have been published on the effect of pressure on the acoustic and thermal properties 

of dilute aqueous mannose  solution^^^ on the influence of structure and concentration of mono- and 

disaccharides on the ultrasonic absorption of their aqueous solutions,M on the stabilities of hydrogen 
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bonds in aqueous sucrose as evaluated from i.r. data,51 and on the thermodynamics of viscous flow 

of sucrose soIutions.52 

The effect of temperature on the concentration of the open-chain form of D-fructose in D20 
and water has been determined by FT-IR spectro~copy?~ Measurements by 'H-n.m.r. spectroscopy 

of the temperature coefficients of chemical shifts, scalar coupling constants, and exchange rates for 

hydroxyl protons in sucrose have provided no evidence for persistent hydrogen bonds in aqueous 

solution." 

4 Isomerization 

The C-2 epimerization of aldoses promoted by C o o  N,N,N'-trimethylethylenediamine complexes 

has been shown, by use of i3C-labekd substrates, to involve a skeletal rearrangement. 0-11- 

13c]ghcose, for example, gave D-[2-'3C]m~ose.55 D-Fructose was isomerized to hamamelose [2-c- 

(hydroxymethy1)-D-ribose] by N i O  N,N'-diethylethylene-diamine. The equilibrium mixture 

contained 29% of the branched component.'6 

CHlOH 

x b O H  - X G  CH2OH 

OH 

47 X = OBn, F, or N, 

OH 

48 

Reagents: i, immobilized glucose isomerase 

Scheme 11 

Glucose isomerase has been employed to convert D-gluco- and L-ido-furanose derivatives 47 

into D-fructo- and L-sorbo-pyranose derivatives 48, respectively, in 70 - 80% yield, as shown in 

Scheme 1 1.57 P-D-hCtOfuranOSe has been found to bind to DNA preferentially, allegedly by three 

hydrogen bonds to phosphate. DNA thus moves the equilibrium P-D-fructofuranose r. a - ~ -  

hctofuranose to the right5' 

5 Oxidation 

The role of the crystalline surface structure, and in particular long range surface order, of platinum 

electrodes in the electrwxidation of D-glucose in acidic media has been d i s c u s ~ e d . ~ * ~  Papers have 

been published on the effects of adsorbed anions on the oxidation of D-glucose on gold single 

crystal electrodes,6' and on the oxidation of D-sorbose and 2,3:4,6-di-O-isopropylidene-a-L-sorbose 

by air over supported platinum and palladium catalysts.62 
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A voltammetric investigation of the direct electrooxidative decarboxylation of D-glUCOnate ion 

to D-arabinose on a graphite electrode has been described.63 An "on line" chromatographic analysis 

of the products of ekctmcatalytic oxidation of D-glUCOSe is referred to in Chapter 16. 

The kinetics and mechanism of the oxidation of ~-mannitol to D-mannose by n(m) and 

catalytic mounts of Ru(II) in aqueous acetic acid have been studid, [TI(OAc),] is thought to be 

the reactive Tl species, and no evidence was found for free radical intermediates.u Further kinetic 

studies were concerned with the oxidation of L-sorbose by M n O  in aqueous %SO," and of D- 

mannose and L-rhamnose by Cr(VI) in perchloric acid.& Kinetic data obtained in the oxidations of 

monosaccharides with acidic bromate and NBS, separately, in the presence of Hg(OAc), have been 

compared with the results of earlier experiments using V(V) or Ce(IV) as oxidizing agents. It is 

surmised that the reacting monosaccharide species are the open-chain forms with V(V) and the ring 

forms with B e  and Ce(IV), whereas with NBS the mechanism is complex.6' 

Two papers on the kinetics of oxidation of D-glucose by pyridinium chlorochromate (PCC) 

have a p p e a x ~ L ~ * ~  and the oxidation of L-arabinose, D-lyxose, ~-ribose, and D-XylOSe by sodium 

N-bromo-p-toluene (bmmamine T) in alkaline media has been examined?' An investigation of the 

Ru0,-catalysed oxidation of aldoses by alkaline N-bromoacetamide is referred to in Chapter 16. 

H.p.1.c. analysis of the products formed in the degradation of cellobiose under Fenton's 

conditions showed that Dglucose and organic acids were the main products." 

6 OtherAspects 

Kinetic studies on the Maillard reaction observed when L-ascorbic acid is incubated with pmtein 

indicated interaction of amino groups with threose which is formed from ascorbic acid directly as 

well as via dehydro-L-ascorbic acid and 2,3-keto-~-gulonic acid?2 

The complexation of a resorcinol-dodecanal cyclotetramer as achiral host with sugars as guest 

compounds has been rep0rted.7~ Evidence has been presented of a biological radical deoxygenation 

step in the biosynthesis of ascarylose (3,6-dideoxy-L-arabino-hexo~e)?~ The role of aansketolase 

catalysis in the conversion of D-glucose to aromatic amino acids has been investigated with a view 

to its application to a commercial pr0cess.7~ 
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3 
Glycosides 

1 0-Glycosides 

1.1 Synthesis of Monosaccharide Glycosides. -A further review on recent progress in 

methodological aspects of glycoside synthesis has appeared.' 

Fraser-Reid and coworkers have reviewed the group's work on the use of pentenyl 

glycosides and have included some useful experimental details.2 In a related paper issues 

associated with matched and mis-matched glycosyl donors and acceptors and consequent 

effects on a, @-product ratios are ~onsidered.~ 

The isopropenyl group has been employed ingeniously to act as a leaving group in 

glycosyl donors, and also to activate hydroxyl groups as glycosyl acceptors (see section 1.4).4 

A further extremely useful-looking development, which employs an intramolecular 

strategy and is applicable to the synthesis of a-D-glucopyranosides, is illustrated in Scheme 

1 . 5  

CHzOAc CH~OAC CHzOAc 

Q OAc i.ii - Qsph iii QoR OAc 

AcO AcO AcO 

OH OSiOR OH 
/ /  

R = But, Ph, n-octyl, or cyclohexyl 

Reagents: i, PhSK, ii, ROSiMQCI; iii, NIS, TfOH 

Scheme 1 

Vasella has reported further on the use of glycosyl carbenes, derivable from diazirines. 

Mechanistic aspects and solvent effects on anomeric ratios of glycoside products are 

discussed.6 While carbenes derived from D-glucopyranosyl diazirines give p-glycosides with 

reasonable selectivity, 2-deoxy analogues show little or no selectivity. This observation has 

led to the suggestion that the benzyloxy groups at C-2 participate in the substitution 

processes.6a 

Tetra-0-acetyl-a-D-glucosyl trifluoroacetate in the presence of boron trifluoride or 

trimethylsilyl triflate, gives p-glucosides as e~pec ted .~  A related method of preparing @- 

glucosides with high stereoselectivity involves the use of 2,3,4,6-tetra-0-pivaloyl-p-~- 
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glucopyranosyl acetate and methyltrichlorosilane and silver perchlorate at catalysts. This 

method was applied in satisfactory syntheses of glucose-containing disaccharides.' 

Using fully benzylated sugars having trimethylsilyl groups at 0-1 Mukaiyama has 

reported conditions under which such compounds can be used to make a- and p - ~ -  

ribofuranosides and or-D-glucopyranosides each with good selectivity.' In related work he 

has used the D-arabinofuranosyl ether 1 and catalyst 2 in the synthesis of B-D- 
arabinofuranosides (Scheme 2)" 

BnOCH2 

w O T M S + R O T M S  

OBll 
1 

OBn 
R, various, including 

protected monosaccharide 

Reagents: i, a I : T i = O  2, TMSOTf 
W 

Scheme 2 

1,3,4,6-Tetra-0-benzoyl-or-~-fructofuranose, on treatment with DEAD, 

triphenylphosphine and alcohols, phenols and arylamines, gives access to the corresponding 

or-furanosyl products, the stereo-chemistry, it is presumed, being controlled by the 

intermediacy of a benzoxonium ion at C-2, C-3.'Oa 

Fischer glycosidation of L-arabinose using 2-chloroethanol, 2-bromoethanol or 2- 

iodoethanol gave the crystalline p-pyranosides directly in 20, 86 and 23% yield, respectively, 
and these products offered a means of obtaining a variety of analogues substituted in the 2- 

position of the aglycon." Trifluoromethyl glycosides and sugar trifluoromethyl ethers have 

been discussed in an extensive review of trifluoromethyl derivatives.12 

Salt 3 is obtainable crystalline in 56% yield from tetra-0-acetyl-a-D-glucopyranosyl 

bromide, tetra-N-methylurea and silver triflate. In methanol it afforded the p-glycoside, and 

in dichloromethane it condensed with methyl 2,4,6-tri-0-benzyl-p-~-glucopyranoside to give 

the 3-p-linked disaccharide in good yield.I3 

Q+ ,-oTf 0 Co 
AcO O=CNMe2 HO 

OAc NMe, OH 

3 4 
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A potentially valuable new method of inverting configuration at C-2 in 0-glucosides to 

give corresponding mannosides as been reported by Kunz. It involves the use of the 3-0- 

(N-pheny1)carbamoyl glucoside 5 which, after activation by triflation at (2-2, can be 

converted into the cyclic intermediate 6 hydrolysis of which gives the products 7 (Scheme 

3).14 An extensive range of examples was provided. 

OH 
5 6 7 

Reagents: i, Tf20, py; ii, evaporate; iii, DMF, py, 75 "C 

Scheme 3 

By use of the acylated glycal method long chain alkyl unsaturated glycosides have been 

produced from glucose, xylose and rhamnose, and the products were hydrogenated to give 

2,3-dideoxy analogues which were examined as thermotropic non-amphiphilic chiral liquid 

crystals.' 

An improved synthesis of "ternpol" 4 involved the use of acetobromoglucose with silver 

triflate as activator in dichloromethane at -2OaC.l6 

Diels Alder methods have been used to produce compound 8 which is proposed for 

use in the chemical stabilization of proteins (Scheme 4).17 

OTMS 
8 

osugar 

Protein -C :+ 
COPH 

Reagent: Protein nucleophile 
Scheme 4 

Two papers have appeared on the synthesis of non-peptide mimics of somatostatin. A 

3-ethylindole-2' -yl glucoside carrying a 5-aminopentyl group at 0-6 has a high affinity for 

substance P receptor and is also reported to be a somatostatin agonist.18 The xylofuranose 

analogue 9 has been prepared as indicted in Scheme 5, following conformational analysis of 
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the endogenous ligand anll molecular modelling studies.” 
/=7 

A+ 
cG> 0 

OBn 

- 9 
Reagent: i, TBMSO- - ‘ I, NaH 

Scheme 5 
The long known addition of alcohol to glycals under acid conditions does not proceed 

by a diaxial process. Isotopic studies have shown that the intermediate 10 is involved in the 

addition of labelled alcohols to tri-0-acetyl-D-glucal to give or-glycosides.” A further method 

for making 2-deoxyglycosides, based on additions to glycals, is illustrated in Scheme 6.2’ 

OR 

Reagent: i, HSPS(0Et)z; ii, NIS, ROH 

Scheme 6 

1,3,4,6-Tetra-O-acetyl-2-allyloxycarb~nylam~no-2-de~xy-~-~-glucose has shown itself to 

be a good p-glycosylating agent when used in nitromethane solvent with TMSOTf. It 

proved efficient with simple primary and secondary alcohols and with a monosaccharide 

derivative. When acetonitrile is used, especially in the absence of alcohol, imidazoline 11, 

incorporating a molecule of solvent, was formed.22 In Chapter 9 further reference is made 

to the use of N-acyloxycarbonyl- and N-allyloxycarbonyl-amino derivatives in the synthesis of 

glycosides and disaccharides of 2-amino-2-deoxy sugars.23 
CHZOAC 

AcO (Q AcO ON 
*H p . 4 O K N 4  Me 

0 
10 11 

In closely related studies Mukaiyama has used the (trichloromethyloxycarbony1)amino 

group, and with the analogous 0-tetra-acetate and silylated alcohols in the presence of tin 

triflate has made 6-glycosides in the gluco- and the galacto- series.24 When they used 0- 
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benzyl protected N-(2,2,2-trichloroethoxycarbonyl)amino-2-deoxy-~-gluco- and galactosyl 

acetates with trimethylsilyl chloride or bromide and with zinc triflate at activator, Higashi 

and Susaki were able to make a-glycosides, in one case almost exc l~s ive ly .~~ The same 

group of workers have shown that glycosidic analogues of these glycosylacetates, for 

example benzyl, methyl, isopropyl compounds, can be used in transglycosidation reactions, 

a- or p- compounds being transformed into a-derivatives with good selectivity.26 

Trimethylsilyl bromide and zinc bromide were used as activators. 

The peracetylated glycosyl chloride of glucosamine, used without solvent but with 

tetramethylurea as acid scavanger, gives good yields of the cholesteryl glycosides with a, p 
ratio 595.  When the temperature was increased from 60 to 180", however, the ratio 

changed to 83:17. Similar results were obtained with methyl 2,3,4-tri-O-benzyl-p-~- 

glucopyranoside as glycosyl a~ceptor.~'  

The acyclic analogue of Lipid A 12 and corresponding ester 13 have been prepared.28 

HN 

12 RP 13 Ra 

As would be expected, asymmetric induction decreased with distance from the sugar 

ring in epoxidation of the amino sugar unsaturated glycosides shown in Scheme 7.29 

r OAc 

N H A C  A B 

Reagent: MCPBA 
%d.e. of A 

1 68 
2 20 
3 7  

Scheme 7 
Related work has been carried out on the osmium tetroxide oxidation of ally1 glyc~sides. '~~ 

In the area of sugar acids Fischer glycosidation of methyl 3-deoxy-~-glycero-~-galacto-2- 

nonulosonate led initially to the a,@-furanosides and then to the a,p-pyranosides (mainly the 
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p-pyranoside). All were crystallized as their acetates 14-17 and the crystal structures of all 

four compounds were reported. Acetylation of the acid in pyridine gave the pyranosyl 

analogues of 16, 17 (X-ray structures also rep~rted).~'  

OAc OAc 

OAc 

OAc r 16.17 14,15 

AcO 

Details of methods which should be suitable for the large scale synthesis of a- and 6- 
sialoglycosides are given in Scheme 8.31 The corresponding glycoside bromide was used in a 

simple procedure for the synthesis of the methyl and benzyl glycosides of N-acetyl- 

neuraminic acid and its 4-e~imer.~' 

- 
A c T + - o p  COzMe + ROH ' I  

OAc 

X i  a : p R = long chain alkyl, ceramide, 

C1 ZnBr 4 :  1 

OAc TMSCl 7 : 3  
zn(oT02 

OAc SnC14 1 :99 

monosaccharide 

Scheme 8 

The total synthesis of KS-501 (18) and KS-502 (19), which are based on aromatic 

glycosides, are illustrated in Scheme 9.33 As always, considerable interest has been taken in 

the field of aryl glycosides and a number have been synthesized. Stuctures of phenols which 

have been glycosylated are given (20-27) together with the references 34-38 to the papers in 

which the work appears. The aglycons of more complex aromatic compounds to have been 

glucuronosylated are shown in structures 28.39 
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co*-ms 

Reagents: i, '*$-- ; ii, NaH; iii, TBAF 

18 R = H  
19 R=COzH 

Scheme 9 OB" 

OH 

& NC il"l 
NO2 

NMe2 
O2N 

20 ref. 34 21 ref. 34 22 ref. 35 

L C l f i C 1  +OM 

HO Me N Me 

OMe CHO 

23 ref. 36 24 ref. 37 25 ref. 38 

OH OH 

""-6"" Meow 
I 

60Me CO2H 

26 ref. 38 27 ref. 38 

&HzNRR' 

28 29 
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In Scheme 10 a very interesting compound which is a water soluble glycosylated 

porphin in ill~strated.~' Reaction of the aromatic glycoside 30 with cyclopentadiene gives 

CHiOAc 

. . . .  R 
1-111 - 

OAc 

f+JR \ '  / 

R 
Reagents: i, 8\) , CH,Cl,, BF,; ii, Chloranil, iii, MeO- R = P - D - G l c p O e  

H 
Scheme 10 

the Diels-Alder product 31 as indicated in Scheme 11. Removal of the carbohydrate from 

the product provides means of obtaining the chiral (lR, 4S)-1,4-dihydro-5-hydroxy-1,4- 

methan0-9,lO-anthroquinone.~~ 

0 p$ 0 . 0 -  * 
AcO OAc 'r" O 

30 31 

Scheme 11 

Appreciable use continues to be made of enzymes in the synthesis of glycosides. The 

use of almond p-D-glucosidase in 90% acetonitrile, which gives p-glucosides, can be 

employed at the concentration of 5g per litre.4z In a further example a lactase has been 

employed to synthesis the gypsy moth antifeedant substance 29 by use of 2-nitrophenyl B-D- 

glucopyranoside as donor.43 

1.2 Synthesis of Glycosylated Natural Products. -A glucoside of dimethyl malate has been 

prepared for comparison with a degradation product of macrolactin B.44 Interest continues 

in glycoslated glycerol derivatives, and compounds containing glucose4' and galactose46 p- 

linked to C-1 of glycerol otherwise substituted with long chain fatty acid ester residues at 

positions 2 and 3, have been described as has cyanobacterial sulfolopid 31a.47 A solid phase 

synthesis of a fragment of polyribosyl ribitol phosphate, a capsular polysaccharide of 
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Haemuphilus influenzae type B, has been reported. The essential carbohydrate component 

has p-D-ribofuranosyl units linked to C-1 of ribit01.~~ 

General methods have been developed for the preparation of a- and 6-0-glycosylated 

serine and threonine. For the or-linked compounds, the bromide-catalysed reaction of tetra- 

0-benzylglycosyl bromide was employed, whereas for @-anomers acetobromoglucose and 

silver triflate were ~ s e d . 4 ~  An extensive report of solid-phase syntheses of glycopeptides 

from human intestinal mucin which contain glucosamine and galactosamine linked to serine 

and threonine has been p~blished.~' A glycotetrapeptide involving an L-rhamnose linkage to 

serine, which is a component of a Mycobactehm glycopeptide, has been synthe~ized.~' Two 

reports have described the enzymic transfer of sugar units to serine: one reports p- 
galactosidase as a catalyst52 while the other utilizes a- and @-galactosidase and g luc~s idase .~~  

In a study of the role of the sugar moiety in bleomycin, glycosylated erythru-p-hydroxy- 

L-histidine compounds have been made by the trichloroacetimidate approach.54 In work 

related to glycosylated amino acids, 2-azidoethyl glycosides have been prepared and reduced 

to the amino compounds for use in the preparation of neoglycoprotein~.~~ 

A review has appeared on chemical and enzymic glycoslations of sphingolipid 

compounds?6 A galactocerebroside, which was made using glucosamine as the source of 

the ceramide component has been reported," as has a palmitoyl analogue of Gaucher 

spleen glucocerebr~side.~~ Schmidt's group has focused attention on modified compounds 

of this series having branched methylene groups at C-4, for example, compound 32.597 6o 

0 

OH 
32 

31a 

Further reference to this work is included in Chapter 14. The unsaturated ring of fully 

acetalated lactal has been opened to give access to the modified galactocerebroside 33.61 

In the area of glycosylated inositols Vasella has reported compound 34 in connection 

with studies of activation of hydroxyl groups for substitution.62 Compound 35 has been 
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OTBDMS (CHd9Me 
OAc 

0 

OBn 33 
34 

prepared and found to stimulate lipogenesis in rats to the extent of 40% of that induced by 

insulin; that is, it is an insulin-mimetic-quasi-disaccharide.63 Several glycosylated inositol 

derivatives are reported in Chapter 18. 

In the area of glycoslated steroids the a-t--rhamnosyl derivative of cholesterol has been 

made by a modified Lewis acid-catalysed route,64 and several standard syntheses of 17- 

glucosylated androstane and estradiol derivatives have been rep~rted.~ '  Likewise, 3-8- 

hydroxy-5a-pregnan-20-one has been @-glucosylated.66 

In other areas of medicinal chemistry the synthesis of the anthracycline oxaunomycin 

and analogues have been completed by glyco~ylations,~~ and glucosylation of 11- 

deoxyprostaglandin E has been reported.66 The anti-tumour e t ~ p o s i d e ~ ~  and the triterpene 

glycyrrhetic acid7' are other compounds to have been subject to glucosylation and 

glucuronosylation, respectively. 

In the area of nitrogen-containing natural products the following have been 

glycosylated: the antitumor alkaloid 20(S)-~amptothecin,~' the ergot alkaloids elymoclavine, 

chancoclavine, lysergol (enzymic reaction):2 and ca~tanospermine?~ 

Reports have also appeared on introduction of sugars to 4-methyl- and 4- 

(trifluoromethyl)umbelliferone,74 and 6- and 8-acylamino-4-methylumbelliferone.75 

1.3 

showing special features (usually within the sugar moiety) are dealt with. 

0-Glycosides Isolated from Natural Products.-As is the custom, only compounds 

A set of aryl a-L-rhamnosides (some 4-0-acetylated) isolated from Moringa oleifera 

have various (alkyloxythiocarbony1amino)methyl substituents at the para-position of the 

aromatic 

In the terpene area new clerodane-like alcohol glycosides carrying various 6- 

deoxyhexoses have been extracted from Dicranopteris p e d a t ~ , ~ ~  and a triterpene from 

He1oniopsi.s japonica has a D-fucose-containing feature which exists in the acetal form 36.78 
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3s 36 

Zearalenone 37 has been found as a toxin masked by glucosylation which undergoes 

deglucosylation during digestion in the pig. The glycosylation has been repeated chemically; 

likewise for ochratoxin which carries phenylalanine amide-attached to an aryl system.79 

(3R, 25R)-Hexacosane-1,3,25-triol and its 3-epimer and the 3-keto derivative have 

been found as or-D-ghcopyranosides in the cyanobacterium Nodularia harveyana, and are 

novel glycolipids involved in nitrogen-fixing cells.80 

A product from the shrub Cestrum parqui, thought to be responsible for poisoning 

grazing animals in South America and Australia, is a diterpene glycoside of 2-0- 

isopentanoyl-3-C-carboxy-~-a~lose carrying a 3,4-diketo furanoid substituent at 0-4.'' 

1.4 Synthesis of Disaccharides and their Derivatives.- In the area of non-reducing 

disaccharides Barrett's very elegant synthesis of sucrose, which depends on an 

intramolecular redox cyclization process, has been published in detail.82 See Vol. 24, 

p. 29 for a preliminary report. Enzymic transfer from UDP-Gal can be used to obtain p-D- 

galactopyranosyl 3-acetamido-3-deoxy-~-~-xylopyranoside.~~ 

In the field of reducing disaccharides, as usually, very considerable attention has been 

given to their syntheses and those of many derivatives. The shelf-stable glycosyl tetra-N- 

methylphosphoroamidates appear to be attractive glycosylating agents for the formation of 

1,Ztrans-Iinked products. Thus compound 38, condensed with methyl 2,3,4-tri-o-benzyl-or-o- 

glucopyranoside in propionitrile at -78" in the presence of trimethylsilyl triflate, gives the 

37 38 

p-1,6-linked product in 93% yield, the or$ ratio being 4:96. The same agent condensed with 
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carbohydrate secondary alcohols gave products in high yield and with a,@ ratios 
approximately 10:90. This latter selectivity falls when dichloromethane is used as solvent 

with secondary alcohol acceptors.84 Isopropenyl glycosides which can be made by Tebbe 

methylenation of glycosyl acetates, are a further novel set of glycosylating agents. The 

anomers 39, for example, with methyl 2,3,6-tribenzyl-cx-~-glucopyranoside in acetonitrile at 

-25°C in the presence of boron trifluroride as catalyst, give the a,@- 1,4-linked glycosides in 

the ratio 1.5:l. This approach can ingeniously be used in the reverse sense; that is, with an 

isoproprenyl ether acting as glycosyl acceptor and a free sugar, unsubstituted at 0-1, as the 

donor. See Scheme 12 for examples of these and related  reaction^.'^ A further group of 

CHzOBn CH20Bn 

CH2 
OAc 2 II A bLoQoMe 

BnO BnO 

OBn OBn OBn 

a : p  1.5: 1 
0 39 oo iii B n O o L  CH20Bn oooMe CH20Bn 

OB n OH + ?iH2 OBn - OBn OBn 
MeC, 

OMe 

N3 OBn N3 OBn 

a : p  1 : 6.6 

OBn OBn OBn OBn 

a : p  1 : 4  

Reagents: i, Tebbe reagent; ii, methyl tribenzylglucoside, MeCN, BF3, Et,O 
iii, MeCN, TMSOTf 

Scheme 12 

potentially interesting looking glycosylating agents are the glycosyl thiocyanates, 3,4,6-tri-O- 

acetyl-2-~-benzyl-@-~-glucopyranosyl thiocyanate in dicloromethane with trimethylsilyl 

triflate as catalyst, giving disaccharides of secondary alcohols in yields up to 75% (cf. Vol. 
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24, p. 30).85 

Phenylseleno glycosides, either 0-benzylated or 0-benzylolated, can be converted to 

1,2-& or 1,2-trans-related disaccharide products by way of iodonium intermediates. 

Iodonium-di-sym-collidine perchlorate (IDCP) or NIS and catalytic acid may be used for 

activation.86 Several further reports of activation of thioglycosides as donors in disaccharide 

synthesis have appeared. Methyl tetrabenzyl-1-thio-p-o-glucopyranoside, activated with 

iodosobenzene and triflic anhydride, gives disaccharides without strong a,@ preference. The 
less reactive acylated analogues, however, give p-products with good ~electivity.'~ Activation 

of such benzylated starting materials with triflic anhydride by itself gives 95% yield of 

disaccharide with a,p ratio close to 2:l. Yields are not always as high as this and can be, in 
some cases, rather 10w.8~ For enhanced "arming" of thioglycosides as glycosylating agents p -  

methoxybenzyl 0-protection has been used, and compound 40 gave over 80% of a-(1+2) 

and a-( 1+3)-linked disaccharides when coupled with p-nitrophenyl 4,6-0-isopropylidene-a-~- 

glucopyranoside (CuBr,/Bu,NBr activation)." The bulk of the substituents at 0 - 6  of the 

thioglycosides 41 and the pent-4-enyl analogues 42 has been shown to affect these 

compounds as giycosylating agents. The yields of products formed on 1' promoted 

glycosidations of 1,2:5,6-di-O-isopropylidene-~-glucose with 41 and 42 decreased from 84% 

in the case of the 6-benzyl ether to 53% in the case of the trityl ether, and concurrently the 

a,p-ratio of products rose from 3:l to 13:1.90 

CH20R CH20R CHzOR 0"' 0"' BnO Q--- \ 
RO BnO 

OR OBn OBn 

40 

Further work has been published on the use of the oxyanion derived from 2,3,4,6- 

tetra-benzyl-D-glucose which is now shown to be effective as a nucleophile in displacing 

triflate esters from secondary positions of carbohydrates. In DMF, HMPT as solvent at -10" 

quantitative yields of products with inversion of stereochemistry were produced with a, p 

ratios of approximately 2:l.91 The same anion, coupled with the thiouronate derivative 43, 

gave 80% of the ester 44 (a:@ ratio 1OO:l) which was reduced to the 1,6-linked disaccharide 

by way of the thiono analogue.92 2-(Trimethylsilyl)ethyl glycosides are useful for making 1- 

hydroxy compounds.93 Otherwise they may be obtained from 1 pivaloates. For example, 

compound 45, produced in 63% yield by direct pivaloylation of glucose, is cleavable at the 
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anomeric centre by use of hydrazine and acetic acid. From the product the 

trichloroacetimidate may be produced and used in glycoside syntheses. Together with 

compound 45 the isomeric 46 is produced in 24% yield, and by standard glycosylation this 

may be converted to laminaribiose  derivative^.^^ The trichloroacetimidate method has been 

used to produce the disaccharide 47 containing sulfur in the ring?5 

OBn 
43 

BnO Q0fbOBn 
OBn OBn 

44 

CH20Piv 

OPiv 

45 R' = piv, R* = H 
46 R' = H, R2 = Piv 

Whereas glycosylations of methyl 4,6-O-benzylidene-or-~-altropyranoside with tetra-O- 

benzyl-a-D-glucopyranosyl bromide or trichloroacetimidate give mainly the p-( 1+3)-linked 

disaccharide, the corresponding diazirine reacts mainly at 0-2. A rationalization is 

provided.% 

Baiyunoside is a sweet disaccharide-containing diterpene glycoside with 2 - O - p ~ -  

xylopyranosyl-D-glucose as the carbohydrate (Vol. 21, p. 24). Twenty three analogues have 

now been prepared and assessed for sweetness with 3-O-[p-Glcp( 1+2)a-~-Glcp]-( +)- 

baiyunol proving to be intensely sweet.97 Several disaccharides including p-~-Glcp( 1+2)a-~- 

Galp have been attached to the sapogenin sara~apogenin.~~ Enzymic glucosyl transfer has 

been used to make the uronic acid disaccharide 48.99 In the area of 1,Clinked glucobioses, 

cellobiose has been bonded to gibberellin A31m and diosgenin."' In the latter paper 

several other disaccharides were similarly bonded and the antifungal and haemolitic 

properties of the products were compared. All except the lactosyl compound were found to 

be active. The preferred conformations of eight 1,CC-linked disaccharides, i.e. the 

analogues of methyl or-D-maltoside and ceIlobioside, and their epimers at C-2 in the 

"reducing" units and 1,6-anhydro derivatives have been analyzed. Considerable similarity is 

noted between the conformation of C- and O-linked analogues.*" Glycosylation of the trityl 

ethers 49, using acetobromoglucose with silver perchlorate activation in nitromethane, gave 

moderate yields of the 6-O-substituted product.lo3 Validamycin H, the synthesis of which is 

referred to in Chapters 18 and 19, contains the &(14)-glucobiose disaccharide unit. In 
related work several glycosides including disaccharide glycosides of validamine 50 and 

valienamine 51 have been produced by enzymic synthesis. These include the 7-a- 
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isomaltoside of validamine and valienamine, and also the 4-a-isomaltoside of the latter.lo4 

The peracetyl derivatives of (E)-O-(6-O-cinnamoyl-~-~-glucopyranosyl)-( 1+2)-, (1+3), and 

(1+4)-a-~-rhamnopyranoses have been prepared.lo5 

47 48 R = Ac, Bz, or Bn 
49 

CH20H CH20H 
I \ 

OH 

50 
OH 

51 

Several galactosyl disaccharides have been made by chemical procedures. 3,4,6-Tri-O- 

acetyl-l,2-O-cyanobenzylidene galactose has given access to the 1,6- and 1,3-linked 

galactobioses. In the main the glycosidic bonds of the products were 

Galactobioses containing 3,6-anhydro rings are referred to in Chapter 5.  

Acetobromolactose has been used to make a p-(acryloyl-amino)-phenyl p-D-lactoside, and 

from it an antigenic water-soluble p01ymer.l~~ References are made to the syntheses of a- 

(1-+6)-galactosylglucose in Chapter 6. Ally1 p-N-acetyllactosaminide has been produced by 

chemical procedures and used in trisaccharide syntheses."* Various (1-+3)-linked 

galactosylgalactosamine derivatives have been reported,'09i 'lo and @-Gal( 1+3)-a-GalNAc has 

been used to make glycosylated peptides, e.g. 52, by solid phase procedures''' and chemical 

methods have resulted in 1,6-anhydro-2-azido-2-deoxy-P-~ glucose having 3-0-allyl-2,4-di-0- 

benzyl-6-O-trityl-/3-~-glucose linked to 0-4.'12 4-O-p-D-GalaCtOpyranOSyl-D-~lOSe has been 

made by standard procedures for use in the evaluation of intestinal 1a~tase.l'~ 

CH~OAC CH~OAC 

F m o c v  

F F  
OAc 

52 

Considerable attention has been paid to the use of enzymes for galactosylation 

purposes. The procedure has been used to make a-( 1+3)-linked galactobiose  derivative^"^ 
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and 0-(1+3)- together with &(1+6)-galactobioses linked to ~ e r i n e . " ~ ~  '16 In the latter paper 

1,2- and 1,6-linked glucopyranosyl galactoses were also reported. N-Acyllactosamine 

derivatives have also been produced in like fashion, and  isomer^,"^ long chain alky1118 and 

peptido"' glycosides and 2-deoxy analogues and 2-amino-2-deoxy analogues are amongst 

the compounds reported.'" In addition, an analogue with sulfur as the ring atom in the 

non-reducing moiety has been made.'21 Galactosylation of D-glucal using p-nitrophenyl 0-D- 

galactopyranoside and (3-galactosidase, followed by acetylation of the products, gave 

compound 53 in 50% yield. Small proportions of the 1,6-linked compound were also 

produced, and with 6-O-acetyl-~-glucal the 1,3-linked product was produced specifically in 

42% yield.'22 Similar galactosylation of 0-D-xylopyranosides afforded 3- and 4-linked 

disaccharide products, the ratios being dependent on the nature of the a g l y c ~ n s . ' ~ ~  

OAc 
53 

OB n 
54 

Barresi and Hindsgaul have published an improvement on their intramolecular 

preparation of p-~-mannopyranosyl disaccharides (see Vol. 25, p. 38).'24 In closely parallel 

work which uses a silicon bridging atom rather than carbon, Stork and Kim have published 

a further intramolecular method for preparing B-mannosyl compounds (Scheme 13).'25 

:H;?OH 

BnO QOMe 

OBn 

Reagents: i, , ii; w 

i, ii 

OBn 

I 
OBn 

MCPBA; iii, (CF$02)20 

Scheme 13 

8-(Methoxycarbony1)octyl glycosides have been produced for a range of disaccharides 
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containing mannose. Mannobioses were involved as well as mannosamine-linked to 

mannose, glucosamine-linked to mannose by a- or 6-linkages through the 2- and the 6- 

positions.lZ6 More specifically, syntheses of a-( 1+2)-mannopyranosyl-~-mannose and p-n- 

glucosaminyl-D-mannose have been reported,lZ7 as well as p-( l+=4)-N-acetyl-mannopyranosyl- 

n-glucosaminelD and two separate papers have described the former disaccharide 

glycosidically linked to L-serine and ~-threonine.''~ The glycosyl thiocyanate method has 

been utilized in the preparation of a- and p-( 1-+4)-linked-mannopyranosyl-~-rhamnoses.'~~ 

The 6-deoxy-~-manno-heptose compound 56, made from the 4,6-cyclic sulfate 55, has been 

converted to 57 and used in the synthesis of 58 (Scheme 14).131 or-Linked disaccharides are 

obtainable by use of the D-glucoheptulose derivative 54, but if participating groups are 

present at C-3, a,p- mixtures are pr~duced.'~' 

OH OH 

HO 

55 56 

AcO 1 
I 

57 

AcO aOQoMe 
OBn 58 

Reagents: i, (MeS)2CH; ii, H30'; iii, NBS,H20 iv, NaBH, 

Scheme 14 

As always, considerable attention has been given to the preparation of disaccharides 

involving deoxy sugars. In Scheme 15, two ingenious methods of synthesizing 2-deoxy a- 
and 6- disaccharides specifically are indicated; the final products being obtained by 

reductive desulf~rization. '~~ In Scheme 16, a further method by which p-linked compounds 

can be made with good stereoselectivity is illustrated. A range of factors bearing on the 

chemistry of this process are described in this important paper.'34 A related process is 

illustrated in Scheme 17 (cf. Vol. 22, p. 28).'35 A different approach uses enzymes as 

catalysts, a p-glycosidase from almonds being found to cause the addition dimerization of D- 

glucal, the 1,3-p-linked dimer 59 being produced in 55% yield with small amounts of the 

1,6-p-linked compound as a side product. Similar products were obtained from D-galactal 
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Reagents: i, NIS, TfOH 

OBn 
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Ph 
Reagents: i, PhSSSPh SbCI,- + 

Scheme 16 

SPh 

70% p:a 5 . 3 : l  

SPh 

94% p :a >99:1 

Reagents: i, TMSOTf, CH2C12, -78 "C; ii, Ni(Ra),EtOH, THF 

Scheme 17 

using an E. coli p-galactosidase, but in this case the selectivity was not so high and 

furthermore the trisaccharide 60 was obtained (29%).'% In the area of 4-deoxy compounds, 
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the p-( 1+2)-linked disaccharide of 4-deoxy-~-urubino-hexopyranose has been produced by 

the trichloroacetimidate method.’” Various 3-, 4- and 6-mono-deoxy disaccharides were 

synthesized as analogues of p-~-Galp-( 1+3)-cr-~-GalpNAc-Bn in biosynthesis studies of 0- 

glycopeptide 

H O O X G G  

59 60 

L-Fucose containing compounds have, as always, been of interest and ~-Fucp-( 1+2)-~d- 

Gali39 has been made by chemical methods (a,@ 11:l) whereas fucosidases had been 

employed in the preparation of (1+2)-, ( L 3 ) -  and (14)-linked disaccharides involving 

methyl (3-D-galactopyranoside, D-glucose and N-acetylgucosamine as receptors, 

respe~tive1y.l~~ Fucosylation of glycal 61, obtained by selective enzymic deacetylation of the 

racemic diacetate, is illustrated in Scheme 18.141 Disaccharide 62, the repeating unit of the 

glycolipid antigen of Mycobacten’urn aviurn serovar 26 and related compounds have been 

prepared.’42 

pF BnO +*yv ‘ ~ pyp BnO 
BnO BnO 

OBn OH OBn 

61 

Reagents: i, AgCIO,, SnC12 

Scheme 18 

In the L-rhamnose set, methyl 2-0-cr-~-rhamnopyranosyl-a-~-rhamnopyranosides and 

the D-mannosyl rhamnoside analogue have been reported,’43 as has the unusual 

glycopeptide 63 which is a part of the glycolipid of Mycobactenurn f~rtuiturn.’~~ 

A c m O o G  M e O u  xNHCo2Bn 
OMe OH OMe OH OMe 

62 63 

A new synthesis of methyl 4-O-a-~-oleandrosyl-a-~-oleandropyranosides, the 

tetradeoxydisaccharide of avermectins, has elegantly been produced by photolysis of the 
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relevant 2-0-pivaloyl compound 64 in aqueous HMPT.I4' 

HOV 

OMe OPiv OMe OPiv 

64 

Considerable interest continues to be taken in disaccharides comprising uronic acid 

components. D-Galacturonic acid glycosylating agent 65 has been used in the preparation of 

1,2- 1,3- and 1,4-p-linked dimers of galacturonic acid.'46 A similar set of dimers of D- 

mannuronic acid have been made in like manner, and similarly mannuronic acid has been 

linked to the 4-position of L-rhamnose. The stereoselectivity in these reactions was not 

high, but when the condensations were conducted under high pressure (14 Kbar) better 

proportions of a-linked products were obtained.'47 Special attention as always has been 

given to disaccharides containing ulosonic acids, and in Scheme 19 a novel and ingenious 

OBn 

BnO QOMe 

OBn 

BnO QOMe OBn 

Reagent: i, Ph3P=CH2; ii, PivC1; iii, BH,; iv, H2O2, NaOH; v, RuC13, NaIO4; vi, DCC; vii, DMAP; 
viii, Tebbe reagent; ix, LiAM4; x, Bu'OK, I,; xi, CsOAc; xii, NaOMe; xiii, (COCl),, DMSO; 
xiv, CHzNz 

Scheme 19 

synthesis of KDO-containing disaccharides is illustrated. This paper also describes the 

synthesis of  a-o-KDO-( 2+3)-D-Gk'48 and the a- and @-D-KDO-(2+6)-D-glUCOSamine 

derivatives have also been r e ~ 0 r t e d . I ~ ~  A somewhat related approach to the synthesis of a- 

glycosides of neuraminic acid analogues is illustrated in Scheme 20. Various disaccharides 
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CH~OAC 

+C02Me X bo 
i, ii 

TBDPSO 

0Q - OQOMe 

N3 

BnO OMe BnO 

OBn OBn 1 iii-v 

OAc 

Reagent: i, TFA, H20; ii. Ac20, py; iii, DBU; iv, M e w 2 ;  v, NIS 

Scheme 20 

OBn 

were made which are analogues of neuraminic acid compounds lacking the three-carbon 

terminating chain.”’ Thiophilic activation of compound 66 has resulted in about 45% yields 

of a-linked neuraminic acid bonded to 0 - 2  of D-glucopyranosyl and D-galactopyranosyl 

compounds and to 0-3  of 2-acetamido-2-deoxy  analogue^.'^^ The corresponding phosphite 

67 can also be used to produce a-bonded disaccharides, and neuraminic acid has been 

linked in this way to 0-6 of methyl or-D-glucopyranoside in 70% yield.ls2 Compound 68 and 

th 2-26 linked isomer and related compounds have been prepared by established procedures, 

the last two then being converted into the N-terminal glycopentapeptides of human 

glycophorin A, and AN.153, lS4 

OAc 

66 

OAc 

67 

68 
CMP-N-Acetylneuraminic acid has been produced by enzymic methods and used as a 

source of sialic acid in glycosylation  reaction^.'^^ 
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Considerable attention continues to be given to disaccharides containing amino sugars. 

Compound 69, which comprises chitobiose linked to dolichol via an a-1-pyrophosphate 

bridge, has been prepared chemically as a substrate for enzymic glycosylation of peptides, 

and the chitobiose component was found to be transferable to a ~ e p t i d e . ' ~ ~  In related 

work, compounds 70 and 71 were prepared starting from chitobiose octacetate, and the 

former acts as an efficient acceptor for mannosyl tran~ferases."~ The anhydrochitobiose 

Q0O4- 0-P-R 0 I I  

I HO 
NHAC w C O H  OH 

derivative 7215* and the uronic acid analogue 73'59 have been made, the latter being the 

repeating unit of the Huemophilus influenzue type e capsular antigen. 

BnO boQo HO 0 0 & o ~ - N H c o c ~ ,  OH AcN 

NHCOzBn N3 NHAC 

72 73 

Lipid A analogues 74-76 have been reported'60-'62 as has a further ana10gue.l~~ The 

preparation of analogues 78 and 79 of the acceptor 77 of bovine (l-+t)-@-D-galactosyl- 

transferase has being described. Compound 79 was found to inhibit the enzyme.'64 The 

KDO-containing glycoside ~-D-G~cNAc~-(~-+~)-~-KDO-~-OCH~CH~CH~NH, , which 

contains the repeating unit of the capsular Pleuropneumoniae serotype 5, has been 

prepared.'65 Compounds 80, 81, containing 1,5-dideoxy-1,5-imino-~-mannitol, have been 

made as potential inhibitors of peptidoglycan synthesis.'& 
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74 R = COCH2CH(OH)CiiHz, 

75 R = COCH2CH(OH)CiiH23 
X = N H R  

X = F  

N H A C  OH 

77 X = O H  
78 X=F 
79 X = S H  

HO (-q& 
I k A c  81 R =  

" H 2  

In the area of D-mannosamine-containing compounds an appropriate disaccharide 

monomer has been polymerised to give a product composed of p-D-ManNAc-( l - A ) - a - L -  

Rha( 1+3) units.'67 

aminodeoxy group at C-4 of the non-reducing moiety have been described,'@ and N-acetyl- 

D-galactosamine has been linked a-( 1 4 )  to methyl 2-acetamido-2-deoxy-a-~- 

glucopyranoside by enzymic transfer, some of the p-( lA)-linked compound also being 

obtained. However, when methyl 2-acetamido-2-deoxy-p-~-glucopyranoside was used as 

acceptor, only the p-( 14)-linked dimer was p r 0 d ~ c e d . l ~ ~  A report of the preparation of 

disaccharides based on N-acetylallosamine has appeared17' in connection with the synthesis 

of the naturally occurring chitinase inhibitor allosamidin (Vol. 25, p. 224). Further total 

In the galactosamine series a-( 1 4 )  linked dimer derivatives having a further 
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synthesis of this compound has also been r e ~ 0 r t e d . l ~ ~  This paper neatly reports the dual 

inversion of a chitibiose derivative to an allosamine dimer and its coupling to the 

appropriate cyclopentane derivati~e. '~~ Compound 8217' and 83173 are two disaccharides to 

have been prepared which contain modified amino-sugars. The latter is a derivative of 

avobiose, a disaccharide fragment of the vancomycin-related antibiotic avoparcin. The 

xylosylglucose glycoside 84 has been prepared for use in the solid phase glycoside 

~ynthesis."~ The disaccharide 85, which approximates to the aryloxy carbohydrate 

CH~OAC NHFmoc CH20Bn 
(-+g,Q~2cHco2" I 

AcO AcO BzO BnO 

OAc OAc NHBZ 0 

84 85 

component of vancomycin, has been prepared by addition technology applied to a glycal of 

the appropriate branched-chain sugar. The highly specific addition was catalysed by 

?- I 
65% a : p 6.7 : 1 

Reagents: i, ROH, I(collidine)2C104. mol. sieve 

Scheme 21 

camphorsulfonic acid.175 Disaccharides containing 2,3-unsaturated glycosyl non-reducing 

moieties can be prepared as indicated in Scheme 21. This represents a means of inducing 

coupling under non-acidic ~0nditions.l~~ 

1.5 Hydrolysis and Other Features.-Ally1 glycosides can be converted to the free sugars by 
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reaction with tetrakis( tripheny1phosphine)palladium in acetic acid. The reactions involve 

formation and cleavage of rr-ally1 complexes rather than formation of propenyl glycosides 
followed by hydr~lysis.'~~ The 3-butenyl group as aglycon, which is usefully stable, may be 

removed by ozonolysis followed by treatment of the 3-oxopropyl products with potassium 

carbonate in acetone; p-eliminations give the 1-hydroxy compounds in very efficient 
proce~ses . '~~ The Claisen rearrangement of 4-oxahexa-1,5-dienyl glycosides is discussed in 

Chapter 24. 

Studies of the chemical hydrolysis of aryl a-glucosides of N-acetylneuraminic acid have 

shown that four pathways are in~olved."~ The aqueous hydrolysis of U-D-UDPG, studied 

under different conditions, has led to the conclusion that the compound is a glycosylating 

agent only in the pH range 1-3.l8' Glycosidic bonds between reducing end glucose and 

ceramide in glycosphingolipids is more stable to acid-catalysed hydrolysis than inter-hexoside 

bonds."' 

Alkyl p-D-glucopyranoside tetra-acetates are anomerized in dichloromethane in the 

presence of iron(II1)-chloride and lead to mixtures with or,B-ratios of appropriately 9:l. In 
the case of 2-deoxy analogues this ratio goes up to 94:6. Acetal protecting groups cannot 

be used during a reaction of this type.'82 Detailed examination of the acetolyses in acetic 

anhydride containing sulfuric acid and iron(II1)-chloride of methyl or-D-glucopyranoside, its 

p-anomer, the peracetylated dimethyl acetyl and acyclic analogues having acetoxy and 

methoxy groups bonded to C-1, give rise to mixed products including furanosyl derivatives. 

It was concluded that acetolyses of the pyranosides that give rise to both cyclic and acyclic 

products involve reaction from the &rather than the 01-anomer.l~~ Attempts to glycosylate 

glycosides of polyethyleneglycol monomethyl ether did not lead to disaccharide products but 

rather to products of glycosyl exchange on the ether.'84 

The degradations of methyl 6-D-ribopyranoside and methyl 0-D-xylopyranoside in 

oxygen in 1.25M sodium hydroxide at 120°C exhibited complex kinetics indicating auto- 

inhibited reactions. Both hydrogen peroxide and stable organic peroxides were detected. 

However, decomposition of the glycosides by way of C-1 radicals is not believed to 

constitute a major pathway. The products of reaction included small acidic fragments but 

also, interestingly, methyl furanosides having carboxy branch groups at C-2 or C-3.'85 

Studies of the alkaline hydrolysis of p-nitrophenyl rhamnoside and arabinoside have been 

reported,lg6 and the base-catalysed epimerizations at C-2 in several glucose- and mannose- 

containing disaccharides have been r e ~ 0 r t e d . I ~ ~  

2-Deoxyglycosidic bonds are selectively cleaved under mild conditions ( 100°C) during 
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the hydrothermolysis of cardenolides.'88 Related hydrothermoly tic degradative studies of 

triterpenoid and steroid glycosides, involving heating in dioxane and water at 140°C for half 

an hour and which lead to various fragments, have been r e ~ 0 r t e d . l ~ ~  Hydrolysis studies of 

the iridoid geniposide at temperatures up to lOO"C, at pH values 2-12 have led to the 

determination of thermodynamic parameters.'" Various physical and biological 

characteristics of glycosides have been reported as follows: the amphiphitic properties of 

several octyl glyco~ides,'~' the surface activity, foam suppression action and biodegradability 

of alkyl thioglyc~sides,'~~ the effects of mono- and di-saccharides and polyols in their 

cryoprotective effects on liposomes during freeze drying,'93 and the haemolytic activities of 

methyl oleanolate diglycosides and monogly~osides.'~~ 

2 S- and Se-Glycosides 

A new approach to the synthesis of S-glycosides from glycosyl acetates is illustrated in 

Scheme 22.'95 A long paper has been published on many aspects of thioglycosyl compounds 

in which the preparation of thioglycosides by the addition of various sulfenyl halides to 

alkenes is described, and several descriptions of the preparation of glycosyl alkyl disulfides 

from glycosyl thiosulfenyl halides are in~1uded. l~~ Reaction of glycosyl aryl sulfenates with 

triethyl phosphite gives the corresponding aryl thioglycosides, and thus the thiophilic reagent 

has removed oxygen rather than ~u1phur . l~~ This is consistent with an earlier report 

(Carbohydr. Rex, 1977, 58, 397). 

Yield a p 
R = B n  74% 62:38 

OAc A , Roo S R ~  R=AC 77% 0 : 100 

O R  

OR OR 

Reagents: i, BuzSn(OTf),(cat.). BuzSn( SR1)z 

Scheme 22 

Considerable attention has been given to the preparation of specific thioglycosides. 

Thus the three disaccharides comprising D-xylopyranose units connected by sulphur and 

0-( 1+2), (1-3) and (1+4)-links have been produced.'98 The related S-linked analogue of p- 

NeuSAc-( 24 ) -p -~ -GlcNAcp '~~  has been synthesized as well as the galactosamine-containing 

analogue, and they have been linked to cerarnide.lw The sulfur-containing disaccharide 86 

and a trimer analogue 87 have been coupled to Sepharose for use in affinity gels and the 
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products were used for the purification of cellobiohydrolases?’” p-Nitrophenyl 

thioglycosides of lactose, maltose, cellobiose and gentiobiose have been reported.m’ 

Various glycosides containing thiols 88-90 as aglycons have been r e p ~ r t e d . ~ ~ ’ - ’ ~ ~  The N- 

acetyl-glucosaminyl derivative of the last of these is an irreversible inhibitor of human 13- 
hexosaminidase. The first syntheses of glucobrassicin the indole glucosinolate 91 has been 

rep~rted.”~ 

CHzOH CHzOH 

X Q-sJ!-Q~-Om2 

OH OH 

86 X = O H  
87 X = 0-D-Gkp-S- 

88 

HS*NHS02 

I 
NMez 

89 

OH 

90 

NOS03K 

P-D-GlCP-S-q “D 
H 

91 

The use of thioglycosides in the preparation of 0-glycosides and disaccharides is now 

well developed as is illustrated in several instances earlier in this Chapter. Very 

interestingly and importantly, the potential of arylthio groups as leaving groups in 

glycosylating agents can be affected considerably by substitution in the aromatic rings as 

illustrated in Scheme 23. That is, electron-donating groups activate leaving potential and, 

OAc 

Ar = C,$I4-p-NO2, no reaction; 
= C&14-p-NHAc or Cd4-p-ONe, rapid reaction 

Reagents: i, DMTST 
Scheme 23 

conversely, electron-withdrawing groups deactivate. An illustration of the use of this 

approach is given.206 Further examples of the use of 2-pyridyl 2-deoxy-1-thioglycosides as 

glycosyl donors, used with methyl iodide activation, have been illustrated by the synthesis of 

several 2-deoxy di- and tri- saccharide^.^' 2’ ,3’ -Dideoxynucleosides have been prepared by 
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use of phenyl 2,3-dideoxy-l-thio-~-ribofuranose compounds activated by NBS.208 

The use of sulfoxides as leaving groups in glycoside synthesis is less common, but 

compound 92 has been employed to couple with a secondary alcohol in the synthesis of 

hikizimycin (See Chapter 20). 

In the field of reactions of thioglycosides the photobromination of phenylthio 

compounds has been covered in a review.209 As has been noted before, and has been used 

usefully in synthesis of 2-deoxy compounds, the alkylthio group of thioglycosides may 

migrate to C-2 under certain conditions. Thus, as well as compound 93 giving the expected 

2,3-orthoester on treatment with alkyl orthoesters in acid conditions, it gave compound 94 

CHzOPiv 

PivO WPh OPiv 

92 

HOQ EtLHOQ 

OH OH OCOR 

93 94 

Me EtS OMe + 2,3-orthoester of 93 

Reagent: RC(OMe),, Ht 

Scheme 24 

(Scheme 24). The problem was overcome by use of trimethyl orthobenzoate in DMF with 

camphorsulfonic acid as catalyst.210 Thioglycosides with the general structure 95 are 

p h ~ t o l a b i l e . ~ ~ ~  Saponification of compound 96 led to the tetracyclic 97.’12 Treatment of 

95 96 97 

penta-0-acetyl-~-~-glucopyranose with phenylselenotrimethylsilane in the presence of 

trimethylsilyl triflate gave 17% of the 6-linked phenylseleno glycoside together with 14% of 

the ~x-anomer.’~~ In related work tetra-O-benzyl-or-~-glucopyranosyl chloride, condensed 

with dialkyl or aryl diselenide in the presence of potassium borohydride, afforded the p- 
linked alkyl or aryl selenoglycosides, whereas selenourea, under alkaline conditions followed 

by potassium borohydride treatment, gave primarily the ~x-compounds.~~~ 



3: Glycosides 43 

3 C-Glycosides 

Developments reported over the period 1983 - 1991 in this synthesis of C-glycosides have 

been reviewed, methods utilized being covered under the topics a) concerted reactions, b) 

Wittig approaches, c) palladium-mediated reactions, d) sugar electrophiles, e) nucleophilic 

glycosides, and f )  free radical appr0aches.2'~ 

3.1 

methylene compound Meldrum's acid gives the C-glycoside 98 in 59% yield; on acid- 

catalysed hydrolysis this affords the acetic acid derivative 99. The same condensation 

reaction applied to L-arabinose and D-mannose gives furanosyl compounds directly (see next 

section).216 p-Linked glycosyl acetic acids 100, 101 are produced on treatment of 

F'yranoid Compounds.-Reaction of 2,3,4,6-tetra-0-acetyl-o-glucose with the active 

OAc OBn 

98 99 100 X = H , Y = O B n  
101 X = O B n , Y = H  

tetrabenzyl-D-glucose and o-galactose, respectively, with tributylphosphine and zinc with 

methyl bromoacetate in refluxing benzene. Yields are about 70%, and with the mannose 

analogue a- and p- compounds are produced in equal proportions, the yield being 50%.217 

a-Compounds related to 102 have been examined as inhibitors of glycogen phosphorylase.218 

Methyl tetra-0-benzyl-a-D-galactopyranoside, treated with propargyltrimethylsilane and 

HO CH2OH 

OH 

102 103 104 

SiMe3 
Reagents: i, d ,TMSOTf; ii, 03; iii, Et3N 

Scheme 25 
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trimethylsilyl triflate, gives the a-allene 103 ozonolysis of which affords the aldehyde 104. 

With triethylamine this epimerizes to a 1 : l O  mixture of the a- and p- compounds (Scheme 
25). Similar results were obtained in the D-glucose and D-mannose series, the equilibrium 

ratios of aldehydes being 20:l and 8:1 re~pectively.’~~ In extensions of this work a glycosyl 

nitrate was treated with allyltrimethylsilane and boron trifluoride etherate to give the ally1 

C-glycoside 105 from which 106 was made in work related to C-glycosides corresponding to 

parts of glycoproteins.220 The C-ally1 glycosidic derivative of KDO 107 was prepared using 

allyltributyltin and the corresponding p-thiophenyl glycoside under radical conditions; the 

a,@-ratio of products was 9:I2’l Tetra-0-benzyl-a-D-glycopyranosyl bromide, together with 

organoaluminium compounds, gave rise to C-glycosides in 40-80% yield, the highest 

stereoselectivity (a$-ratio 90: 10) occurring with triethylaluminium?” Related work has 

been carried out using benzylated glucopyranolactone with vinylaluminium.223 Structural 

units 108 and 109 have been found as constituents of sponge  component^."^ The p- 

10s 106 107 

OMe 

108 109 110 R = Hor Bz 

compounds 110 are produced in good yield and with good selectivity from precursors, which 

may be 0-protected or unprotected, by use of trimethylsilyl triflate and silver perchlorate in 

acetonitrile or dichl~romethane.’’~ Initially, p-naphthyl 0-glycosides are formed and these 

rearrange to the C-linked compounds illustrated.226 A C-linked glucuronide of 

tetrahydrocannabinol (presumably with structure 111) has been produced by use of Lewis 

acid catalysts, and the corresponding glycosyl trichloroa~etimidate.’~~ (-)-Urdamycinone B 

114, the enantiomer of a natural antitumour antibiotic, has been prepared as illustrated in 

Scheme 26.’= The preparation of the virenose analogue (racemic) is illustrated in Scheme 
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OH 

OAc 

111 

CHzOH 

I 

I13 

COzEt 

J 

114 

Reagents: i, &C06HC02Et, ii, Ca(OAc)2, A 

Scheme 26 

27,229 and a range of C-glycosyltetrazoles, for example 112 and 113, have been described 

starting from glycosyl nitriles. These were produced as analogues of 3-deoxy-~-arabino- 

heptulosonic acid.230 Palladium( 0)-catalysed coupling of the glycal derivative 115 with 3 3 -  

dibenzyloxy-2-bromobenzyl alcohol afforded 116, MCPBA-oxidation of which gave the spiro- 

M- M- MOMOQ Me HoQr Me 
 OHM^ 0- OMOM Ar - 

Me \ 

(4 SePh OH OH 

( 2 )  
Reagents: i, PhSeC1; ii,HzO, py; iii, OsO.,, NMNO iv, HCl 

Scheme 27 

compouiid 117 which has the tricyclic structure of the papulacandins. Hydroboration of 116 

afforded the aryl compound 118.231 Spiroketal analogues of compound 117 were produced 

according to Scheme 28.232 While one of the erythro-epoxides reacted very favourably to 
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115 

OBn 

[ m O B n  

116 

OBn 

OH CH2OH 

117 118 

give the illustrated spiro-product in 68% yield, the other gave mixed isomers. 

Reagent: i ,  Bu3SnH, AIBN 
Scheme 28 

Many acylated glycals have been converted to 2,3-unsaturated C-glycosides, and now 

reports have appeared on the preparation of C-ally1 compounds from lactose, a$ ratio 

5 : 1 .233 While tri-0-acetyl-D-glucal gives quantitative yields of the 2-trimethylsilylalkynyl 

unsaturated or-C-glycoside on treatment with 1,2-bis-trimethylsilylethyne in the presence of 

tin tetra~hloride,’~~ p-cresol gives 2-hydroxy-4-methylphenyl compounds.235 In the latter 

case, the initially formed 0-glycosides were converted to the C-glycosidic products on 

treatment with boron trifluoride in dichloromethane. 2,3-Unsaturated C-glycosides may be 

produced by palladium( 0)l-catalysed reaction with compounds having activated methylene 

groups (see also Vol. 23, p. 40).236 Hydroxyglycal esters react with silylated ally1 alcohols to 

give dicarbonyl products. For example, tri-0-acetyl-2-hydroxy-~-fucal can be converted into 

the dicarbonyl compound 119.237 C-Glycosides may also be prepared from carbohydrate- 

based enones such as 120 which, with benzene in the presence of palladium diacetate in 

acetic acid, gives the C-phenyl compounds 121 and 122 in 70% yield. The substitution and 

addition processes were rati~nalized.’~~ Similar adducts have been made by Michael-like 

CH20Ac CH20Ac 

W M e  Acob AcO bPh AcO QPh 

0 0 0 0 
119 120 121 122 
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additions using organocuprates (Scheme 29). The markedly different anomeric ratios were 

CHZOTBDMS 

FH20TBDMS 

Me0 0 
Reagents: i, Bu(PhS)CuLi; ii, BuMgX, CuI 

Scheme 29 

a: p 

a: p 

12.9 : 1 

1 : 6.9 

rationalized in terms of preferred conformations of enolate  intermediate^.^^^ The use of the 

unsaturated glycosyl phenylsulfone 123 in the preparation of 2-hydroxyethyl 3-deoxy-C- 

glycoside 124 is illustrated in Scheme 30.240 The related glycal sulfone 125 can be converted 

i-ui -oh, i" -J.Ybly 0 

- / \- S02Ph - 
AcO - 0 

124 OH 123 

Reagents: i, MeO-; ii, Me2C0, H'; iii,--,MgBr; iv, KOBu'; v, 0 2 ,  hv; vi, H2, PtO, 

Scheme 30 

into the 1-tributylstannyl analogue and hence, using tetra-kis-(triphenylphosphiny1)palladium 

and aryl bromide into aryl glycosides 126.241 With rn-dibromobenzene the symmetrical 

diglycoside 127 is obtainable. Reaction of benzoquinone with the appropriate glycal 

derivative in the presence of t-butyllithium gives the adduct 128 and hence the p -  

hydroxyphenyl compound 129.242 

Considerable interest continues to be shown in disaccharides Iinked by carbon 

CH20Bn CHzOBn CHzOBn 

BnO bSOZPh BnO (?J-/h BnO & RyJR 
125 126 R 127 

O R  OR 
R = TBDMS 

128 129 
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bonding. The synthesis of a cellobiose analogue having no inter-unit atom is illustrated in 

0 qHzOBn 

I 
OBn 

’\ 1- 

TBDPSO 

Reagents: i ,  KH; ii, Bu4NF, iii, TBDPSiCl; iv, hv to give E-isomer, v, Br2, NBS; vi, TsOH 

Scheme 31 

Scheme 31 .243 As reported previously, see Vol. 23, p. 43, 1-deoxyketoses or analogues 

having exocyclic methylene groups at C-1 , on treatment with acids, form C-C-linked 

products. For example, from compound 130 the dimer 131 has been produced in 66% 

CH20Bn CHZOBn 

BnO e C H 2  BnO 

OBn BnO 

OBn 

131 

yield.244 A set of carba-linked disaccharides formed by radical addition to exo-alkenes of 

‘naked’ sugars have been reported as outlined in Scheme 

analogue have been produced as indicated in Scheme 33 (see also Vol. 23, p. 40).246 

Details of the synthesis of 1,4-C-linked disaccharides, using acyclic aldehyde derivatives of 

sugars and phosphonium salts on C-4-branches (see Vol. 25, p. 5 9 ,  have been reported.247 

Reaction of the lithio derivative 132 with tetrabenzylgluconolactone gave compound 133 in 

Thirty galactobiose 
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OAc 

OAc 

OAc 

Scheme 32 

60% yield. Attempts at deoxygenation at the anomeric centre gave rise to the spiro-linked 

disaccharide 134.248 

CH20Bn CH20Bn CH20H CHzOH 

BnOQ : n o 0  OMe i-iv_ H o v q o M e  

OSPh OBn OH OH 

Reagents: i, LDA; ii, Ni(Ra); iii, B H 3 . M ~ S ,  NaOH, H202; iv, H2, Pd/C 

Scheme 33 

OBn 
OBn 

132 bBn 

133 * CH2OBn 

BnO O-CH2 

OBn 

134 

Several compounds have been reported which involve C-glycosidation to biologically 

important compounds. Thus C-linked analogues of glucosylserine, for example, have been 

made and built into the glycopeptide compound 135.249 The starting material for compound 
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135 was the corresponding C-glycosyl 1-aldehyde and the same compound has been used for 

the preparation of C-linked galactosphingolipids 136 as potential inhibitors of HIV.2So In 

related work the p-D-xylopyranosyl C-glycoside 137 has been produced as a precursor of the 

analogue of p-~-xylopyranosyl-~-serine.~~~ Radical addition has allowed the preparation of 

the analogous a-compound in the D-glucose series.z52 Elaboration of simple C-glycosides 

has allowed the preparation of C-fucopyranosyl analogues of GDP-L-fucose, for example, 

compound 138.253 Reference is made in chapter 18 to a complex C-glycoside of neuraminic 

acid which is neuraminidase-resistant. 

The C-glycosyl conjugate 139, containing biotin, and several related compounds were 

prepared and their inhibitory activity towards the receptor-mediated adhesion of E. coli to 

yeast cells was tested.254 

3.2 Furanoid Compounds.-Reaction of Meldrum's acid, which was mentioned at the 

beginning of the last section, with r.-arabinose and D-mannose gives, in DMF in the presence 

of triethylamine, compounds 140 and 141 in 47% and 39%, respectively. In the case of the 

latter compound the manno-isomer, formed without epimerization, was produced in 11 % 

Treatment of the corresponding free sugars with methylenesulphinyl ylid 



3: Glycosides 51 

(MeS(0) =CH,) gives compounds 142 and 143 in good yield but not stereo~pecifically.~~~ 

140 14 I 

142 143 

Acid catalysed cyclization of the alditol derivative, formed on treatment of 2,3,5-tri-0- 

benzyl-D-arabinose with pyrrolyl magnesium bromide gave the furanosyl C-nucleosides 144 

with an a,p-ratio of 51 :29.256 Corresponding 

BnO CH2 y+w& 
OBn 

144 

AcOCH, ~ 

OAc OAc 0 

glycofuranosyl acetates with 

AcO CH2 

YYCH20SEtzMe 
I I  
OAc OAc 

145 

OH OMe 

OH 0 

146 

Bzocwcl 
147 

OBz OBz 

148 

HSiMeEt&O-Co,(CO), ,257 the appropriate silylated phenol and tin tetra~hloride~~'  and 

the appropriate phenol and silver perchlorate, Cp,HfC1,259 resulted in the synthesis of 
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compounds 145-147, the last being the antibiotic( +)-gilvocarcin M. The ribofuranosyl 

acidchloride 148 has been prepared from the corresponding glycosyl carboxylic acid and is 

of potential value for C-nucleoside synthesis.260 
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01 ig osacc ha rides 

1 General 

As previously, this Chapter deals with specific tri- and higher oligosaccharides, most 

references relating to their synthesis by specific chemical and, increasingly, enzymic or 

combined methods. Chemical features of the cyclodextrins are noted separately. 

The synthesis of e.g. pentasaccharides is dealt with under that heading, and the 

required preparations of constituent parts are assumed and are not dealt with in their 

respective sections. Frequently, specific derivatives, e.g. glycosides, of the named 

compounds are involved, and this fact is often not recorded in the formulae used or the 

names listed. 

Reviews have appeared on the synthesis of oligosaccharides of 2-amino-2-deoxy 

sugars,' the synthesis of p-glucans and dodecagalacturonic acids that elicit phytoaiexin 

accumulation in soybean,2 sialyl Lewis X;3 the use of 1D and 2D n.m.r. spectroscopy to 

establish the structures and substitution sites of naturally occurring glycosides and 

oligosaccharides has been re~iewed,~ and the CASPER programme has been successfully 

applied to determine the correct structures of five linear or branched hexasaccharides? The 

question of internal mobility of oligosaccharides has been raised and the need for methods 

to generate realistic representations of three dimensional structure has been emphasised 

and new approaches offered! 

N.m.r. and mass spectrometric methods have been used to determine structures of 22 

neutral oligosaccharides up to octasaccharides obtained from bovine submaxillary-gland 

mucin glycoprotein? 

2-Pyridyl 2-deoxy-1-thiohexopyanosides have been successfully applied with methyl 

iodide activation to produce a range of di- and tri-saccharides containing 2-deoxy-linked 

sugars. The linkages formed were mainly of the a-type. Similarly, the 2-pyridyl l-thio- 

glycosides in the ribo- and manno-furanoside series led to a-linked products.8 The maltose 

oligosaccharides up to the pentasaccharide, each having a 4,6-ethylidene acetal on the non- 

reducing terminal unit, have been made for measuring K, values with a maltose-binding 

protein of E. coli, and the same binding has been further examined by use of maltose- 



60 Carbohydrate Chemistry 

oligomers having a photoaffinity label in the aglycon and a tritium atom in the reducing 

unit.' The a-1,3-linked glucose oligomers up to the tetrasaccharide have been synthesized," 

as have the @-1,6linked xylose oligomers up to the hexamer." 

Interest remains in the use of carbohydrate monomers for the synthesis of polymeric 

materials and the subject has been reviewed.I2 A polymer comprising on average ten of the 

disaccharide units Glcp-( 1+3)-a, p-~-GlcAp-( 1+4), which is a synthetic model of the capsular 

polysaccharide from Spreptococces pneumoniae type 3, has been prepared13 by condensation 

methods starting from a substituted di~accharide.'~ A related approach, but using 

glycosylation with thiocyanate as the leaving group has led to a polymer comprising or-1,6- 
linked gluc~ses. '~ A polymer derived from D-mannopyranose 1-phosphate, which involves 

linking between the phosphate residue and 0-6 of neighbouring sugar unit, and containing 

3-7 sugar units has been produced and, in addition, cyclic products were identified." 

Various fructosylated sucroses have been isolated from Lolium temulentum.'6 N.m.r. 

work on related inulin oligomers up to the decasaccharide indicates that a conformational 

change occurs in compounds larger than the 0~ tamer . l~  Extensive n.m.r. studies have 

identified a specific disaccharide unit responsible for the binding of histamine to heparin.I8 

Conversion of chito-oligosaccharides to the corresponding alditols significantly 

increases the chemicals stability of the  compound^.'^ 

Increasing use of enzymic methods in the field is evident, and the topic of enzymic in 

vitro synthesis of mammalian glycoconjugate compounds has been reviewed." 

Organoboronic acids have been used in organic solvents to promote solubilization of glucose 

and thereby its enzymic self-condensation.21 a-Amylase-promoted condensation of a- 

maltosyl fluoride offers a new approach to the preparation of malto-oligosaccharides.22 

Transfer of the D-glucosyl unit of sucrose onto maltose acceptors has led to the 

development of a-1,Qlinked chains some also containing a-glucoses substituted at 0-3. 

Products having approximately eight sugar units were e~amined.'~ In related studies, fucosyl 

oligosaccharides were prepared on a 15-30 mg scale using a cloned a-1,3-fucosyl transferase. 
The enzyme accepts a number of galactosides and sialosides as substrates, and it is useful 

for the preparation of sialyl Lewis X.24 This compound has also been made by enzymic 

procedures using (3-1,4-~-galactosyl transferase, a recombinant a-2,3-sialyl transferase and a 

cx-1,3-fucosyl transferase. During the course of this work, substrate specificity and inhibition 
of the transferases were studied and a conformational analysis was undertaken using 13C 

n.m.r. and molecular energetic  calculation^.^^ 
Galactose transferase has also been used to prepare oligosaccharides with 2-acetamido-2- 
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deoxyglucose and glucose as acceptors, and UDP-2-deoxygalactose also serves as a donor 

for transfer to the first of these two sugars.26 

A paper has been given at a workshop on the oxidation of sucrose and isomaltulose to 

the 3-keto-derivatives by Agrobactenum tumefuciens, and the synthesis of oligosaccharides 

using dextran sucrase was described.” 

2 Trisaccharides 

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

2.1 Linear Homotrisaccharides.-Dehydrative glycosylations of various glucose derivatives 

having 2,3,4 or 6-hydroxyl groups free with heptabenzyl glucobioses in the presence of p -  

nitrobenzenesulfonyl chloride, silver triflate and triethylamine in dichloromethane gave 60- 

85% yields of glucotrioses. Very high a-selectivity was observed when DMF was used in the 
reaction mixtures.= 

The trisaccharide derivative 1, which is a segment of glycolipids of Mycobactenurn 

smegmatis, has been completed using glycosyl fluoride methodol~gy.~~ Two groups have 

described the synthesis of nephritogenoside which comprises a-~-Glcp-( 1+=6)-p-~-Glcp-( 1 4 ) -  

O-a-D-Glcp linked to a peptide.30> 31 The a-1,6-linked glucotriose has been made without 

specific hydroxyl groups in the reducing moiety as its methyl glycoside, and higher oligomers 

of this type have likewise been prepared for studying binding with monoclonal antibodies.” 

Related work has produced p-~-Glcp-( 1+=6)-p-~-Galp-( 1+6)-p-~-Glc and @~-Glcp-( 1+6)-p-~-  

Glcp-( 1+6)-p-~-Gal with 4-deoxy groups in the reducing and central moieties, re~pectively.3~ 

P 1 CH20r-I 

Ho2c<o&--&Q Me 

OH 

1 

a-~-Rhap-( 1+3)-a-~-Rhap-( 1+3)-a-~-Rhap has been made as a trimethyl ether methyl 

glycoside as the outer trisaccharide of Mycobactebum Xenopi glycolipid.34 The a-1,7 a-1,3- 
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linked trimer of L-gbcero-D-manna-heptopyranose, which is part of the Salmonella Ra core 

structure, has also been made as an aryl substituted ethyl g l y c ~ s i d e . ~ ~  

2.2 Linear Heterosaccharides.-D-Galactose units have been transferred to several 

disaccharide acceptors by appropriate enzymes. In this way lactose has given rise to the 

trimers having a-D-galactopyranose linked to the 4- and 3-positions of the galactose units.36 

0-Galactosidase applied with lactitol as acceptor was also non-specific and gave trimer 
products with the galactose linked to position 3 or position 4 or 6.37 Several other 

trisaccharides produced by use of p-galactose transferase and cellobiose, laminaribiose, 

gentiobiose and maltose have been described.38 Several trimers containing galactopyranose 

as the non-reducing terminal unit have been prepared by chemical synthetic methods. 

These include: a-~-Galp-( 1+3)-p-~-Galp-( 1+4)-~-Glcp, a-D-Galp-( 1+4)-p-~-Galp-( 1+4)-~-  

G l ~ p , ~ ~  p-~-Ga@-( 1+4)-a-~-Glcp-( 1+3)-a-~-Rhap,~' p -~-Ga@-(  1+4)-p-~-GlcNAcp-( 1+3)-a- 

and -p-~-GalNAc~l  and p-~-Gal - (  1+4)-p-~-GlcNAc-( 1+6)-a-~-GalNAc.~~ 

Several trisaccharides of this series having N-acetylhexosamine units at the non- 

reducing termini are as follows: p-~-GlcNAc-( 1+2)-a-~-Manp-( 1 - + 6 ) - ~ - M a n , ~ ~  B-D- 

ManpNAc-( 1+4)-a-~-Glcp-( 1 + 2 ) - ~ - R h a p ~ ~  and p-~-GalpNAc-( 1+4)-p-~-GlcpNAc-( 1 + 2 ) - ~ -  

Man.45 

Considerable interest continues in compounds having 6-deoxyhexoses as non-reducing 

terminal units: special interest has been shown in trisaccharide a-~-Fucp-( 1+2)-p-~-Galp- 

(1+4)-p-~-GlcNAc, the H-type 2 human blood group t r i s a ~ c h a r i d e . ~ ~ - ~ ~  These papers also 

describe several derivatives of the trimer. The 1-2, 133 isomer has also been made.s1 a-L- 

Fucp-( 1+3)-(3-~-GlcpNAc-( 1+6)-p-~-GalNAc,~~ 4-O-Ac-2-O-Me-a-~-Fucp-( 1+3)-2-0-Me-a-~- 

Rhap-( 1+3)-2,4-di-O-Me-~-Rhap~~ and its 0-deacetylated analogue53a have also been 

synthesized, the latter pair being components of the cell wall of Mycobucferium k u n s ~ s i i . ~ ~  

Compounds p-L-Rhap-( 1+4)-p-~-Glcp-( 1+3)-a-~-Rha, p-~-Rhap-( 1+4)-p-~-Glcp-( 1+3)-p-~- 

GalpNAc, p-~-Rhap-( 1+4)-a-~-Glcp-( ld)-a-o-Gal,  and p-r>-Rhap-( l+t)-p-~-Glcp-( 1+4)-p-~- 

Gal have been synthesized. They represent fragments of capsular polysaccharides of 

Streptococcus pheumoniue types 2, 2F, 22F, 23T.s4 

Two groups have isolated pregnane glycosides which contain the trisaccharide 2 and its Qo&oo 
HO 

OMe OH OMe 

2 
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C-3' epimer as the glycosyl units.55, 56 As always, several rhamnose-containing 

oligosaccharides have been found as aglycons in complex glycosides of plants. Compounds 

3 and 4, that is breyuin A and B, have been ~harac te r ized .~~ 

R = Ct-L-Rhap -(1+3)- S-D-GIC~ -(1+2)- P-D-GIC~ 

Synthesis of the following trisaccharides have also been reported: O-a-~-Xylp-( 1-3)- 

O-a-~-Xylp-( 1+3)-~-GIc,~* p-~-GalpA-( 1+4)-a-~-Rhap-( 1+3)-~-GalpA:~ p-~,D-Hepp-( 1+6)-a- 

~-Glcp-( 1+2)-~-GIcp~' and the substituted compound 5, which is a synthetic precursor of 

olivomycin A.61 

Me Me 

OH 
5 

Considerable continued interest has been taken in trimers which are sialyl galactosyl 

glucoses (or glucosamines), and reports have appeared on the a-2,3 ~ - 1 , 4 , ~ ' - ~ '  a-2,3 /j-1,366 

and 01-2,6 p-1,467-69 linked compounds. 

2.3 Branched Hom0trisaccharides.-Ogawa has published on several compounds related to 

2,3-di-O-ar-~-rnannopyranosyl-~-mannose,~' while Paulsen7' and S i r ~ a j ; ~ ~  have reported 

preparations of 3,6-disubstituted analogues. 

2.4 Branched Heterotrisaccharides. Compounds in this section are categorized according 

to their reducing end sugars. 

Enzymic galactosylation of lactitol has given mixed products which include compounds 

carrying galactose at positions 1, 5 or 6 of the alditol unit.37 Chemical fucosylation of D- 

lactal carrying substituents at both primary positions favoured production of the trimer 

involving fucose bonding to the allylic oxygen. On the other hand, enzymic sialylation 

occurs specifically at the C3 position of the galactose unit.73 Synthesis of a-D-GalpNAc- 
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(1+3)-[a-~-Fuc-( 1+2)]-~-Gal and the galactosyl fucosyl galactose analogue74 and a-~-Glcp- 

(1+2)-[p-~-Glcp-( 1+4)]-~-Gal~’ have also been reported. Kochetkov’s group has described 

the preparation of a range of 2,3-di-glycosylated man nose^,^^' 76 and Paulsen and co-workers 

have reported p-~-GlcpNAc-( 1+2)-[@-~-GlcpNAc-( 1+6)]-~-Man and the 1,2-, 1,4-linked 

isomer.43 Kochetkov and collaborators have synthesized many 2,3-di-glycosyl-~-rhamnose 

 derivative^.^^-^^ The branched trisaccharide a-~-Glcp-( 1+3)-[a-Hepp-( 1+7)]-Hep has been 

prepared where the abbreviation Hep is for r . - ~ ~ c e r ~ ~ - ~ - m a n n o - h e p t o s e ~ ~  Trisaccharides 

based on N-acetyl-D-hexosamines to have been prepared are: a-~-Fucp-( 1+4)-[p-~-Galp- 

(1+3)]-~-GlcNAc~~ and @-~-Galp-( 1+3)-[a-Neu5Ac-(2+6)]-~-GalNAc.~~ 

2.5 Analogues of Trisaccharides.-This section has been introduced for the first time to 

report several compounds which, while not being themselves trisaccharides, have structures 

very closely related to them. For example, thio-derivatives and compounds having carbon in 

place of oxygen atoms as inter-unit bridges and as ring atoms are dealt with. Compound a- 

~-Fucp-( 1+2)-C-p-~-Galp-( 1+4)-a-~-Glcp-OMe, which is a C-linked trisaccharide analogue 

related to the type I1 blood group determinant has been described, and conformational 

analysis has been performed on 

(1+4)-a-~-GlcpNAc-( 1+4)-1D-myo-ino~itol~~” have been described as have the thio 

compounds 784 and 8.” 

Synthesis of the inositol compounds 683 and p-D-Galp- 

a-D-Manp-( 1-4)- a-D-GlcNH;?-( 1-6)- 1D-myo 4nositol 

-( 1+4)-D-Glc a-D-Glcp-S p S - . - a - D - G l c p  -0Me 

OH 
7 

OH 
8 

OH 0 

9 
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Synthetic work has been reported on compound 9 which is a hydrolytically stable 

analogue of GM, ganglioside lactone.86 Compound 10, which contains a trisaccharide 

having a hydroxylamine linking unit, and which is a derivative of the carbohydrate domain 

of calicheamicin, has been 

also contain this type of bonding, have likewise been described.@ 

and carbohydrate fragments of esperamicin A, which 

OMe 
10 

Several compounds have been described by Lehmann’s group which have three sugar 

(or similar) units separated by spacer groupings. For example, compounds llg9 and 1290 

are both acceptors substrates for 1,4-p-galactosyl transferase comparable to the biantennary 
core heptasaccharide of N-glycoproteins. Compounds 13 and 1491 and 15-17,92 which are 

trisaccharides which mimic galactotetraose and maltopentaose, respectively, have been 

prepared. 

NHAC 

11 

OH 

R = P-D-GIc~ NAc 

12 

‘‘0 OH 

13 X = S , n = 3  
14 X = S , n = 5  

OH 



66 Carbohydrate Chemistry 

OH 
15 m = l ,  n =  2 
16 m = 2 ,  n = l  
17 m = 3 .  n = O  

CH20H CH2OH 

HO iti..Jtr.-tr.JQOH 
NH NHAc NHAc NHAc 

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. 

3.1 Linear Homotetrasaccharides.-The total synthesis of the rhizobium nodulation factor 

18 and related compounds, which are critical in rhizobium legume symbiosis, have been 

completed by use of the glycosyl fluoride pr0cedu1-e.~~ 

3.2 Linear Heter0tetrasaccharides.-A report on a 13C relaxation study of p-D-Ga@-( 1 4 ) - p -  

i)-GlcpNAc-( 1+3)-p-~-Galp-( 1+4)-~-Glc has appeared.94 

The following heterotetrasaccharides have been synthesized: p-~-Galp-(l+4)-p-~-Glcp- 

( 1 -A)-p-i>-Galp-( 1 + 4 ) - ~ - G I c , ~ ~  a-NeupSAc-(2 +9)-a-NeupSAc-( 2+3)-p-~-Galp-( 1 + 4 ) - ~ - G I c , ~ ~  

the analogue of this with a sulfur atom linking the sialic acid units,97 a-~-GlcpNAc-(1+3)-a- 

I -Rhap-( 1+3)-a-i .-Rhap-( 1+2)-or-~-Galp,~~ a-D-GlcpNAc-( 1+3)-a-~-Rhap-( 1+3)-a-~-Rhap- 

( 1+2)-1>-Gal,~~ or-r<-Rhap-( 1+3)-a-~-Rhap-( 1+2)-a-~-Galp-( 1+3)-ar-~-GlcpNAc,'~~ p-~-GlcpA- 
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3.3 

mainly following synthesis, but the occasional compound is a natural product and that is 

indicated: a-~-GalpNAc-( 1+3)-p-~-Galp-( M ) - [  a-~-Fucp-( 1+3)-]-p-~-Glcp,"~ a-NeuSAc- 

(2+3)-[@-~-GalpNAc-( 1+4)]-p-~-Galp-( 1+4)-p-~-Glc,"~ a-o-Manp-( 1+3)-[p-~-Xylp-( I ~ ) ] - D -  

Manp-( 1+4)-~-Glc,"~ p-~-GlcpNAc-( 1+2)-a-~-Manp-( 1+3)-[a-~-Manp-( 1+~6)]-~-Man,"~ a- 

NeuSAc-(2+8)-a-NeuSAc-(2+3)-[p-~-GalpNAc-( 1+4)]-~-Gal (a ganglioside component),"' a- 

NeuSAc-(2+3)-p-~-GaIp-( 1+4)-[a-~-Fucp-( 1+3)]-~-GlcNAc (a conformational study),"' 01- 

Neu5Ac-(2+3)-p-o-Galpp-( 1+4)-[a-~-Fucp-( 1+3)]-GlcNH, ,'") '13 a-~-Galp-( 1+3)-[a-~-Fucp- 

(1+~2)]-p-~-Galp-( 1+3)-~-GlcNAc,"~ a-~-Fuc-( 1+2)-p-~-Gal-( 1+3)-[cc-~.-Fuc-( 1+4)]-~- 

G~cNAc,"~ p-~-Galp-( 1+3)-p-~-GlcpNAc-( 1+6)-[p-~-Galp-( 1+4)]-~-GalNAc,"~ p-~-Glcp- 

(1+3)-01-~-Rhap( 1+2)-[p-~-Glcp-( 1+4)]-~-Ara (natural p rod~c t ) "~  and p-~-Quip-( 1+3)-[p-1-- 

Rhap-( 1+2)]-01-~-Quip-( 1+2)-~-Qui (natural product)."' 

Branched Heter0tetrasaccharides.-The following compounds have been described 

3.4 

separated by phosphate diester linkages between positions 1 and 3 has been reported,'" 

and compound 19 having deoxynojirimycin at the 'reducing end' has been reported.lw 

Tetrasaccharide Analogues.-An oligomer comprising four N-acetyl-glucosamine units 

YHpOH CHpOH 

i)H OH / OH 

OH 

19 
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4 Pentasaccharides 

Carbohydrate Chemistry 

Again considerable interest has been shown in this category of oligasaccharides. 

4.1 

reducing terminal unit of a glycoside of maltopentaoside on the rates of hydrolysis by 

human salivary and pancreatic a-amylases has been studied."' Several methyl ethers of the 

pentasaccharide unit of heparin responsible for antithrombin binding have been r e p ~ r t e d . ' ~ ~ ~ ' ~ ~  

Linear Pentasaccharides.-The effect of different bulky substituents at C-6 of the non- 

Syntheses of pentasaccharides p-~-GlcpNAc-( 1-+3)-p-~-Galp-( l-+I)-p-~-Glcp-NAc- 

(l+&)-a-~-Manp-( 1+6)-p-~-Manp'~ and p-~-Galp-( 1+3)-p-~-GalpNAc-( lA)-[or-NeuAc- 

(2+3)]-p-~-Galp-( 1-*4)-Gl~'~ have been reported. 

4.2 

of this category: a-NeuSAc-(2-3)-p-~-Galp-[or-~-Fucp-( 1+3)]-p-~-GlcpNAc-( 1-+3)-~- 

Gal,1277128 3,6-bzk-[p-~-GlcpNAc-( l~Z)-or -~-Manp]-n-Man; '~~~ '~  (several specific deoxy 

derivatives of this compound were also described), p-~-GlcpNAc-( l+Z)-a-D-Manp-( 1+3)-[a- 

D-Manp-( 1~)]-4-O-Me-p-~-Manp-( 1+4)-~-GlcNAc,'~' p-D-Galp-( 1-+4)-p-~-GlcpNAc-( 1-3)- 

[p-~-GlcpNAc-( l&)]-~-Galp-( ~-+I)-G~CNAC, '~~ p-D-Galp-( 1+4)-[cr-~-Fucp-( 1+3)]-p-~- 

GlcNAc-( 1+6)-[p-~-Galp-( 1-+3)]-~-GalpNAc,'~~ p-~-Glcp-( 1-*4)-[a-~-Glcp-( 1+2)]-p-~-Galp- 

(ld)-a-D-Glcp-( 1-+3)-~-Rha'~~ and p-~-Quip-( 1+2)-p-~-Galp-( 1+4)-[p-~-Quip-( 1+3)]-p-~- 

Xylp-( 1+3)-~-Qui. '~~ 

Branched Pentasaccharides.-Syntheses have been described of the following members 

5 Hexasaccharides 

As has become customary in these volumes, an abbreviated method is now used for 

representing higher saccharides. Sugars will be numbered as follows, and linkages will be 

indicated in the usual way: 

11 

D-Manp 

~-GalpNAc 

L-FUC~ 

~-GlcpA 

fj 12 

D-Galp 

NeupAc 

D-XYlp 

D-glucose) 
D-Qui (Cdeoxy 
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5.1 

reducing end and a 6-amino-6-deoxy group in the unit next to the reducing moiety has been 

prepared by use of cyclodextrin glucanotransferase for the purpose of study of the active 

site of human ~x-amylase.'~~ Compound 20, which is the linkage region of chondroitin 

sulphate, has been prepared together with an ester carrying a sulphate group at 0 - 4  of the 

N-acetylgalactosamine unit.'" 

Linear Hexasaccharides.-Maltohexaose bearing a 6-deoxy-6-iodo group at the non- 

5.2 Branched Hexasaccharides-Hasagawa's group has reported compounds 2land 21a 

which are isomers of previously described he~amers.'~' Compound 22 has been made by 

chemical/enzymic procedures as a specific e p i t ~ p e , ' ~ ~  and hexamer 23, which is the 

repeating unit of Salmonella Thompson serogroup C, 0-antigen lipopolysaccharide, has also 

been ~repared.'~' Compound 24 has been synthesized and linked to a myo-inositol 

phosphate derivative and also specifically phosphorylated to give the glycosyl 

phosphatidylinositol anchor of Trypanosoma bmcei,141 and 25 has been prepared; it is the 

hexasaccharide moiety of Pectinioside E (isolated from starfi~h)."~ The high-rhamnose 

oligomer 26, a cell wall polysaccharide components of the p-haemolytic Streptococci Group 

A, has also been r e ~ 0 r t e d . l ~ ~  

@ 
1 
1 

1 

@2-3 @ 1-3 @ 1 4  @1+4@ 1-1 Cer 0 0 6 0  a6 2-3 p2 1-3 p5 1 4  p2 1 4 @  

21 

9 
1 

21a 

8 
1 
1 

22 23 
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1 1 1 
c1 c1 

1 1 

@ 1-22 6 1-3 @ 1-22 8 
26 

6 Heptasaccharides 

The five compounds represented by structure 27144 have been made by chemo-enzymic 

methods, and 28145 and 29146 have also been reported. 

@ 2+6@ 149 @ 1-3 @ 1 - 4 9  

27 28 

7 Octasaccharides 

Compounds 30,147 3114' and 32 (n=l)i49 have been synthesized. 

@ 1-32 @ 1-3 @ 1+3 @ 1-3 @ 1-2 @ 1-23 @ 1-3 @ 
30 
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@ 1+2 @ 1+6 @ 1-36 @ 1+4 @ 1+4@ 

31 

9- 9, 

8 Higher Saccharides 

Chemo-enzymic methods have been used to prepare a decasaccharide comprising two 

repeating units of the capsular polysaccharide of the human pathogenic type 111 group B 

Streptococcus,'5o and the further decasaccharide 33 has been de~cribed.'~' In the area of 

undecasaccharides compound 32 (n= 2)'49 and compound 34152 have been described. The 

largest specific saccharides to have been reported apparently are the dodecamer 35ls3 and 

the tetradecamer 32 (n=3).'49 

1 
1 

@ 1-3 @ 1-4 @ 1-6 @ 1-34 @ 1-33 @ 1-40 
33 

t 

34 
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t 

35 

9 Cyclodextrins 

Details of the solubilities of various cyclodextrins have been given, the @compound having 
much lower solubilities than the others and therefore being more readily isolated by 

crysta~~ization.'~~ 

Cyclodextrin glucanosyltransferase, which cleaves cyclomaltohexaose and 

glycosidates at 0-4 of acceptors, provides a means of making long-chain 

maltooligosaccharides.'~5 

Studies have been carried out on the interactions between cyclodextrins and 

hydrophobic fluorescence probes in water in connection with research on cell adhesion 

following oligosaccharide/oligosaccharide hydrophobic interactions. While linear oligomers 

bind 8-anilino-l-naphthalenesulfonate and 6-toluidino-2-naphthalenesulfonate in 1:l 

proportions, the binding constants are smaller than for the corresponding cy~lodextrins.'~~ 

A review has appeared on the synthesis of cyclo-~-rhamnohexaoses,"~ and a symposium 

paper has been given on 3,6-anhydro-~-glucose cyclode~trins.'~~ Maltose and panose have 

been bonded to p-cyclodextrin by enzymic procedures and the enzymolytic reactions of the 
products were in~estigated."~ Various isomeric di-a-D-glucopyranosyl cyclodextrins have 

been made by chemical procedures.'60 Bromine or iodine, together with triphenylphosphine 

in DMF, have given high yields of per-bromo- or per-iodo-6-deoxy compounds and hence 

per( 6-deoxy)cyclodextrins have been produced in high yields.16' 6-Thiocyclodextrins carrying 

glucose units on the sulphur atoms have been studied,16' and the heptakis(6-O- 

dimethylthexylsi1y)-p-cyclodextrin has been obtained as a pure solid without 

~hromatography.'~~ A study of di-tritylated a- and 6-cyclodextrins has produced mixed 

isomers which were investigated by halogenation of remaining primary hydroxyl groups and 
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elimination reactions applied to them.'64 Further work has led to isomeric tetra-trityl 

ethers.'65 Reaction of p-cyclodextrin with epichlorohydrin gave chlorine-containing ethers 

the chlorine atoms of which could be displaced by various nucleophiles.'66 In related work 

excess of (S)-propylene oxide was used to produce 2-hydroxypropyl  derivative^.'^' 
Octylation of a- and p-cyclodextrins has led to products carrying the alkyl groups at 0 - 2  and 

6 and 2, 3 and 6. These were used in potentiometric electrodes to measure the 

enantiomeric purity of ephedrine in the presence of serum cations.'68 A symposium has 

been held on related alkyl and alkylacyl cyclodextrin  derivative^.'^^ 
A further symposium paper has been given on the synthesis of monofunctionalized 

cyclodextrins formed during cycloamylose-catalysed ester hydrolysis. p-Nitrophenyl esters 

derived from N-protected amino acid derivatives were in the main considered.17' 

Naphthalene-2-sulfonyl derivatives carrying substituents at all of the primary groups have 

been prepared from a- and p-cyclodextrins by use of tin  intermediate^.'^' Such 

intermediates permit the formation of 2-mesitylsulphonyl ester from p-cyclodextrin. From 
these a mixture of all possible 2,6-disulfonates was prod~ced."~ Secondary mono- 

naphthalene sulfonates have also been d e ~ c r i b e d . ' ~ ~  Denitration of cyclodextrin pernitrates 

occurs regio- specifically at the 2 positions and gives rise to the 3,6-di-O-nitro-prod~cts.'~~ 

A symposium report has been given on the synthesis of a p-cyclodextrin derivative carrying 
one primary amino group and methyl ether groups at all other positions. This compound 

was coupled with amino acids and pep tide^.'^^ By use of per-6-deoxy-6-iodo derivatives 

nitrile groups have been introduced at C-6; products based on 7-amino-6,7-dideoxyheptose 

have been obtained.'75 The same iodo starting materials with 1-thio-sugars has led to 

cyclodextrins having sugars bonded by way of sulfur atoms. In the same work 6-amino 6- 

deoxy compounds were converted into various a m i d e ~ . ' ~ ~  Cyclodextrin derivatives bearing 

aminoalkylimino groups have been found to catalyse ado1  condensation^.'^^ Three isomeric 

dihistamine derivatives of p-cyclodextrin were prepared by use of different disulfonyl 

chlorides, for example, rn-di(chlorosulfonylbenzene), di(chlorosulfony1benzophenone) and 

di(chlorosulfonylbipheny1). The sulfonyl groups were replaced by iodide and then by 

histamine in DMF.178 
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5 
Ethers and Anhydro-sugars 

1 Ethers 

1.1 Methyl Ethers. - A number of mono-0-methyl derivatives of a tetrasaccharide have been 

prepared and their relative binding characteristics to a lectin studied.' 3-0-Methyl-6-deoxy-~-talose 

has been prepared and glycosyl-bonded to a tetrapeptide: and the methylation of some nucleoside 

derivatives is mentioned in Chapter 20. 

1.2 Other Alkyl and Aryl Ethers. - The syntheses of sugar trifluoromethyl ethers has been 

covered in a review of trifluoromethylation  reaction^.^ The (3-butenyl) ether group has been used 

as a base-stable protecting group removable by ozonolysis followed by mild base treatment? 

lsopropylidene groups have been converted to mono-rerr-butyl ethers (Scheme 1) thus effecting an 

overall selective protection of terminal a-diol moieties. When the reaction was applied to the ester 

1 R=Ac, the product was the corresponding deacetylated derivative 2 R=H.' The 0-mtylation of 

some monosaccharide derivatives under phase transfer conditions has been described: and the 

synthesis of some sugar polyfluoroalkyl ethers has been achieved? 

___c B::$ 

O J r  
2 R = B n o r T s  

0 
1 R=BnorTs  

BnO BnO 

OBn OBn 

Reagents: i, A1Me+X2C12 
Scheme 1 

A facile new synthesis of 4-0-allyl-D-xylopyranose has been reported,' and 1,2,4-m-O-acetyl- 

3-0-allyl-L-fucopyranose has been prepared in a number of steps from D-arabinose? A number of 

2-,3-,4- and 6-O-(n-alkyl)-D-glucoses have been prepared by standard means (via alkylation of 
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otherwise protected methyl glucoside derivatives), and their behaviour as liquid crystalline materials 

has been investigated.” The use of D-mannitol for the synthesis of some 0-alkylated glycerol 

derivatives is covered in Chapter 18. The synthesis of all 0-alkyl D-tetrose and D-pentose 

stereoisomers derivable from 2,3-0-isopropylidene-~-glyceraldehyde has been achieved using 

2-nimethylsilylthiazole as a formyl anion equivalent,” and the complete assignments of the ‘H-n.m.r. 

spectra of a number of 0-carboxymethyl derivatives of D-glucose have been reported.” Both 2,6-di- 

0-octyl- and 2,3,6-tri-O-octyl-cyclodexnins have been ~repared.’~ (See Chapter 4 for other 

cyclodextrin derivatives.) 

Selective debenzylation of the dibenzyl ether 3 with titanium tetrachloride has afforded the 

3-ether 4.14 Catalytic transfer hydrogenolysis has been proposed as an excellent method for the 

selective cleavage of benzyl ethers in pyranoid monosaccharides. An order of reactivity of 0-1 > 

0 - 2  > 0 - 3  > 0-4 > 0-6 is given.I5 Carbohydrate benzyl ethers have been oxidized to benzoate 

esters using catalytic ruthenium tetroxide.I6 

3 R = R ’ = B n  
4 R=H.R’=Bn 

1.3 Silyl Ethers. - The selective cleavage of silyl ethers has been achieved using silicon 

tetrafluoride in dichloromethane or a~etonitrile,’~ and the use of methanol as solvent for the tetra-n- 

butylammonium fluoride- mediated desilylation of silyl ethers in the presence of base-sensitive 

groups has been described.’* 

2 Intramolecular Ethers (Anhydro-Sugars) 

2.1 Oxirans. - The synthesis of 1,2-anhydro-3,4-di-O-benzyl-6-deoxy-a-D-glucopyranose and its 

conformational analysis have been reported.” A range of epoxides have been prepared by base 

treatment of bromohydrins, which were made by reaction of hydrogen bromide with 

aldonolactones.’’ A ‘one-pot’ conversion of vicinal diols into epoxides employs halohydrin ester 

intermediates generated from cyclic orthoacetates and either acetyl bromide or mmethylsilyl 

chloride.” Levoglucosenone has been transformed into 1,6:3,4-dianhydm-fJ-D-talopyranose by way 

of a trans-iodo-acetoxylation of the alkene moiety.” 

Treatment of epoxide 5 with ammonia in methanol has afforded mainly the D-xybdenvative 6, 
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whereas epoxide 7, under the same conditions, gave only the L-lyxo-derivative The ring opening 

of some 2,3-anhydro sugars with NJ-diethyl- or dimethyl(trimethyIsily1)amine in the presence of 

aluminium chloride has afforded NSJ-dialkylamino sugars.24 

2.2 Other Anhydrides. - Syntheses of 1,3-anhydro-2,4-di-O-benzyl-~-D-fucopyranose* and 1,3- 

anhydro-2,4-di-0-benzyl-6-deoxy-~-~-glucopyranose26 by base treatment of the corresponding 3-0- 

acetyl glycosyl chlorides have been achieved. N-Acetyl-2,7-anhydroneuraminic acid has been 

synthesized by intramolecular glycosidation of a thioglycoside derivative using dimethyl(methylthi0) 

sulphonium triflate as sulphur acti~ator.'~ The synthesis of per-3,6-anhydro-a-and P-cyclodextrins 

is covered in Chapter 4. 

OH OH 

5 6 7 8 6 OR R o b  OR 8' R o e o  

- 
RO RO 

- 

9 10 11 

R = Ac, Bz, or Bn for all of 9 - 12 

12 

The thermal decomposition of D-glucose catalysed by H2S04 in aprotic solvents @MF, 

DMSO) at 120°C has afforded good yields of levoglucosenone;' while treatment of partially 

protected glycol derivatives 9 and 10 with boron trifluoride diethyletherate gave the unsaturated 1,6- 

anhydro-sugars 11 and 12 respecti~ely.~~ Pyrolysis of cellulose in the presence of Cu powder 

followed by tosylation has produced, as well as the usual products, low yields of the previously 

unreported anhydrides 13 and 14.3" 

13 14 15 

The c.i. mass spectra of stereoisomeric 1,5-anhydropentofuranoses, 1,6-anhydrohexofuranoses 

and 1,6:3,5-dianhydrohexofuranoses are discussed in Chapter 22, and the synthesis of methyl 3-0- 

(3,6-anhydro-~-~-galactopyranosyl)-ol-~-galactopyranoside and methyl 3,6-anhydro-4-0-P-D- 
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galactopyranosyl-a-D-galacropyranoside are covered in Chapter 3. 

The photobromination products 15 of acetylated 1,6-anhydro-~-hexoses with D-glUC0-, 

D-manno- and D-galacto- configurations have been hydrolysed and oxidized to the corresponding 

carbonyl-containing derivatives which are 6,l-lactones of the corresponding uronic acids.31 The 

synthesis of 1,6-anhydr0-2,4-dideoxy-P-~-rhreo-hexopyranose from 1,6-anhydro-~-D-glucopyranose 

is covered in Chapter 12. Lewis acid catdlysed ring opening of 3,5-anhydro-l,2-O-isopropylidene-a- 

D-xylofuranose with a variety of nucleophiles has generated the corresponding 5-substituted 

xylofuranose compounds.32 

The ring opening polymerisations of 1,6-anhydro-2,3-di-O-benzyl-4-deoxy-~-D-.?$o- 

hexopyranose and 1,6-anhydro-2-0-benzyl-3,4-dideoxy-~-u-erythro-hexopyranose have generated 

the corresponding (1 +6)-cr-linked he~opyranans,~~ whle the copolymerisation of 1,4-anhydro-2,3-0- 

benzylidene-a-D-ribopyranose with 1,4-anhydro-2,3-di-O-benzyl-a-~-ribopyranose in the presence 

of antimony pentachloride has been carried out and the structure of the pyranose copolymer was 

evaluated by 13C n.m.r. and polarimetry 

Treatment of 1 -0-(a-D-glucopyrdnosy1)-D-fructose with hydrogen fluoride in pyridine has 

afforded a 1,1’:2,2’ dianhydride mixture with the fructose moiety in either the pyranose or furanose 

Some novel 1 ,6-anhydro-lactose derivatives for the synthesis of oligosaccharides containing 

N-acetyl-lactosamine residues are mentioned in Chapter 4, and a 3,6-anhydroglucofuranose 

derivative resulting from an unusual molecular rearrangement of a xanthate is described in 

Chapter 7. 
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6 
Acetals 

1 Methylene, Ethylidene, Isopropylidene, and Benzylidene Acetals 

An efficient conversion of L-threitol to its 1,3:2,4-di-O-methylene derivative by use of formaldehyde 

and HBr, followed by Amberlyst 15 and 481 molecular sieves, has been reported.' 3,5-O-Ethylidene- 

(1) and 3,5-O-isopropylidene-D-glucitol(2) have been prepared, as shown in Scheme 1, in mediocre 

and good yield, respectively; both compounds were thermodynamically unstable and very sensitive 

to hydrolysis.' Improved yields have been claimed in the syntheses of isopropylidene saccharides 

with acetone in the presence of molecular sieves and tol~enesulfonic~ or methane~ulfonic~acid. 

CH~OBZ CH2OH 

l R = H  Ho  
i - iii ~ M;& 2 R = M e  

OH 

CH~OBZ CHzOH 

Reagents: i, MeCH(OEt)2 or MezC(OMe)2, H+; ii, MeO-, MeOH, iii, Pd/C, H2 

Scheme 1 

Acetalation of the methyl p-firanoside of D-ribose with dimethoxymethane gave the new 

methylene derivative 3, whereas D-arabinose furnished the tri-0-methoxymethyl ether 4 under the 

same conditions; methyl P-D-arabinoside afforded a mixture of the two products 5 and 6.5 Treatment 

of L-sorbose with acetone and catalytic quantities of heteropolyacids H,PW,,O, or H$iW12040 (0.1- 

0.35%) gave diacetonesorbose in 85% yield: The methyl j3-glycoside monoacetonides 7 and 8 were 

obtained in the ratio 7:2 (90% combined yield) on exposure of 2-acetamido-2-deoxy-D-galactose to 

2,2-dimethoxypropane and p-TsOH in dioxane at 60 OC.' When sucrose was heated in acetone 

3 4 5 R = M O M  7 
6RR=CH2 
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containing iodine, 1,2:5,6-di-O-isopropylidene-a-D-glucofmose and 2,3:4,5-di-O-isopropylidene-a- 
and -p-D-fructopyranose were produced in 47, 11, and 37% yield, respectively. Other 

oligosaccharides gave similarly the stable diacetonides of their constituent monosaccharides? 

A procedure suitable for the large scale (86 g) preparation of methyl 2,3:4,6-di-O-benzylidene- 

a-D-mannopyanoside has been published? 

U t k A C  
F3C " 0  CF3 

8 9 10 

2 Other Acetals 

The glycoside 9 of 2,3:5,6-di-O-cyclohexylidene-a-~-ma~ofuranose has been designed and 

synthesized for observing enantioselectivity towards asymmemc organic cations in FAB m.s. 

andysis.'O 

11 I2 

The 2,3-O-hexafluoroisopropylidene acetal 10 was formed almost quantitatively on treatment 

of methyl a-L-rhamnopyranoside with hexafluoroacetone in the presence of DCC, and the mixed 

diacetal 11 was similarly obtained from 1,2-O-isopropylidene-a-D-glucofuranose, although in 

moderate yield only. Compound 11 was selectively hydrolysed to the monoacetal 12, since 

hexafluoroacetonide groups are more stable towards acid than non-fluorinated ones." 

6Bn OBn 

Reagenwi, MeCOC02Me, TMSOTf 

Scheme 2 
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The Lewis acid-catalysed acetalations of alkyl D-gluco- and ~-galactopyranoside-4,6-diols and 

their 4,6-bis(mmethylsilyl) ethers with methyl 2,Z-(dipheny1thio)propanoate or methyl pyruvate, 

respectively, have been studied in detail. It was observed that these reactions are often accompanied 

by anomerization and by isomerization of the initial, kinetic acetal to the thermodynamically stable 

diastereomer with an axial C02Me group. An example is given in Scheme 2.12.13 The 4,6-O-methyl 

pyruvate-based acetal 14 has been synthesized from benzyl a-D-mannopyranoside via the 4,6-0- 

(1,1,3,3-teU~sopropyldisiloxane-1,3-diyl)-protected derivative 13; this procedure requires fewer 

protectioddeprotection steps than use of the more common 4,6-bis(mmethylsilyl) ether as 

interrnediate.l4 

Reagents: i, m, camphorsulphonic acid 

Scheme 3 

Bis-dihydropyran has been employed for the selective protection of diequatorial vicinal diols, 

as shown in Scheme 3." 

3 Reactions of Acetals 

A non-aqueous method for the deprotection of isopropylidene and benzylidene acetals by 

uansacetalation with a glycol (e.g., propylene glycol) and catalytic TsOH in dichloromethane has 

been published.16 Regioselective mono-protection of terminal diols has been achieved by treatment 

of the appropriate isopropylidene derivatives with nimethylaluminium, thus converting them to 

primary mono-rerr-butyl ethers (e.g., 15 7) 16).17 Under acetolysis conditions, certain unsaturated 

2,4-O-benzylidenehexitols, for example compounds 17, rearranged to C-glycosylbenzene derivatives 

.(Tt;l,, 0 

15 R'R2 = CMe2 
16 R' =But, R2 = H 
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18. A complex mechanism involving participation of the benzylidene group and acetyl migration, 

as shown in Scheme 4, has been proposed.’* 

Diacetoneglucose has been used in a study of the mechanism of the Mitsunobu reaction with 

tributylphosphine in place of the usual triphenylphosphine.” 

5 

6 

7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Reagents: i, AczO, H2S04 

Scheme 4 
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7 
Esters 

1 Carboxylic Esters 

1.1 Synthesis and Reactions.- The high sensitivity of Raman spectroscopy to the stereochemistry 

of monosaccharide acetates is referred to in Chapter 2, and the reduction of propionates to propyl 

ethers by Et3SiH in 

covered in Chapters 

0 "8' HolH20H 
OH 

CH2OH 
1 

Cyclic oxalate 

the presence of both mmethylsilyl triflate and boron mfluoride etherate is 

5 and 18. 

2 R' = R2 = O2CC7H15, R3 = OH 
3 R' = H, R2 = OH, R3 = 02CC7Hl~  
4 R' = H, R2 = 02CC7H15, R3 = OH 5 R = H, Me, or PI' 

has been introduced as a new, acid-stable, base-labile cyclic protecting p u p  

for diols. Compound 1, for example, was prepared from 1,2:5,6-di-O-isopropylidene-D-rnannitol by 

treatment with Et0,CCOCl in the presence of methylamine, followed by p-TsOH in wet ether.' 

An efficient, facile preparation of an anomeric mixture of 1,2-di-O-acetyl-3,5-di-0-benzoyl-D- 

xylofuranose, a versatile intermediate for the synthesis of P-D-pentofuranosyl nucleosides, from 

commercial D-xylose has been described? The D-ribonOlactOne dioctanoate 2 and the derivatives 3 

and 4 of 2-deoxy -D-erythro- 1,6pentonolactone have been prepared as conformationally resmcted 

analogues of diacyl glycerol by conventional proced~res.~ Further, similar monoesters of 2-deoxy-D- 

erythro- I ,4-pentonolactone and their threo-isomers, as well as some of their enantiomers, have been 

C H ~ O R ~  I 

6 

R' = H, R2 = O , , C a x ,  R3 =Bn  

x = 2- or 4-OH. OAc, NO2, C1, or F 

II 
0 OAc 

7 8 

R' = H, R2 = OAc, R3 = CHZOAc 
or R' = OAc. RZ = H, R3 = CH20Ac 
or R' = H, R* = OAc, R3 = C0,Me 

Reagents: i, E l , ,  CCI4 

~ Scheme 1 
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synthesized from L-ascorbic- and D-isoascorbic-acid, respectively? The N-protected amino acid 

esters 5 of 1,2-O-isopropylidene-a-D-xyluronamide have been employed as acylating agents in the 

synthesis of pep tide^.^ 

Standard methodology was used to synthesize the tetra-0-benzyl- and tetra-0-acetyl-D-glucosyl 

esters 6 of substituted benzoic acids (”D-glucopyranosyl aspirin esters”).6 The 2-0-trichloroacetyl-P- 

D-glycopyranosyl chlorides 8 were obtained as the major products from the corresponding p- 
peracetates 7 following the method of Lemieux and Huber (1953) as shown in Scheme I. Under the 

same conditions, the a-anomeric peracetates 9 gave 6-0-modlfied products 10. The use of 

compounds 8 in the preparation of (1 +2)-linked disaccharide glycosides is covered in Chapter 3.7 

CH20R3 CH20R4 

RZ 
R2 RQOAC OAc  OR^ Me 

11 R1, R2 = H, OTMS. R3 = TMS, R4 = H, 
R’. R2 = H, OAc 

9 R3=OAc 
10 R3 = CC12CC1, 

12 R’, R2 = H, OH, R3 = H, R4 = COCH =CH QX 

Y 
X = OH, OAc 
Y = H, OMe 

The 6-O-(substituted cinnamoyl) esters 12 of methyl p-D-gluco- and -galacto-pyranoside were 

obtained via the tri-0-mmethylsilyl ethers 11. In the preparation of the corresponding primary 

monoesters 14 of methyl a-L-arabinofuranoside, on the other hand, acetyl protecting groups were 

employed, and the required selective hydrolysis of acetates in the presence of aromatic esters 

(13-14) was achieved with 10% pyrrolidine in 95% ethanol.’ The preparation of mono- and di- 

formates, -acetates, and -benzoates of etoposide is covered in Chapter 19. 

/+?-JOMe 

R20H2C 

YH20Bz 

13 R ’ = A C , R ~ = H  15 R = B n  
14 R1 = H, RZ = 02C 16 R = B z  

Y 

Carbohydrate monobenzyl ethers have been oxidized to the corresponding benzoates (e.g., 15 

+ 16) by RuClJNaIO, in CCIJCH,CN/H,O in 4040% yield. Debenzylation was minimal in this 

solvenr system and protecting groups, apart from ally1 ethers, were stable.’ Chloroacetic acid was 

found to be an excellent reagent for the esterification of sterically congested alcohols under 

Mitsunobu conditions. One of the two carbohydrate examples given is shown in Scheme 2.’’ Iodine 
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has been recommended as catalyst for the mild acetolysis of 1,6-anhydroglucopyranose derivatives." 

Stereospecific conversion of peracetylated hexopyranosyl halides to 1 -esters of complex 

carboxylic acids has been achieved in excellent yields by use of cesium salts (e.g., cesium salts of 

amino acids), a method borrowed from peptide chemistry, the "cesium effect" ensuring a strictly S,2 

process.'* 

Reagents: i, CICH,CO;?H, DEAD, PPh, 

Scheme 2 

The syntheses and thermal properties of cellobiose octaalkanoates (q-C1,),13*'4 chitobiose 

octaalkanoates and chitotriose undecaalkanoate~,'~ and of cello- and chito-oligosaccharide 

peralkanoates'6 have been described. The emulsifying properties of a series of perfkoroalkylated 

fatty acid monoesters of a,a-trehalose and sucrose have been eva1~ated.I~ 

a-D-Fructofuranose 1,3,4,6-tetrabenzoate was obtained selectively, in 62% crystalline yield, 

by conventional benzoylation (5 molar equiv. BzCl in pyridine) of D-fructose. Its use in a study of 

the anomeric reactions of D-fructofuranose is covered in Chapters 3 and lo.'* Benzyl 

2,3-O-isopropylidene-a-D-manno- and -a-D-gluco-furanoside have been regioselectively acetylated 

or benzoylated at the primary positions either directly or via tin 

Further examples of 1,2-alkylthio group migration in the attempted selective 2-benzoylahon 

of alkyl 1-thioglycopyranoside 2,3-diols, such as compound 17, via hydrolysis of their 2,3- 

orthoesters have been reported (see Vo1.25, Chapter 7, ref.4).22*23 The problem was, however, 

avoided either by use of very low concentrations of p-TsOHZ4 or by thorough removal of the alcohol 

released22 in the orthoester formation, or by performing the hydrolysis of the orthoester in 

acetonitrile instead of DMF.23 

The natural product tremuloidin (20) has been synthesized from salicin (18) by selective 

benzoylation of the partly protected intermediate 19 by use of benzoyl cyanide, followed by 

deprotecti~n.~~ A practical one-pot technique for the conversion of methyl a-D-glUCO- and -manno- 

pyranoside to their 2,3,4-m-0-(4-methylbenzoates) has been described.26 

Some factors influencing the selectivity of the acetylation of 1,6-anhydro-P-D-glucopyranose 

have been discussed in a theoretical paper.27 The expected mixture of mono- and di-benzoates was 

formed when methyl P-D-arabinopyranoside was exposed to 1 or 2 molar equiv. of benzoyl chloride 

in pyridine at -40 "C. The order of reactivity was concluded to be OH-2>OH-4>OH-3 for mono- 

and OH-2>OH-3>OH-4 for di-benzoylation.28 For the 2-deoxy-2-arnino-a-D-glucose derivative 21, 
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17 

CI-IZOH 0 9 fQOH 
R 2 0  CH20R4 

OR' EtO2C 4: 
18 R ' = R 2 = R 3 = R 4 = H  

19 R' = H, R2, R3, = PhCH < , R4 = Tr 

the order of reactivity in the conventional benzoylation (BzCl/pyridine) was OH-6>OH-3>OH- 

OEt 
20 R' = Bz, R2 = R 3  = R 4 =  H 21 

1=OH-4; with 3 molar equiv. of reagent at -15 "C, a 37% yield of the primary monobenzoate was 

~btained.'~ Pivaloylation of D-glucose with excess of PivCl in pyridine gave the tetraesters 22 and 

23 in 63 and 24% yield, respectively, and only 13% of the pentapivaloate 24. The main product 22 

was selectively deprotected at the anomeric centre by treatment with hydrazine acetate for use in 

disaccharide synthesis (see Chapter 3).3" In a different pivaloylation study of D-glucose under 

similar conditions two pathways, a major and a minor one, were found with successive esterification 

at 0-6, -1, -3, -4, and -2, and at 0-6, -2, -1, -4, and -3, re~pectively.~' 

The lipase-catalyzed esterification of glucitol, glucose, and fructose with oleic acid in buffered 

2-pyrrolidone has been discussed in a symposium 

The isomerically pure 1,4:3,6-dianhydro-D-glucitol monoacetates 27 and 28 were available 

by selective esterification of the diol25 or selective hydrolysis of the diacetate 26, respectively, with 

SAM I1 lipase (a highly selective lipase from Pseudomows S P . ) . ~ ~  

R2 0 

Q CHzOPiv 

R& 

' ' O h  

AcI@ OAc 

OPiv H OR2 29 R' = Rz = AC OR 

R 2 0  x o o y  

22 R' = Piv, R2 = H 
23 R' = H, Rz = Piv 

25 R ' = R ~ = H  
26 R ' = R ~ = A C  

2s R ' = H , R ~ = A C  or NHAc 

30 R' = Ac, Rz = H 
31 R' = H, R~ = AC 

32 R = A c  
33 R = H  

24 R ' = R 2 = P i v  27 R ' = A C , R * = H  X = H, OMe, OAc, 

The selective deacetylation of methyl 2,3-di-O-acetyl-a-D-threoside by use of porcine liver 

esterase afforded the 3-0-acetate exclusively. The p-anomer gave a mixture of the 2- and 3- 

monoacetates without any trace of fully deacetylated Hydrolysis of a series of 1,2- 

isopropylidene-a-D-hexofuranose 5,6-diacetates 29 by the same enzyme gave initially the 5-acetates 

30, which quickly isomerized to the 6-acetates 31.35 Selective secondary acylation of 2- 

deoxynucleosides was achieved with Amano PS lipase and oxime esters in pyridine at 60 0C?6 and 
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numerous new examples of 'selective primary acylation of hexoses and pentoses by acyl transfer 

from oxime esters under lipase-catalysis have been reported (see Vo1.25, Chapter 7, ref.17)?7 

Monoacylation by use of lipase/mfluoroethyl butanoate systems occurred predominantly at the 

2-position of methyl 6-0-butanoyl-a-u-glucopyranoside and at the 4-position of methyl 6-deoxy-a- 

~-glucopyranoside.~~ Methyl 4,6-0-benzylidene-a- and -P-D-glucopyranoside were preferentially 

acetylated at 0-2 and 0-3, respectively, by lipase/vinyl acetate.39 Exposure of the galacturono-6,l- 

lactone triacetate 32 (see Chapter 16 for its synthesis) to wheat germ lipase gave the diacetate 33 

in modest yield.38 

6-0-Butanoyl-D-glucose was produced from the unprotected free sugar and butanoic acid by 

a Nicotiana plumbaginifolia suspension cell c~lture.~'  A neural network has been trained to predict 

and optimize the enzymic preparation of surface active ethyl 6-0-acyl-a-D-glucopyanosides (see 

structure 21, Vo1.24, p.88)."' Selective primary deacetylation by yeast esterase and subsequent acetyl 

migration were important steps in a transformation of GlcpNAc to GalpNAc which is covered in 

Chapter 2. 

The 6'-monobutanoate of methyl P-lactoside was prepared by subtilisin-catalyzed ester transfer 

from 2,2,2-trichloroethyl butanoate. Mesitoylation gave the hexaester which was converted to the 

6'-fluoride (see Chapter 8).43 2,3,6,3',4'-Penta-0-acetylsucrose, the precursor of sucralose, was 

available from the wtaacetate by selective hydrolysis first with alcalase, then with AP-6 lipase. The 

main by-product, the 2,3,4,3',4'-pentaacetate, was readily converted to the required isomer by acetyl 

migration on treatment with phosphate buffer.@ An enzymatic acylation of cyclodexmn is referred 

to in Chapter 3. 

c-- 

CH~OAC C H ~ O H  
34 

HzOH 

- O o  -0 

H ~ O A C  

Reagents: i, AczO, Et3N; ii, Pseudomonus cepaciu lipase(PCL), PiOH, HzO; iii, PCL. &OAc 
Scheme 3 

CHzOH 

kx 
CHzOR 
35 R = H  
36 R = A c  

High yields and >99% ee were achieved in the lipase-mediated desymmetrization of 2,3-0- 

cyclohexylidene-erythritol 34, as shown in Scheme 3.45 The acetonide 35 was similarly 

asymmetrically acetylated to give the monoacetate 36, which was employed in a synthesis of (+)- 

endo-brevicomin (see Chapter 24).& The enzymatic kinetic resolution of racemic synthetic glycals 

is referred to in Chapter 13. 

The 1-O-acyl-tetra-O-benzyl-~-D-glucopyranose derivative 37, an intermediate in the synthesis 

of sucrose by redox glycosidation (see Chapter 3), was obtained from D-arabinose and 2,3,4,6,-tetra- 
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D-Arabinose - - - 
COzH 

BnO--l 

Reagents: i. q S 

No, 

OBn 
o* (& - F O B ,  OTBDMS 

OTBDMS .MN. 

CHzOBn 
37 

CHzOBn 

, PPh3; ii, 2,3,4,6-tetra-O-benzyl-D-glucose, BuLi, THF 

2 

Scheme 4 

~-benzyl-D-glucose, as shown in Scheme 4.47 DCC-Promoted coupling was used to prepare the 

aminoglycosyl ester 39, an acyclic analogue of lipid A, from the free sugar derivative 38.4' 1- 

(Cholestan-3~-yl)-5-D-glucopyranosyl-L-glutamate, as an anomeric mixture of the perknzyl ethers 

40, and their isomers 41 were obtained by acetylation of 2,3,4,6-tetra-0-benzyl-D-glucose with the 

appropriate acyl ~hlorides.4~ The ester glycosidic linkages of terpenoid 3,28-0-bisglycosides were 

selectively cleaved by hydrothermolysi~.~~ 

CHzOH 0 R = C O C H ~ C H ( O H ) C ~ I H ~ ~  

HO 

P-~-Glcp (OBn)4-0 OR 

38 X =a, P-OH 
39 X = a-CO(CH,)2CHC02H 

I 
NHR 

40 R' = NHCO,Bn, Rz = H 
41 R' = H, R2 = NHC02Bn 

Dibutylstannylene-mediated condensation of methyl 4,6-O-benzylidene-a-D-glucopyranoside 

with phthaloyl or glutaryl dichloride gave dilactones 42 and 43, respectively, and as by-products 

tetralactones (see structure 22, Vo1.23, ~ .78 ) .~ '  

Primary AZT esters of lipidic amino acid oligomers are covered in Chapter 20. 

. .  
44 

R' = Rz = R3 = C9HI9 or 
R' = RZ = C9HI9. R3 = C, ,HZ3 or 
R' = C9H19, R2 = R3 = CllH23 t6 42 X =  

43 X = (CH2)4 
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1.2 Isolation from Natural Sources.- Koelzioside, an iridoid glycoside from the plant 

Scrophufaria Koelzii, contains a 4-0-acetyl-2,3-di-O-cinnamoyl-~-L-rhmopyranosyl residue.52 

Berchemolide, a novel, vanillic acid-bridged diglucoside, was isolated from the stems of Berchemia 

r u c e m ~ s a . ~ ~  The fatty acid-bridged triglycosides Arthrobdcilins A, B, and C (44) are new cell-growth 

inhibitors produced by Arrhr~bacrer.~~ The structure of a component of the plant constituent 

calonyctin A which contains ester-linked sugar residues, is referred to in Chapter 19. 

OCH, 0 0-gallayl 46 45 RR R = H  = H02C Hw 
w4 OR OR 0 

A symposium repon on the convenient and generally applicable determination of acyl goup 

orientation in hydrolyzable tannin oligomers has appeared.55 The 0-2,#-4-cyclic diesters 45 and 46 

of glucosyl P-  gal lo ate, termed corilagin and chebulagic acid, respectively, were extracted from 

the Chinese plant Erodium srephani~num.~~ 1,2,3,4,6-Penta-O-galloyl-~-D-glucopyranose was found 

to be a potent inhibitor of certain NADH dehydrogena~es.~~ Three new hydrolyzable tannins from 

Coriaria japonicu, coriariins G,H, and I, have sedoheptulose residues ester-linked through C- 1; they 

are present as mixtures of anomeric and ring-size isomers.sx Tannins with gluconic acid cores are 

covered in Chapter 16. 

2 Phosphates and Related Esters 

'H-N.m.r. spectroscopic studies on the phosphoglucoisomerase-catalyzed interconversion of hexose 

phosphates are covered in Chapter 2 1. 

In continuation of earlier work with over-expressed enzymes from E .  coli (see V01.25, 

Chapter 7, ref.44), D-tagatose 1,6-diphosphate has been synthesized from dihydroxyacetone by use 

of a combination of several enzymes including a newly isolated tagatose 1,6-bisphosphate a l d ~ l a s e . ~ ~  

An efficient synthesis of D-fructose 1,6-diphosphate by use of four enzymes in a one pot operation 

has been described.60 D-[ 1 -"C] Fructose 6-phosphate has been prepared from 13C-eMched 

formaldehyde and D-ribose 5-phosphate by a formaldehyde fixing enzyme system from 

Methyylomonus uminofaciens,61 and various 13C-substituted D-fructose phosphates have been obtained 

by enzymic methods from '3C-substituted pyruvate or L-alanine.62 

D-Glucose-, D-galactose-, D-mannose-, and L-rhamnose- 1 -phosphate have been prepared from 

suitably protected free sugars by phosphorylation with diphenylchlorophosphateDMAP, a method 
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which furnishes in the first instance @-products. Whereas the manno- and rhamno-configurated P- 
glycosyl phosphate triesters were stable, the p-glucosyl- and P-galactosyl-diphenylphosphates 

isonierized quickly to the a-anomers. The diphenylphosphate groups were readily displaced by azide 

to give the glycosyl azides of opposite anomeric  onf figuration.^^ The preparations of 2-deoxy-, 4- 

deoxy-, and 6-deoxy-a-D-mannosyl phosphate have been carried out from appropriate methyl deoxy- 

a-D-mannoside precursors via the 1-chlorides from which the halide was displaced with silver 

dibenzyl phosphate." 

ii, iii fxoH 
\ CHZOP03HZ 

L-Rhamnose 2 

OH 
Reagents: i, py. A; ii, (Bu'O)2P(0)Br, py; iii, TFA 

Scheme 5 

Several rare ketose 1-phosphates have been obtained by use of L-rhamnulose kinase on the 

corresponding ketoses which were, in turn, available by isomerization of the appropriate 2R- or 2S- 

aldoses @-ribose, L-lyxose, L-mannose, L-talose, u-glucose, D-allose, L-rhamnose, L-fucose) with 

L-rhamnose- or L-fucose-isomerase, respectively.60 P-L-Fucose 1 -phosphate and the 

thermodynamically less stable P-anomer of GDP-fucose were accessible by use of enzymatic 

processes.66 A new, simple, chemical preparation of rhamnulose 1-phosphate from L-rhamnose is 

outlined in Scheme 5.61 

The synthesis of methyl D-mannoside 6-phosphate, shown in Scheme 6, has been executed on 

a 35 g scale. The method has also been applied, on a smaller scale, to the preparation of several 

other alkyl hexoside 6-phosphates and, with minor changes, to that of D-mannose 6-pho~phate.~~ 

Several monosaccharide phosphates have been converted to their phosphofluoridates by use of 2,4- 

dinitrofluorobenzene, and the mechanism of the reaction has been d i s c ~ s s e d . ~ ~  

Reagents: i, KZCO,, MeOH; ii, POCI,, (e) ; iii, H20, ion exchange 

Et 
Scheme 6 

The diacetone-~-glucosyl-3-O-(N~-diethyla~do)thiophosphates of the lipid-soluble vitamins 

D,, D,, and E have been obtained in a one-pot procedure by sequential addition of the vitamin, the 

sugar, and sulfur to phosphorous acid tris(N,N-diethy1)amide in the presence of catalytic iodine." 

In the preparation of the 3-[ sodium-2-(perfluoroalkyl)ethyl phosphates] 47 of diacetone glucose, 
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symmetrical phosphorylation to give phosphorodiesters was avoided by use of ditriazolides 48.71 The 

stereochemistry of the epoxide-induced oxidative rearrangement of ribonucleoside 2’,3’-cyclic 

phosphorothioates to the corresponding 2’,3’-phosphates has been investigated:2 and the synthesis 

and properties of 2’-deoxynucleoside 5’-phosphites labelled with tritium in the phosphite group have 

been reported.73 Several hydroxoaqua tetramine cobalt(II1) complexes were found to effect selective 

5’-hydrolysis of adenosine cyclic 3’,5’-rnonopho~phate.~~ 

w 
47 

L-Ascorbic acid has 

alkylene chlorophosphites, 

R = (CH,)& F2, ; n = 6 or 8 

k o  
R’O ORZ 

n = 2 o r 3  

48 50 R ’ , R ~  
/ P W H 2  

t:x 
been converted to the cyclic alkylenephosphites 49 by reaction with 

and to the 2’,3’-cyclic phosphites 50 by treatment with phosphinidyne 

triimidazole followed by isopropylideneglycerol. Compounds 49 and 50 were treated with sulfur or 

selenium to give the corresponding thio- or seleno-pho~phates.~~~~~ The 2-phosphate 51 of 5,6-0- 

isopropylidene-D-erythro-ascorbic acid was prepared by use of POCl, under basic conditions. As 

minor by-products, the 2-diphosphate and the 2,2’-phosphodiester were f0rmed.7~ 

0 0  NHR 

51 52 R = CWH,CH(OH)CI 1H23 

The structure of a lipid A sugar phosphate moiety has been established as 52 on the basis of 

chemical and n.m.r. data.78 The hydrogenphosphonate approach was used in the synthesis of sucrose 

6’-(D-glucos-2-yl)phosphate, thought to be agrocinopine C,79 the dimeric biopolymer fragments 53- 

55;’ a similarly (1+3)-phosphate linked tetrameric fragment,” and cyclic as well as linear 

oligo(mannosy1 phosphates).82 

53 a-D-Glp-P-6-D-Mm 

54 a-D-GIcpNAc-P-6-D-Man 
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63 R' = OTf9 R2 = 
64 R' = H, R~ = OBZ 

97 

65 
Reagents: i, NaN3, DMF 

55 a-D-GlcpNAc-P-n-D-Glcp-NAc (n = 3 or 4) 

The solid-phase synthesis of a hexameric polyribosyl ribitol phosphate fragment has been 

achieved with compounds 56, 57, and 58, respectively, as chain-initiation-, chain-propagation-, and 

chain-terminating-linker-monomers." 

CH,OBn 

R20  W' OBn "::'d;n, 
O T  

59 R = O M s  
60 R=OTf  
61 R = O H  
62 R = H  

3 Sulfonates and Related Esters 

Tosylation of the four D-pentono- 1 ,Qlactones with 2.0-2.3 equiv. TsCl in pyridine gave as the main 

products, the 2,5-ditosylates. On similar treatment, the eight D-hexono- 1,6lactones furnished mainly 

the 2,6-ditosylates, and D-glycero-D-gufo-heptonolactone yielded the 2,7-ditosylate. Monotosylation 

of u-erythrono- and L-rhamnono-lactone took place at 0-2.84 

On irradiation in methanolic solutions containing KI and NaHCO,, carbohydrate mesylates, 

e.g., compound 59, were hydrolyzed to the corresponding alcohols without concomitant reducti~n'~ 

in contrast to triflates, such as compound 60, which furnished hydrolysis 61 and deoxygenation 62 

products in roughly equal proportions.86 The vicinal dimiflate 63 was transformed cleanly to the 

dibenzoate 64 on treatment with Bu,NBOB2; more often, however, such double displacements were 

accompanied by elimination and/or hydrolysis due to neighbouring group participation (see Vo1.25, 

Chapter 7, ref.72).s7 Diequatorial, vicinal diol monouiflates underwent, in the main, S,2 

displacement and epoxide formation, respectively, on exposure to soft, non-basic (SMe, N3) and 

basic (F, t-Bu) nucleophiles. The methyl a-D-galactoside derivative 65, however," and several diol 

monoUiflates with axial/equatorial arrangementss9 suffered ring contraction under these conditions, 

as illustrated in Scheme 7. 

Scheme 7 
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A rationale has been provided for the formation of the S, and R, diastereomers of sulfinates 

66 on reaction of diacetone glucose with alkane- (or arene)-sulfinyl chlorides in 

ethyldiisopropylamine and pyridine, respectively (see Vo1.25, Chapter 7, ref.67).” 

4 Other Esters 

A review on the use of cyclic sulfites and cyclic sulfates as epoxide equivalents contained a number 

of applications to carbohydrate chemistry.Y’ 

A study on regioselectivity in the sulfation of galactosides with sulfuric acid/DCC led to the 

conclusion that reaction at the primary position is pred~minant.~’ in the course of liquid crystal 

studies, the 6-sulfates of dodecyl a -  and P-D-glucopyranoside and a mixture of tetradecyl 

P-maltoside 6- and 6’-sulfate were prepared by use of SOJ~yridine?~ Methyl 2-deoxy-2-sulfamino- 

a-D-glucopyranoside 3-sulfate has been synthesized and subjected to acid and base conditions as 

a model for anticoagulant activity of heparin under these conditions.” The syntheses and 

conformations of sulfated derivatives 67-70 of 1,6-anhydro-4-O-(~-D-glucopyranosyluronate)-~-D- 

glucose have been described. The monocyclic pyranose rings of the two most highly sulfated 

compounds 69 and 70 were found to assume 3*0B conformations to achieve maximal charge 

~eparation.’~ 

r? 

66 R = Me, Et, Pr’ 

b R ’  

67 R’ = Bn, R2 = H 
68 R’ = Bn, R2 = S03Na 
69 R’ = R2 = S03Na 
70 R’ = S03Na, RZ = Ac 71 or p -To1 

A series of five-membered cyclic sulfates have been synthesized by treatment of pyranoid 

diols with SOCl,, followed by oxidation with RuClJNaIO,; they were opened with LiN, with good 

selectivity, generally by attack at the equatorially substituted centre, to give, after hydrolysis of the 

monosulfates, azidodeoxy compounds. Surprisingly, however, the cyclic ester 71 gave 1,6-anhydro- 

3-azido-4-O-benzyl-3-deoxy-~-D-idose, the product of diequatorial opening, in high yield.96 The use 

of a cyclic sulfates in chain-extension reactions is covered in Chapter 2. Selective primary 

drsulfation of methyl a-u-galactopyranoside 1,6-disulfate has been achieved on a preparative scale 

by treatment of the pyridinium salt with N,O-bis-(trimethylsily1)-acetamide or -trifluoroacetamide.g7 

Benzyl P-D-glucopyranoside 2-sulfate has been isolated from the plant Sulvudoriu persicu.’8 

The nitrations of cyclodextrins and of rneso-erythritol are referred to in Chapters 4 and 18, 
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respectively, the denitrations of 2-azido-monosaccharide 1-nitrates in Chapter 10, and i.r. studies on 

monosaccharide nitrates in Chapter 22. 

Diphenyl-3,3'-diboronic acid complexes of disaccharides are covered in Chapter 22, and a 

reference to n.m.r. spectroscopic studies on 1,2-orthoesters in the gluco- and galacto-series is found 

in Chapter 21. CHzOTBDMS 

AcHNc COzMe 

U 
CHZOH r- I 

HO OH 

72 X = OMe. OBn, 
or OCH=CHz 74 75 x = o  

73 X = N = C M e 2  76 X = S  

Ribo- and deoxyribo-nucleosides were alkoxycarbonylated under catalysis by a Cundida 

anrurcricu sp. lipase, using alkoxycarbonyloximes as donors. Adenosine and uridine, for example, 

afforded products 72 and 73.99 Cyclic thionocarbonates have been prepared from sugar diols by use 

of CS, under phase transfer conditions,'w and from sugar tetrols by use of thiophosgene and 

dibutyltin oxide."' On heating in toluene in the presence of dibutyltin oxide or bis(tributy1tin) oxide, 

cyclic thionocarbonates gave the corresponding carbonates in satisfactory yields.'02 The N- 

acetylneuraminic acid epoxides 74 were transformed into mixtures of the cyclic mono-75 and di- 

thiocarbonates 76 on treatment with diimidazolyl thio~arbonate."~ 

Nfl'-Disuccinimidyl carbonate reacted with the ribose derivative 77 to give the mixed active 

carbonate 78, which was used to alkoxycabonylate amines. The resulting carbamates, e.g., 

compound 79 from ephedrine, are of interest in medicinal chemistry.104 The xanthate 80 underwent 

an unusual radical rearrangement, as outlined in Scheme 8, as the result of an electron transfer 

process induced by @-BrC,H,),NSbCl, in the presence of light. The end product was the 3,6- 

anhydrofuranose derivative 81.'05 

+ *  
MeSq -S 

02CSMe 

81 
80 

Reagents: i, 0) -BiC6H,)3NSbC16. h V; ii, HzO 
Scheme 8 
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Halogeno-sugars 

1 Fluoro-sugars 

Protected P-thioglycosides have been converted rapidly and efficiently by dimethyl 

(methy1thio)sulfonium tetrafluoroborate into the corresponding a-glycosyl fluorides,’ while tetra-0- 

acetyl-a-D-glucopyranosy l fluoride has been rearranged in anhydrous HF to the 2,356- 

diacetoxonium ion of a-D-mannofuranosyl fluoride., The synthesis of 3,4,5-m-0-benzyl-7-O-f- 

butyldiphenylsilyl-l-0-(2,2,2-~phenyl)ethyl-~-gf~c~-2-heptulopyranosyl fluoride has been 

de~cribed.~ 

An extensive review on mfluoromethylation reactions has covered syntheses of trifluoromethyl 

glycosides, sugar trifluoromethyl ethers and 6-deoxy-6,6,6,-trifluorohexoses~ Another synthesis of 

a 2,3,6-nideoxy-6,6,6-nifluoro-hexose featured an enzymic resolution step.’ Glucose isomerase has 

been used to convert 5-deoxy-5-fluoro-D-glucofuranose into 5-deoxy-5-fluoro-~-fructopyranose in 

high yield,6 and further uses of deoxyribose-5-phosphate aldolase employing fluoroacetone as a 

substrate has given rise to deoxyfluoro sugars? Treatment of ui-0-acetyl-D-galactal with XeF, 

followed by hydrolysis has afforded 2-deoxy-2-fluoro-~-galactose,~ and the synthesis of 5-azido-3,5- 

dideoxy-3-fluoro- 1,2-0-isopropylidene-a-D-glucofuranose by standard methods has been reported.’ 

Benzyl3-O-benzyl-4,6-0-benzylidene-~-u-urubino-hexopyranosid-2-ulose, when treated with DAST, 

gave the corresponding 2,2-difluoride, which on hydrogenolytic deprotection afforded 2-deoxy-2,2- 

difluoro-D-arubino-hexose. This is a rapid synthesis, said to be suitable for I8F work.” When 

alcohols 1-3 (Scheme 1) were allowed to react with DAST, participation by the ring oxygen atom 

was observed so that both the 4-fluorides with retained configuration and ring contracted 5- 

fluorofuranosides were obtained.” On the other hand the alcohol 4 with DAST afforded the product 

of displacement with inversion 5 along with lesser amounts of the two elimination products 6 

and 7.12 Treatment of 3-0-benzyl-4-0-f-butyldimethylsilyl- 1,2-0-isopropylidene-P-u-fructopyranose 

with DAST gave the corresponding 5-deoxy-5-fluorosorbobe derivative which was converted into 

2,6-dideoxy-2-fluoro-a-~-talopyranose viu a head-to-tail inversion.I3 

Epoxide 8 (Scheme 2) has been opened by fluoride ion with good regioselectivity affording 

mostly (25: 1) fluoride 9 which was converted into 3’-deo~y-3’-fluoro-thymidine.’~ The very similar 

epoxide 10 has been treated with titanium reagents (e.g. (‘PrO),TiF,) to get the fluorinated product 

analogous to 9, but in lower yield.” A number of conditions have been evaluated for opening 



104 Carbohydrate Chemistry 

‘4 F ’ F R O M e  

Me OBn OBn 
66% 17% 1 X = O H  
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methyl 2,3-anhydro-a-D-allopyranoside with fluoride to get the 3-deoxy-3-fluoro-glucoside rather 

than the 2-deoxy-2-fluoro-altroside. Using KHF2 in ethylene glycol at 160°C a 48% yield of methyl 

3-deoxy-3-fluoro-a-u-glucopyranoside was obtained. These conditions were then applied to an 

analogous kanamycin A derivative and provided 3'-deoxy-3'-fluorokanamycin A.16 

When the N-tosylaziridine 11 was opened with fluoride (W2, DMF, ISOOC) initially the 2- 

fluoride 12 was produced, but over time the thermodynamic product 13 formed, presumably by 

reversal back to 11. This reaction was also utilized in the synthesis of fluorinated kanamycin 

 derivative^.'^ These and other syntheses of 4'-deoxy-4'-fluorokanamycins A and B are covered in 

Chapter 19. The synthesis of a fluorinated linalogue of the acceptor of bovine (l-A)-P-D-galactosyl 

transferase is mentioned in Chapter 3, and the conformational analysis of some deoxyfluoro sugars 

by 'H-n.m.r. spectroscopy is detailed in Chapter 21. The use of e.i. and c.i. mass spectrometry to 

determine the location of a fluorine atom in deoxyfluoro glucosides is outlined in Chapter 22. 

A robot-performed synthesis of 2-deoxy-2['8FF]fluoro-~-glucose has been described,18 and the 

synthesis and biodistributions in the rat of both 2-deoxy-2-1 '8F]fluoro-D-galactose~9 and 2-deoxy-2- 

['8F]fluoro-~-talose2" have been reported. 

2 Chloro-, Bromo-, and Iodo-sugars 

The radicalmediated bromination of carbohydrate derivatives has been reviewed?' as has the 

photobromination of C-1 substituted sugars.22 3,4,6-Tri-0-acetyl-2-O-mchloroacetyl-P-D- 

glucopyranosyl chloride has been employed in glycosidation reactions, deprotected at 0 - 2  and then 

glycosylated at this site.23 Samarium iodide has been allowed to react with some glycosyl halide 

derivatives affording glycal products and/or C-glycosides upon addition of cyclopentanone.% 

Treatment of 2,3:4,6-di-O-isopropylidene-D-rnannono- 1 ,fi-lactone with tris-(dimethy1amino)phosphine 

in carbon tetrachloride has afforded the unsaturated glycosyl chloride 14 in good yield.25 

fq$cl Q & hOMe OTBDMS AcO OMe 

14 15 16 17 

0 OAc COzH 0 
0 

Treatment of suitable free sugars with triphenylphosphite and bromine has afforded the 

corresponding glycosyl bromides in good yield,26 and hexopyranos-2-ulosyl bromides have been 

prepared from 2-hydroxyglucal derivatives using NBS. These products have been employed in 

glycosidation reactions and other nucleophilic displacements at C- 1 ?7 
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Radical chlorination (SO,Cl,, AIBN) of tetra-0-acetyl-P-D-glucopyranosyl azide produced the 

5-chloro compound 15, whereas use of NBS in place of SO,CI, gave a product via bromination at 

C-1.28 The reaction of a 1-bromo-1-chloroglucopyranosyl derivative with mbutyltin hydride in the 

presence of acrylonitrile is discussed in Chapter 2, and use of the 6-bromo compound, that results 

from photobromination of tri-0-acetyl- 1,6-anhydro-~-D-glucopyranose, in substitution and oxidation 

reactions is mentioned in Chapters $7, and 16. 

The synthesis of a new sweetener, 1’4,6’-mchloro- 1’,4,6’-mdeoxygalactosucrose has been 

and bromolactonisation of some 4-C-branched hex-2-enopyranosides such as 16 has 

afforded 2-bromo compounds, e . g .  17.3’ A synthesis of 3-bromo-3-deoxy-5-0-methyl-~-arabinono- 

1 ,blactone has been described31 and 2-deoxy-2-iodo-D-mannopyranose derivatives have been 

produced from Ui-0-acetyl-D-glucd by treating with iodine in an appropriate solvent.32 Some 

unprotected glycah have been enzymically hydroxyhalogenated to 2-deoxy-2-halogeno sugars using 

a chloroper~xidase.~~-~~ The reaction of a 3,5-anhydro-pentofuranose derivative with halide ions is 

covered in Chapter 5 and the chlorination of some 3-(pentitol-l-y1) pyrazoles is discussed in 

Chapter 10. 

Anion exchange resin in the chloride form has been reported as an effective and selective 

reagent for the nucleophilic displacement of primary sulfonyloxy groups by chloride ion.3’ 

Conditions have been found that will effect the conversion of alcohol 18 into halides 19 (Scheme 3) 

without affording the corresponding isomerised 6-deoxy-6-halo-compounds~6 and the bromination 

of some cyclodextrins is discussed in Chapter 4. Some unprotected hexitols have undergone direct 

regioselective chlorination using Viehe’s salt (Me;N = CCl, C1-) affording 1,6-dichloro-l,6-dideoxy 

18 19 X = C l o r B r  

Reagents: i, Ph3P. imidazole, toluene, reflux, slow addition of NBS or NCS 

Scheme 3 
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Ami no-suga rs 

1 Natural Products 

A 2-acetamido-2-deoxy-~-~-glucopyranosyl moiety, rarely found as a plant component, is a 

constituent of a saponin from Afbizzia jufibrissin stem bark.’ Kedarcidin, a new chromoprotein anti- 

tumour fermentation product of the enediyne class contains the novel amino sugar kedarosamine 

(2,4,6-mdeoxy-4-dimethylamino-~-urubim-hexopyranose), isolated as its methyl gly~oside?~ A 

microscale chromatographic analytical method for N-acetylneuraminic acid in glycoproteins is 

covered in Chapter 23. 

2 Synthesis 

Syntheses covered in this section are grouped according to the method used to introduce the amino- 

functionality. 

2.1 Chain extension. - Dondoni and co-workers have further exemplified the utility of thiazole 

chain-extension chemistry with the synthesis of 2-acetamido-2-deoxy-D-mannose (2) from the D- 

arabinose diacetonide 1 (Scheme 1); and the kanosamine derivative 4 from the D-erythrose 

derivative 3 (Scheme 2); itself prepared from 2,3-O-isopropylidene-D-glyceraldehyde by a one 

carbon extension via thiazole anion addition. The methodology in Scheme 1, which features an 

improved thiazole to aldehyde deprotection sequence (step v), was also used to synthesize 2-amino- 

2-deoxy-D-mannose and, in adition, 2-amino-2-deoxy-D-erythrose from 2,3-O-isopropylidene-D- 

glyceraldehyde. 

2.2 Amadori reaction. - The 1-amino- 1-deoxy-D-fructose derivative 5 was synthesized by 

condensation of D-glucose with hippuryl-lysine in methanol; it was intended for use as a standard 

in the analysis of ‘protein-fructosamines’ by reaction with nitro blue tetrazolinium (NBT) under 

alkaline conditions, but it and related ‘peptide-fructosamines’ gave much lower relative responses 

than the ‘protein-fructosamines’ in this assay? 
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2 t:>< 
1 

Reagents: i, BnNHOH, ii, L i ~ ~ ~ ]  ; iii. TiC13 ; iv, AqO, py ; v, MeOTf, MeCN then 

NaBH,, MeOH then CuO, CuC12, MeCN, H2O; vi, CF~COZH, H2O 

Scheme 1 

CHO 

3 4 

v, ( B U ‘ O ~ C ) ~ ~  ; vi, HgC12. H20, MeCN ; vii, MeOH, HCI 

Scheme 2 

OH 

5 

2.3 Epoxide opening. - The regioselectivity of epoxide ring opening in anomeric 2,3- 

anhydropentofuranosides by dimethylamine or ammonia has been determined. The a-glycosides 6 

and 8 gave almost exclusively the 2- and 3-dimethylamino-products 7 and 9, respectively 

(Scheme 3). An equilibrium is established between isomeric mesylate derivatives of such 1,2-truns- 

dimethylaminoalcohols, as for 10 and 12 in Scheme 4. The intermediate aziridinium ion 11 was 

observed at 75°C in CD,CN, in which the ratios of 10 : 11 : 12 were 20 : 70 : 10. Similar 

equilibria are established between isomeric 1,2-rrans-chlorodimethylamino-derivatives on reaction 

of the mesylates 10 and 12 with methylamine hydrochloride? 6-Deoxy- 1,2-O-isopropylidene-3-0- 

methyl-6-[tris(hydroxymethyl)amino]-~-glucofuranoside, a new ‘azapodand’ that readily complexes 

Cu” in alkaline media, was obtained by reaction of ms(hydroxymethy1)amine with the 

corresponding carbohydrate 5,6-epoxide. Related N-[tris(hydroxymethyl)]-derivatives of 2,3:5,6-&- 

0-cyclohexylidene-D-mannonamide and carboxamidomethyl 2,3:5,6-di-O-cyclohexylidene-a-D- 
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glucofuranoside were also prepared.' Full details on the synthesis of NJ-diakylaminosugars by 

aluminium trichloride-catal ysed opening of epoxides with diakylaminosilanes have been published? 

Synthesis of various analogues of the amino-linked pseudo-disaccharide acarviosin are detailed in 

Chapter 18; they involve coupling carbocyclic sugar epoxides with 4-amino-sugar derivatives."-" 

4-Amino-4-deoxy-1,2-O-ethylene-a-~-xylopyranoside was obtained following opening of the 

corresponding 3,4-anhydro-P-L-arabinopyranoside with azide.12 

CH OBn 

2 2 
HO 3 2 OMe NMez OMe 

0 

6 7 8 9 

Scheme 3 

10 11 12 

Scheme 4 

2.4 Radical amination. - A radical reaction has been developed to effect the replacement of a 

hydroxy-group by an amino-group. For example, the carbon radicals generated from either the 

xanthate 13 or anisyltelluride 14 can be trapped by the diazirine 15 (Scheme 5). The resulting imine 

16 was hydrolysed to the amine 17.13 

13 X = OCS2Me 
14 X = TeC6H,-4-OMe 

Reagents: i ,  os, hv ; ii, B(OH), 

ACO 
Scheme 5 

16 17 

2.5 Nucleophilic displacement. - Sulphonate ester displacement reactions continue to be widely 

applied in amino-sugar syntheses. The precursor 18 of 3-amino-3,6-dideoxy-D-mannose was 

obtained from 1,2:5,6-di-0-isopropylidene-D-glucofuranose in a multi-step procedure. The procedure 
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employed three nucleophilic displacements of (1-imidazoly1)sulphonate esters, two to effect a double 

inversion at C-3 with introduction of azide, and one to invert stereochemistry at C-2 in a pyranoside 

derivative.'* The L-daunosamine derivative 19 was also obtained from the same starting material 

in 13 steps, 10% overall yield. Introduction of azide at C-3 by displacement of mflate with 

inversion was accompanied by competitive elimination to give the 3-alkene as a byproduct. 

Remaining key steps were inversion at C-5 (mesylate displacement with cesium propionate) and C-2 

deoxygenation (Barton radical reaction)." 4-Amino-3,4-dideoxy-D-arubino-heptulosonic acid 

7-phosphate (20), required for studies of a new variant of the shikimic acid pathway leading to 3- 

amino-5-hydroxybenzoic acid, a proposed precursor of the mC,N units in ansamycin antibiotics, was 

obtained from the known methyl (methyl 3-deoxy-a-D-arubino-heptulosonate) (Vol. 14, p. 152). Key 

steps were 5,7-O-benzylidenation, and double inversion at C-4 by oxidation-reduction and triflate 

displacement by azide.16 The benzyl2,3-anhydro-4-deoxy-4-(N-pyridinium)-a-D-Iyxo- and P-L-ribo- 

pentopyranoside salts, 21 and 22, were synthesized by reaction of the corresponding ribo- and lyxo- 

4-mflates, respectively, with pyridine. The lyxo-product 21 is stable, but the ribo-product 22 

decomposes in a few h o ~ r s . ' ~  Analogues of the H-type 2 human blood group trisaccharide 

glycoside, a-~-Fucp-(  1+2)-P-~-Galp-( 1 -+4)-P-D-GlcpNAc-OMe, synthesized to test bonding with 

a lectin, included analogues with 6-NH2-, 6-NHAc-, and 6-NHCOCMe3-GlcNAc residues prepared 

via displacement of a 6-mesylate by azide.'* A general strategy for the synthesis of 6- and 

y-amino-acids from pentofuranose derivatives involved introduction of the amino-function by 

displacement of a primary tosylate with azide. The &amino-derivatives 23 were thus obtained from 

methyl 2-deoxy-a,P-D-eryfhro-pentofuranoside, while the 6-amino-derivatives 24 were obtained from 

1,2-O-isopropylidene-a-D-xylofuranose, chain cleavage between C- 1 and C-2 being effected by 

periodate oxidation." 

0 
I I  

Me CHzO VOHh 

BnO 

18 19 20 

' a o B n  X 

C02Me 

24 R' = Me or Bn 
R2 = Me or Bn 
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D-Rhamnonolactam (26) was synthesized from L-gulono- 1,4-1actone via its monoacetonide 25 

(Scheme 6), as also was 1-deoxy-D-rhamnojinycin (see Chapter 18). Their L-enantiomers were 

synthesized from D-gulonolactone in the same way. None proved to be inhibitors of the enzyme 

naringinase, an a-L-rhamnosidase.20 The total synthesis of (+) and (-)-nojirimycin from myo-inositol 

(cf Vol. 23, p.100) has been reviewed.21 Siastatin B, a Srrepromyces metabolite and inhibitor of 

neuraminidase, was shown to have structure 27 by total synthesis from L-ribose, available from D- 

ribono-1,4-lactone, as outlined in Scheme 7. Key steps were (i) introduction of nitrogen at C-5 by 

reaction of 1,2-O-isopropylidene-5-O-mesyl-~-ribose with azide ion; (ii) introduction of an 

N-phthalimido-group at the anomeric position of a free sugar by Mitsunobu reaction; and (iii) 

introduction of the C-4 carboxy-group by reaction of a 4-ketone with niwmethane, followed by 

dehydration and reduction. The enantiomer was also made (from D-ribonolactone).22 

CH2OH L~ - i-iv v, vi ~ OH OH 0 

4 oxo HO 

25 26 

Reagents: i ,  Ph3P, CBr4 ; ii, H2, PdC, Et3N ; iii, TfiO. py ; iv, NaN,, DMF ; v, H2, PdC ; 

Scheme 6 
vi, CF3C02H, H 2 0  

Reagents: i, Ni(Ra). HZ 
Scheme 7 

27 

The utility in the analysis of amylases of maltopenta- and hexa-ose derivatives bearing an 

amino- or phthalimido-function on C-6 of one of their sugar residues is covered in Chapter 4, as 

is the synthesis of mono(6-amino-6-deoxy-2,3-~-0-methyl)-hexakis(2,3,6-tri-O-methyl)-~- 

cyclodexmn and its amino-acid and peptide coupling products. 

2.6 From nitro-sugars. - N-Acetyl-lactosamine 30 and N-acetyl-epi-lactosamine 31 were obtained 

as a manno-rich epimeric mixture on ozonolysis of the 2-acetamido- 1-nitro-derivatives 29, obtained 

from 3-0-(P-D-galactosyl)-D-arabinose 28 (Scheme 8). The manno-isomer 32 could be obtained in 

15% yield from 28), by direct crystallization. Treatment of the product mixture with aqueous 

ammonia gave a gluco-rich mixture from which the glum-isomer 30 could be crystallized (32% 

yield from 28). Similar procedures applied to L-arabinose led to 2-acetamido-Zdeoxy-~-mannose 

and -glucose ?3 
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OH 
OR OR 

OAc OH 
OR 

CH~OAC CHZOH 
28 R = P-D-Galp 

29 3OX = NHAc, Y = H 
31 X = H, Y = W A C  

Reagents: i, MeN02, MeONa; ii, Ac@, H2S04 ; iii, NH3, MeOH ; iv. 03, NaOH, H20  
Scheme 8 

2.7 From unsaturated sugars. - A general route to glycopeptides in which a 2-acetamido-2- 

deoxy-D-glucopyranosyl unit is P-linked to an asparagine residue and which is based on 

methodology developed earlier for the synthesis of 2-amino-2-deoxy-~-D-glycosides from D-glycds 

(Vol. 24, p. 1 1 1) has been developed. 2-lodo-glycosyl sulphonamide 32, available from D-glucd, 

gave azide 33 on reaction with sodium azide, and this was elaborated to, for example, the 

glycosylamide 34 (Scheme 9).2” [3,3]-Remangement of the unsaturated mchloroacetimidate ester 

35 derived from tri-O-acetyl-D-gluca1, led to the 2-amino-hex-3-enoside 36 which was separately 

converted to the D-alrro-37 and ~-manno-38 amino-sugar glycosides as major products (Scheme 10). 

The C-4 epimer of 35 did not undergo an analogous rearrangement.= 
CH20SiEtj 
I 

1 -  

32 33 

Reagents : i, NaN3, DMF 

Scheme 9 

L 

35 

I 
- 4  

AcNSOzPh 

34 

AcO icI.”..l. 
Y 

37 X =H, Y = OAc 

38 X = OAC, Y = H 

Reagents : i, xylene, A ; ii, 0 ~ 0 4 ,  py then NaHS03 ; iii, Bu4NF ; iv. AczO, py ; v, MCPBA ; 

Scheme 10 

vi, Ac20, AcOH, BF3.0Et2 

2.8 Curtius reaction. - The C-3-branched 3-amino-2,3,6-trideoxy-sugar analogue 40 of 

daunosamine has been synthesized from the di-C-branched derivative 39, and converted to the 

bicyclic derivative 41 (Scheme 11). Preparation of an analogous derivative 42 from a known 
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was also detailed.26 

39 40 41 

Reagents: i, PhOCSCI; ii, Bu,SnH; iii, Pb(OAc),, Bu'O~H; iv, NaBH,, COClz, (Bu'O,C)~O; 

Scheme 11 
v, NBS ; vi, DBU 

2.9 Reductive amination. - Reductive amination of the 2-ketone 43 led to the trans-fused 2- 

amino-2-deoxy-1,2-O,N-ethylene-~-L-riboside 44 in modest yield (Scheme 12)." Methyl 4-amino-4- 

deoxy-a-L-lyxopyranoside was obtained by reduction of the oxime derivative of methyl 2,3-0- 

benzylidene- a-D-eryfhro-pent-4-uloside." Methyl 4-acetamido-3-O-acetyl-4,6-dideoxy-2-O-methyl- 

a-L-galactopyranoside 46 was synthesized as shown in Scheme 13; catalytic reduction of the oxime 

45 over platimum yielded mainly the desired galacto-isomer. Its enantiomer was similarly prepared, 

and it was demonstrated that it is the L-enantiomer that is present as a terminal residue on the 

glycophospholipid of Mycobacrerim avium serovar 26. Compound 46 was used in the construction 

of disaccharides (see Chapter 3).28 

42 I 
43 44 

Reagents: i, HZ, Pd/C 
Scheme 12 

-0 OMe 

HO 
45 

OAc 

46 

Reagents: i, Bu2Sn0 then Br, ; ii, NH,OH ; iii, Hz, PtOz. HOAc ; iv, Ac20, py 

Scheme 13 

2.10 From chiral non-carbohydrates. - Several syntheses of amino-sugars from chiral non- 

carbohydrate starting materials have been reported. The a-L-daunosamine derivative 48 was 

obtained from L-aspartic acid via the known lactone 47, which was prepared in 2 steps. Key 

reactions were the anti-selective Grignard addition and syn-selective epoxidation (steps i and ii, 
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respectively, in Scheme 14).29 N-Acetyl-L-tolyposamine 50 was synthesized in 13 steps, 16% overall 

yield, via the known L-do-threonine derivative 49 (Scheme 15), available in one step from ethyl 

(S)-P-hydr~xybutyrate.~' Full details of the synthesis of D-lividosamine from a chiral bicyclic adduct 

of furan with cyanovinyl camphanate have been published, along with the synthesis of the derivative 

52 of its C-2 epimer from adduct 51 (Scheme 16).31 A new route to enantiomerically pure 6-amino- 

6-deoxy-~-and L-octoses is exemplified in Scheme 17 by the synthesis of methyl a-D-lincosaminide 

55 from aldehyde 53, prepared in 6 steps from D-threonine. Addition of furyllithium to 53 gave 

mixtures of syn- and anti-addition products, the ratio depending upon the conditions employed. The 

C-3 epimer of $3, available in 4 steps from D-threonine, was elaborated to isomers of enone 54 in 

the same way?2 The lactam 56, a chiral intermediate in the preparation of calyculins, was 

synthesized from (S)-pyr~glutaminol.~~ 

Reagents: i, p M g C 1 ;  ii, MCPBA 

Scheme 14 

CH20Ac 
I 

49 50 I 51 52 

Scheme 15 Scheme 16 

Me 
53 

I 
SWIP 

0 
Reagents: i, wLi ;ii,MCPBA 

vii, H30' ; viii, Na, N H 3  

Ph02S' 

iv-viii 
__L 

ii, iii - 0  - 
OMe 

54 
OH 

55 

iii, MeI, Ag2O ; iv, NaBH4 ; v, H2@, MeCN ; vi, Ac20, py; 

Scheme 17 

The nucleoside analogue 6-adenyl-6-deoxy-~-fctose 59 was made by combined use of 

chemical and enzymic methods (Scheme 18). The racemic epoxide 57 was available from acrolein 
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diethyl acetal and was condensed with adenine to give, after hydrolysis, the aldehyde 58. Enzyme 

catalysed aldol coupling of an excess of 58 with dihydroxyacetone bisphosphate gave the kinetically 

preferred product 59 in 20% yield. The L-sorbose analogue of 59 could be made similarly in 33% 

yield by using the (S)-enantiomer of 57, prepared by a route involving enantioselective lipase 

catalysed ester hydrolysis of 2-acetoxy-3-chloropropanol diethyl acetal.% 

COzBn 
MeOCH2 I 

Q0 0 0  

X 
59 

58 
56 I 

Reagents: i, adenine, Cs2C03 ; ii, H30' ; iii, OC[CH20P(0)(OH)2]. rabbit muscle aldolase ; 
iv, phosphatase 

Scheme 18 

Syntheses of amino-derivatives of branched-chain sugars, cyclitols and nucleosides are covered 

in Chapters 14, 18 and 20, respectively. 

3 Reactions, Properties and Synthesis of Derivatives 

The reactions of malondialdehyde and methyl malondialdehyde with 1-amino-1-deoxy-D-fructose 

and its N-butyl derivative have been studied as part of an investigation of the Maillard reaction. 

The initial enamine adducts 60 cyclised readily tomixtures of pyrrole and pyridinone derivatives (see 

Chapter 

Syntheses of amino-sugar glycosides and disaccharides are covered in Chapter 3. 

A new method for synthesis of N-alkyl- and N,A"-dialkyl-derivatives of 2-amino-2-deoxy-D- 

glucose is shown in Scheme 19.36 Oxazolidine derivatives such as 61 related to muramic acids, but 

with conformational restrictions, were synthesized by alkylation of the corresponding 2-acylamino- 

2-deoxy-3-hydroxy-sugars with dichloroacetic 

N-Acyl-2-amino-2-deoxy-[ ~-'4c]-D-g~ucoses were synthesized as precursors for the bios ynthesis 

of novel N-acylneuraminic acids, by reaction of [ 1 -'4C]-D-glucosamine with C3-C, fatty acid 

anhydrides?' '231-Labelled 2-deoxy-2-(m- and p-iodobenzamid0)-D-glucose have been synthesized 

for use as radioligands in monitoring the biodismbution of hexokinase, for which they are 

non-competitive inhibitors?' 2-Amino-2-&oxy-N-(methacryloylglycylglycyl)-D-galactose, -mannose 

and -glucose, and the N-fucosylamine analogue, were synthesized by N-acylation of the free amino- 

sugars and used as a monomers in the synthesis of N-(2-hydroxypropyl) methacrylamide co- 
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R'FfCHo 

111 

l i  NHAc ! * N ? q  % /  +$ - k J J  w; HoloRz OH 

OH 

N MeNH PrNH 
Me' 'Et 

CH2OH 

R~ = H or BU 

60 R ' = H o r B u  

I V  

Reagents: i, Br2CHz ; ii, LiAlH4 ; iii, LiEt3BH ; iv, EtMgCl 

Scheme 19 

61 R = OMe or NHCH2COzEt 62 R = O Y O B u ' ,  Me, or Ph 63 X = N(Ac)Bz + 

64 X = NHS03-. HNMe3 

polymers with pendant saccharide moieties, Of these copolymers, the fucosylamine derivative 

adhered selectively to colonic tissue and thus has potential as a drug carrier.40 The synthesis and 

cy steine protease inhibitory properties of N-peptidyl derivatives of 2-amino-2-deoxy-D-glucose have 

been reported."' N-Acyl- and N-alkoxycarbonyl-derivatives of tetra-O-acetyl-2- 

al~yloxycarbonylamino-2-deoxy-~-D-glucopyranose, 62, have been synthesised by N-acylation 

reactions, and their use in 1,2-rram-glycosylations studied.4Z Syntheses of the N,N-diacyl derivative 

63 and the N-sulphate 64 have been rep0rted.4~ 

Aqueous hydrolysis of a 3-0-acetyl group in a ~-amino-~-deoxy-D-g~ucoside derivative is sixty 

times faster than that of ethyl acetate, evidently being catalyzed by the adjacent free 2-amino- 

group.# 

The glycyrrhetinic acid glycosides 65 are representatives of a new class of potent 

antiproliferative glycolipids; the conventional synthesis and biological activity of such compounds 

has been reported."' 2-Deoxy-2-[(2S,3R)- and (2R,3S)-(2-fluoro-3-hydroxytetradecanoyl)amino]-3- 

0- [ (3R)- 3 - tetradecano y lox y tetradecano y 1 J -~-glucop yr anose were 

synthesized by conventional means as analogues of GLA-60, a lipid A analogue with therapeutic 

4- (dih ydrogen phosphate) 
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MsOCH2 qoMe i ~ cHqoMe 
R MsO- R 

66 R = O M s o r F  67 

Carbohydrate Chemistry 

+ 
CHZ VOM, 7--'.l*'e2 

R -OMS 

68 R = O M s o r F  

65 R = H or L-ala-D-isoGlu-OBn 
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derivative with Jones’ reagent; it was obtained as a solid mixture of anomeric pyranose and furanose 

isomers.52 A new convenient synthesis of 6-amino-6-deoxy-2,3,4,5-tetra-O-methyl-D-gluconic acid, 

required for making polyamides, from methyl a-D-glucoside, involved oxidation (Ac20-Me2SO) of 

6-azido-6-deoxy-2,3,4-m-O-methyl-D-glucose to the 1,5-lactone, followed by methylation and 

catalytic red~ct ion.~~ 

A route suitable for accessing differently protected 4-amino-4-deoxypentoses required for the 

synthesis of azinomycins A and B is shown in Scheme 21.” 2-Aminol- 1,2-dideoxy-D-galactitol 

hydrochloride was obtained following desulphurization of the peracetylated &ethyl dithioacetal 

derivative of 2-amino-2-deoxy-D-galactose, and cyclized to the 3,6-anhydride 69 (correctly named 

as a 1,4-anhydro-~-galactitol derivative) on treatment with conc. hydrochloric acid.55 The synthesis 

of 2-C-acylated 3-trifluoroacetamido-~-glucal derivatives is covered in Chapters 13 and 14. 

HO 

69 

Reagents: i, Zn, EtOH ; ii, NaBH4 

Scheme 21 

4 Diamino-sugars 

‘H- and I3C-N.m.r. assignments for 2,3-diacetamido-2,3-dideoxy-D-glucopyranose have been 

rep~rted.’~ The potential lipopolysaccharide antagonist 71 was synthesized from the known 2-azido- 

3-nitro-sugar 70 (Scheme 22), the CH2C0,H groups being introduced first at C-1 then at C-4 after 

liberation of the C-5,6 diol and periodate oxidation?’ In an attempt to obtain a 3-amino-2-fluoro-D- 

glucopyranosyl moiety as an analogue of a component of kanamycin, the aziridme 72 was treated 

with KHF2 in DMF at 150°C, but the intramolecular cyclisation product 73 predominated?’ 

2-Acetamido-4-amino-2,4,6-mdeoxy-D-galactopyranosyl precursors such as mchloroacetimidate 

76, were prepared from ethyl 1 -thio-a-D-mannopyranoside. Key steps were stereoselective reduction 

of oxine 74 (available in 5 steps), and azidonitration of glycal75 (Scheme 23).59 Their application 

in the synthesis of disaccharides is covered in Chapter 3. Benzyl2,4-diacetamido-3-0-benzyl-2,4,6- 

mdeoxy-P-D-galactopyranoside has been synthesized in 5 steps from benzyl 2-acetamido-3-0- 

benz yl-2-deoxy- P-D-galactop yrano~ide.~ 
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Scheme 22 71 

Ts 

72 

74 75 
A, Cc13 

76 

Reagents: i, NaBH4, NaOAc. TiCl,. H'. MeOH then BnO2CC1, NaHCO,; ii, NaN, Ce(NH4)2(N03)6; 
iii, PhSH, EtNPri2; iv, C13CCN. KzCOj 

Scheme 23 
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10 
Miscellaneous Nitrogen Derivatives 

1 Glycosylamines and Related Glycosyl-N-bonded Compounds 

1,3,4,6-Tetra-O-benzoyl-a-D-fructofuranose, which has a free anomenc hydroxyl group, has been 

converted into the corresponding N-(4-methoxyphenyl)-fructosylamine derivative under Mitsunobu 

conditions, and into the fructosyl azide 1 (i, Ac,O-NaOAc; a, Me,SiN3-TiC1,) and thence the 

fructosylamine derivative 2. On stanlng in tetrahydrofuran solution, 2 underwent O+N benzoyl 

migration to yield the p-anomer 3 (Scheme l).' A phase transfer catalysis method has been used 

to synthesize the or-N-acetylneuraminyl azide 4 and isothiocyanate 5 from the corresponding p- 
glycosyl chloride. Azide 4 was converted to the glycosylamine and glycosylamide derivatives 6.' 

Ritter reaction of the heptulose 7 gave oxazoline 8, which on acid-catalysed hydrolysis was 

converted mainly to the 0-acetate 9, accompanied by a small amount of the N-acetate 10 

(Scheme 2).3 

I OBZ 

1 X = N 3  3 
2 X=NH,  

Scheme 1 

4 X = N 3  
5 X = N C S  
6 X = MI*, NHAc. NHBz 

or N=CHC6H4-N02-p 

Me CHZOAC 

BnO 

7 8 9 10 

Reagents: i ,  MeCN, BF3.0Et2 ; ii, H30+ 

Scheme 2 

The glycosylamino-indolo[3,2-b]quinolines 11 and 12 were synthesized by coupling aglyconic 

mines with a protected glycosyl bromide in pyridine-DMF. The 7-P-D-galactosyl derivative 12 had 

improved antitumour activity and better solubility and bioavailability than the aglycon itself." The 

N-arabinosyl, N-xylos yl and N-lyxosyl derivatives of tryptamine and tyramine, produced by 
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condensation of the free sugars with these amines, have been characterized? Radical halogenation 

of N-aryl-P-D-glucopyranosylamine tetraacetate occurred exclusively on the aromatic ring, rather 

than at C-1 or C-5 of the carbohydrate moiety! The conversion of N-(2-pyridyl)-glycosylamines 

to 1-amino-1-deoxy-alditols is covered in Chapter 18, and the NMR examination of N-alkyl- 

lactosylamines in Chapter 21. 

*--aR2 11 R' or R3 = (P-D-Galp )NH or H ; R2 = H 

(D-Arap )NH. or (2-deoxy-D-Ribf)NH 
R3 

12 R' = R3 = H ; R2 = (P-D-Galp )NH, (P-D-GIc~ )NH. 
R' 

NH qoMe 
NHSOzMe 

(P-D-GIcJJ )-NHCO(CH2)$02H 

13 

A P-cyclodexmn with a pendant glucosylamine attached by a spacer arm has been prepared 

by sequential condensation of tetra-0-acetyl-P-D-glucopyranosy~ isothiocyanate with nonanedioic 

acid mono-methyl ester, hydrolysis and condensation of the product 13 with mono-6-amino-6-deoxy- 

P-cyclodexuin. It is much more soluble in water than P-cyclodextrin, and retains the capacity to 

include and enhance the solubility of pharmacologically active substances? N- 
(Methacryloylglycylglycyl)-a-L-fucopyranosylamine and related amino-sugar derivatives were 

synthesised as monomers for preparing N-(2-hydroxypropyl)methacrylamide copolymers with 

pendant saccharide residues. The water soluble fucosylamine-substituted polymer bound selectively 

to colonic tissue. Such materials have the potential to be drug carriers targeted to particular tissues.' 

The preparation and use of neoglycolipids from neutral N-linked oligosaccharides as probes in 

elucidating the function of glycoprotein oligosaccharide chains have been discussed.' 

A series of 2-deoxyglycosyl carbamates such as 14 were synthesized from glycals (Scheme 3). 

The intramolecular carbamate 15 was formed from 4,6-0-ben~ylidene-D-allal.'~ The use of N -  

glycosylimines as chiral auxiliaries is covered in Chapter 24. 

14 0 

Reagents: i, INCO ; ii, ROH ; iii, Bu3SnH, .4IBN 

Scheme 3 

ph% 0 

O Y r n  0 

15 

The construction of N-linked glycopeptides and related model compounds continues to be 
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investigated. Fmoc-Protected 4-N-glycosyl-asparagines were prepared by coupling glycosylamines 

with a pentafluorophenyl aspartate derivative as potential reagents for the solid-phase synthesis of 

glycopeptides. The preparation of the glycosylamines by reaction of free sugars with ammonium 

carbonate (Vol. 20, p.106) worked well for galactose, lactose, fucose and mannose, but not so well 

for 2-acetamido-2-deoxy-D-mannose or 2-deoxy-glucose.” [D-Met?, Pro5]-Enkephalin-N-(p-D- 

galactopyranosyl)amide, a glycopeptide with a galactose residue at the C-terminal position, was 

synthesised and shown to have greater antinociceptive potency than the parent peptide or its N- 

glucosylamide analogue. Derivatives bearing up to three galactose residues linked to the 

oligopeptide backbone by a hydrophobic spacer arm were also prepared.” N-Glycosylation of a 

dodeca- and trideca-peptide on a central asparagine residue with one or two 2-acetamido-2-deoxy 

D-glucose or glucose residues has been shown to alter the peptide conformation, indicating that 

glycosylation might be an important element in determining peptide antigen structure and f~nction.’~ 

Nephritogenoside, a 21 amino acid peptide with a C-terminal4-N-[a-~-Glcp( 1+6)-p-D-Glcp-( 1+6)- 

a-D-Glcpl-asparagine residue, was synthesized by coupling a trisaccharide ap-glycosylamine with 

a depeptide, separating the 5:l mixture of a- and p-anomers and solid phase peptide synthe~is.’~ 

A highly selective route to 4-N-(2-acetamido-2-deoxy-~-~-glucopyranosyl)asp~ag~ne glycopeptides 

from D-glucal is covered in Chapter 9, and the use of partially protected N-(p-D-glucopyranosy1)- 

enamines as glycosyl acceptors in Chapter 3. 

The fructofurano-oxazoline 16 was obtained by reaction of 1,6-di-O-mtyl-D-f1~CtOSe with 

cyanamide, and used in the construction of nucleoside analogues (see Chapter 2O).I5 The 

imidazoline 17 formed through solvent incorporation when 1,3,4,6-tetra-O-acety1-2- 

al~y~oxycarbonylamino-2-deoxy-~-D-glucose was used as a glycosylating agent in acetoniaile.16 

Synthesis of the cross-conjugated betaines 18 from glucosylamine has been reported.” 

N H 2  CH20Ac AcoFH2 

OH 

ph/ .*> 16 17 0 

18 Ar = e.g. 4-MeO-GH4 

A facile synthesis of 2,3,5-tri-~-acetyl-~-D-ribofuranosyl isothiocyanate from the 

corresponding ribosyl chloride has been detailed.’* 2,3,4,6-Tetra-O-acetyl-~-D-glucopyranosyl 

isothiocyanate continues to be a popular reagent for preparing diastereomeric thiourea or 

dithiocarbamate derivatives in the reversed-phase resolution of enantiomeric amine- or thiol- 
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containing drugs.19p20 Both commercial and in-house synthesized samples of this reagent, however, 

were found to contain a minor, reactive, as yet unidentified impurity. When the reagent was used 

in large excess (250-fold) for the preparation of derivatives from amino-alcohol drugs such as 

propranolol, up to 50% of an undesired derivative was formed from this impurity. The problem 

could be minimized by use of less reagent, or pretreatment of the reagent with a limited amount of 

another amine?' 2,3,4-Tri-O-acetyl- and benzoyl-P-u-glucopyranosyl isothiocyanates were 

synthesized from the corresponding glycosylamines (Cl,CS, CaCO,, H,O, CH,Cl,), and converted 

to derivatives such as 19 - 22 by reaction with various amines." 

RNCSNHR 

RNHCSNHCHZBz RNH*r] 

OBz 
s 

19 20 21 22 

CH7OH 

23 24 

Glucofurano-imidazoline-2-selenones such as 23 were obtained on condensation of 2-amino-2- 

deoxy-D-glucose with aryl isoselen~cyanates?~ 

Maillard reaction products have been extensively investigated. About 70 products from 

reaction of D-gluCOse and L-rnethionine were separated by semi-preparative h.p.1.c. and characterised 

by I3C-n.m.r. and FAB-m.s.% a-Dicarbonyl fragmentation products from reactions of glucose or 

xylose with P-alamine were trapped as quinoxalines by reaction with 0-phenylenediamine; 5- 

hydroxymethyl-2-methyl-3(2H)-furanone was also dete~ted.'~ The reaction of D-glUCOSe with y- 

aminobutanoic acid generated more reducing substances than its reaction with a-amino-acids; the 

pyrrole 24 was isolated and characterized.26 Products from reaction of D-glucose with diglycine, 

triglycine, tetraglycine, glycylleucine, leucylglycine and a mixture of leucine and glycine were 

compared. A number of 2( 1H)-pyrazinones were identified as dipeptide-derived products" 1,4- 

Disubstituted-2,5-piperazinediones were identified by e.s.r. and 13C-n.m.r. spectroscopic examinations 

of the products of reaction of "sugar" with amino-acids.28 2-Furaldehyde was >99% of the total 

volatiles formed on reaction of D-XylOSe and lysine hydrochloride, at pH 5 ,  although 68 other 

compounds were identified. Without pH control, the amounts of 2-furaldehyde and other mono- and 

bi-cyclic furans increased, and the amounts of N-containing heterocyclic and pyrazines decreased. 

Four 2,3-dihydro- lH-pyrrolizines and 3-methyl-2-( l-pyrrolyl)cyclopent-2-en- 1 -one were also 
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identified,2g The alkylpyrazines formed in model reactions of glucose with ammonia and amino- 

acids in wet glycerol were studied by g.c.-m.s., the numbers identified (10-23) dependmg upon the 

natures of the amino-a~ids.~' 

1-Deoxy- 1 -(N-nitrosyl-N-glycinyl and N-alanyl)-D-fructose have been synthesized as standards 

for the h.p.1.c. analysis of nitrosated Amadori compounds in browned food.,' 

2 Azido- and Diaxirino-sugars 

The conditions for converting 2,3,5-tri-O-acetyl- or benzoyl-P-D-ribofuranosyl acetate into the 

corresponding P-ribosyl azide (with Me,SiN,-SnC1,) have been ~ptimized.,~ Phase transfer catalysis 

conditions (Bu,N-HSO,, NaN,, CH2C1,, aq. NaHCO,) have been used to synthesize, in 93-98531 

yields, 1,2-~ans-glycosyl azides [e.g. 251 from the corresponding 1,2-cis-glycosyl chlorides and the 

a-sialic acid azide 26 from the corresponding P-~hlor ide .~~ Glycosyl azides can also be synthesized 

by displacement of an anomeric diphenylphosphate group with azide ion.M 

CH20Ac 

I 

AcO N3 

26 27 25 

Hydrazine has been used to produce free 2-azido-2-deoxy-sugars from the corresponding 

glycosyl nitrates that are formed on azido-nitration of g l y ~ a l s . ~ ~  1,6-Anhydr0-2-azido-2-deoxy-P-D- 

glucopyranose was synthesized from D-ghcal [i, I,-(Bu,Sn),O, ii, NaN,], converted into its 2-O- 

benzyl ether, and 4-0-glycosylated with a protected 2-amino-2-deoxy-~-D-glucopyranosyl residue.36 

1,6-Anhydr0-6'-O-trityl-lactose was converted into related 2-azido-derivatives useful for the 

synthesis  of ol igosaccharides  containing N-acetyl-lactosamine, via 2 - 0 -  

(uisopropylbenzenesulphonylation), 2,3-manno-epoxide formation and azide ring opening reacti0ns.3~ 

Various azides were obtained by opening cyclic sulphates obtained from cis-diols with azide 

ion. The cyclic sulphates from 1,6-anhydro-4-O-benyl-~-D-mannopyranose and 1,6-anhydro-2-0- 

benzyl-P-D-gdactopyranose yielded mainly the rrans-diaxial products 1,6-anhydro-2-azido-4-0- 

benzyl- and 4-azido-2-O-benzyl-~-D-glucopyranose, respectively. The cyclic sulphate from 1,6- 

anhydro-4-O-benzyl-P-D-talopyranose, however, unexpectedly gave the trans-diequatorial product 

27. Cyclic sulphates derived from monocyclic diols sometimes gave one, sometimes two products. 

Thus methyl 2,6-di-0-benzoyl-~-D-galactopyranoside gave a mixture of 3-azido-3-deoxy-~-guloside 

and 4-azido-4-deoxy-~-glucoside derivatives in a 6: 1 ratio?' 

Two syntheses of 3-azido-3-deoxy-D-mannose tetraacetate 30 have been reported. In one, the 
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levoglucosan ditosylate 28 was converted into epoxide 29, which was opened with azide ion 

(Scheme 4). In the second, the stereochemistry at C-2 of 2,4-di-0-acetyl-1,6-anhydro-3-azido-3- 

deoxy-P-D-glucopyranose was inverted by mflate displacement with acetate ion, selective 0-2 

deprotection having been effected by enzymic hydrolysis with Al~a la se .~~  Azide opening of the D- 

do-epoxide 31 gave the 3-azido-3-deoxy-D-glucoside 32 by nuns-diequatorial ring opening in 70% 

yield (Scheme 5) whereas the corresponding 4,6-O-benzylidene derivative had given the fruns- 

diaxial ring opened product. The isomeric ~-manno-2,3-epoxide gave the 3-azido-3-deoxy-D- 

altroside 33 just as the 4,6-0-benzylidene analogue had done:' 

Qo O H  - 6steps 0' AcO - i, ii a0 N3 AcO - iii boAc N3 AcO 

TsO AcO AcO 

OTs 0 

28 29 30 

Reagents: i, NaN3 ; ii, A,-@, py ; iii, Ac20, H+ 

Scheme 4 

Reagents: i, NaN3, NH&l, EtOH, H20 

Scheme 5 

5-Azido-3,5-dideoxy-3-fluoro- 1,2-O-isopropylidene-a-D-glucopyranose has been synthesized 

from a glucofuranose derivative via a 5-bromo-5-deoxy-L-mannofuranose derivative (see Chapter 8 

for  detail^).^' Treatment of 5-azido-5-deoxy-D-glucose or -L-idose with immobilized glucose 

isomerase gave 5-azido-5-deoxy-D-fructose and -L-sorbose, respectively, in high yield:2 5-Azido-5- 

deoxy- 1,2-~-isopropylidene-a-D-xylofuranose was obtained on reaction of the corresponding 3 3 -  

anhydride with trimethylsilyl azide under Lewis acid catalysis43 

DEFU (deoxyribose-5-phosphate aldolase) has been used to catalyse the condensation of 3- 

azido-3-deoxy-D-glyceraldehyde 35 with acetone or fluoroacetone to give 6-azides 34, and with 

propanal to give the branched-chain sugar azides 36 and 37 which adopt furanosyl and pyranosyl 

ring forms, respectively (Scheme 6). Reductive amination of 36 and 37 gave novel 1,5-imino- 

additols (see Chapter 18).44 
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a 2 N 3  

'e>c8, HO 

I HO 

34 X = H o r F  

CHO 

35 
CH2N3 

36 

CHO 

OH 

OH 

CH2N3 

I Reagents: i, DERA, CH3CH2CH0 37 

Scheme 6 

Reaction of the cyanohydrin mesylate 38 with a ide  (NaN,-CH2C12) led not to the product of 

simple displacement, but to the vinyl azide 40 in 30% yield, through the alkylidene carbene 39 

(Scheme 7), which could be trapped by insertion into cyclohexene or methyl~ilane.4~ 

38 39 40 

Reagents: i, NaN3, CH2C12, Bu4N.HS04 

Scheme 7 

The work of Lehmann and co-workers on synthesis of oligosaccharide mimics bearhg 

diaziridine groups for use in photoaffinity labelling of the binding sites of enzymes, is covered in 

Chapters 3 and 4, and glycosylation using a glycosylidene diaziridine in Chapter 3. 

3 Nitro- and Nitroso-sugars 

A review (37 refs.) on the application of molecular orbital calculations to the stereoselectivity of 

addition reactions of nitro-enitol derivatives has been published in Japanese.& Cycloaddition of 1- 

acetoxy- or 1-trimethylsilyloxy-butadiene to 1,2-dideoxy- 1-nitro-D-gfuco-hept-1-enitol tetraacetate 

gave mainly the cyclohexane derivatives 41.47 Additions of alcohols, carbon radicals and phosphoryl 

OAc 

CH20Ac 
41  R = Ac or SiMe, 

42 43 

Reagents: i, NH20H ; ii, NaBH3CN ; iii, 4-F-GH4CH0 ; iv, NaBH, 

Scheme 8 
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groups to nitroalkenes are covered in Chapters 5, 14 and 17, respectively. 

The production of free sugars by ozonolysis of the sodium salts of 1-deoxy-1-nitro-additols 

is covered in Chapter 2. A naturally occurring branded-chain C-nitroso-sugar moiety is mentioned 

in Chapter 19. 

4 Nitriles, Oximes, Hydroxylamines, Nitrones and Imines 

A one flask synthesis of 2,3,5-m-O-benzoyl-P-D-ribofuranosyl cyanide from the corresponding 

P-ribosyl acetate (with Me,SiCN, SnCl,, MeCN) has been detailed:’ 

The preparation of the 0-benzoyloxime derivative of 2,3,6-tri-O-benzoyl a-D-urubino-hex-2- 

ulopyranosyl bromide and its reactions with nucleophiles at the anomeric centre are covered in 

Chapter 8. 

Approaches to the preparation of 3’-deoxy-3’-(N-hydroxyamino)-analogues of nucleosides are 

covered in Chapter 20. They are based on reductive hydroxyaminations of ketone derivatives, as 

shown for the conversion of the u-eryfhro-pentos-3-dose derivative 42 to the hydroxylamine 

derivative 43 (Scheme 8). E.s.r. spectra of the free radicals formed spontaneously from these 

materials have been studied!’ 

Hetero-Diels-Alder reactions of deoxy-C-nitroso-compounds gave deoxy-C-hydroxylamino- 

derivatives. The 3-C-nitroso-compound 44 gave a single isomeric product 45, whereas primary 

nitroso-compounds gave stereoisomeric mixtures (Scheme 9). Periodate oxidation of 45 gave the 

nitrone 4650. The related nitrone 47, derived by condensation of the corresponding 3-keto-sugar with 

an N-substituted hydroxylamine, cyclized to the spiro-cyclic derivative 48 (Scheme lo), which gives 

an aminoxyl radical by spontaneous air oxidation.” 

C ycloaddition of nitrones to 5,6-dideoxy- 1,2-O-isopropylidene-a-D-xylo-hex-5-enofuranose 

gave mainly or exclusively the cis-substituted isoxazolines 49.’* The hydroxylamine-linkage of the 

esperamicin trisaccharide 51 was constructed by 0-glycosylation of the nitrone 50 followed by 

deprotection (Scheme 1 l).53 

Photobromination of either 2,3,4,6-tetra-0-acetyl-a- or p-D-glucopyranosyl azide gave the 

bromiminolactone 52, the p-anomer reacting much the faster.6s54 1,2:5,6-Di-O-isopropylidene-P-D- 

mannofuranosyl azide similarly gave a bromiminolactone.54. The crystalline branched-chain imine 

54 was obtained on reaction of enone 53 with p-toluidine or p-anisidine in boiling ethanol 

(Scheme 12), rather than the desired product in which one methylthio-group would have been 

replaced by an a~ylamino-group.~~ 
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44 X = N O  

I I  

Reagents: i, cyclohexa-l,3-&ene ; ii, NaI04 

Scheme 9 

47 48 

Reagents: i, Ac20 ; ii, NaOMe, MeOH 

49 R = Bz, Ph, etc. 

Scheme 10 

Me 

(B z),-p-D-Glcb 
50 Ar = C,H4-4-OMe 51 

Reagents: i, NaBH3CN, HC1; ii, H30+ ; iii, ArCHO ; iv, (Ac),-a-D-GIcp-Br ; v, MeONa, MeOH 

Scheme 11 

CH20Ac 

AcO ON& 
OAc 

52 

?l phkQ 0 OMe -/A HR 

0 - NR 0 SMe 
SMe 

53 54 R = C6H,-Me-p or 

C6H4-OMe-p 

Scheme 12 
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5 Hydrazones, Osazones and Related Heterocycles 

Carbohydrate Chemistry 

The hydrazone derivatives of 1,2:5,6-di-0-isopropylidene-a-D-ri~~-hexofuranos-3-ulose and its N- 

methyl, N-phenyl, and N-mtyl analogues have been synthesized and characterisedM Tetracyclic 

derivatives such as 55 were obtained on condensation of six aldoses with a tricyclic heteroaromatic 

hydrazine, followed by dehydrogenation and a~ety la t ion .~~ Isomeric 5- or 6-substituted 3-amino- 

1,2,4-triazine derivatives, e.g. 56, were produced by reaction of 3-deoxy-D-erychro-hexos-2-ulose 

or 3-deoxy-D-eryrhro-pentos-2-ulose with aminoguanidine. Analogous reactions of D-arubino-hexos- 

2-ulose and D-rhreo-hexos-2-ulose gave only 5-substituted m a z i n e ~ . ~ ~ ~ ~ ~  The azoalkene 57 on 

addition of phenylhydrazine gave hydrazone 58 which suffered spontaneous oxidation to osazone 

59 (Scheme 13).60 

w2 

I 
+OAc R2 

AcO 
A C 0 - l  56 R’,R*=H, t 

F O A c  

CH~OAC 

55 
CHzOH 

CH=N-NHPh CH-N-NHPh 

” H E ’ h  *+Ph 

- 0  - Ho{OH OH 

CH~OAC CHzOH 

57 58 59 

Scheme 13 

The formation and isomeric composition of fructose (4-substituted)-thiosemicarbazones have 

been investigated.6l Reaction of tetra-0-acetyl-galactaryl bis-4-S-alkyl semicarbazide with diamines 

such as tetra-N-methyl-ethylenediamine gave either monomeric amine salts, or polymeric m i n e  

salts, e.g. 60, depending on the molar ratio of amine to semicarbazide!’ Acetylation of hydrazones 

such as 61 followed by treatment with methanolic ammonia gave acetamido-derivatives such as 62 

of undefined configuration at C-2.63 The synthesis of pyrazolinones 63 and some of their reactions 

have been investigated.64 The 3-(5-chloro-5-deoxy-D-mnm-pentitol-l-yl)pyrazole 64 was obtained 

by reaction of the corresponding pentitol-1-yl pentaacetate with boron mchloride followed by 
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methan01.6~ Azomethine imines 65 were obtained from afdehydo-sugar derivatives, and underwent 

dipolar cycloaddition with methyl acrylate to "C-nucleosides" 66 (Scheme 14).w 

61 X = O H  
60 62 X=NHAc 

65 

1 
C02Me 

66 

0 

Arm q: 
CHzOH 

63 AI = p  -ClCd&, 
p -ClC&CO. erc. 

NFph 
HO 

1: 
CHzCl 

64 

Reagents: i, P C O 2 M e  

Scheme 14 

6 Other Heterocycles 

The oxazolinethione 67 was obtained from methyl 6-deoxy-6-isothiocyanato-~-glucopy-ranoside on 

treatment with methylamine, and the oxazolinethione 68 from 6-deoxy-6-isothiocyaato-D- 

galactopyranose diacetonide on hydrolysis!' Acyclonucleosides (69) were synthesized from methyl 

3,5-di-O-benzyl-2-deoxy-D-erythro-pentof~oside, via 5-deoxygenated or 5-0-methylated 

1-0-mesylalditol derivatives which were condensed with various bases.68 Several 3-(alditol- 1 - 
y1)glutarimide derivatives are covered in Chapter 24. 

67 68 69 R=HorOMe 
B = Ad, Gua, Cyt or T 
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The mono- and di-pyrrole-substituted alditols 71 and 72 were synthesized by condensing the 

free sugar 70 with organomagnesium - titanium(1V) reagents (Scheme 15). Dehydration of 71 led 

to anomeric C-pyrrole D-arabinofuranosides (see also Chapter 3), while a further condensation 

reaction involving 72 led to the porphyrin C-glycoconjugate 73.69 Mixtures of pyrrole 74 and 

pyridone 75 derivatives were isolated from the condensation and cyclisation of 1-arnino-l-deoxy-D- 

fructose and its N-butyl derivative with malondialdehyde?' Various hydrazone, thiosemicarbazone 

and imino derivatives of 6,6-dimethyl-4-oxo-4,5,6,7-tetrahydro-2-(~-arabino-temtol- 1 - y1)indole have 

been ~ynthesized.~' 

71 

73 

R = BnO 

CHzOBn 

Ar= 4-FC6H4 

H 72 H 
N 

Reagents: i, W M g B r .  CITi[OPr'), ; ii, &MgBr, Tic14 ; iii, RCHO, CF3C02H then DDQ 

Scheme 15 

RN 

HO :p 
OH 

CHzOH CHzOH 

74 R = H o r B u  75 R = H o r B u  

CO2Me C02Me M 

11 ic 76 R = H  - 78 

77 = > CHC02Me 
Me02C 

Reagents: i, Me02CC CCOzMe ; ii, A 

I Scheme 16 

Various 2-(alditol- 1-y1)oxazole derivatives, e.g. 78, have been obtained in modest yields from 

sugar lactone oximes via their 0-vinyl ethers, e.g. 76-+77 (Scheme 16)?2 

Addition of guanidine or its N-isopropyl-derivative to ascorbic or dehydroascorbic acid 
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afforded the 2-amino-imidazole derivatives 79?3 Addition of cyanamide to 1-amino- or 1- 

alkylamino- I-deoxy-D-Zyxo-hex-2-ulose, precipitation with picric acid, and treatment with acid 

yielded the imidazolin-2-ylideneammonium salts 80.74 

Me 
Me 

RNH 

HO 

CHzOH 

HN*HCl 

H O T H  H N /  

HO 

CHZOH 

79 R = H o r P ?  80 R = H, Me, erc. 81 

CHzOH 

82 

Condensation of dehydro-D-isoascorbic acid (dehydro-D-erythorbic acid) with one or two 

equivalents of 1,2-diamin0-4,5-dimethyl-benzene afforded a quinoxalinone, e.g. 81 or a quinoxaline, 

e.g. 82, re~pectively.7~ An isomer of flavin adenine dinucleotide containing a D-arabinirol-1-yl 

rather than a D-ribirol-1-yl moiety, has been identified as a naturally occurring co-factor of the 

alcohol oxidase of methanol utilizing yeasts?6 
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Thio-sugars 

The mevalonic acid model 2 has been synthesized from diacetone 3-deoxy-D-glucose (1) in many 

steps, as outlined in Scheme 1,' and its analogue 3 with an additional hydroxyl group was made 

available by a similar reaction sequence starting from 2,4-0-ben~ylidene-D-glucitol.~ The 

preparation and liquid crystalline properties of dithioacetals 4, obtained from D-gdacturonic acid n- 

alkylamides by treatment with n-alkyl thiols in the presence of trimethylsilyl chloride have been 

described? 

CH OTs CH S03H 

<OH 

. .  Fox  I-IV CH 
P o  - <OH 

7% y 2  

CH2Ar CH2Ar 

1 Ar = 2,4-Cl2%H3 2 

Reagents: i ,  KSBz, ii, MeO-, MeOH; iii, KMn04; iv, H' 
Scheme 1 

A new route to 1,2-trans-glycosyl thiocyanates, such as the glucose derivative 5, involved 

opening of 1,2-anhydrosugars with ammonium thiocyanate4 and phase transfer catalyzed reaction 

of glycosyl halides with 0-ethyl-S-potassium dithiocarbonate proved to be an efficient new method 

for the preparation of the known S-glycosyl xanthates 6.' 

::{OH OH 

CONH(CH*), Me 

CH~OAC 

AcO O S C N  

OH 

3 4 n =7or11  5 

A novel radical chain reaction based on 0-alkyl tin dithiocarbonate reagents which allows 

transformation of sugar xanthates to thiosugar dithiocarbonates with retention of configuration has 

been developed. Its application to the preparation of a thionucleoside derivative is shown in 

Scheme 2.6 The tribenzyl ether 7 of benzyl 1,4-dithio-D-ribofuranoside has been obtained from L- 
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R3Q SCOEt a 
R2 

R' 

R' = R2 = OAC, R3 = H 

or R' = NHAc, R2 = OAc, R3 = H 
or R' = R3 = OAc, R2 = H  

6 

Reagents: i, Ph3SnSCOCHzCMe3, (Ph3Sr1)~. hv 

! 
I Scheme 2 

lyxose by a known procedure (see Vol. 25, Chapter 11, Scheme 4). Further conversion of 

compound 7 to 4'-thionucleosides is covered in Chapter 20.' A conformational study by 'H-n.m.r. 

spectroscopy of the known 2'-deoxy-4'-thionucleoside analogues 8 and 9 has been published.' 

0 

BnO OBn 
7 

Tetrahydrothiophen-based nucleosides 10 have 

multi-step synthesis, as outlined in Scheme 3.9 

HO v 
8 R = M e  

9 R =  FBr 
been produced from diacetone glucose in a 

CH20H 

Diace tone 

OBz 
10 

Reagents: i, Na2S. DMF; ii, BzOH, PPh3, DEAD; iii, K2C03, MeOH; iv, MsCI, py 
Scheme 3 

Two independent preparations of 5-thio-~-fucopyranose (12) have been reported, both 

involving stereoselective chain-extension at C-5 of an arabinose derivative (e.g., compound 11) and 

S OH CH20H 

i * i i  ~ H O T ;  --E:Ac ... . LHop 
OAll HO 

11 12 
Reagents: i, (COC1)2, DMSO, Et3N; ii, Me3A1; iii, TsCI, py; iv, KSAc, DMF; v, Deprotection 

Scheme 4 
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displacement of a sulfonate group at C-4 by potassium thioacetate, followed by deprotection, as 

illustrated in Scheme 4.'*." Methyl 3-acetamido-3-deoxy-5-thio-a-~-xylopyrano~de (14) and methyl 

4-acetamido-4-deoxy-5-thio-~-~-lyxopyranoside (15 )  were obtained from the known 5-thio-~-xylose 

derivative 13 by sulfonate displacement with aide or ammonia accompanied by formation and 

opening of epoxide intermediates (see Chapter 3.'' 

HO QOMe 

OH 
13 R=OTs  
14 R=NHAc 

AcHN 

Q O M e  OH OH 

15 

5-Thio-D-fhreo-pentulose (16) has been produced by stereospecifk aldolase-catal yzed 

condensation of thioglycolaldehyde with hydroxyacetone monophosphate and subsequent treatment 

with phosphatase, as shown in Scheme 5,  and 6-thio-D-fructose has been similarly obtained by use 

of racemic 3-thiogly~eraldehyde.'~ The preparation of an AZT 5'-lipidic sulfide is referred to in 

Chapter 20. 

CHzOH 
. .. CHzOPO3H2 

FHO I, I1 

- "{IH 

CHzSH + lo 
CH20H 

Reagents: i, aldolase, ii, phosphatase 
Scheme 5 

CH~SH 

16 

The 5,6-dithio-glucosyl donor 17 was synthesized in eight conventional reaction steps from 

tri-o-acety1-D-g~ucal and converted in six further standard steps to the cyanobacterial sulfolipid 18.14 

By reaction with the corresponding alcohols under Lewis acid catalysis, the 2,6-anhydro-2 thio-D- 

altrose derivative 19 has been converted, almost quantitatively, to alkyl glycosides 20 which on 

desulfuration should give easy access to alkyl2,6-dideoxy-~-~-ribo-hexopyranosides.'~ 

OR' 

17 R'  = p  -MeOBn, R2 = SAC, 
X = F , Y = H  

18 R' = H. R~ = S O ~ H ,  x = H 
Y =  -CH 

~ O Z C ( C H , )  14Me 

CHZ@C(CH2)7 uMe 

AcO & 
AcO 

19 R = A c  

20 R = Me, Y). 
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Monosaccharide sulfonyl chlorides, e.g., compound 21, are available by treatment of 

quaternary ammonium salts of the corresponding sulfonates with sulfuryl chloride in the presence 

of mphenyl phosphine. Reaction of compound 21 with diacetoneallose represents a simple, new 

route to the sulfonyl-linked desaccharide 22 (see Vol. 25, Chapter 11, ref. 21).16 uDP-5’- 

Thiogalactose, prepared by established procedures, has been used as the donor substrate for 

galactosyl transferase in the preparation of N-acetyl-5’-thiolactosamine from P-D-G~c~NAc- 

O(~&!O&k.” 2‘-Thiodisaccharides such as compound 25, obtained by use of ethyl 12-trans- 

thiocarbonatothioglycoside 23 as glycosyl donor, are a potential source of 2’-deoxyglycosides. The 

reaction is assumed to proceed via an epirninium intermediate 24, as indicated in Scheme 6 (see also 

Chapter 7, refs. 21,22).18 Nicolaou’s method for stereospecific formation of 2-deoxyglycosides with 

the help of an auxiliary phenylthio group adjacent to the anomeric centre of the glycosyl donor (see 

Vol. 20, Chapter 3, Scheme 5) has been applied to the total synthesis of sialyl dimeric LeX.l9 

21 R =  

22 R =  

c1 

The use of 2,3,4,6-teua-O-acetyl-%thio-a-D-glucopyranosyl trichlomacetimidate as glycosyl 

donor is covered in Chapter 3. The key-steps in the syntheses of the sulfur-linked di- and tri- 

saccharides 27 and 28 were the substitution of the m a t e  group of compound 26 by the anions of 

1-thio-P-D-glucose and 1 ,4-dithio-~-cellobiose, respectively.” Various photolabile (3- 

azibuty1)thioethers of maltose and maltotriose have been prepared by displacement of the appropriate 

sugar triflates by KSAc, followed by S-deacetylation and alkylation with 3-azibutyl-l- 

k O P h  
II 
S 

23 24 

Reagents: i, NIS, TfOH. 

OBn 

25 

OBn 

Scheme 6 
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tosyloxybutane.’l Sulfur-containing derivatives of p-~-GlcpNAc-( 1 +3)-k~-Galp-OMe and of Linear 

and cyclic malto-oligosaccharides are referred to in Chapters 3 and 4, respectively. 

CHzOBz CH2OH CHIOH ‘“a OB z &,a OH OH S O N H z  - 

OMe R 
I 

OB z 

26 

1 1 
OH OH 

27 R = O H  

1 
2 
3 
4 

9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 

OH 
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12 
Deoxy-suga rs 

There continue to be developments and refinements in methods for free-radical deoxygenation. Cheap 

dialkyl phosphites (with dibenzoyl peroxide)l and hypophosphorous acid (with ABW2 have been 

used as hydrogen atom sources in high-yielding deoxygenations of a number of fairly standard 

carbohydrate substrates. A double deoxygenation of the levoglucosan derivative 1 was used in a route 

to a precursor (2) of the lactone unit of the mevinic acids (Scheme 1). In this work, tris(himethy1- 

sily1)silane proved the best hydrogen donor,3 but the Texas p u p  have pointed out that the much 

more economical diphenylsilane can also be used with equally good results if the free hydroxyl group 

of 1 is protected by silylation with TMSCl before the deoxygenation, presumably to stop partial 

silylation by the diphenyl~ilane.~ Other workers have reported an alternative route from Dglucose to 

the p-nitrobenzoyl analogue of 2, where again free-radical deoxygenation was involved at C-4.5 

Mitsunobu reactions with thiols, followed by tributylstannane reduction, can be carried out on 
unprotected glycosides to give deoxy- and dideoxy-derivatives, as illustrated by the case in Scheme 2 
(HetSH = 2-mercaptoben~othiazole).~ A polymer-bound tin hydride reagent has been developed and 

used in Barton-McCombie deoxygenations, including on diisopropylidene glucose, and on methyl 
4,6-0-benzylidene-a-D-glucopyranoside, where the 2,3-ene was formed.7 

- i B0 OH - ii O0 - iii OMe 

OBz OBz 

Reagents: i, (TMS)$iH, AIBN; ii, Ph3P, DEAD, PhCQH; iii, MeOH, Amberlite H+ 

1 OPh 2 

Scheme 1 

. 
OH HetS OAc OAc 

Reagents: i, HetSH, Ph3P, DEAD; ii, AczO, iii, BusSnH, AIBN. 

Scheme 2 

Other advances in methodology for synthesis of deoxysugars include the reduction of mflate 

esters with tetrabutylammonium borohydride, and the same reagent was also used for reductive 
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openings of epoxides.8 Direct reduction of 2-hydroxy-lactones to 2-deoxy-lactones can be accomp- 
lished using S d 2 ,  and 2,3-acetals of aldonolactones react similarly, as in the conversion of 3 to 4.9 

Another route to 2-deoxy-lactones involves the cyclization of epoxyesters such as 5, produced by 

erythro-selective addition of t-butyl lithioacetate to the epoxyaldehyde, when treated with either zinc 

metal and TMSC1, or with ZnC12.lO A potential stamspecific route to 2-deoxyglycosides is 

mentioned in Chapters 3 and 11.  

3 
OH 

4 5 

Further evidence has been accumulated to support the theory that the key reductive step in the 

deoxygenation at C-3 during the biosynthesis of ascajrlose (3,6-dideoxy-L-arubino-hexose) proceeds 

via a radical mechanism (see Vol. 22, p. 126).11 
Full details have appeared of the preparation by Vogel's group of methyl 3-deoxy-a-D- 

arabino-hexofuranoside and methyl 4-deoxy-a-D-Zyxo-hexopyranoside (see Vol. 23, p. 132), and a 

stereochemical modification permitted the synthesis of the 3-deoxy-P-L-xylo-hexofuranoside 6. l2 

The same group has also used the 'naked sugar' approach to make 2-deoxy-L-fucose (2,6-dideoxy-L- 
lyxo-hexose).l3 Two new syntheses of L-fucose itself (8) have been described. One of these 

I Me 
CH OH 
<OH 

OMe 
6 

>:I - i - iv @OH 

8 HO 
OH 

OH 
~~ r:< Reagents: i,BnBr; ii,H30+; 

v 

iii, NaIO4 (Iequiv.); iv, H2, Pd/C. 

Scheme 3 I 

involves the synthesis of 7 by stemspecific addition of methyl lithium to di-0-isopropylidene- 

D-mannose, followed by the reactions of Scheme 3; use of other alkyllithium reagents permitted the 
synthesis of chain-extended variants.14 In another approach, stereoselective addition of Me2CuLi to 
an aldehyde function at C-5 of a D-arabinofuranoside gave mainly the product of L-fico-config- 

uration.15 A route to 6-deoxjr-Dallose (10) involves the acyclic intermediate 9 (Scheme 4), which 
was produced enantiospecifically by an aldol condensation in the presence of a chiral catalyst; the two 
other chiral centres were introduced by a diastereoselective dihydroxylation, although the degree of 

erythro-selectivity depended on the protecting group at 0-3.16 When several methyl 6-deoxy-5- 

enopyranosides, with C-methyl branches at C-2, C-3, and C-4 were reduced catalytically, the 6- 
deoxy-P-L-hexopyranoside was the major product in each case.17 
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Me HO 0 
Me 

i - i i i  * HO+obo iv,v, ii 

- k o > O H  
OBn 

9 
H 

MOM0 OBn H a  
HC 

Reagents: i, MOMCl, E W z ;  ii, Hz. Pd/C; iii, OsO4, NMMO iv, DIBAL; v, 6N HCl. 

Scheme 4 

In a route to 2,3-dideoxy pentofuranosides with alkyl branches at C-4 (ll), the chiral centre 

was established by asymmemc epoxidation of an appropriate allylic alcohol. 

glycosides of type 12 gives a route to 2,6-dideoxy-P-D-ribo-hexopyranosides. Since it is possible to 

obtain the a-anomers of 12 by modification of the conditions of the glycosidation, the a-anomers of 

the 2,6-dideoxyhexopyranosides can aiso be obtained.19 Methyl 2,6-dideoxy-P-D-arabino-, 3,6- 
dideoxy P-~-ribo-, and 4,6-dideoxy-~-D-xyZo-hexopyranosides have been made by partial phote 

chemical deoxygenation of methyl P-D-quinovoside and subsequent separation of the products by 

Desulfurization of 

g.c.20 

In order to resolve synthetic racemic lomatin, a hydroxylated dihydropyranocoumarin, the 
racemate was converted into its diastereomeric a-L-glycosides by reaction with 3,4-di-O-acetyl-2,6- 

dideoxy-a-L-arabino-hexopyranosyl bromide; the separable isomers were subsequently hydrolysed, 

and a 2-deoxysugar was used to facilitate this acidic hydrolysis, since lomatin itself is sensitive to 

acid.21 

L-Rharnnal was used as a starting material to prepare the trideoxyhexofuranose 13, a subunit 

AcO 

AcO 

H O  

i ,  ii w i i i - v  T B D F ' S O L  

OMe 
AcO 

Msol 
Me 

Reagents: i, HgS04, g; ii, MsCI; iii, H2, Pd/C; iv, NaOMe; v, TBDPSCl 

Scheme 5 

13 

of the ionophoric antibiotic tetronomycin. The route (Scheme 5 )  involved inversion of configuration at 

both C-4 and C-5 of the sugar, via an intermediate epoxide.22 An improved synthesis of D-amicetose 

(2,3,6-trideoxy-D-eryythro-hexose) has been described, in which the glucofuranose derivative 14 is 
converted into the product 15 of D-do-configuration on treatment with ethanethiol and acid (see Vol. 
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7, p. 94).23 The 4-0-methyl ether of D-amicetose has been found, as its a-pyranoside, as a unit in 

the polyether antibiotic C P - X ~ O O ~ ? ~  and the synthesis of the mfluoromethyl analogue of D-amicetose 

is mentioned in Chapter 8. 

14 

EtS ,, SEt 6 ~ ~ 2 ~ ~  

CH2SAc 1 5 

A chemicoenzymatic synthesis of 2-deoxy-D-xylo-hexose is discussed in Chapter 2, 

and the occurrence of 2-0-methyl-6-deoxy-L-talose in an 0-linked glycopeptide in Chapters 3 and 5. 
Syntheses of 2-deoxykanosamine and methyl a-Devalopyranoside are mentioned in Chapters 9 and 

14 respectively, and deoxyanalogues of ulosonic acids are covered in Chapter 16. 

Free-radical deoxygenation of appropriately protected derivatives was used to prepare the 3-, 
4-, and 6-deoxy-analogues of benzyl2-acetamido-2-deoxy-a-~galacto-pyranoside~~ and two of 

these compounds were then employed to make the 4- and 6-deoxy-derivatives of P-D-Galp-( 1+3)-a- 

D-GalpNAc-OBn (16). The 3'-, 4, and 6-deoxy- analogues of 16 were also prepared, all these 

compounds being of interest as model substrates for studies of the biosynthesis of 0-glycopeptides.26 

There has been further work reported on deoxyderivatives of lactose (see Vol. 24, p. 147 for 

earlier work). Deoxygenation reactions on suitable partially-protected derivatives were used to make 
the 2-, 3-, 6-, 2'- 3'-, 4'-, and 6'-deoxy-analogues of methyl P-lactoside, and these compounds were 

used to study binding to the galactose-specific agglutinin from Ricinus communis, with the 
conclusion that the 3-, 4-, and 6-hydroxy functions of the P-Dgalactopyranosyl unit are the key polar 

groups for recognition.27 Other workers have reported routes to methyl 2-deoxy-a-lactoside and 

methyl 3-deoxy-P-lactoside, together with 1,5-anhydro-4-O-~-~-galactopyranosyl-D-glucitol(1- 

deoxy-lactopyranose) and its 2-deoxy- and 2,3-dideoxy-derivatives. All of these were substrates for 

the P-galactosidase from E .  coli, though the rates of hydrolysis varied.% 

4 steps Bnog 
4 

L-Rhamnose - 
HO OH 

Reagents: i, BuzSnO, MeI: ii, PivC1, Py; ' c o g  - vii 
iii, Pd/C, H2; iv, AczO, AcOH, H2SO4; 
v, TMSOTf; vi, MeONa, MeOH Me0 OPiv ''PV 
vii, hv, HMPT, H20 

Me0 Me0 

Scheme 6 
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The di-oleandrosyl unit found in the avemectins has been prepared from L-rhamnose as 
indicated in Scheme 6. The a-linkage was secured by having a directing pivaloyloxy group present at 

C-2 of the glycosyl donor, and subsequently removing it, together with an equivalent group in the 

acceptor, phou>chemi~ally.~9 A new route to L-oleandrose itself from L-rhamnal involves stannylene- 

mediated selective methylation at 0 - 3  as a key step.30 
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13 
Unsaturated Derivatives 

1 Glycals 

A more detailed paper on the kinetic resolution of synthetic racemic glycals containing an 

unprotected C-3 hydroxyl group, using vinyl acetate and lipase PS-30 has appeared (See Vol. 25, 

p. 152, Scheme 3 for previous report). Glycals prepared by this method which have shown inhibition 

of the bovine a-L-fucosidase have been used to help map the active site of this enzyme.' 

A reductive elimination strategy using samarium diiodide in THF-HMPA has been developed 

for converting glycosy 1 phenyl sulfones containing a 2-0-acyl group into g ly~als .~  With analogues 

possessing 2-0-alkyl groups the reaction fails. 

The preparation of 2-0-alkyl protected oxyglycals by a two step dehydration process involving 

preparation of an anomeric mesylate followed by oxidative addition of Pdo and subsequent P-hydride 

elimination has been reported: By this method a new class of acetal-protected oxyglycals can be 

prepared (Scheme 1). 

Reagents: i, (MeSO&O, s -Collidine, Pd(PPh& 

Scheme 1 

The preparation of 3-deoxy-3-trifluoroacetamido-substituted C-2-acyl glycals such as 1 has 

been achieved by treating either 1-0-t-butyldimethylsilyl ethers of appropriate 2-deoxy pyranoses 

or glycals with acyl chlorides in the presence of aluminium trichloride or ferric chloride.' 

The synthesis of the glycal acid 2 from D-xylose has been reported and its thermal- and 

chorismate mutase-catalyzed Claisen reaction studied.6 

0-Silylated glycals react with benmquinone in the presence of t-butyllithium to produce C-1- 

benzo-quinol glycals which can be reduced with sodium dithionite to C- 1-p-hydroxyaryl glycals.' 

An unexpected preparation of C-3-aryl-3-deoxy-glycals has been discovered during an attempt 

The preparation of nitrile 4 (as an intermediate for nucleoside synthesis) by a Pdo catalyzed 

sodium borohydride reduction of the previously reported (Vol. 24, p. 132, Scheme 14) nitrile 3 has 

appeared.' 

to add phenols by acid-catalyzed Michael reaction applied to C-2-formyl glycals.8 
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Treatment of 2-benzothiazolyl 2,3 -dideoxy-4,6-U-isopropylidene- 1 -thio-a-D-erythro-hex-2- 

enopyranoside with MeMgBr or PhMgBr in the presence of copper(i) iodide led with allylic 

rearrangement to the formation of 1,5-anhydro-4,6-U-isopropylidene 2,3-dideoxy-3-C-methyl- or 

phenyl-D-ribo-hex-l-enitol." This paper is an extension of earlier work (J .  Org. Chem., 1990, 55, 

2294.) and reports similar results to those described in Vol. 24, p. 159, ref. 27. 

CN 

R C02H 
1 R = Me or long chain aUcy1 2 R 

3 R = O B z  
4 R = H  

Addition of triphenylphosphine-deuterobromide to tri-O-acetyl-D-glucal followed by addition 

of deuteroethanol afforded 5 as the main product (a:P ratio was 3:l and equatoria1:axial deuteron 

ratio was 2:l). The former ratio may result from the influence of the kinetic anomeric effect 

applying during the trapping of the intermediate oxonium ion 6. The results from this reaction and 

several other examples were used as evidence that the addition of alcohols to glycals under acid 

catalysis does not proceed by a trans diaxial process." 

r O A c  r O A c  

1 
D 

5 

I 
D 

6 

I 
OBn 

7 

For reference to the use of glycals as starting materials for the preparation of 2-deoxy-a- or 

P-glycosides, sialyl Lewis X antigen or 2-bromo-2-deoxy sugars, see Chapter 3. Also mentioned in 

Chapter 3 is a method for producing glycosides from glycals by a non-acidic Ferrier rearrangement, 

as well as the conversion of glycals into diketo-C-glycosides. The identification of (2)-5,6,7,9-tena- 

0-acetyl-4,8-anhydro-2,3-dideoxy-D-gluco-non-3-enonitrile and (E)-5,6,7,9-tetra-O-acetyl-4,8- 

anhydro-2,3-dideoxy-D-arabino-non-4-enonitrile amongst other products is covered in Chapter 2 and 

the addition of trichloroacetyl isocyanate to glycals is referred to in Chapter 14. 

2 Other Unsaturated Derivatives 

The preparation of dichloro enitol 7 by treatment of tetra-O-benzyl-D-glucono-&lactone with tris 

(dimethylamino) phosphine-carbon tetrachloride has been reported." (See Vol. 25, p. 155 Scheme 

10 for similar work.) 

Heating D-glucose at between 50"-120" in aprotic solvents in the presence of catalytic sulfuric 
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acid afforded a moderate yield of levogl~cosenone~~ and the predominant preparation of the related 

a-C, S or 0-glycosides of 4-enopyran-2-uloses by a similar route to that previously described (Vol. 

25, p. 156, Scheme 12) has been rep~rted. '~ In a similar way C-glycosides such as ally1 and 

phenacyl have also been prepared starting from hexa-O-a~etyl-D-iactal.~~ 

The preparation of branched-chain 4-eno-pyran-2-uloses derived from levoglucosenone is 

mentioned in Chapter 14. Studies on the addition of methanol to 2-C- and 3-C-nitro-a- and p-D- 

erythro-hex-2-enopyranosides as well as the preparation of C-1 glycosides by the addition of 

organometallic agents to 2,3-dihydro-4H-pyran-4-ones can be found in Chapter 3. 

Treatment of D-glucal with bis(tributy1tin) oxide then N-iodosuccinimide gives rise to solvent 

dependent products as shown in Scheme 2.16 The use of molecular bromine or iodine gave only 

products of halocyclization regardless of the solvent used. 

HO 

Reagents: i, (Bu3Sn)20, CH3CN; ii, NIS; iii, (Bu3Sn)20, PhH 

Scheme 2 

Per-benzo ylated aldonolactones undergo a reductive elimination reaction with samarium 

diiodide leading to unsaturated derivatives (Scheme 3).17 Deoxygenation at the 2-position can also 

take place. The difference in the reductive elimination patterns between the D-gluco and D-galactu 

isomers may be due to the axial disposition of the OBz in the galacto isomer. 

BzO b0 i -& 0 

B z o b 0  B z O b  - 0 

OBz 

- 
OBz 

Reagents: i, Sm12 (3 equivs) 
Scheme 3 
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The apparent conversion of D-glucurono-6,3-lactone diethyl dithioacetal into unsaturated lactone 8 

has been reported.’* 

EtSYSEt 

The conversion of acetylated 2,3-dideoxy-hex-2-enoses into acyclic allylamines via 

acetoxydienal mixtures has been reported (Scheme 4).19 In a similar way (2E)-4,5,6,7-tetra-O-acetyl- 

2,3-dideoxy-aldehydo-D-arabino-hept-2-enose was also used as starting material. 

Reagents: i, DBU; ii, RNH2; iii, NaBH4 
Scheme 4 

The preparationof 3-0-benzyl-5,6-dideoxy- 1,2-0-isopropylidene-a-D-xylo-hex-5-enofuranose 

from 3-0-benzyl-5,6-di-O-methanesulfonyl-l,2-~-isopropylidene-cl-D-glucofuranose has been 

reported.” (See Vo1.25, p. 159, ref. 26 for a similar preparation of the 3-0-tosyl derivative). 

in Scheme 5.2l 

Glycal or hydroxyglycal esters can be converted into the unsaturated C-glycosides as shown 

AcO 

~ O A C  

AcO ox, 
OAc 

4 &XUi *Q, 
OH 

SPh SPh 

Reagents: i, TMS-TMS, SnCI,; ii, TMS-SPh, BFyOEt2, then H’or -OH 

Scheme 5 

iii, N a b ,  CeCI, or LiAlH4 
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The conversion of the 2,3-unsaturated hexopyranoside 9 into the amino glycoside 10 by 

reaction of an amine (morpholine, imidazole or adenine) and a catalytic amount of bis-1,4- 

(dipheny1phosphino)butane palladium has been reported.z2 

The synthesis of dideoxypentene furanoside 11 has been achieved by Zn-Cu reductive 

elimination of methyl 2,3-di-U-mesyl-5-O-trityl-D-xylofuranoside.23 

r O B n  r O B n  

OBn 
9 10 11 

Treatment of methyl 2,3,6-tri-U-benzoyl-P-~-galactopyranoside with DAST led to the 

formation of 12 and 13 in addition to methyl 2,3,6,-tri-U-benzoyl-4-fluoro-~-D-glucopyranoside.24 

The synthesis of (-)-14 in six steps from D-glucose using conventional chemistry has been 

disclosed.2s 

PBz r O B z  

12 13 14 

The photochemical a-cleavage of levoglucosenone to afford (Z)-P,y-unsaturated acid 

derivatives has been reported (Scheme 6).26 

Reagents: i, hv, Hg or pyrex filter, ii, ROH 
Scheme 6 

The mass spectra of some unsaturated C-glycosides are reported in Chapter 22. The 

preparation of unsaturated derivatives by radical deoxygenation processes is covered in Chapter 12. 

Unsaturated sugar acids and nucleosides are mentioned in Chapter 16 and 20 respectively. The 

preparation of acyclic a,&unsaturated aldehydes via stannylenes is covered in Chapter 17 and 6,7- 

unsaturated octuronates in Chapters 2 and 18. 
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14 
Branched-chain Sugars 

1 Compounds with an R - C - 0  Branch 

A symposium on the synthesis of L-arcanose and L-olivomycose by a Lewis acid mediated reaction 

of allenylmethyltrimethylsilane with aldehydes and acetals has been reported.' (See Vol. 25, p.163, 

Scheme 4 for similar work). 

A new anti-tumor fermentation product of the enediyne class, named kedarsidin, has been 

shown to be a glycoside of a-L-mycarose? 

The isolation of the branched-chain D-erythrono- 1A-lactone ester 1 and its corresponding 

hydroxy acid hydrolysis product from the leaves of Bidens pifosa have been de~cribed.~ 

A report on the stereoselective preparation of the cyanohydrin 2 from the corresponding ketone 

by phase transfer catalysis has a~peared .~  

1 2 

The synthesis of 4-C-methyl-D-ribofuranose derivatives as key intermediates for 4'C-methyl 

nucleosides from D-glUCOSe has been rep~r ted .~  

the known methyl 2,3-anhydro-4,6-0-benzylidene-a-D-allopyranoside has been disclosed! 

The synthesis of methyl a-D-evalopyranoside 3 in eleven steps by conventional chemistry from 

The synthesis of 4-epoxy-4-C-methyleneglucosyl ceramides such as 4 as potential glycosyl 

transferase inhibitors has been reported? Also reported by the same authors is the synthesis of the 

4-C-methyl analogue of glucosyl ceramide 5 by way of hydrogenolysis of epoxide 6.' (See also ref. 

45 this Chapter for related work) 

HO OOMe 
Me 

r OH F C O R '  

3 
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O O B n  

Mo y c 1 3 H 2 7  

HO 0 

OH 

5 
OBn 

6 

The synthesis of methyl 3,6-dideoxy-4-C-(~-glycero-l'-hydroxyethyl)-a and p-D-xylo- 

hexopyranoside 7 and 8 and of methyl 3,6-dideoxy-4-C-(D-glycero- 1'-hydroxyethy1)-a and p-D-xylo- 

hexopyranoside 9 and 10 from levoglucosan has been achieved.' These structures permitted the 

stereochemical assignment of the naturally occurring yersinioses to be established. 

Me Me 

HO i)QR: 
7R' = H ,  R2 = OMe 
8 R' = OMe, R2 = H 

Me 

9 R' =H,  R2 =OMe 
10R'=OMe,R2=H 

The preparation of oxabicyclo[7.2.1] enediyne 12 starting from the anhydro sugar 11 has been 

reported (Scheme l)." Heating 12 in benzene containing 1,4-cyclohexadiene gave the benzenoid 

product of thermal rearrangement as shown. 

i. ii, iii e s i o d  Me - iv, v, vi -++oQoMe // I I  aoMe ___) 

11 OH , OMe 

OMe OMe 
12 

(0AC)J 

Reagents: i, LiHBEt3; ii, WO ; iii, Li-TMS; iv, NaH, MeI; v, T M S T  Pdo; 

0 
C1 

vi, TBAF; vii, 12, ('1 ; viii, DMSO, (COCl)z; ix, CrCIfliCI2; x, 8, 0 , 80 "C 
H 

Scheme 1 
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The addition of Grignard reagents to 3,4-O-isopropylidene- l-O-triphenylmethyl-L-glycero-2- 

tetrulose and 1-0-benzoyl-3,4-0-i~propylidene-L-glyce~u-2-te~ulose gave product ratios that 

depended greatly upon solvent, temperature and the nature of the Grignard reagent.” In a similar 

way the diastereoselectivity of the addition of various organometallic reagents (including Grignards) 

to various L-erythulose derivatives was also shown to be dependent on the solvent, temperature and 

nature of the organometallic, with the best selectivity being observed with dimethylcopper lithium 

(mainly L-erythro product) and MeTi(O’Pr), (mainly L-threo product).” 

Aldehyde 13 has been used as starting material for the preparation of branched-chain sugars 

like 14 by the addition of Grignard reagents followed by oxidation to the ketone and addition of 

diammethane. The selectivity of the last reaction was investigated as well as the selectivity of the 

addition of dimethylsulfonium rnethyl~1ide.l~ 

CHO 

13 14 R = H. Me or Ph 

The preparation of branched-chain 2-deoxyfuranolactones and of C-4-alkyl-2,3- 

dideoxyribosides is mentioned in Chapter 12. 

2 Compounds with an R-C-N Branch 

The preparations of C-3 branched amino-sugars of the 2,3,6-uideoxy-~-hexopyranose type related to 

daunosamine, for example 15 and 16, have been reported.I4 (See Vol. 25, Chapter 14, ref. 16 and 

49 and Vol. 24, Chapter 14, ref. 28 for related work). 

15 16 

3 Compounds with an R-C-H Branch 

Treatment of the arabino-pentonolactone triflate 17 with potassium carbonate in methanol afforded 

oxetane ester 19 together with the tetrahydrofuran 21, the ratio of which depended on the 

temperature.” This result is inconsistent with a previous report (See Vol. 24, p. 176, Scheme 4). On 

the other hand lactone triflate 18 gave oxetane 20 with no THF product. 
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In a similar way it has been shown that reaction of mesylate 22, under aqueous basic 

conditions, affords the oxetane acid 23. This latter compound was used for a formal synthesis of the 

anti-viral oxetanocin.16 (See also Vol. 24, p. 217 and p. 176 for similar work.) The synthesis of other 

branched-chain nucleosides is covered in Chapter 20. 

R2 

BnO BnO 

17 R' = OTf, R2 = H 19 R' = C02Me, R2 = H 21 
18 R' = H, R2 = OTf 20 R' = H, R2 = C02Me 

Me0 OMe 

22 23 

Methyl 3-0-benzyl-4,6-0-benzylidene-a-D- and ~-D-arubino-hexopyranosid-2-ulose have been 

used as starting materials for the preparation of methyl 2-C-acetamidomethyl-2-deoxy-a-D-gluco- 

and munno-pyranosides as well as for methyl 3-0-benzyl-4,6-0-benzylidene-2-deoxy-2-C- 

hydroxymethyl-a-D-gfuco- and manno-pyran~sides.'~ 

The diastereoselective transformation of various 3-deoxy-aldonolactones by reaction with 

terpene ketones in the presence of samarium diiodide into derivatives such as 24 or 25 has been 

reported.I8 The same authors have also reported similar work using simpler ketones." 

,.Me 0 

"Me 

,OBz r O B z  8 ."%,.Me CF3CONH AcoQ 0 

"Me 

24 25 26 R = Me or long-chain alkyl 

The conversion of several 0-substituted 2-bromo-2-deoxy-D-arabinono- 1,4-1actones into 2-C- 

ally1 lactones on treatment with allyltributylstannane has been The stereochemistry of 

the products appeared dependent on the orientation and nature of the U-substituents as well as on 

polar effects. 

3-Deoxy-3-iodo-1,2:5,6-di-O-isopropylidene-a-D-~10- or -gluco-furanose reacted with 

acrylonitrile, methyl vinyl ketone and methyl acrylate in the presence of a zinc-copper couple to 

give the corresponding C-3 conjugate addition products via radical mechanisms.21 
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Treatment of 2-benm thiamlyl 2,3 -dideoxy-4,6-O -iso propylidene- 1 -thio-a-D-erythro-hex-2- 

enopyranoside with MeMgBr or PhMgBr in the presence of copper (I) iodide afforded 1,5-anhydro- 

4,6-O-isopropylidene 2,3-dideoxy-3-C-methyl or phenyl-D-ribo-hex- l-enitol.’’ This paper is an 

extension of earlier work (J .  Org. Chem., 1990, 55,  2294) and similar to that reported in Vol. 24, 

p. 159, ref. 27). 

An unexpected direct displacement of a C-3 methoxy group to give C-3-aryl-3-deoxy glycals 

occurred during an attempt to add phenols in an acid-catalyzed Michael reaction to 2-C-formyl 

glycal ethers.23 

The preparation of C-2 acyl glycals like 26 has been achieved by treating either 1-O-t- 

butyldimethylsilyl ethers of 2,3-dideoxy-3-trifluoroacetamido-pyranoses or glycals with acyl 

chlorides in the presence of aluminium trichloride or ferric 

The photoaddition of alcohols to nitroalkenes has been described (Scheme 2).= Three of the 

same authors have reported similar work on the photolysis of 3-nitro-2-enopyranosides in 1,3- 

dioxolane to give the corresponding 2-C-(dioxolan-2-yl)-3-nitro derivatives.26 

R’ = R2 = H or Me 

NO2 

Reagents: i, R’R’CHOH, hv, Ph2C0 

Scheme 2 

The preparation of the branched C-formyl furanoside derivatives by opening of an epoxide 

with phenylthiomethyl lithium or 2-lithio- 1,3-dithiane has been described (Scheme 3).27 

A synthesis of the (2-5 homologue of N-acetylneuraminic acid has been described in which 

the addition of nitromethane anion to methyl 4,6-0-benzylidene-3-O-benzyl-~-~-arabino- 

hexopyranosid-2-dose provided the appropriate branching point.” 

An efficient synthesis of chiral butenolides has been reported. (Scheme 4).” 

The preparation of the branched C-pyranoside 27, which is structurally related to 

mchothecenes, has been carried out by treatment of the thionoformate 28 (prepared in several steps 

from 2,3,4,6-tetra-O-acetyl-2-hydroxy-D-glucal) with tributyltin h~dride.~’ Also described are the 

tricyclic compounds 29, prepared from an intermediate used for the synthesis of 27. 
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x CHO 

X = CHZSPh, HC, 
/Ph 

R=Bu,Tr,  Si+ 

‘Ph 

Reagents: i, PhSCH2Li or LiC? 

Scheme 3 

‘ “ G O B n  i, i i  * 0 RQOBn 

R = 11 or COZEt 

Reagents: i, LiCH2C02Bu‘ or NaCH(CO,Et),; ii, TFA 

Scheme 4 

27 28 29 R = H, CH2CH2C02Me 
or CH2CH(CH2CH2C02Me)C02Me 

A halolactonization strategy has been developed for the preparation of 4-C-branched hex-2- 

enopyranosides (Scheme 5).31 Several examples are given. 

A full account of earlier work (see Vol. 25, p. 171, Scheme 17) concerning the synthesis of 

homochiral trisubstituted y-butyrolactones has appeared.32 

Two further papers with full details and extensions on the preparation of hexopyranosido[4,3- 

b] and [ 1,241 furans by radical cyclization of propargyl ethers, acetals or ethoxy-iodoethyl 

groupings on a hexenopyranoside derivative have appeared.3324 (See Vol. 25, p. 172, Scheme 20.) 

The synthesis of the chiral furo[2,3-b]furans 30 and 31 by radical induced cyclization of the 

2-(S-methylthio)thiocarbonyl derivatives of the l-O-propargyl-3,5-di-O-benzyl a- and p-D-xylose 

respectively has been dis~losed?~ 
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fi;Me - i o r i i  *@;Me 

COZH 

0 

o s i s  O S i J -  

Me2NOC bON1 iii + 0 POTBr Br 

0 
Me 

Me N Me 

Scheme 5 

Reagents: i, TlzCO,, Br,. CHzCI,; ii, Br+C104-; iii, Br,, THF, H20 

,OBn 

30 31 

The 2+2 cycloaddition (together with some 4+2 additions) of trichloroacetyl isocyanate to 

various benzy lated glycals affording cis products has been 

Treatment of a D-glucose derived hex-3-enose derivative provides cycloadduct 32 as the main 

product together with three isomeric derivatives (Scheme 6).37 This unusual and novel reaction is 

thought to proceed through an initially rearranged acyclic sugar as shown. 

Reagents: 

Q 
Scheme 6 

The cycloaddition of various 1,3-dipoles to levoglucosenone has been described (Scheme 7)38 

The rhodium catalyzed hydroformylation of glycals in the presence of tris(ortho-tert- 

butylphenyl) phosphite to afford 2-formyl derivatives such as 33 has appeared.39 
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The Preparation of the doubly C-branched derivative of D-allose 34 by the use of 

enantiomerically enriched (Z)-anti-3,5-dialkyl-4-hydroxy- 1,5-alkadieny 1 Nfl-diisopropy lcarbaates, 

obtained by the homoaldol approach, in a similar way to that described in Vol. 25, Chapter 14, ref. 

3 1, has been reported?' Other furanosides are also described. 

Ph 

111 - a0 0 

/ 
.IFo N- I 

I 
N 

OR It, 
CHO 

33 R = Bn, Me, Ac 

H O L z e  

9 0  Me 0 - f  

34 

The preparation of the lithiated branched-chain sugar 35, required for the preparation of C- 
glycosides, has been reported (Scheme 8):' .aoR i,ii HO " O k }  HO 

OBn I iii. iv 

35 

Reagents: i, Ph3P=CH2; ii, BHpMqS; iii, DMSO, AczO; iv, Et,N; v, NaBH,; 

vi, Ph3P, 12, N 2 ,  vii. Bu"Li 

Scheme 8 
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The preparation of the C-3-formyl derivative 36 has been described starting from methyl 2,4,6- 

tri-O-benzy l-a-D-galactopyranoside via a sequence involving oxidation of the C-3 hydroxyl, Tebbe 

reaction, hydroboration and S wern ~xidation.~' 

The preparation of compound 38 has been achieved in five steps from the aldol condensation 

product of derivative 37, which in turn is available in several steps from D-glu~ose.~~ 

I 
36 37 38 

The stereoselective reductive hydroxymethylation of annulated sugars 39 and 40 to give 

derivatives 4 1  and 42 has been described.4 

R' 

39 R' = H, R2 = OH 
40 R' = OH, R2 = H 

41 42 

The preparation of C-2 branched deoxyheptitols and pentitols is covered in Chapter 18. 

4 Compounds with an R-C-R or C=R Branch 

The transformation of 2,3:5,6-di-O-isopropylidene-D-nylo-hexos-4-u1ose diethyldithioacetal into 4- 

deoxy-4-C-methylene-~-~-glucopyranosylceram~de as a potential inhibitor of glycosyl transferases 

has been (See also ref. 7 and 8, this Chapter for related work.) 

The synthesis of 2,3-dideoxy-3-C-methylene-D-glycero-pentofuranose has been achieved by 

S harpless epoxidation of 5,5-diethoxy-3-methyI-2-pentenal followed by rearrangement of the product 

to 2,3-dideoxy-3-C-methylene-D-gfycero-pentose diethylacetal and, finally, hydrolysi~.~~ 

The treatment of 4,6-0-benzylidene-3-deoxy-a-D-erythro hexopyranosid-2-ulose and the 

corresponding 2-deoxy-3-ulose with carbon disulfide-methyl iodide and sodium hydride gives 

branched-chain derivatives 43 and 44 re~pectively.~~ Reaction of 43 with ethanol in p-toluidine or 

p-anisidine gave, unexpectedly, derivatives 45 and 46. 

The preparation of glycosy 1 tosylhydramnes and their reaction (via a glycosyl carbene) with 

acrylonitrile to afford all stereoisomers of the glycosyl cyanocyclopropane products has been 

rep~rted.~' Similar work has been reported by other workers (See Vol. 25, Chapter 14, Scheme 29). 
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For the preparation of some branched-chain sugars from alkylidene carbenes see Chapter 10. 

The use of methylene branched acyclic sugars as Diels-Alder precursors is covered in Chapter 24. 

1 

2 

3 
4 
5 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

16 

17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

43 44 45 R = p -MeC6H4 
46 R = p  -MeOC6H4 
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15 
Aldosuloses and Other Dicarbonyl 
Compounds 

1 Aldosuloses 

The preparation and use of 1,2:5,6-di-O-isopropylidene-a-D-ribo-hexos-3-ulose as a chiral 

template in organic synthesis has been reviewed.' Two saponins isolated from the leaves of 

Gymnemu sylvesrre contained O-~-D-urubino-hexos-2-ulopyranosyl moieties, present as a 

hemiacetal with an adjacent sugar moiety'. The alkaline isomerisation in pyridine solution of 

methyl a- and pD-arubino-hexos-2-ulopyranoside into the D-urabim-and then D-ribo-hexos-3- 

ulopyranosides has been monitored and shown to involve hydride shift and 2,3-enediol- 

containing mechanisms3. Methyl 3,4-O-isopropylidene-a and ~-~-lyxo-hexos-2-ulopyranoside 

have been found to exist as the bicyclic hemiacetals 1: Treatment of alkene 2 with MCPBA in 

an alcohol solvent (ROH) afforded the diglycoside 3 which, after hydrogenolysis and hydrolysis, 

was converted into ~-arubino-hexos-5-ulose.~ 

1 2 3 

Methods have been described for the purification and h.p.1.c. analysis of 3-deoxy-D- 

eryrhro-hexos-2-ulose. Its reactivities in acid and base have also been studied: Another method 

for the detection of this aldosulose in plasma and urine is mentioned in Chapter 23. Sucrose and 

isomaltulose have been oxidised using Agrobacterium rumefuciens to their 3-keto  derivative^.^ 

The reaction of dicarbonyl sugars with aminoguanidine is discussed in Chapter 10, and the 

synthesis of the antibiotic cortalcerone is covered in Chapter 19. 

2 Other Dicarbonyl Compounds 

When sucrose is oxidised with sodium periodate in 50% aqueous DMF the reaction is selective 

for the glucose moiety producing a single dialdehyde.' Attempted Swern oxidation of methyl 2- 

O-benzy1-3,4-0-isopropylidene-a, P-D-galactopyranoside afforded mostly the unsaturated product 
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4 for the j3-glycoside and ca. 50% of 5 for the a-isomer, rather than the expected saturated 

aldehyde.’ The keto-aldehyde 6 has been found to exist in equilibrium with the cyclic 

hydrate 7.4 

OBn 0 OMe 

4 R’ = OMe, R2 = H 
5 R’=H,R*=OMe 
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16 
Sugar Acids and Lactones 

1 Aldonic Acids and Aldonolactones 

The structure of the first hydrolysable tannin with a gluconic acid 'core' (Vol. 20, p. 158) has been 

revised to the 2,5-di-O-galloyl ester. 

oxidation of D-ribose with bromine in aqueous sodium carbonate solution.* When the dlylic 

alcohol 1, obtained by bioreduction of the a-ketoacid, was epoxidized with MCPBA, followed by 

acid hydrolysis, 5-0-methyl-L-arabinono- 1,6lactone (2) was the major product, with lesser amounts 

of the D-ribonolactone derivative. Cis-dihydroxylation of 1 With OsO4-NMMO gave about equal 

amounts of the L-lyxu -and D-xylu-prod~cts.~ 2-Deoxy-D-eryfhro-pentono- 1,6lactone (2-deoxy-D- 

ribono- 1,6lactone) has been isolated following photosensitized oxidation of deoxyguanosine: and 
a novel synthesis of the racemic material has been described.5 Some acylated derivatives of 
pentonolactones and 2-deoxy-pentonolactones, made as rigid deacylglycerol analogues, are 
mentioned in Chapter 7, as are selective tosylations of aldonolactones. 

There have been reports on the electro-chemical oxidation of glucose to give D-gluconic 

acid,6 and its zinc7 and magnesium salts.* The kinetics and mechanism of the RuOq-catalyzed 

oxidation of aldoses to aldonic acids by alkaline N-bromoacetamide have been studied, with the 

conclusion that hypobromite is the reactive oxidizing species.9 

The vanadate analogue of NADP ('NADV') is accepted as a substrate by glucose-6-phos- 

phate dehydrogenase, permitting the formation of 6-phosphogluconate and the reduced coenzyme 

A convenient, large-scale preparation of D-ribono- 1,6lactone has been described, involving 

( 'NADVH').~~ 

The enone 3 can be synthesized directly from tri-~-acety1-D-glud by treatment with 

MCPB A-FeC13.11 

CH20Me I 
OH 

CH,OMe 

1 2 3 I 4 CH20H 

In the area of longer-chain systems, the dideoxy-heptonolactone 4 has been made using a 

Wittig reaction on unprotected D-arabinose,l2 and a cis-selective Wittig reaction was also used to 

prepare the unsaturated lactone 5, potentially useful for the synthesis of sialic acids and analogues, 

from 2,4:5,6-di-O-isopropylidene-aldehydo-D-glucose. l3 2,4-0-Benzylidene-L-xylose was con- 

verted, by Wittig reaction and one-carbon chain extension at C-5, into the carboxylate 6, which was 
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a weak inhibitor of HMG-COA reductase.14 The same group also prepared the known inhibitor 7, 

which corresponds in structure to 6, but with the deletion of 0-4, from D-glucose (sugar carbons 

numbered).lS The solution conformations of the two alditols obtained by borohydride reduction of 

N-acetyl-neuraminic acid have been studied by 'H- and 13C-nmr.16 

5 

" O V  4 0  

5 

cll$ 7 
c1 

The chemistry of Scheme 1 has been used to prepare the D-glycero-D-rulo-heptonolactam 9. 
The initial aldol-type condensation was stereoselective for the D-urubino-product 8, but it was found 

that treatment of 8 with Et3N-DMAP caused smooth isomerization at the asterisked carbon to give 

the D-ribo-1actam.l-I Similar work by the same group using 2-mmethylsilyloxyfuran has been 

mentioned in earlier Volumes (Vol. 24, p. 174-5, and earlier). 

HO 

1 
\ 

!.&- 8 9 '0' ' 

Reagents: i, SnC4; ii, TMSCI; iii, KMn04, crown ether, CHzClz 

Scheme 1 

Ortholactones such as 10 can be prepared from the corresponding 1-bromo-glycosyl cyanide 

by treatment with the alcohol in the presence of silver triflate and 2,6-lutidine,18 and bromoimino- 

lactones such as 11 are the products formed by treatment of 0-protected glycosyl azides with NBS 
under photolytic or free-radical initiation.l9,20 

CH20Bn CHzOBn CH20Ac CH,OAc 

*'OO OMe A c o Q = N B r  'hz. - po2H 
OAc OAc MeoH2c OMS CH20Me 

10 11 12 13 

A method has been developed for determining the absolute configuration of aldonic acids, 

based on the magnitudes of 'H-nmr shifts induced by a chiral Eu(III) reagent,21 and a theoretical 
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study of the hydrolysis of 1,5-gluconolactone using semiempirical (MNDO-PM3) methods has been 

reported.22 

2 Anhydroaldonic acids and Lactones 

There have been further papers related to Fleet's report on the ring-contraction of carbohydrate y- 

lactones to give oxetan derivatives (see Vol. 24, p.176 and 217). The mesylate 12 underwent ring 
contraction to give 13, the product of inversion of configuration at C-2, on treatment with NaOH in 

aqueous methanol; the non-aqueous conditions used in the earlier work had proved unsuccessful 

with mesylates, and triflates were used instead. The tosylate analogue of 12 also underwent ring 

contraction to the N-benzylamide of 13 on treatment with benzylamine followed by sodium 
h~dr ide .~3  Other workers have reported that the ring contraction of 14 gives the tetrahydrofuran 16 

as well as the oxetan 15 (Scheme 2) (compare Vol. 24, p. 176), and the ratio of products is 

CHzOBn 'i"-so i * CHzOBn y + O J * 2 M e  

Reagents: K2CO3. MeOH 

BnOHzC CHzOBn HO CH20Bn 

14 15 16 
Scheme 2 

temperature-dependent. Other similar ring-contractions gave only oxetan prod~cts.2~ 
Meanwhile, the Oxford-Glaxo group have studied the analogous ring-contraction of &lactones, as 

exemplified by the conversion of the D-glycero-D-rdo compound 17 (see Vol. 25, Chapter 16) to 
the tetra-hydrofuran 18 with inversion of configuration (Scheme 3). Alternative conditions, 

however, give the product 19 of retention of configuration as the major epimer (ca. 2:l rati0).~5 

Reagents: i, K 2CO3, MeOH ii, BnNH 2 

Scheme 3 

Reactions of free sugars with Meldrum's acid (see Vol. 24, p.175) have been further 

investigated. L-Arabinose gave the L-gluco- product 20 in reasonable yield, whilst the reaction with 

D-mannose gave mostly the D-glycero-D-ido-product 21, probably due to isomerization at C-4 in the 
@-unsaturated lactone formed as an intermediate.% Intramolecular cyclizations of a,p-unsatur- 

ated lactones were also used to make bicycles of type 22. The precursors were prepared by addition 
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of organometallics to a 2,3-ene-6-aldehyde, and the cyclizations proceeded faster when the substit- 

uent R occupied an exo-p0sition.2~ 

HOHZC Q* 
vH2OH 

HO 

ho 0 

22 

In a new route to 2-deoxy-P-KDO, the key step was the intramolecular alkylation of 23, 

made from D-mannose, in the presence of LDA, to give 24 stereospecifical1y.B 

An unsaturated anhydroaldonic acid prepared during a study of the rearrangement of 

chorismic acid analogues is discussed in Chapter 13, and some epoxyaldonolactones are mentioned 

in Chapter 5. 

26 

3 Ulosonic acids 

The natural substrates for 2-keto-3-deoxy-6-phosphogluconate aldolase are D-glyceraldehyde-3- 

phosphate and pyruvate. It has now been shown that the enzyme will accept various other 

aldehydes as substrates, including D-gl yceraldehyde itself, and D-lactaldehyde, from which the 

product is the dideoxyhexulosonate 25.29 

been monitored by 'on-line' chromatographic methods, and a reaction mechanism was proposed.30 

hydroxybenzoic acid and the m-C7N unit in the ansamycin antibiotics, and it has been prepared 

from the methyl ester-methyl glycoside of 3-deoxy-D-arabino-heptulosonic acid by a double 

inversion at C-4.31 

The production of 2-keto-D-gluconic acid by electrochemical oxidation of D-glucose has 

The amine 26 has been proposed as a putative intermediate in the biosynthesis of 3-amino-5- 

Giese's group have described two routes to D O ,  both of which involve free-radical 
chemistry. In the first of these (Scheme 4) tetra-0-acetyl-a-D-lyxopyranose was brominated to give 

27, which was then manipulated as indicated to give KDO as its ammonium salt (29). The adduct 

28 was produced as a 3: 1 mixture with its C-5 e~ imer .3~  In an alternative approach (Scheme 5), the 

bromide 30, made by Barton-Hunsdiecker degradation of penta-0-acetyl-D-gluconic acid, was 

converted into an organocobalt compound 31 which underwent photochemical reaction with the 

TMS enol ether of methyl pyruvate to give the known KDO precursor 32.33 For an alternative route 
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Ho CH20H 

i AcO & - ii-i" NH4+ AZoc0 + & O 2 B u t  - AcO c0,- 

OAc OH 
28 29 

Reagents: i, AIBN, C 6%. A ; ii, NaOH, H 2 0 ,  iii, NaBH4; iv, 0 3, then Me2S; v. NH 40H 

OAc 
27 

Scheme 4 

C 4 M e  

A;?;;; A:{_'";" ii 1.6 
C q O A c  CHZOAC 

30 
CH~OAC 

Reagents: i, NaCo(dmgH)2.Q; ii, CH 2=C(OTMS)C%Me, hv 

Scheme 5 

to KDO involving organocobalt intermediates see Vol. 22, p. 162. The thioglycoside 33 of KDO 
has been made by a variation on an earlier approach involving nng-opening of a cyclic sulfate 

derived from D-mannitol (Vol. 23, p. 161-2), and used to prepare glycosides of KDO (Chapter 3).34 

The 4-deoxy-analogue (34) of KDO has been made by a sequence involving a Wittig reaction on 
2,3:4,5-di-O-isopropylidene-aldehydo-D-arabinose using the ylid derived from Ph3P and ethyl 

bromo-pyruvate, and the D-xyb-isomer of 34 was made in the same way.35 A C-glycoside of KDO 

is discussed in Chapter 3. 
A review has appeared dealing with biological diversity of sialic acids in oligosaccharides 

and sialoglycoproteins; sialic acid nomenclature is also discussed.36 In a synthetic route to N -  
acetylneuraminic acid (NeuSAc) from D-glucose, the P-D-pyranoside 35 was prepared, along with 

other isomers, by condensation of D-glucose with oxaloacetate followed by treatment with acidic 
methanol. The isomers were separated by h.p.l.c., and 35 was hydrolysed and then lactonized by 

DCC to 36. After protection of the four hydroxyl groups, the lactone was reopened and nitrogen 
introduced at C-5 with inversion of configuration to give Neu5Ac.37 

There has been a further extended report from Wong's laboratory on the condensation of L- 

sugars with pyruvate, catalysed by NeuSAc aldolase (see Vol. 25). In these reactions, the newly- 

created chiral centre has R-stereochemistry, as opposed to the S-chirality found with more normal 

substrates.38 In an important paper from this group, they describe the production of two forms of 

CMP-sialic acid synthetase from Exoli, the native form and a modified form where the C-terminus 
is tagged with a decapeptide. The modified enzyme was used to make CMP-NeuSAc from N-acetyl 
mannosamine in the presence of NeuSAc aldolase, the required CTP being generated enzymically in 

situ from CMP and phosphoenolpyruvate. Various analogues of NeuSAc were also made using 
NeuSAc aldolase, and these were used to probe the substrate specificities of the native and modified 
CMP-NeuSAc synthetases. Both enzymes had high activity for modifications at C-9, but some 
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modifications at C-5 (hydroxy-, deoxy-, deoxyfluoro-) were not acceptable as substrates.39 The 
same team have also prepared the phosphoramidite 37, and used it to make CMP-NeuSAc.4 A p- 
glycoside of NeuSAc has been linked to Sepharose 4B to give an affinity ligand for the purification 

of CMP-NeuSAc synthase4l The sialate-nucleotide 38 has been reported, along with thymidine 

and AZT analogues$2 

CH20Ac 
AcO -/ 

33 34 35 

OH 
HOH~C J, 

AcNH 
OH 

39 

HO F OH 38 

The o-(difluoromethy1)phenyl glycoside 39 of NeuSAc has been made as a potential 
mechanism-based inhibitor of a bacterial ne~raminidase.4~ An a-ketoside of NeuSAc incorporating 

a dansyl group has been designed as a tightly-binding fluorescent ligand for influenza A 
hemaggl~tinin$~ whilst in the same area other workers have designed and synthesized an a- 
glycoside of NeuSAc with a long-chain acyclic aglycone designed to mimic the four saccharide 

units and the ceramide of ganglioside G2, and again incorporating a fluorescent probe. Liposomes 

containing this species were good inhibitors of haemagglutination of erythrocytes by influenza 

virus, with the conclusion that relatively simple monosaccharides may prove effective in this area.45 
Kinetic studies have been reported on the chemical hydrolysis of aryl-a-glycosides of 

NeuSAc, where four different pathways for hydrolysis of the neutral molecule and the anion were 

identified and investigated46 Various a- and P-glycosides of 3P-hydroxy-neuraminic acid have 

been prepared (methods as in Vol. 21, p.161), and their calcium-binding ability and stability 

towards hydrolysis, both chemical and enzymic, was investigated and compared with the same 

properties of the corresponding glycosides of NeuSAc. The hydroxylated species were more stable 
to hydrolysis, whilst the p-methyl glycosides of NeuSAc and its 3P-hydroxy-analogue both bound 
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calcium tightly implying a common c0nformation.4~ Other references to glycosides of NeuSAc and 

sialyloligosaccharides can be found in Chapters 3 and 4. 

There is continued interest in the chemical modification of NeuSAc. The Vienna group have 
shown that the bicyclic lactam 40 can be formed from the a-methyl glycoside of 8,9-O-isoprop- 

ylidene-Neu5Ac methyl ester by treatment with sodium hydride-benzyl bromide. The lactam can be 

reopened by base after structural modification, and selective N-debenzylation can be carried out 
using potassium r-butoxide in DMSO in the presence of oxygen. Similar reactions can be carried 
out on 2-deoxy-a-NeuSAc?8 

basic conditions, the lactone 42 was produced, together with its C-4 epimer. Both 42 and its epimer 

had undergone epimerisation at C-5 to give the trans-disubstituted oxazoline. Acidic hydrolysis and 

When the D-do-oxazoline 41 (Scheme 6) was treated with di-t-butyl oxaloacetate under 

Scheme 6 

decarboxylation of 42 gave 6-epi-NeuAc (43), whilst the C-4 epimer of 42 gave 4,6-bis-epi- 
NeuAc45 The a-methyl glycoside of 8-0x0-NeuAc has been prepared?() and 4-epi-NeuSAc a- 
methyl glycoside was made by a selective oxidation of 8,9-O-isopropylidene-NeuSAc a-methyl 

ketoside methyl ester using RuO4, followed by rduction with BH3.NH3. Selective formation of 
4,8.9-tri-O-TBDMS-NeuSAc methyl glycoside methyl ester permitted access to the a-methyl 
glycoside of 7-epi-NeuSAc. The a-methyl glycosides of 8-epi- and 7,8-di-epi-NeuSAc were also 

reported in the same paper.51 The 4-, 7-, 8-, and 9-deoxyderivatives of Neu5Ac have been prepared 
as peracetylated a-methylthioglycoside methyl esters,52 and used as glycosyl donors to make a 

series of ganglioside GM3 analogues.53 

acetylmannosamine (Chapter 14), and converting it into 44 by reaction with pyruvate catalysed by 
NeuAc ald0lase.5~ The a-furanose epimer 45 could be isolated from the products of reaction of D- 

glucose with oxaloacetate, followed by acidic methanol (see above); C-6 in 45 could be 

differentiated by lactonization with C-1, permitting the introduction of nitrogen at C-6 with 
inversion of configuration so as to give ultimately the sialic acid isomer 46. The C-4 epimer of 45 
was also isolated from the initial mixture, and gave the C-4 epimer of 46. Both 46 and the epimer 

were strong inhibitors of the neuraminidase of influenza virUs.55 When the enol ether 47, in which 
the acyclic unit was prepared from D-gluconolactone, was treated with NIS in propionitrile, 
cyclization to 48 occurred, and this was used as a route to various analogues of the Neu5Ac-a- 

glycoside, lacking the three-carbon side-chain.56 Some 8.9-thiocarbonates of Neu5Ac are 
mentioned in Chapter 7, and some glycosylazides and glycosylamine derivatives in Chapter 10. 

The C-5 homologue 44 of NeuSAc was prepared by making the C-2 homologue of N- 
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CH2OH CH2OH 

'OH2'- HO" 

AcHN 

CO2H '6& C02Me -- A c ~ & ~ ~  
,CH2 

OH OMe 

44 OH 45 OH 46 

H o H 2 c q m e  O-CH2 

N3 

BnO Me 
OBn 

47 

CONHMe 

N, -0 -CH, I 

OBn 
48 

N-Acetyl- and N-glycolyl-2,7-anhydroneuraminic acids have been made by cyclization of a- 
(methy1thio)glycosides with DMTST (see also Vol. 25), after initial selective benzoylation to the 

4,9-dibenzoate.57 

In a study of the Fischer glycosidation of methyl 3-deoxy-D-glycero-D-galacto-2- 

nonulosonate (KDN methyl ester), the furanosides were initially formed, followed by pyranosides 

after longer times. All four compounds were isolated as their peracetates. Acetylation of KDN 

methyl ester in pyridine gave only the two peracetyl pyranoses.58 Some nucleoside derivatives of 

KDN are mentioned in Chapter 20. 

An extended NeuAc analogue 49 has been prepared by the reaction of 5,6-O-isopropylidene- 

N-acetylmannosamine with disodium acetone dicarboxylate in the presence of nickel acetate; the C- 
5 and C-6 epimers of 49 were also formed. Deprotection of 49 by hydrogenolysis gave the free acid 

which decarboxylated r e a d i l ~ . 5 ~  Treatment of the Wittig product 50 under Wacker-type conditions 

led to the glycoside 51 of a 3-ulosonic acid (Scheme 7).60 

OH 

49 

CH20Bn 

CH2C02Me 

OBn OBn 
50 51 

Reagents: i ,  PdCl2, CuCl2.02. MeOH 

I Scheme 7 

4 Uronic Acids 

A review has been published on the oxidation of carbohydrates to carboxylic acids, with particular 

emphasis on catalytic oxidation of primary alcohol functions to uronic acids by use of molecular 
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oxygen.60 The kinetics and mechanism of the selective oxidation of methyl a-D-glucopyranoside to 

the uronate on a carbon-supported platinum catalyst have been studied.62 

Improved preparations have been reported for the galacturonic acid derivative 52, for use in 

making specific uronic acid-containing &saccharides (Chapter 3),63 and for the diethyl dithioacetal 

of D-glucurono-6,3-lactone.* The mono-0-methylated cyclitol L-quebrachitol could be converted 

in three steps to the enol ether 53, ozonolysis of which gave the acylic L-guluronic acid derivative 

54.65 

CHO C02Me +q - "& 
52 53 "1 54 

C0,Me 

A new approach to 6,l-lactones of uronic acids is illustrated in Scheme 8 for the D-ghco- 

case, but was also applied to the D-munno- and D-galucfo-configurations.& 

Br- 

OAc OAc 

Reagents: i, Br 2, CCl4, A; ii, Ag 2CO3, 

Scheme 8 

ii, iii 

OAc 

acetone-water; iii, PDC 

The phosphonate 55, designed as a transition-state analogue for the inhibition of UDP- 

glucuronosyltransferase, the enzyme involved in the detoxification of xenobiotics by glucuron- 

idation, has been made as outlined in Scheme 9, the uronate function being introduced by Jones 

CH20TBDPS 

AcO 

OAc OAc OH 

Reagents: i, Ph 3CCH20CH2Li, 71IF, ii, DAST 55 

Scheme 9 

oxidation.67 Both ether and ester glucuronides of the phenolic acid naproxen can be made 

enzymically from UDP-glucuronic acid and rabbit microsomal protein, the products being isolated 

by HPLC.68 
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Lipidic aminoacids, and a dipeptide, have been conjugated via amide links to D-glucuronic 

acid, to improve their water solubility. The products were present as monomers in solution in non- 

aqueous solvents at low concentrations, but formed aggregates or inverted micelles at higher 
concentrations.69 The acrylamide monomers 56 (R=H or P-D-G~cNAc) have been prepared and 

OH 

copolymerised with acrylamide to give high-molecular weight neoglycoconjugates.70 Various 

long chain alcohols, thiols and amines have been linked as (thio)esters or amides to D-galacturonic 

acid, and the liquid crystalline properties of these compounds were studied. The bis-galacturon- 

amide of dodeca-1,lZdiamine and bis-galacturonate of dodeca- 1,12-diol were also included in this 

study.71 

nucleosides with uronic acid substructures are covered in Chapter 20. 
A mbutylstannyl ester of glucuronic acid is mentioned in Chapter 17, and nucleotides and 

5 Ascorbic acids 

Two new routes to L-ascorbic acid (58) have been described. In one of these, L-galactono-lactone 

(57) is the precursor, convertible in three steps (Scheme 10) into ascorbic a ~ i d , 7 ~  whilst in the other 

(Scheme 1 l), the 1,5-anhydro-D-galactitol59, accessible from D-galactose, was used as an 

intermediate.73 

CH OH 

t'.H 

- 

HO 
57 L d  58 

Reagents; i, CH3CH0, MeOH, HCl; ii, RuO 2. Ca(OC1)2; iii, HCl, EtOH, CH $32 

Scheme 10 

59 
V. 1" 

58 

Reagents; i, COCl2. DMSO, Et 3N; ii, NaClO 2; iii, CH 2N2; iv, MCPBA, HOAc; v, NaOMe, then HCl 

Scheme 11 
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Displacement of a cyclic sulfate with labelled fluoride ion was used in a rapid (90 min) 

synthesis of 6-deoxy-6-[ 18F]-fluoro-L-ascorbic acid.74 
There have been reports on the phosphorylation of ascorbic acids. Phosphorylation of 5,6- 

0-isopropylidene-D-isoascorbic acid gave, after acid hydrolysis, mostly the 2-phosphate?S whilst 
treatment of 5,6-O-isopropylidene-L-ascorbic acid with alkylene chlorophosphites gave products of 

type 60 (n=2,3), together with the 0 -3  phosphites. These products were converted to thio- and 

selenophosphates, and the same paper also describes some 2,3-cyclic phosphites and 

phosphorothioates.76 The same group has also prepared the cyclic phosphite 61, convertible to a 

thiophosphate, which on treatment with C17H35COC1 -2nC12 gave the tetra-0-acyl derivative, a 

lipid derivative of ascorbic acid.77 
Other lipophilic derivatives of L-ascorbic acid have been made by selective alkylation of the 

5,6-O-isopropylidene derivative at 0-3; the products after hydrolysis are inhibitors of lipid 

peroxidation, and of potential use in treating reperfusion injury.78 Other fatty acid esters at 0-5 and 
0-6 of ascorbic acid have been studied as antioxidants in liposomal membranes.79 

Molecular orbital calculations have been used to investigate the reaction of ascorbic acid 

(58) and its monoanion with the hydroxyl radical. The site of attack was found to be C-2, with a 

preference for the anion; dehydration was then predicted to lead to the anion-radical 62.80 KO KO C& 0 

- - 
- 0  0 /O\ 

60 '0. 61 62 
HO 0-P  (CH2),, 

HO OH 

CH OH 
b z O H  

HO OH 

63 64 

Semi-empirical and ab inirio approaches indicate that the bicyclic 3,6-hemiketal form of 
ascorbic acid is somewhat more stable than the 2,3-enediol(58), but because of its higher dipole 

moment, 58 gains in stability in polar solvents.8l 

6-ben~oate and 6-palmitate by iodine have been investigated by 13C-nrnr in both D2O and &- 
DMSO. In D20, there was evidence for the formation of the 3,6-hemiketal-hydrate 63 in 

equilibrium with the bis-hydrate 64 of dehydroascorbic acid. A similar bis-hydrate was formed 

from the 6-0-benzoyl derivative in D20, and this formed a bis-anhydrdmer on standing. In 6- 
DMSO, the 6-0-acyl derivatives formed the 2,3-dione (dehydroascorbate), which formed the bis- 

hydrate on adding water.82 The hydrogen-ion dependence in the oxidation of L-ascorbic acid by 

hexacyanoferrate(II1) in aqueous ethanol has been investigated, the rate law was derived and the 

The nature of the intermediates and products formed on oxidation of L-ascorbic acid and its 
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effects of ionic strength, solvent and temperature on reaction rate were analysed and interpreted.83 

Another worker has also reported on the dissociation constants and normal redox potentials for 

various ascorbic acids and determined second-order rate constants for ferricyanide reduction by these 

acids.84 The kinetics of oxidation of L-ascorbate by Se(IV) in aqueous perchloric acid have been 

investigated.85 

In connection with studies of Maillard reactions involving ascorbate and proteins, the rates of 

formation of L-threose from L-ascorbate, dehydroascorbic acid, and 2,3-diketo-L-gulonate were 

measured in the presence and absence of oxygen. Ascorbate only gave threose in aerobic conditions, 

whilst the oxidised compounds also formed threose without oxygen, and the rate was faster from 

diketogulonate. Incubation of dehydroascorbate with Na-acetyl-L-lysine in the presence of 

cyanoborohydride gave Na-acetyl-NE-( 1-deoxy-L-threitol- 1-y1)-L-lysine. It thus appears that, in 

Maillard reactions of ascorbate, initial oxidation is necessary, but that further degradation of 

dehydroascorbate or diketogulonate can occur anaerobically.86 It has been found that the degradation 

of aqueous solutions of ascorbic acid by ultrasound and ionising radiation was more extensive under 

aerobic conditions, and the products of such degradation have been identified.87 
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17 
I no rg a n ic Derivatives 

1 Carbon-bonded Phosphorus Derivatives 

The synthesis of the 1,3,5-m-O-acetyl-2,4-dideoxy-4-methoxyphosphonyl-D-e~~~~- and L-rhreo- 

pentofuranoses has been described by way of a conjugate addition of dimethylphosphonate to an 

a,a-unsaturated nitro-compound.' Similarly, a number of 5,6-dideoxy-6-nitro-D-hex-5- 

enofuranoses, on treatment with dimethylphosphonate, have afforded predominantly either 5(R)- 

or 5(S)-5,6-dideoxy-6-nitro-5-dimethoxyphosphonyl adducts, depending on the conditions? Full 

details of the photolysis of N-hydroxy-2-thiopyridone esters of uronic acids, e.g. 1, in the 

presence of diethyl vinylphosphonate to give phosphonates e.g. 2 have been p~blished.~ (See 

SPR Vol. 23, p.172, 224.) The phosphorus-in-the-ring analogue 3 of L-fucosamine has been 

prepared in a multi-step procedure from D-glucose,4 and the synthesis of the 6-phosphono 

analogue of D-fructose-6-phosphate has been achieved? Methyl 2,5-dideoxy-5- 

diethylphosphonyl-3-O-pivaloyl-a,~-D-nbofurano.se has been prepared and converted into a 

number of 2',5'-dideoxy-5'phosphonylnucleosides.6. A glycosyl phosphonate analogue of lipid A 

is mentioned in Chapter 3, and some recent topics of carbon-phosphorus compounds of 

bioorganic chemistry interest have been reviewed (in Japanese)? 

xvoMe I I  

OH 

HU ' 0 0  x 
1 X = COzH 
2 X = CHzCH2PO(OEt), 

0 

3 

2 Other Carbon-bonded Derivatives 

Palladium(0) catalysed coupling of 1-mbutyltin-substituted glycals with aryl bromides has 

afforded 1,2-unsaturated aryl C-glycosides.*-' 

Three novel arsenic containing sugars 4-6 have been isolated from the kidneys of the giant 

clam Tridacnu maximu, as well as the nucleoside derivative 7.'' The anisyl telluride moiety in 

the 3-deoxyglucose derivative 8 has been displaced by nitrogen in a radical amination procedure 

affording the 3-amino-3-deoxyglucose derivative 9. Further carbohydrate substituted carboranes 
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have been prepared for use in neutron captive therapy of turn or^.'^"^ 
y 2  

? P MQAs-CH, P (fJ 

As -cw HO OH c r y "  HO OH 

7 

OH 

R =  y C O z H  

OH 

8 X=TeAn 
9 X = N H 2  

3 Oxygen-bonded Derivatives 

The use of a variety of 1,2- and 1,3- diol phosphinites, prepared from readily available mono- 

and disaccharides, as ligands for asymmetric synthesis has been de~cribed'~ as has the synthesis 

of 1,2-0-isopropy~idene-a-D-glucofuranose 3,5-phenyl cycloph~sphonate.'~ The technetium 

complex tricarbonyl-[phenyl 4,6-0-benzylidene-2,3-O-bis(diphenylphosphino)-~-D- 

glucopyranosidel-technetium (I) bromide 10 was prepared and characterized by i.r. and ?c 

n.m.r. spectroscopy16. Reaction of D-xylose with tr is (3,5-dimethylpyrazolyl) phosphite has 

afforded the 1,2,4-triphosphite 11. Oxidation of the corresponding benzoate 12 gave phosphate 

13 which on hydrolysis generated the 4-phosphate 1417. Alkoxyphosphoranes 15 (R=protected 

monosaccharide derivatives) have been prepared" as has the isosteric phosphonic acid analogue 

16 of phosphatidylinositol." 

The 1,6-O-dibutylstannylenes of some 2,3,4-tri-0-benzyl-~-hexopyranoses have been 
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OH 

16 

---OH 

CHzOH 

17 

prepared and their conformations analysed by n.m.r. spectroscopy.20 Treatment of D-glucuronic 

acid with bis(mbuty1tin) oxide has afforded the corresponding mbutyltin ester.” Borate esters of 

D-,L-threitol, xylitol, L-arabinitol, 1,2:5,6-di-O-isopropylidene-D-mannitol, D-mannitol, D-glucitol, 

D-galactitol, and 1-deoxy- 1-methylamino-D-glucitol were prepared by treatment with aqueous 

boric acid in the presence of KOH. The structures were established by “B and I3C n.m.r. 

spectroscopy2~. 

The complexes formed between Cu(l1) ions and a number of D-aldonic and D-alduronic 

acids in aqueous solution has been and the complex obtained from methyl a - D -  

mannopyranoside and copper(I1) hydroxide in the presence of lithium hydroxide has been 

identified as the square planar structure 17,24 The determination of stability constants of Ca” 

complexes with myo-inositol 1,4,5-msphosphate is discussed in Chapter 18. The interaction of 

L-ascorbic acid with some metal ions has been studied in aqueous solution at pH 6-7, and the 

solid hydrated salts lithium, sodium, potassium, ammonium, rubidium and cesium ascorbate have 

been isolated and characterised by I3C n.m.r. and f.t.i.r. spectro~copy.~~ 

Studies of heavy metal binding to synthetic sulphated heparin disaccharides have 

implicated the idopyranosiduronic acid residue as the major metal binding site.%*” Potassium 

chromate has been shown to be reduced by D-glUCOSe and D-fructose to form Cr(II1)-saccharide 

complexes via intermediate Cr(V) species. These saccharide complexes have been isolated and 

characterised.2u Monosaccharide complexes with ammonium heptamolybdate and ammonium 

paratungstate have been studied by c.d. spectroscopy and their relationships to the C-2 

epimerisation of aldoses have been discussed.29 The formation and structures of dimolybdate 

complexes of ketoses of the ribo- and lyxo- series and of aldoses of the fyxo- series have been 

studied by I3C and ‘H n.m.r. spectroscopy.3o The relative binding abilities of alditols, 

aldopentoses, aldohexoses and 2-ketohexoses to ion-exchange resin containing hexaammonium 

heptdmolybdate have been studied. Alditols were bound most strongly.31 
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D-Glucose complexes involving Ti4+, V4+, C? and Mn” ions have been prepared in non- 

aqueous media and isolated crystalline. They were characterised by analytical and spectroscopic 

 technique^.^^ The binding of oxovanadium(1V) ions to simple sugars in aqueous solution has 

been studied by e.p.r. and electronic absorption spectroscopy. The results showed that 

complexation is favoured in basic media and involved coordination of the metal ion to a cis pair 

of adjacent deprotonated hydroxyl groups of the sugars.33 A novel class of titanium complexes, 

cyclopentadienyl-dialkoxy-chlorotitanates, have been described including some examples where 

the alkoxy moieties were carbohydrate alcohols. These compounds have been used as highly 

enantioselective reagents in some carbon-carbon bond forming  reaction^^^. The cluster 

Ru,(CO),, has been treated with 1,2-0-isopropylidene-a-D-glucofuranose or 1,2:5,6-di-U- 

isopropylidene-a-o-glucofuranose to give the clusters Ru,(CO),(L).~~ 

4 Nitrogen-bonded Derivatives 

The structure of a rhenium(V) complex with 1,3,5-trideoxy- 1,3,5-tris (2-hydroxybenzy1amino)- 

cis-inositol has been described,36 and the metal ion sequestering abilities of borate esters of 2- 

amino-2-deoxy-~-gluconate and 2-amino-2-deoxy-D-galactonate have been studied. The largest 

effects were measured upon adding Cd(I1) or Ni(II) to the borate - 2-amino-2-deoxy-D-gluconate 

system.37 A ribonucleoside technetium chelate prepared from 2’,3‘-diamino-2‘,3‘- 

dideoxyadenosine is mentioned in Chapter 20. 
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18 
Alditols and Cyclitols 

1.1 Acyclic Alditols. - The tritium labelling of mannitol and galactitol by solid state isotope 

exchange with gaseous tritium has been reported.’ A high yielding preparation of partially 

methylated alditol acetates derived from glycoproteins has appeared.2 The electrochemical reduction 

of glucose to glucitoi at a lead cathode3 and the use of ruthenium and sulfur modified ruthenium in 

glycerol, erythritol, xylitol and glucitol hydrogen~lysis~ have been reported. A study of the standard 

free energies of nitration of erythrito15 and of the kinetics and mechanism of the ruthenium (111) 

catalyzed oxidation of erythritol and galactitol to aldonic acids by N-bromoacetamide6 as well as the 

iridium (111) catalyzed oxidation of galactitol and ribitol by N-bromoacetamide have appeared. 

The preparation of chitooligosaccharide-alditols by hydrogenation over a ruthenium catalyst 

is mentioned in Chapter 4. 

The novel alditol 1 has been isolated from a cyanobacterium’ and the fluorolumazine 2 has 

been synthesized and used as a I9F probe for a bacterial riboflavin syntha~e.~ 

OH 

OH 

-i, 

OH 

1 
0 

2 

The synthesis of mesogenic alkanetetrols from D-ribose has been described (Scheme l).” The 

arabinitol product formed under the first conditions is thought to arise by base induced epimerization 

before the Wittig reaction occurs. (See Vol. 25, p. 201, Scheme 2 for other carbohydrate based 

mesogens. ) 

The synthesis of the D-glycero-D-ido-hexito1 3 and of the D-glycero-D-gulo-hexitol 4 as key 

intermediates in the synthesis of the naturally occurring goniofufurone and goniopypyrone (Chapter 

24, this Volume ) has been reported in four steps starting from D-glycero-D-gulo heptono-y-lactone.” 
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R = CflH2flf 1 

(n = 5-10) 

Reagents: i, RCH=PPh3 ( 1  equiv.); ii, RCH=PPh3 (2 equivs.); iii, Pd/C, H,, HzO, H+ 

Scheme I 

3 

'h 

-OH 

- O x  -0 

4 5 

The direct regioselective chlorination of unprotected hexitols and pentitols by Vilsmeier-Haack 

reagent (Me,N+=CHCl Cl-) has been described .I2 For example, D-glucitol was converted, (following 

acetylation) into 5. Some 2,3,5-tri-O-acetyl- 1,4-anhydro-6-chloro-6-deoxy-D-glucitol was also 

formed. 

A short (six step) synthesis of 2-0-benzyl-1-0-hexadecyl glycerol in 11% overall yield from 

3,4-isopropylidene mannitol has been reported.I3 

The syntheses of eight isomeric octitol octaacetates starting from 5-0 - te r t  butyldimethylsilyl- 

1,2-O-isopropylidene-a-D-gluco- or P-L-ido-hexodialdose 6 have been de~cribed.'~ For example 6 

was converted into the L-threo-L-galacto (D-threo-L-ido) derivative 7 and the L-threo-L-ido-derivative 

8 as shown in Scheme 2. 

A new iterative route to enantio-pure polyols using a-alkoxysilanes has appeared (Scheme 3).15 

Thus, electrochemical oxidation of the a-methoxysilane followed by protection of the hydroxyl gave 

the dimethyl acetal intermediate as shown. Subsequent olefination afforded the vinyl silane which 

was further converted as indicated into the homologated P-hydroxy-a-methoxysilane. Further chain 

extension can be obtained by repeating the cycle. 
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Main 
product 

6 

OAc 

AcO AcO 

AcO OAc 

OAc AcO 

OAc OAc 

7 8 

0 
C02Et II 

Reagents: i, Ph3P-/ or (EtO),Pn COzEt/NaH; u, DIBAL; iii, AqO/py; iv, 0 ~ 0 4 ;  

v, MeO-, Bu4NF, THF. MeOH; vi, H,O+; vii, NaBH4 

Scheme 2 

TMs TMS ;I/ 
* 

HO 
i-vii 

Bno--LOBn 

Reagents: i, Anodic oxidation; ii, C1CO2Me; iii, H30t; iv, Br2CHTMS, CrCI,; v, LiAlH,; 
vi. L-(+)-DIPT, Ti(OPri)4, TBHP; vii, NaH, BnBr; viii, BF3.OEt2, MeOH 

Scheme 3 

The reaction of 2-deoxy-~-ribose with N6 protected (benzyl or 3-methyl-2-butenyl) adenine 

in the presence of P,O, and tributylamine gives the 3-(6-protected-aminopurin-9-yl)-2,3-dideoxy-D- 

threo-pentopyranoses which on reduction with NaBH, afford pentitols 9.16 

derivative 11 has been reported.” 

The synthesis of carbohydrate-derived crown ethers such as 10 starting from the D-xylose 
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The preparation of 2-butene- 1,4-diols and anti-1 -butene-3,4-diols by the addition of chiral 

allylboronates 12 or 13 to various chiral aldehydes, followed by oxidation-Peterson elimination has 

been described." For example 2,3-anhydro-4-0-benmoyl-~-threose with 12 affords 14 and with 13 

product 15 is obtained. 

Me0  

OH 0 0 

L o  o d  
9 R = PhCh2 or CH2CH = CMQ u 

OMe 

OTr 

10 11 

PhM%Si&B\ '4" 
0 =.co2w 

12 

.co2pi P,,- 
0 

CH20Bn 

13 14 15 

The Lewis acid-controlled addition of allyltrimethylsilane to various L-xylose derived acetals 

16 afford chelation or non-chelation products 17 or 18.19 In two cases in which 16 R=Ph or C,H,-p- 

OMe was used in the presence of BF,.OEt,, the tetrahydrofuran derivative 19 was obtained. The 

synthesis of compounds 16 are effected by way of periodate oxidation of appropriate alkylidene D- 

glucitols. 

CH2SiMe3 
1 

'CHO 

1 t r i  OHHO 

0' 
17 18 19 R = Ph or C6H4-p -0Me 16 R = H, Ph or GH4-p-OMe 

The preparations of C-Zbranched-Zdeoxy pentitols'' 20 or 21 and of C-2-branched-Zdeoxy 

heptitols21 22 and 23 have been achieved by the addition of di-l or -&menthy1 malonate to 

isopropylidene-D-glyceraldehyde or 2,3 :4,5-di-O-isopropylidene-L-arabinose respectively, followed 
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by reduction and deprotection. 

See also Chapter 14 for other examples of C-branched alditols. The conversion of 0- 

isopropylidene protected alditol derivatives into mono-rert-butyl ethers is mentioned in Chapters 5 

and 6. The preparation and use of 1,3-di-0-acety1-2,4:5,6-di-O-isopropylidene- 1 -C-phenyl-D-glycero- 

D-gulo-hexitol in the preparation of (-)-goniotriol is covered in Chapter 24. 

HOH;:$CH2OH R2 

OH 

OH 

20 R ' = O H , R ~ = H  
21 R' = H, R2 = OH 

HO 

HO 

22 R ' = O H , R ~ = H  
23 R' H, R2 =OH 

1.2 Anhydro-Alditols- An improved preparation of the four epoxybutanediol acetonides 24 

(RR,RS,SR or SS) from L-ascorbic acid or D-isoascorbic acid (cf. Vol. 24, p. 195, ref. 16) has been 

described.22 The conversion of these isomers into enantiomerically pure glyceraldehyde derivatives, 

threose/erythrose derivatives or 2,3-anhydro threose/erythrose derivatives by initial treatment of 24 

with various organometallic reagents is also reported. These latter compounds are useful building 

blocks for the synthesis of acyclic oxygenated fatty acid metabolites. 

The treatment of 2,3,4,6-terra-O-benzyl ethers of glucose, mannose or galactose with 

dimethylsulfonium methyl ylide gives rise to anhydro derivatives 25.23 

The asymmetric epoxidation of all four isomeric allylic-homoaliylic alcohols of the type 26 

and the subsequent hydride reduction of each epoxide to both possible dideoxyheptitols has been 

Only three isomers of 26 undergo a diastereoselective epoxidation and it was concluded 

that the direction of epoxidation for E-alkenes was controlled by the chirality of the allylic alcohol, 

whereas for Z-configurated olefins the relative stereochemistry between the two alcohols is 

important. 

yH20Bn 

OH 

HO R2 
OBn 

CH,OBn 

24 25 R' = H, R2 = OBn 26 

or R' = OBn, R2 = H 

Exposure of the four regioisomeric methyl tri-0-methy 1-0-propanoyl-a-D-glucopyranosides and 
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two of the corresponding P-derivatives to triethylsilane in the presence of trimethylsilyl triflate or 

boron trifluoride etherate affords in all cases the expected 1,5-anhydro-tri-O-methyl-O-propanoyl-D- 

g l u ~ i t o l s . ~ ~  

The preparation of 1,5-anhydro-4-U-~-D-galactopyranosyl-D-gluc~toI together with the 2-deoxy 

and 2,3-dideoxy derivatives from appropriate lactose based compounds by conventional chemistry 

has been reported.26 All derivatives were substrates for E.Cofi derived P-galactosidase. 

The conversion of 2-amino-2-deox y-D-galactose into 2-amino- 1,2-dideoxy-D-galactitoI in three 

steps has been de~cribed.’~ Attempts to convert the latter compound into 1 ,5-dideoxy-l,5-imino-~- 

fucitol using D-ga1actose:oxygen oxidoreductase, ECl.1.3.9 were unsuccessful but it could be 

selectively dehydrated with cHCl to 5-amino-l,4-anhydro-5,6-dideoxy-L-galactitol hydrochloride. 

D-Glucitol is converted to a mixture of 1,4-anhydro-D-glucitol, 2,5-anhydro-~-iditol, 2,5- 

anhydro-D-mannitol and 1,4:3,6-dianhydro-D-glucitol on treatment with hydrogen in the presence 

of a Cu-Ru catalyst.28 Reactions of other alditols with bimetallic catalysts are described. The 

preparations of three stereoisomers (exo, endo; endo, exo; endo, endo) of the known (Chem. Abstr., 

1991, 115, 136 644) dianhydro nitrate derivative 27 (exo, exo form) have been reported” and the 

enzymatic preparations of 1,4:3,6-dianhydro-D-glucitol mono acetates is mentioned in Chapter 7. 

27 2 8 R = P h o r  N 2  

1.3 Amino- and Imino-Alditols - The synthesis of the C, symmetric compounds 28 as HIV protease 

inhibitors has been de~cribed.~’ (See also Vol. 25, p. 331 ref. 84, 85 and 86 for similar work.) 

The conversion of unprotected lactose, cellobiose and maltose into 1 -amino- 1 -deoxyalditols 

by reductive amination with benzy lamine followed by hydrogenolysis of the N-benzyl group has 

been dis~losed.~’ In a similar manner the preparation of 1 dkylamino- l-deoxy alditols having N -  

linked 7-10 membered carbon side chains as non-ionic surfactants from unprotected lactose has been 

rep~rted.~’ The preparation of acyl or aroyl amide derivatives of 1 -amino- 1 -deoxyglucitol or 1 - 

deoxy- l-methylaminoglucitol without protection as potential sweetners has been d i s ~ l o s e d . ~ ~  The 

conversion of pyridylamino lactose to 1 -amino- 1-deoxy-N-acetylglucosaminitol and 1 -amino- 1 - 

deoxy-lactitol, respectively, by subsequent hydrogenation and hydrazinolysis as model compounds 

for oligosaccharides has been The synthesis of fluorine labelled polyamino dextran 

derivatives is mentioned in Chapter 4. 

to give the corresponding amino glycerol derivatives has been rep~rted.~’ 

The reaction of 1,2-anhydro-3-O-(o-ethoxyphenyl)glycero1 with 1 -alkylamino- 1 -deoxyhexitols 
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The preparation of new carbohydrate-based materials for the stabilisation of proteins such as 

a-chymotrypsin, trypsin and subtilisin has been described (Scheme 4).36 

vMe 

&OH 

i. ii 

Protein 

Reagents: i, (NH&S208, H20, ii, H,N-Protein, NaBH,CN 

Scheme 4 

The preparation of the complex aminoalditol 29 as a neuraminidase resistant derivative of 

sialic acid glycosides has been dis~losed.~' 

OH 

29 

In the field of imino-alditols a further paper including corrections to a previous one (See Vol. 

25, p. 203, ref 30) on the biosynthesis of I-deoxynojirimycin (DNJ) and 1-deoxymannojirimycin 

(DMJ) has a~peared.~' See also Chapter 19 for other syntheses of DNJ and DMJ and Chapters 3 

and 4 for DMJ glycosides and DNJ-containing oligosaccharides respectively. 

I-Deoxynojirimycin has been prepared from sucrose in 35% overall yield by successive 

treatment with triphenylphosphine-carbon tetrachloride, sodium azide and acid resin to give 6-azido- 

6-deoxy-D-glucose and 6-azido-6-deoxy-D-fructose in which the former could be converted to more 

of the latter by use of polymer supported glucose isomerase. Hydrogenation of the fructose 

derivative gave DNJ.39 

Sphingofungin D (a recently discovered antifungal agent) has been partly degraded and 

transformed into 1 -deoxynojirimycin pentaacetate in order to establish its absolute stereochemi~try.~~ 

The syntheses of the fluoro- 1,5-imino-D-glucitol 30 and fluoro- 1,5-imino-D-ribitol 31 by 

conventional chemistry from L-sorbose and 5-amino-5-deoxy-2,3-isopropylidene-D-ribonolactam 

respectively have been reported?' 

The preparation of (6S)-6-C-ethyl- 1-deoxynojirimycin 32 has been effected in order to study 

the entropic part of the free energy of binding of castanospermine to a- and P-gluco~idases.~~ 



18: Alditols and Cyclitols 193 

Full details of an earlier paper (Vol. 23, p. 181, ref. 32) on the synthesis of a- 
homomannojirimycin 33 and its 6-epimer 34 have a~peared.4~ 

CH2CH3 

OH 0 (-J Hlb OH oQH20H 
OH OH OH 

30 31 32 33 R' = CHzOH, R2 = H 
34 R' = H, R2 = CHZOH 

1 -Deoxy-D-rhamnojirimycin and its enantiomer have been prepared from L- or D-gulonolactone 

respectively.44 

35 according to Scheme 5.45 

The preparation of 1-deoxyfucojirimycin has been effected from the D-arabinose intermediate 

iii-vii 
___) HO (p 

OH 

35 

Reagents: i, (COCl)z, DMSO, ii, Me3Al; iii, MsCI, py; iv, NaN3, DMSO; v, Ac20, AcOH, 
HzS04 vi, NaOMe; vii, H2, Pd/C 

Scheme 5 

The preparation of the 1,5-imino-heptitol37 has been achieved in which the key step involved 

addition of TMS-furan to N-benzy limine 36 to afford a D-ribo-butenolide followed by conventional 

A synthesis47 of both enantiomers of DNJ from lactones 38 and 39, which are derived from 

mya-inositol (See Vol. 22, p. 165) as well as a symposium report4* have appeared. 

CHzNBn 

t:x 
HO 0 OH OH 

B nO Brie?' 
OBn OBn 

36 37 38 39 
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The preparation of the novel compounds 40-42 by a chemo-enzymatic approach similar to one 

reported earlier (See Vol. 25, p. 204, ref. 32 ) has appeared.49 

OH M e  

40 41  42 

Reaction of (R)/(S)-3-cyano-2-hydroxypropanal with lithium hydroxypyruvate under trans 

ketolase control followed by a palladium cataly zed-reductive amination afforded 1,2,S-trideoxy- 1 5 -  

imino-D-arabino-hexitol (fag~mine)~' 

The uses of fuculose-1 -phosphate aldolase in the preparation of 1,Sdideoxy- 1,5-diamino-D- 

talitol and 1-deoxygalactostatin have been de~cribed.~' 

Various known aza-sugars (See Vol. 25, p. 204, ref. 32 and 33) have been used to study the 

active site of bovine kidney a-~-fucosidase.~~ 

The preparation of C,-symmetric 2,5-dideoxy-2,5-imino-~-iditol by a route similar to that 

described earlier (Vol. 22, p. 181. ref. 35 and Vol. 21, p. 177) has been rep~rted.~? 

The preparations of 1,4-iminoalditol derivatives of L-xylitol, L-arabinitol and D-xylitol using 

cyclic sulfate intermediates have been reported (Scheme 6 v 4  

Reagents: i, PhCH2NHDMF; ii, Bu"Li, 50 "C; iii, Hz, Pd/C 

Scheme 6 

The synthesis of the 2,5-disubstituted pyrrolidine 43 from D-mannitol by standard chemistry55 

and the synthesis of pyrrolidines 44 by addition of ammethine ylides to vinylene carbonate5657 as 

well as the synthesis of the imino-heptitol45 from 2,3 :5,6-di-O-isopropylidene-a-D-mannof~ranose~~ 

have been reported. 
qH20H 

&OBn R& H o b  

OH HO OH HO 

BnO R2 CH20H 

43 44 R' = CHZOH, R2 = H 45 
or R' = H, R2 = CH20H 
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An example of the use of SAMPIRAMP methodology to prepare polyhydroxylated piperidines 

is illustrated in Scheme 7.59 Other examples are also described. 

O X 0  HO b OH 

.... ~ 

1-111 

R = Me, 

Reagents: i, SAMP; ii, Bu'Li, Rx; iii, Bu'Li, TsO w; iv, Bu3SnN3; v, Hz/Pd/C; 
0 vi, HCl, MeOH 

Scheme 7 

The preparation of the piperidine 46 from keto-ester 47 which in turn is derived from D- 

mannose has been reported as a valuable intermediate en route to (-)-swainsonine.60 

The synthesis of amine 48 as an analogue of the alkaloid calystegine B, has been achieved 

by successive treatment of oxime 49 (prepared from methyl-a-D-glucopyraoside in several steps) 

with NaOC1; Zn(N,),, Ph,P, DIAD; then H2Pd black.61 

N-OH 

BnO 

OBn 

46 47 48 49 

A review on the synthetic approaches to stereoisomers and analogues of castanospermine, 

many of which involve carbohydrate precursors has appeared.62 

A new synthesis of swainsonine analogues has been reported (Scheme 8).63 The enantiomer 

of the product in Scheme 8 has also been made starting from L-arabinose. 

OH 

Reagents: i, ZnC12; ii, NaBH4; iii, AcOH; iv, Pb(OAc).,; v, TFA; vi, Hzmd&C 

Scheme 8 
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The syntheses of 8-epicastanospermine 50 and of 1,8,8a-triepicastanospermine 51 have been 

achieved by coupling of the dianion derived from 52 with 4-O-benzyl-2,3-di-O-isopropylidene-L- 

threose, which after ester cleavage-decarboxylation gave all four diastereomeric aldol adducts 53. 

The two major forms were separated and individually converted into 50 and 51 by standard chemical 

transformations.64 

COzEt 
OH 

OH 

50 51 52 53 

A strategy for preparing stereoisomers of castanospermine has appeared in which the key step 

involves asymmetric allylation of the D-ribo-, L-arabino- or D-xylo-aldehydes 54 as shown in 

Scheme 9.65 

Y 

OBn 

NHPth 

54 

OBn 

OBn 

NHPth 

Reagents: i, M0M0\=/-B(rv)29 BF3aEt2 ii, Hz02; iii, MsCI; iv, MeNH,; 
v, CbzCl; VI, BH,; vii, H2, Pd/C; viii, HCI; ix, Ion exchange 

Scheme 9 

The preparations of the unnatural enantiomers of castanospermine and 1-epicastanospermine, 

starting from D-xylose,by standard chemical transformationsM and a non-carbohydrate approach to 

four stereoisomers of 1-deoxyca~tanospermine~' have been achieved. 

Application of Vogel's "naked" sugar approach has led to the preparation of 55 from 

intermediate imino-octitol M6* and the deoxy-epi-castanospermine derivative 57 and fluoro 

derivative 58 have been achieved from known 5,8-imino-a-D-gluco-octose 58a (see Vol. 21, p. 268, 

Scheme 21)69 

A synthesis of the thio-castanospermine derivative 59 from D-arabinose in several steps has 

been de~cribed.~' The indolizinium acetate 60 resulted from application of the Polonovski reaction 

applied to the N-oxide of castanospermine acetate and a low yield of 61 was produced by photolysis 

of castanospermine acetate in the presence of NBS?l 

The synthesis of glycosides of castanospermine are reported in Chapter 3. 
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R2 OH 

57 R' = H, R2 = OH 
58 R ' = F , R ~ = H  

Aco-go*c \ / 

60 

58a 

OAc 

61 

2 Cyclitols 

Reviews on the use of cyclohexa-3,5-diene- 12-diols in the synthesis of cyclitols and conduritols7* 

and on the use of cyclopentadiene and benzene in the preparations of chiral cyclopentanols and 

chiral conduritol and c~nduramines~~ have appeared. 

Use of a cloned quinic acid dehydrogenase has led to the successful conversion of D-glucose 

into quinic acid which was further transformed into ben~oquinone.7~ 

reported as a novel inhibitor of EPSP syntha~e.7~ 

The synthesis of the amine, 62, a portion of which is the herbicide "glyphosate" has been 

A number of analogues that mimic the intermediate formed during the EPSP synthase 

conversion of shikimic-3-phosphate into EPSP (5-enolpyruvyl shikimate-3-phosphate) have been 

prepared and tested as inhibitors of the enzyme.76 The best was shown to be 63. (Z)-3-Fluoro- 

phosphoenolpyruvate functions as a pseudosubstrate for EPSP sy nthase producing in one step the 

same adduct 63, but as an isomeric mixture.77 

quantitatively oxidized to a stable flavin semiquinone radical.78 

With fluoroshikimate derivative 64 the FMNH, cofactor of E. Coli chorismate synthase is 

Kinetic evidence is presented that compounds 65 and 66 exhibit 3-dehydroquinate (DHQ) 

synthase inhibition as a consequence of selective destabilization of an activation barrier separating 

two enzyme internal sites.79 

The synthesis of epoxy alcohols 67 and 68 from quinic acid and their subsequent 
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transformation into phosphonates 69 and 70 respectively has been reported." The latter two 

compounds were prepared as inhibitors of DHQ synthase. 

Both (-)-shikimate-3-phosphate and quinic acid 3-phosphate have been synthesized by standard 

chemical transformation from methyl shikimate and quinic acid respectively.81 

62 63 64 

OH 

H o 2 c D O H  HO po3H2 Hozciclni HO P03H2 

65 66 

67 68 69 70 

The amino derivative 71 has been synthesized from shikimic acid to explore a new variant of 

the shikimate pathway which, leads to 3-amino-5-hydroxybenzoic acid, a proposed precursor of part 

of the ansamycin antibiotics.*' 

The synthesis of glycosyltetrazoles as analogues of 3-deoxy-D-arabino-heptulosonic acid 7- 

phosphate (DAHP) and 2-deoxy DAHP is mentioned in Chapter 3. 

The isolation of the unsaturated compound 72, from Piper ribesioides and named senediol, 

has been described.83 

71 72 

The total synthesis of racemic cyclophelitol from furan has been reported (Scheme (See 

Vol. 24, p. 200, ref. 52 for an alternative synthesis.) 
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Reagents: i, CH20, TiCl,; ii, NaBH4; iii, HBr, AcOH; iv. NaOMe 

Scheme 10 

The use of bacterial oxidation of aryl halides to arene cis-diols and their subsequent 

transformation into (+) and (-) pinitols and other c y ~ l i t o l s ~ ~  as well as (-)-conduritol (?and (+) and 

(-)-conduritol E ep~xide,’~ have been disclosed. (-)-Conduramine C- 1 has been prepared from 

benzene using similar bacterial oxidation methodology and asymmetry introduced by a Pseudomonas 

cepacia lipase (Amano P-30) catalyzed 0-acetylation reaction.” The synthesis of (-)-conduritols C, 

E, F and other derivatives” as well as of carba-a-D-mannopyranose and unnatural shikimic acid 

analogues” starting from cyclohexadiene in which asymmetry is introduced by way of an esterase 

de-U-acetylation reaction have appeared. A synthesis of carba-a-D-glucopyranose using microbial 

oxidation of benzene and de-symmetrization by way of an intermediate (R)-methylbenzyl ether” and 

a synthesis of conduritol C and E from p-benmquinoneg2 have been reported. 

Full details of an earlier paper (see Vol. 25, p. 209, ref. 62) on the synthesis of carba-a-D-gluco and 

manno-pyranoses from (-)-quinic acid have appe~ed.9~ 

The preparation of carba-a-D,L-glucopyranose by way of a strain-directed bridge cleavage of 

a phenylsulfonyl 7-oxabicyclo[2.2.1] heptane derivative has been described (Scheme 1 l).94 

OBn OBn OH 

Reagents: i, PhSC1; ii, LiAIH4; iii, BnBr; iv. Mg peroxyphthalate; v, BuLi 

Scheme 11 

A synthesis of the carbocyclic analogue of N-acetylneuraminic acid starting with the Diels- 

Alder reaction of furan and acrylic acid has been achieved?’ 

A new inositol, 1,2-di-U-methyl-muco-inositol termed “viscumitol” along with other known 
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inositols has been isolated from Viscum album.96 The isolation of 1-0-methyl-muco-inositol, 

quebrachitol and L-inositol from Croton cortesianus has been described and low temperature NMR 

studies were carried out on the f0rmer.9~ 

The preparations of 5-deoxy-5-fluoro-rnyo-inosito1, 1 L- 1 -deoxy- 1 -fluoro-myo-inositol, 1D-4- 

deoxy-4-fluoro-myo-inositol, 1~-4-deoxy-4-fluoro-myo-inositol, and 2-deoxy-2-fluoro-myo-inositol 

by conventional chemistry from known racemic myo-inosi to1 derivatives and resolution by use of 

(5)-(-)-camphamic acid have been de~cribed.~' In a similar way the synthesis of 1-deoxy- l-fluoro- 

scyllo-inositol, 2-deoxy-2,2-difluoro-myo-inositol, D,L-Zdeoxy-2-fluoro-scyllo-inositol 1,4,5- 

uiphosphate and D,L-2-deoxy-2,2-difluoro-myo-inositol 1,4,5 -triphosphate have been described.99 

The synthesis of silyl protected myo-inositols with free hydroxyls at 1-, 5, 6, 1,4-, 4 3 ,  5,6-, 

1,4,5-, and 1,4,6-positions has been described.lW 

A full account of an earlier report (Vol. 24, p. 202, ref. 63) on the Lewis-acid catalyzed 

rearrangements of myo-inositol orthoformate derivatives has appeared."' 

As part of a biochemical study on the biosynthesis of 2-deoxystreptamine, the preparations of 

2-deoxy-scyflo-inose and [ 2,2-2H,]-2-deoxy-scyflo-inose have been described, the former by a multi- 

step synthesis from myo-inositol and the latter involving a modified Ferrier reaction."' The Ferrier 

reaction has also been used to construct the carbocyclic framework of the carbocylic analogue of 

Lipid X 73.'03 The stereochemistry of the Pd (11) catalyzed Femer reaction has also been studied 

and concluded to give the same products to that observed in the Hg'' catalyzed reaction.lW The 

synthesis of L-sugar derivatives from L-quebrachitol is mentioned in Chapter 2 and 16. 

The 6-ex0 radical induced cyclization of bromo-oximes to produce aminocyclitols and carba- 

hexopyranoses in a similar way to that reported in Vol. 25, p. 211, ref. 82 and 83 has been 

d isc l~sed . '~~  

Treatment of bromo-oxime 74 with Bu,SnH gave a low yield of cyclization product 75. Mixed 

products were obtained when nitrile and alkene groups were used in place of oxime.'06 

HO k NH 

NHOBn 

73 74 75 

0-0 

I 0 O R  

76 R = Bn. Ac or Bz  77 78 79 
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Treatment of iodo-hept-1-enitols like 76 with Bu,SnH afford cyclitols 77.'07 Several other 

examples are given in which seven-membered rings are observed. It appears the product ratios 

depend on the disposition and type of protecting group used. 

and cyclohexane derivatives by a radicd mechanism have been described.lo8 

Full details of an earlier report (see Vol. 23, p. 184, ref. 5 1) on the preparation of cyclopentane 

Treatment of the diketone 78 with pyrrolidine afforded cyclohexanone derivative 79 

exclusively.'w Other bases (piperidine, KOH) also led to the C-4 and C-5 epimer of 79. 

The preparation of optically pure cyclohexanones by radical-induced cyclization of 

phenylseleno esters onto a terminal double bond has been described.'" The method was also 

extended to the production of bicyclo derivatives such as 81 from seleno ester 80. 

Other carbocyclic preparations by radical cyclizations are mentioned in Chapter 24 and the 

rhenium (V) complex of 1,3,5-trideoxy- 1,3,5-tris( 2-hydroxybenzylamino)-cis-inositol is mentioned 

in Chapter 17. 

6 0 0  SePh 

A 

Bn07 
BnO 0 0  

OBn 

80 81 82 

The sequential opening of benzy 1 protected ~-glucono- 1,5-1actone with dithiane anion, LAH 

reduction, Swern oxidation? base cyclization and Raney Nickel reduction gave cyclitol derivative 

82ll1 which was used in a synthesis of valiolamine."' Various N-substituted derivatives of 

valiolamine were prepared as a-glucosidase inhibitors and included validoxylamine G and 

validamycin G. The use of the well known enose 83 in a straightforward synthesis of valienamine 

has been described.'13 Compound 83 was also used for the synthesis of 7-nor-valieneamine and a 

related disaccharide in which the key step involved a [3,3]-sigmatropic rearrangement of a 

carbonimidothioate, ie 84+85. 

The azido cyclitol 86 was formed by treatment of oxime 49 

treatment with adde under Mitsunobu conditions.61 

OBn 
OMe 

BnO 0 
OBn 

QOBn 

O x N +  
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N3 OBn 
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A low yielding synthesis of 2-acetamido-5a-carba-2-deoxy-a-D,L-allo- and gulo-pyranose 

tetraacetates and some 3-acetamido-3-deoxy derivatives have been achieved starting from bicyclic 

acetate 87.Il4 By use of the same intermediate the preparations of valienamine and valiolamine have 

also been achieved.”’ 

The synthesis of homochiral C-methylamino and azido-inositols for example 88 and 89 by way 

of Pseudomonas putida oxidations of toluene and conventional chemical transformations has been 

reported.II6 

The preparation of amino cyclitols as building blocks for carba-oligosaccharides related to 

cell-surface glycans from intermediate 90 has been de~cribed.”~ 

The total synthesis of the alkaloid (+)-lycoricidine from amino cyclitol 91, prepared from 

bromobenzene by microbial oxidation has been reported.”’ 

chloropurine with 2,3-anhydro- 1,5,6-tri-O-rnesyl-epi-inositol has been discl~sed.”~ 

Studies on the conformational and stereochemical aspects of the Ferrier reaction leading to 

cyclitols and azido cyclitols as an extension of earlier work (Vol. 19, p. 173) have been reported.’” 

The synthesis of racemic 6-acetamido-l,2-anhydro-6-deoxy-myo-inositol as a tight binding 

inhibitor and pseudosubstrate for N-acetyl-P-D-glucosaminidase has appeared starting from racemic 

tetra-0-acety lconduritol.’” 

The synthesis of mesyl substituted purinyl-muco-inositol derivatives by coupling of a 6- 

The synthesis of amino-cyclitols related to Hygromycin A are covered in Chapter 19. 

The preparation of (-)-carba-P-ribofuranose and (+)-carba-a-ribofuranose by enzymatic 

resolution of racemic 3~-acetoxy-5~-(t-butyldimethylsiloxymethyl)cyclopentene and racemic 4P- 

(triphenylmethoxymethyl)cyclopent-2-en- 1P-01, respectively, as the key step has been reported.”’ 

The preparation of P- and a- carba-psicofuranose derivatives 92 and 93 has been described starting 

from norbornen01,~~~ and the synthesis of the chain-extended carba-sugars 94 and 95 by a multistep 

process starting from ~-allose derivatives has been r e p ~ r t e d . ’ ~ ~  

87 88 R = N 3 0 r N H 2  89 R = N3 or NH2 

CbzHN 

0A 
90 91 92 
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HO ‘“ OH OH t? OH OH OH 

93 94 95 

The p-anisy ltelluride compound 96 underwent radical cyclization and with three subsequent 

chemical steps afforded cyclopentanone 97.’” 

Treatment of the epoxide 98 with TMSCN led unexpectedly to compound 99.lZ6 Epoxidation 

of cyclopentadiene yields a di-epoxide which on treatment with sodium a i d e  gives a mixture of 

products from which cyclitol 100 can be obtained as a useful precursor to carbocyclic nucleosides 

and amino cy~l i to l s . ’~~ 

CHCOzEt 

O x 0  

96 

HO 6 S N 3  
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pxN,, eo oQN(Bz)2 OSiMe3 

O K 0  
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A new route to racemic cis-4-amino-2-cyclopentene- 1 -methanol as a key intermediate in the 

synthesis of carbanucleosides has been described.lz8 An attempt to resolve the amino alcohol by way 

of its 10-camphorsulfonate failed. 

The preparation of cyclopentane derivative 101 as a carbacyclic nucieoside intermediate 

has been achieved from 2-(4’-methoxybenzyl)-2-azabicyclo[2.2.1]hept-5-en-3-0ne.~’~ (See Vol. 25, 

p. 211, ref. 80 for similar work.) 

The preparation of the carbanucleoside aristeromycin and carbacyclic precursors of neplanocin 

A are mentioned in Chapter 19. The preparation of intermediates for the synthesis of unsaturated 

carbocyclic nucleosides is covered in Chapter 20. 
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A preliminary report has appeared on the synthesis of allosamimline, the aglycone of 

all~samidine'~' (See also Chapter 19, for a full account) as well as the synthesis of the 

aminooxamline 10213' from the known (Helv. Chim. Acru., 1979, 62, 1990) 2R,3S,4R-4- 

(benmyloxy)-2,3-bis-[(methoxymethyl)oxy]-5-hexenal which was shown to be identical with the 

aglycone of the naturally occurring trehalase inhibitor, trehazolin. 

A full paper (for earlier work see Vol. 25, p. 213, ref. 92) on the preparation of the 

cyanoglycoside simmondsin has been re~0rted.l~' 

The synthesis of the carba di- and tri-saccharides 103 has been described.'33 and the 

preparation of carba-disaccharide 104 by a similar process to that reported earlier (Vol. 25, p. 214, 

ref. 95) has appeared.'34 For the preparation of glycosides of cyclitol derivatives see also Chapter 

3. Carbocyclic analogues of GDP fucose have been made as potential inhibitors of fucosyl 

transferase s.' 35 

OAc 

I 

OH 

103 
X = OH, RZ = R4 = H, R' = R3 = a-D-Manp 

X = NHAc, R2 = R4 = H, R' = R3 = a-D-Manp 

X = OH, R' = RZ = R3 = H, R4 = a-D-Manp 
X = OH, R' = R2 = R3 = H, R4 = P-D-GIc~ N A c  

104 

Inositol Phosphates and Derivatives-The isosteric phosphonic acid analogue 105 of 

phosphatidylinositol in which the chiral glycerol moiety was prepared from D-mannit01'~~ and the 

synthesis of the antifungal lysofungin 106137 have been described. The preparation of the related 

natural ceramide phospho-myo-inositol 107 by phosphoramidite methodology has also been 

rep~rted."~ The synthesis of 1 -0-( 1,2-dipalmityl-Sn-g~ycero-3-phosphinyl)-2,6-d~-O-~-D- 

mannopyranosyl-D-myo-inositol of mycobacterial origin has been r e ~ 0 r t e d . l ~ ~  Mention is made in 

Chapter 4 to other glycosyl inositols including the part structure of the GPI anchor of Trypanosoma 

brucei. 

The synthesis of the 2-deoxy phosphatidylinositol analogue 108 in which the phosphorus- 

containing group is introduced using a novel coupling agent, bis(diisopropylamino)(2- 

trimethylsily1ethoxy)phosphine has been de~cribed.'~' 
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The preparation of phosphatidyl inositol derivatives with a thiophospho linkage has been 

r e p ~ r t e d , ' ~ ~ * ' ~ ~  together with a synthesis of phosphatidylinositol 3-phosphate by diisopropyl 

carbodiimide-promoted migration of the 4-pho~phate.l~~ 

A fluorescent substrate, 2-napthyl myo-inositol- 1-phosphate has been prepared for monitoring 

PIP-specific phopholipase C.lM New tetherable derivatives of myo-inositol-2,4,5- and 1.3,4- 

triphosphates have been made for use in affinity chromatography in a similar way to that reported 

earlier (Vol. 25, p. 216, ref, 115 and 116).'45 Other derivatives for affinity chromatography and 

photoaffinity labelling include 2-substituted ester (p-amino, p-azido-phenyl for example) derivatives 

of myo-inositol- 1,4,5-~iphosphate,'~ 1-[3-aminopropoxy(hydroxy)phosphinyl]-D-myo-inositol-4,5- 

bisphosphate (used for isolation of myo-inositol 1,4,5-triphosphate binding proteins),147 and a 

fluorescent derivative prepared by coupling D,L-myo-inositol 1 -phosphorothioate-4,5-phosphonate to 

4-(N-[2-(iodoacetoxy)ethyl]-N-methylamino]-7-ni~o-2,1,3-ben~xadia~le (IANBD).14' Also 

described in the last report is a resolution via a 4,5-bis camphamate ester to produce D-myo-inositol- 

1-phosphorothioate-4,5-bisphosphate. 
The preparation of 2-U-alkyl-myo-inositol- 1 -phosphates as competitive inhibitors of inositol 

monoph~sphatase~~~ and the synthesis of myo-inositol- 1,3,5-O-phosphate 1O9l5O as a new type of 

caged phosphate has been reported. 8 

OH 
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The preparation of myo-inositol 1,4,5-triphosphate by a process involving selective formation 

of diastereomeric menthyl esters in a similar wayI5' to that described in Vol. 25, p. 209, ref. 59 or 

by resolution of racemic derivatives with R-mandelic acid"2 or l-l-menthoxyacetyl (which 

involves the use of a new phosphitylating agent, o-xylene N,N-diethylphosphoramidite) have been 

reported. 

Full details of an earlier report (Vol. 25, p. 218, ref. 128 and 129) on the diastereoselective 

preparation of D-camphanate acetals by precipitation reaction to prepare homochiral myo-inositol 

phosphate derivatives have been disc10sed.I~~ 

Also reported is a full account of earlier work (Vol. 23, p. 186, ref. 66) on the chemo- 

enzymatic synthesis of D-myo-inositol 1,3,4-mphosphate and of D-myo-inositol 1,3,4,5- 

tetrapho~phate. '~~, '~~ 

The formation of camphanate esters for resolution of racemic inositols has led to the 

preparation of 1~-2,3,6-tri-, -2,4,5-ni-, -2,5,6-tri-, - 1,2,3,4-tetra-, - 1,2,3,6-tetra-, - 1,2,4,5-tetra- and - 

2,3,5,6-tetra-O-benzyl-myo-ino~itols'~~ and the subsequent use of some of these in the preparation 

of myo-inositol phosphates. The same group has also reported similar work involving the use of 

allyl, crotyl and isopropylidene protecting groups in addition to benzyl groups.'5sJ59 

The syntheses of racemic myo-inositol 1,4,5triphosphate and 1,4-bisphosphate by standard 

processes involving isopropylidene acetalsI6' as well as the syntheses of ['HH]-D-3-azido-3-deoxy-myo- 

inositol and D-3-azido-3-deoxy-myo-inositol 2,4,5-triph0sphate'~' have been reported. 

A full account of an earlier paper (Vol. 25, p. 217, ref. 125) on the preparation of lL-chiro- 

inositol 2,3,5-triphosphate from L-quebrachitolI6' and the synthesis of L-chiro-inositol 1,4,6- 

triphosphate and the corresponding triphosphorothioate also from L-q~ebrachitol '~~ has been reported. 

Also, a full account (Vol. 23, p. 186, ref 70) on the preparation of racemic myo-inositol 1,4,5 

triphosphate and 1,4-bisphosphate-5-phosphorothioate has been reported'@ as well as the preparation 

of phosphorylated intermediates for the synthesis of both chiral and racemic myo-inositol 1,4,5- 

triphosphate and its phosphorothioate ana10gue.I~~ 

The preparation of D,L-myo-inositol- 1 -phosphate-4,5-pyrophosphate from myo-inositol 1- 

phosphate-4,5-bisphosphorothioate by treating the latter with NBS has appeared.'& 

The synthesis of racemic 6-deoxy-6-fluoro-chiro-inositol 2,3,5-triphosphate starting from 

cyclohexa- 1,4-diene has been achieved.'67 

The preparation of 5-methylphosphonate and 5-(difluoromethy1)phosphonate analogues of myo- 

inositol 1,4,5triphosphate and 1,3,4,5-tetraphosphate has been disclosed.'68 Other phosphonate 

derivatives to have been synthesized include D,L-myo-inositol 1,4,5-trimethylphosphonate, 4,5-bis 

and 5-mono methyl phosphonate~.'~~ 

The synthesis of analogues of myo-inositol 1,4,5-triphosphate with sulfonamide, sulfate, 

methylphosphonate and carboxymethyl groups have been rep~rted. '~' (See Vol. 24, p. 206, ref. 99 

for similar work.) 

A number of carbamate derivatives as possible inhibitors of phospholipase C have been 
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made17' and the trideoxy analogue 110 of D-myo-inositol- 1,4,5-triphosphate has been prepared from 

anisole.' 72 

110 

The stability constants of the complexes formed from Ca2+ and myo-inositol- 1,4,5-triphosphate 

in an attempt to assess the biological significance of the metal binding to this triester have been 

~ep0r ted . l~~ 

The mass spectra of some silylated 2-deoxy-scyllo-inoses is covered in Chapter 23. 
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Antibiotics 

1 Amino-Glycoside Antibiotics 

A first total synthesis of validamycin H 1 has been described. Ogawa's group has reported the 

syntheses of a series of analogues of methyl acarviosin 2; compounds 3 have been prepared,' as 

well as analogues having an a-D-manno-configuration and a saturated cyclohexane ring.3 In 

addition, syntheses of methyl 1 '-epiacarviosin and its 6-hydroxy derivative have been de~cr ibed .~  

C\HzOH OH 

OH 

CH2OH 

OH 

2 R ~ = R ~ = x = H  

3 R', R2 = H or Me, X = OH, N3, NH2, NHAc 

Kanamycin precursors have been used to prepare 3'-deoxy-3'-fluorokanamycin B,5 3'-deoxy- 

3'-fluorokanamycin A,6 4'-deoxy-4'-fluorokanamycins A and B,7 5-deoxy-5-fluoro-kanamycin B, 

5,3'-dideoxy-5-fluorokanamycin B, and 5,4',3'-trideoxy-5-fluorokanamycin B.' This last reference 

also reports syntheses of 5,5-difluoro analogues. 

A total synthesis of allosamidin is mentioned in Chapter 3. Full details of the synthesis of 

allosamizoline, the aglycone of allosamidin, have been reported.' Studies of allosamidin 

biosynthesis using labelled D-glucose and D-glUCOSamine indicate that the latter sugar is the 

precursor to each N-acetyl-D-allosamine and to the allosamizoline component." 

Different approaches to the selective protection of amino groups in the synthesis of 

kanamycin and ribostamycin have been reviewed. 

The chemical structure of the pseudotrisaccharide nebmycin T has been studied by 1D and 

2D n.m.r. techniques.'' 

Studies on neomycin biosynthesis using labelled D-glucose and 6-deoxy-~-glucose derivatives 

investigated labelling in the streptamine ring. They have strengthened previous suggestions that 

the 6-hydroxy group is removed prior to cyclization, and showed that the C-4 and C-5 hydrogen 

atoms are removed, which is assumed to follow ketonization at C-4.13 
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The formation of 2-deoxy-scylln-inosose as an intermediate in the biosynthesis of 2- 

deoxystreptamine has been confirmed with a cell-free preparation of S-fiadiae. 

Solid-state properties of tobramycin have been investigated." 

2 Macrolide Antibiotics 

The structures of the novel antiviral antibiotics cycloviracin B, 4 and B, have been elucidated; 

they are macrocyclic diesters incorporating two molecules of D-glucose in the ring 

methyl-D-glucose residues attached to hydroxy-fatty acids.I6 

with 2-0- 

R = 2-Me-P-D-Glc-p 

R' = CH(0H)Me B, 

R' = COMe B2 

OR 

HO 
HO 

OH wd13- C H - ( C H ~ ) ~ ~ R ~  

OR 
4 

New 14-membered macrolide antibiotics, the sporeamicins, have been isolated from a 

Saccharopolyspora strain. They contain desosamine and cladinose or mycarose separately 

attached to the macrolide ring which contains an oxolone unit. ''-I9 

New 14-membered macrolactam antifungal antibiotics isolated from the broth of a new 

species of Actinomadura contain either mycosamine or its 4-epimer, 3-amino-3,6-dideoxy-~- 

talopyranose, attached to the macrolide ring.2o32' 

Cholesterol biosynthesis inhibitors isolated from S. sp. A7361 have been shown to be 

analogues of chlorothricin, containing the disaccharide units 5 attached to the macrolide ring.,, 

Minor components of the mycinamicin complex obtained from Micrornonospora griseorubida 

have been isolated and characterized; they contain my cinose and/or desosamine separately 

attached to the 16-membered macrolide ring.23 Some derivatives of angolamycin together with 

the parent compound have been identified in a broth of a Streptomyces strain (86-070); the same 
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sugars angolosamine, mycarose, and mycinose, are present in the analogues, attached to slightly 

variant macrolide rings.24 

3-Deoxy-5-0-(4-deoxymycaminosyl)-tylonolide is highly a n t i - b a ~ t e r i a l . ~ ~ ~  

3 Anthracycline and Related Polycyclic Antibiotics 

A new cytotoxic antibiotic cytorhodin X from a Streptomyces strain has been shown to be an 

unusual anthracyclinone 9a-glycoside 6.25 Another new anthracycline antibiotic, dutomycin, also 

obtained from a Streptomyces strain, contains a disaccharide component 7 including the branched 

chain sugar L-axenose.26 

6 

OH 

M e d - M e  0 
H 7 

Cinerubin R, a new antibiotic isolated from a S. eurythermus strain, has been characterized 

as 4”-aculosyl-4‘-rhodinosyl-7-rhodosaminyl- E -pyrromycinone. 27 Spartanamicins A and B 

obtained from a Micromonospora strain have a closely related structure, spartanamicin B being 

4”-cinerulosyl-4’-deoxyfucose-4-rhodosaminyl-pyrromycinone, with the A isomer containing a 

second ether bridge linking the 3’ and 2” positions.28 

A new antitumour tetracycline antibiotic, SF 2575, isolated from the Streptomyces strain 

linked as a C- bearing this coding, contains 4-0-angeloyl-2,6-dideoxy-arubino-hexopyranose 

glycoside to the A ring of the a g l y ~ o n e . ~ ~  

Dactylocyclines A-E, novel tetracycline derivatives produced by Ductylosporangium sp. 

(ATCC 53693), have the structure summarized in 8, variations being in the nitrogeneous 

branched-chain sugar.3o Protorubradirin, containing a C-nitroso sugar, has been shown to be the 

true secondary metabolite produced by S. achrornogenes var. rubradiris, the nitroso sugar being 

oxidized on exposure to light and air to the C-nitrosugar rubranitrose present in rubradirin; the 
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authors suggest an anologous change occurs in the conversion of viriplanin A to viriplanin Oe3’ 

M e 0  

CONHI 

OH 0 OH 0 

8 A R=NHOH 
B R=NO2 
C R=NO,+O 
D R=NHOAc 
E R = O H  

A new mutactimycin, S0-75RI, from h‘ocardia brasiliensis, contains 3,4-di-O-methyl-~- 

rhamnose rather than the 3-0-monomethyl ether present in mutactimycin A.32 

New anthracycline antibiotics rubomycins F and H, isolated from S. coeruleorubidus along 

with other daunomycinone derivatives, have been shown to be N-acylated derivatives of 

d a u n ~ r u b i c i n . ~ ~  Rubomycin M and N are disaccharide derivatives of daunomycinone, having a 

daunosamine unit glycosylated at C-4’ with either of two 2,6-dideoxy-~-hexopyranoses. 34 

3 “-Demethylchartreusin has been identified as a minor component of crude chartreusin from 

S. c h a r t r e u s i ~ . ~ ~  
Routine methods have been used to prepare glycosides of aranciamycinone with pentose and 

hexose sugars,36 to prepare the disaccharide 9 derivative of daunomycinone using glycal 

 intermediate^,^^ and to prepare 3’-deamino-3’-hydroxy-2’-iodoesorubicin containing the sugar 10 

from 4,6-dideoxy-~-threo-hex- 1 -enitoL3* 4‘-O-Acylanthracyclines have been prepared from 

oxazoline  intermediate^,^^ and the fluorinated derivative 11 of daunomycinone has been 

synthesized from the 2‘-fluoroglycoside precursor. 40 

The 4’-amino group in the disaccharide unit of pradimicin has been converted to a variety 

of N-alkylcarboxylic acid derivatives to give compounds containing the units 12, some of which 

are antifungal with improved water ~olubility.~’ 

OH I NHCOCF, OH I OH F 

9 10 11 

MeNCH2(X)C02H 

1 2 e . g . x =  -cH=cH--.+ 
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N-Demethyl derivatives of anthracyclines have been obtained photochemically, giving N- 

methyldaunosamine and daunosamine analogues from rhodosamine precursors; products were 

mostly less active than the parent antibiotics. 42 Glycosylated prodrugs of daunorubicin involving 

D-galactose have been described, the galactose residue being attached through an N-acyl bridge; 

drug release involves enzymic glycoside hydrolysis leading to a carbamic acid intermediate. 43 

Glycosides of the antitumour alkaloid camptothecin and an enantiomer of gilvocarcin M are 

mentioned in Chapter 3. 

4 Nucleoside Antibiotics 

Current progress in the chemistry of nucleoside  antibiotic^^^ and recent developments in the 

synthesis of anti-HIV dideoxy n ~ c l e o s i d e s ~ ~  have been reviewed. A further review on the use 

of radical reactions for synthesizing nucleosides including antibiotics is mentioned in Chapter 20. 

Anti-cancer 1 -P-D-arabinofuranosylcytosine has been isolated from the mushroom Xerocomus 

nigromuculutus. 46 The broth of Nocardiu brusilienszs SF2457 has yielded the antibiotic SF2457 

13, a close relative of a m i ~ e t i n . ~ ~  Liposidomycins A-C 14 have been isolated from S. 

griseosporeu~,~' and a stereospecific synthesis of a stereoisomer of the ribosyl-diazepanone unit 

has been described in an attempt to elucidate the stereochemistry of the B component.48a 

13 

OH OH 

14 R = Cll alkyl or C13 dienyl 

An improved preparation of pentostatin has been reported. 49 Uracil analogues of sinefungin 

have been synthesized using the route applied to sinefungin itself which involves a radical 

coupling reaction5' An efficient microbial alternative to (See Vol. 25, Chap. 19, ref. 62.) 
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chemical synthesis of 4-thiouridine has been des~r ibed .~ '  

The total synthesis of hikizimycin has been reported, which involves the use of nitrobenzene 

as solvent in an improved Vorbriiggen reaction.s2 

Some intermediates involved in the biosynthesis of nikkomycins by S. tendae, analogues of 

octonyl acids, have been reported.53 A study of the biosynthesis of griseolic acids by S. griseo- 

aurcrntiacus using I3C and "N labelled substrates suggests that glucose and ribose contribute to 

the adenine and ribose moieties in griseolic acid A.s4 

Ring contraction of mesylates of a-hydroxy-y-lactones provides a route to 3'-0- 

The synthesis of oxetanocin and oxetanose chemistry has been reviewed methyloxetan~cins .~~ 

(in Japane~e) . '~  

The carbocyclic analogue of oxetanocin A 15 has been synthesized from cyclobutane 

 precursor^,'^ and the further analogues 16 (both enantiomers) 58 and 17 - 19s9 have been prepared. 

Likewise the guanosine analogue of 1560 and the phosphonate 

15 and 16,62 and the adenine and 7-deazaguanosine derivatives 

have been synthesized. 63 

2 0 , ~ '  5-vinyluracil analogues of 

of 3-hydroxymethyl cyclobutane 

The nucleoside portion 21 of a carbocyclic analogue of nikkomycin Z has been 

s y n t h e ~ i z e d . ~ ~  

(-) Neplanocin A has been synthesized from a chiral cyclopentenone prec~rsor ,~ '  and the 

precursor cyclopentylamine has been made from a meso-cyclopentane dicarboxylate using enzymic 

resolution.66 

6'-Modified neplanocin A analogues have been prepared, 67 as well as anti-tumour 

b'phosphatidyl derivatives, using an enzymic coupling procedure, 

Syntheses have been described for (+)-neplanocin F 2 p 9  the 3'-deoxy-3'-fluoro-~-threo- 

analogue 23 of n e p l a n ~ c i n , ~ ~  4'-modified analogues of neplanocin A and aristeromycin, e.g., 24, 

from D-ribon~lactone,~' and derivatives 25 and 26 from neplanocin A, one epimer of (26) being 

a very active SAH-hydrolase inhibitor.72 Other papers report the preparation of the neplanocin 

analogue incorporating 5-azacytidine instead of adenine, which is an t i - le~kaemic ,~~ and the anti- 

HIV analogue 27 of ~ a r b o v i r . ~ ~ , ~ '  
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Asymmetric enzymic hydrolysis of cyclopentane diester derivatives has been used in three 

routes to both (-) and (+) ar is te~-omycin.~~-~* Reactions of aristeromycin are also mentioned in 

Chapter 20. The cytidine analogue of neplanocin has been selectively reduced to carbodine 28 

(using diimide) or its 4’-epimer, isocarbodine (using hydrogen with palladium catalyst). 79 (+)-5’- 

Noraristeromycin 29 has 

COzMe HzNw 
O x 0  

21 

also been synthesized.” 

OH OH OH OH 

22 23 24 R = H, Me 
25 R = CI, F, McS 

M e - C H g A d  CHzOH wAd CH20H vcyt O w d  

1 
OH 

OH OH OH OH OH OH 

26 27 28 29 

5 Miscellaneous Antibiotics 

Julibrin 11, an arrhythmia-inducing heart drug isolated from the bark of Albizzia julibrissin, has 

been shown to be the apiosyl-glucosyl disaccharide derivative 30.” KS-505a, an enzyme 

inhibitor from S. argenteolus, contains 2-O-methyl-P-~-glucuronic acid P-linked to a steroidal 

aglycone.82 P-D-Glucopyranoside units occur in a fungal tetracyclic triterpene antagonist of 

leucotriene B, WF1 1605,83 and as a glycosylamine residue in the antifungal glucolanomycin 31 

obtained from Pycnidiophora dispersa. 84 

CHZOMe 

CHi *OH 
P-D-Api-f (1 -+ 2)-P-D-Glc-p - 1 4 0 ,  

30 
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A paper (in Chinese) reports the structure of one component, DC-2b 32, of calonyctin A 

obtained from the leaves of calonyction aculeatum. Evidence from various n.m.r. techniques was 

used to establish the s t r~cture . '~  

31 
Me CHCHMe 

I 
OH 

.Me 

32 

Galacardins A and B, new glycopeptide antibiotics from Saccharothrix sp. SANK64289, are 

related to P-avoparcin, but with differing sugar composition. Besides the ristosamine, glucose, 

rhamnose, and mannose present in P-avoparcin, galacardin B has one molecule of galactose, and 

the A component two molecules separately attached to the peptide core.86 

A new polyether antibiotic, octacyclomycin, differs from the close relative UK-58852 only 

by an additional hydroxyl in the pol yether aglycone." Another new polyether antibiotic, CP- 

82,009, a potent anticoccidial related to septamycin, produced by Actinomadura sp. ATCC 53676, 

contains the same 2,3,6-trideoxy-4-O-methyl-a-~-erylhro-hexopyranose as UK-58,852. *' 
A new indolocarbazole antibiotic, FX-286D, obtained from S. sp RK-286, is a p- 

glycosylamine derivative of digi to~ose. '~  Reference to kedarcidin, an antitumour antibiotic 

containing a new amino sugar, kedarosamine, and L-mycarose, is made in Chapters 9 and 14. The 

potent NADH inhibitor, penta-0-galloyl-p-D-glucopyranose, is referred to in Chapter 17. 

A total synthesis of calicheamycin yl' has been rep~r ted .~ '  Degradation studies on this and 

other calicheamycins have allowed their structures to be assigned by comparative 'H and 13C 

n.m.r. studies." Specific bindings of calicheamycin y l l  with DNA have been examined by use 

of oligosaccharide fragments of the a n t i b i ~ t i c . ~ ~ , ~ ~  

The tunicamine derivative 33 has been synthesized from 2-a~ido-2-deoxy-o-galactose. 94 

L-Sorbose has been used as a substrate for synthesizing I-deoxynojirimycin via the azide 34, 

which was converted to the antibiotic in a one-pot reaction. 95 Another synthesis employs methyl 
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D-mannofuranoside as a starting material, and involves a reductive amination of a D-lyxo-hexos-5- 

ulose d e r i v a t i ~ e . ~ ~  

D-Ribono-y-lactone is a convenient substrate for the synthesis of siastatin B analogues 35, 

including their enantiomers. 97 Other analogues 36 have also been prepared,98 including ring 

nitrogen N-alkyl analogues. 99 

OH R' 

I k A c  

33 34 

OH 

35 R' = CHZN02, CHzNH,, C02H H O C H 2 R 0  

R2 = AC HO--- \)-NHR 
36 R' = CH2N02, CH2NH2, C02H 37 R = H  

R? = TFA or CH,OH OH 38 R = a-D-Glc-p 

The amino-oxazoline 37, and hence the trehalose inhibitor trehazolin 38, have been prepared 

by nitrone addition to a hexenal derivative obtained from D-glUCOSe.'OO Compound 38 has also 

been synthesized together with analogues 39 (both epimers) from myo-inositol to establish the 

correct structures of trehazolin and its epimer trehalostatin. 1019102 

A series of analogues of hygromycin A have been prepared by varying the acyl unit on the 

amino-cyclitol moiety, e.g., 40, and varying the substitution pattern or stereochemistry in the 

aminocyclitol ring. Although 40 was active, most variations destroyed biological a c t i ~ i t y . ' ~ ~ - ' ~ ~  

A c O C e c  

HO 
OAc OAc 

39 

2"-And 3"-mono-O- and 2",3"-di-O-substituted derivatives of etoposide have been 

synthesized, by methods which involved standard ester groups on the glucose moiety.lo6 
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The antibiotic cortalcerone 42, a metabolite of the fungus corticium caeruleum, has been 

prepared from D-glucose using a pyranose 2-oxidase and an aldos-2-ulose dehydratase to prepare 

the unstable tricarbonyl derivative 41 and hence the product, as shown in Scheme l . '07 

CH20H CHzOH 

D-Glucose- O O H  - 
HO 

OH HO 0 

41 

'0 OH 
42 

Scheme I 

Glycosylated erythro-P-hydroxy-L-histidine compounds have been prepared (from D-G~c, D- 

Man, D-Gal) in the study of the role of the sugar in bleomycin; they show excellent dioxygen 

activating capability. lo' 

The biosynthesis of streptothricin F has been studied using 2H-labelled arginine substrates; 

the results suggest that hydroxylation occurs with retention of configuration at C-4.lo9 

Amides of streptonigrin have been synthesized using amino-dicarboxylic acids or 

aminosugars, and coupling via the N-hydroxysuccinimido ester group.' lo  

Spectroscopic data suggest that the N-methylamino group of the aminosugars present in 

neocarzinostatin acts as an internal base in organic solvents. ' ' 
The synthesis of the avobiose unit in avoparcin, of bioactive methyl oleonolate diglycosides, 

and of antifungal diosgenyl glycosides is mentioned in Chapter 3. The synthesis of antiturnour 

glycosylamino-indoloquinolines is covered in Chapter 10, and the preparation of methyl a - ~ -  
evalopyranoside, present in orthosomycin antibiotics, is referred to in Chapter 14. 
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20 
Nucleosides 

1 General 

The 5'-0-acetyl derivative of 3'-deoxyadenosine (cordycepin) has been isolated from the fungus 

Emericellu niduluns, along with cordycepin itself, and the N7-linked purine nucleoside aplysidine 

(1) has been found in an Okinawan marine sponge, and synthesized by glycosylation of the sodium 

salt of the base. The same sponge was also found to contain 2',3'-didehydro-2',3'-dideoxyuridine 
(d4U), the first report of the natural Occurrence of this sugar moiety2 An efficient microbiological 

preparation of 4-thiouridine, using a strain of Sfrepfomyces libani, has been advocated as an 

alternative to chemical syr.thesis.3 

have been comprehensively reviewed: as have the synthesis and properties of various disaccharide 

nucleosides.5 Other reviews have discussed the importance of nucleoside analogues in 

chemotherapy and in other potential therapeutic applications such as immunomodulation or the 

regulation of gene expression,6 recent developments in the synthesis of nucleoside analogues with 

anti-HIV activity,7 and the synthesis of 2',3'-dideoxynucleosides, with or without substituents at C- 

2' or C-3', by methods which involve condensations of modified sugars with heterocyclic bases.* In 
a review on progress in free radical chemistry in his laboratories, Barton has discussed applications 

to the synthesis of C-nucleosides, chain-extended nucleosides and nucleoside phosphonates.9 

The synthesis and chemistry of heterocyclic analogues of purine nucleosides and nucleotides 

2 Synthesis 

As regards novel methodology for making fbD-ribofuranosyl nucleosides, the sulfoxide 2 has been 

employed (Scheme 1) for preparing protected nucleosides with all the normal nucleobases; the 

HO 
1 

Reagents: i, silylated base, TMSOTf, (CHzC1)z 

Scheme 1 

method was used to make [l'-13C]-nucleosides from [l-13C]-D-ribose, and hence, by standard 

deoxygenation, the [ 1'-*~C]-2'-deoxynuc1eosides. lo The use of Cp2MC12 (M = Hf or Zr) and a 
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silver salt has been applied to the coupling of 2,3,5-tri-O-benzyl-P-D-nbofuranosyl fluoride and 

silylated uracil; the combination of Cp2HfC12 and AgOTf gave 955 selectivity for formation of the 
8-nucleoside.11 Trifluoro- and mchloro-acetoxy leaving groups have been used in the synthesis of 

P-D-ribofuranosyl derivatives of substituted uracils from the silylated heterocycle in the presence of 

s n~14.12 
Standard procedures have been used to prepare P-D-ribofuranosyl nucleosides of some 

pyridine 2,4-diones (e.g. 3),13 5-hydroxy-6-methyluracil (ribosylation at ?@),I4 some 5-substituted 
uracils,lS and some furfurylidene derivatives of barbituric acid.16 Also reported have been 4-P-D- 

ribofuranosyl-5,7-disubstituted pyrazolo[4,3-d]pyrimidines such as 4 and l-ribosylated-2,4- 

disubstituted pyrrolo[3,2-d]pyrimidines (e.g. 5),17 the 4-aminopyrrolo[2,3-d]pyridazine nucleoside 
6 and its P-D-arabinofuranosyl analogue, made by sodium-salt ribosylation of a 2,3-disubstituted 

pyrrole and subsequent annulation of the pyridazine ring,'8 8-aza- 1-deazaadenosine (7) and its 2'- 
deoxy analogues, where the sodium salt glycosylation also gave comparable amounts of N1- and 

@- ribosylated products,lg nucleosides of 5-substituted imidazo[4,5-6][ 1,3]-thiazines (e.g. 8, and 
N1-ribosylated compounds):o pyrazolo[4,3-6]- 1,2,3-triazin-4-0ne nucleosides such as 9, where 

substituted pyrazole nucleosides were employed as precursors?1 the imidazo[4,5-e] [ 1,2,4]- 
mazepine nucleoside 10, where the fl- regioisomer could be obtained under different conditions of 
condensation,22 and some naphthimidazole nucleo~ides.~3 

7 8 9 10 

The a-linked product 11 was .the major isomer produced by condensation of the ribofur- 

anosyl chloride and the heterocycle in the presence of cesium carbonate and N-methylpyrrolidone, 
thus giving an expeditious route to a-g~anosine.2~ 

of m-0-benzoyl-P-D-ribofuranosyl azide with 2-t-butyl-4-pyridyne generated in sifu.25 

gave high levels of deuterium incorporation at C-2,-3,-4, and -5, with relatively low amounts at C-1. 

This deuteriated material was then used to prepare ribonucleosides highly enriched with deuterium, 
and, by free radical reduction using BugSnD, 2'-deoxyribonucleosides. These deuteriated materials 

and their natural counterparts were combined to form partially deuteriated DNA and RNA 

The mazolo[4,5-d]pyrimidine nucleoside 12 was obtained, albeit in low yield, by cyclization 

Exposure of methyl a,P-D-ribofuranoside to Raney nickel and D20 for prolonged periods 
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dinucleotides which were examined by nmr to evaluate the simplification achieved, and the 

potential use of this technique to provide a spectral window for observing selected residues in 

oligonucleotides.26 
CH20TBDMS 
I -  BnOCH, HOCK 

11 12 13 14 

Various 5-substituted a-D-arabinofuranosyluracils have been been prepared conven- 

tionally,27 and a full account has been given of a route to L-threofuranosyl nucleosides by ring- 

expansion of oxetane derivatives (see Vol. 24, p. 226).28 

The hemiketall3, made by addition of MeLi to the lactone, has been converted into 1'- 
deoxy-D-psicofuranosylthymine, and under certain conditions the p-anomer 14 was the major 

product.29 A synthesis of psicofuranosyluracil is mentioned in Section 3 below. 

In the area of hexopyranosyl nucleosides, it has been shown that the Vorbriiggen-type 

coupling between penta-0-acetyl-P-D-glucopyranose and silylated cytosine proceeds in higher yield 

and at lower temperatures if nitrobenzene is used as solvent, a result which was then applied in the 

synthesis of the nucleoside antibiotic hikizimycin (see Chapter 19).30 Standard methods have been 

used to make P-D-glucopyranosyl and 6'-amino-6'-deoxy-~-D-glucopyranosyl derivatives of 2- 

aminopurine,31 and the Traube synthesis has been employed to prepare 9-p-D-xylopyranosyl- and 9- 

~-D-glucopyranosyl-2-substituted purines from the corresponding glycosylamine derivatives.32 The 

N-P-D-galactopyranoside of 5-fluorouracil has been prepared in a standard manner.33 

3 Anhydro- and Cyclo-nucleosides 

0 
0 

ox0 

0 

HO OH 

w' . 15 16 17 

Reagents: i, BugSnH, AIBN; ii, DBU; iii, H3O+ 

Scheme 2 

6,1'-Propanouridine (17), a carbon-bridged cyclonucleoside fixed in the syn- conformation, has been 

prepared from D-fructose with the intermediacy of the known 2,3'-anhydronucleoside 15 (see Vol. 

20, p. 2 15-6). This was converted (Scheme 2) in a multistep process to 16, and the propano-bridge 
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was introduced by radical chemistry. Intermediates in this work were also used to make p-D-psico- 

furanosyluracil.34 
The d4T derivative 18 could be converted into the 2,2'-anhydronucleoside 19, X=I, as 

indicated in Scheme 3, iodide 19 (X=I) being of use for making various other 3'-deoxy-3'- 

substituted ambinofuranosylthymines via the 2',3'-lyxo -epoxide.35 The corresponding bromo- 

compound 19, X=Br, is however more reliable in such processes since the iodocompound can 
undergo deiodination processes in some cases. Reaction of 18 with N-bromoacetamide leads to 
addition of the elements of HOBr across the 5,6- positions of the pyrimidine ring, as well as to 
cyclonucleoside formation, but this side reaction can be reversed by treatment with 
triphenylphosp hine.36 

Reagents: i, 12, AgOAc, CHCl 3; 

ii, N-bromoacetamide, 90 

3 
-acetone; iii, PPh 

i (X = I), or 

ii, iii (X = Br) 

18 * 19 
Scheme 3 

The solution conformations of 2'-deoxy-8,2'-methano- and -ethano-adenosine have been 

A full account has been given of the formation of 5'-0,8-cycloadenosine derivatives by 

studied by 1H-nmr spectroscopy, and by X-ray crystallography.37 

oxidation of the parent compounds with lead tetraacetate (see Vol. 18 p. 195),38 and 5'-0,6- 

methanouridine (20), a new type of pyrimidine cyclonucleoside, has been prepared as outlined in 

Scheme 4; conformational studies were also carried out on this system.39 The previously-reported 

'instability' of uridine 6-carboxaldehyde has been reinvestigated, and it has been found that the 

compound and its derivatives have a propensity to hydrate to gem-diols, and, in the case of the 
parent compound, fotm the cyclic hemiacetal 21.40 

Reagents: i, NaOH; ii, TfiNph, KzCO3; iii, (Ph 3P)4Pd, LEI, BusSnH iv, HOAc, H 2 0  

Scheme 4 
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Efficient routes have been described for the preparation of the 2,5'-anhydropyrimidines 22, 

labelled with I4C at C-2$l and the cyclic pyrrolopyrimidine nucleosides 23 have been prepared, 
with 5'deoxy-5'-halogenonucleosides as inte~~nediates.~~ 

0 0 

N3 OH 

, R =  CN, 
cow* 

A number of applications of anhydronucleosides in syntheses of other types of 

nucleoside derivatives are mentioned in subsequent sections. 

4 Deoxynucleosides 

A review has been published, in Japanese, on the stereoselective synthesis of nucleosides by 

condensations between nucleobases and 2-deoxysugar derivatives, together with transformations to 
2',3'-dideoxy- and 2'-3'-didehydro -2',3'-dideoxyderivatives.43 

A systematic study has been reported on the isomer distribution in condensations between 2- 
deoxy- 3,5-di-O-p-toluoyl -a-D-eryrhro-pentofuranosyl chloride (24) and the sodium salts of 

various 2-substituted and 2,6-disubstituted purines. Typically 9-p- and 7-p-products were obtained 

in ratios of ca. 4: 1 , with smaller amounts of a-nucleosides, with 2-bromo-6-(methylthio)purine 
giving the highest amount of 9-P-linked product. 2,6-Dibromopurine, however, gave only N-9 

linked products @:a, 4: 1).44 Other workers have reported that if the a-chloride 24 is allowed to 

stand in acetonitrile-THF for periods of 30-40 min, followed by the addition of the sodium salt of a 
purine, or of 2,4-bis-O-msylthymine, then a-2'-deoxynucleosides can be obtained (a$ ca. 3:1), a 
result which is attributed to epimerization of the glycosyl halide before c0upling.~5 

deoxyuridines substituted at C-5 with alkoxymethyl gr0ups,4~ cyclopropyl and various aryl 
groups:8 2-nitrovinyl (the ribonucleoside was also reported)$9 trifluoromethylthio- and 
mfluoromethylselenyl-groups,~o and 2'-deoxy- P-D-ribofuranosyl derivatives of a pyrazinone-4- 

oxide (25),51 imidazo [ 1,2-a] pyrimidines such as 26 (2',3'-dideoxynucleosides were also 

prepared)>2 methylthiopyrazolo [3,4-dJpyrimidines such as 27 (N-2 regioisomers also being 
formed),53 and the imidm [4,5-e][ 1,4]diazepine 28, where condensation using a nitroimidazole, 
followed by a formation of the 7-membered ring, gave access also to the N-3 regioisomers.54 The 
enantiomer of 24 has also been used to make 2-deoxy-~-L-nucleos ides~~~~~ the purine nucleosides 

also being accessible by chemical transglycosidation from 3',5'-di-O-benzoyl-P-~-erythru- 
pentofuranosyl-uracil. It was found that L-thymidine is phosphorylated by HSV-1 thymidine kinase 

almost as well as the D-enantiomer.56 

The synthon 24 has also been used in conventional syntheses of 3-deazathymidine,46 2'- 
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p-TOlOFHz 

P-TO~O 24 

0- 

OH 28 

OH 27 

O x 0  29 OH 30 

Deoxygenation of ribonucleosides via their 3',5'-TIPDS derivatives has been used to make 
the 2'-deoxyderivative of zebularine [ l-(p-D-ribofuranosyl)- 1,2-dihydropyrimidine-2-one]>7 2'- 

deoxy-6-azacytidine,58 2'-deoxyribosides of some 2,4-quinazolinediones (3'-deoxy- and 2',3'- 
dideoxynucleosides also being reported),59 and in the preparation of the 2'-deoxycytidine derivative 
30 from the known anhydrosugar 29 (Vol. 18, p. 85), where Mitsunobu inversion gave also the 5'- 

epimer of 30.60 
A crude nucleoside N-deoxyribosyltransferase preparation from Lactobacillium leichmanii 

has been used to prepare 9-p-D-2'deoxy- and 2',3'-dideoxy-nucleosides of 2-aminopurine.61 

The 2'-deoxy-D-rhreo-pentof~uanosylth~ne derivative 31 was prepared with good yield 
and p-selectivity by reaction of silylated thymine with the phenylthio a-glycoside, activated by 

NBS; the a@ ratio was found to be dependent on the nature of the 3', 5'-pmtection.62 

The same group have also used phenylthio glycosides to make 2',3'-dideoxynucleosides. 
Various bases and activators were investigated, and moderate p-selectivity could be obtained in 

some cases.63 The area of 2',3'-dideoxynucleosides and the related d4 systems continues to be an 

active field. A full account has been given of the use of the phenylselenyl substituent in 32, 
introduced through phenylselenylation of the y-lactone, to direct nucleoside formation in a p-sense, 

the selenyl group subsequently being removable either oxidatively to give d4 systems, or 

reductively to give dideoxynucleosides (see Vols. 24 and 25).* The related bis(pheny1thio) 
compound 33, also made by functionalization of the 1,4-lactone, similarly gives reasonable p- 
selectivity in reactions with silylated nucleobases, and the phenylsulfenyl groups can again be 

31 32 33 - 34 
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removed by reduction with mbutyl~tannane.~~ 2',3'-Dideoxy-8-azaadenosine (34) has been 

prepared by direct coupling, in which N-2 regioisomers were also obtained. The 5'-mphosphate of 

34 showed moderate levels of inhibition of HIV- 1 reverse transcriptase.66 

In a route to dideoxyuridine, the unsaturated nitrile 35, made from D-glucosamine (Vol. 24, 

p. 132), was converted as outlined in Scheme 5 into the carbxylic acid 36. This was converted into 

BzOCH2 
Reagents: i, (Ph3P)4Pd, NaBh;  
ii, H2, Pd/C iii, HCl. H 20, dioxan 

BzO fl: 
Scheme 5 

the glycosyl isocyanate by a Curtius reaction, and the uracil ring was then e l a b ~ r a t e d . ~ ~  Workers at 

Hoffmann-la Roche have developed two routes for conversion of cytidine into ddC, through 2',3'- 

unsaturated intermediates. In one method, the 2',3'-thionocarbnate of N4-acetyl-5'-O-TBDMS- 

cytidine was converted to the 2',3'-ene on treatment with 1,3-dimethyl-2-phenyl- 1,3-diazaphos- 

pholidine (the Corey-Hopkins procedure), whilst in the alternative (Scheme 6), treatment of 

cytidine with a-acetoxyisobutyryl bromide gave the mixed acetoxybromides 37 and 38, convertible 

as indicated to ddC (39). This latter procedure gave an overall yield of 40% from cytidine to ddC,6* 

and other workers have used a very similar method to make ddI from inosine in 5 1 % overall yield 

with no chromatography involved.69 In another related conversion of cytidine to ddC (39), the 5'- 
0-acetates analogous to 37 and 38 underwent reductive elimination when treated with potassium 

bicarbonate in methanol, in the presence of hydrogen gas and Pd/C catalyst, but considerable 

NHAc 

9 0 C H 2  tio 
OAc p37 

OAc 

+ Hocw 
39 

Reagents: i, Zn/Cu, HOAc; ii, H 2, Pd/C; iii, Triton B 

Scheme 6 

AcO CH2 key 40 

OH 

amounts of 3'-deoxycytidine were also produced.70 In a route to dideoxyadenosine, the bromo- 
alcohol 40 was made by selective hydrolysis of the 2',5'-di-O-acetyl derivative in the presence of p- 
c yclodextrin; after mesylation, the bromomesylate underwent elimination - reduction when treated 

under basic conditions with hydrogen gas and Pd/C catalyst.71 Generation of a 2',3'-ene in the 
purine series could be accomplished by treatment of adenosine, inosine and 7-deazaadenosine with 
a-acetoxyisobutyryl bromide to make the acetoxybromides analogous to 37 and 38; selective 
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deacetylation at 0-2' /3' could then be carried out, and on formation of the phenoxythiocarbonyl 

derivatives, treatment with tributylstannane gave, after 5'-0-deacylation, d4A, d41, and 7-deaza- 

d4A.72 

A number of syntheses of d4T (42) have been described. One of these is a development of a 

method for making AZT reported last year (Vol. 25, p. 252) involving a chiral epoxyalcohol; 

regioselective opening of this with phenylselenyl anion and oxidative elimination were used to 

generate the 2',3'-ene.73 In another approach, the enol ether 41 (Scheme 7), prepared from L- 

glutamic acid, could be coupled directly with thymine as indicated, and a modification of this gave 
0 

'(9 
HOCHZ 

k:-j 
41 42 

Reagents: i, NIS, mS) zthymine, THF; ii, DBU; iii, KOBu '; iv, NaOMe, MeOH 

Scheme 7 

rise to ddA.74 In a third synthesis, the 3-deoxysugar 43 was made from D-arabino- 1,4-1actone, and 

treated with cyanamide to give the oxazoline 44. This was then converted to the 2,2'-anhydro- 

thymidine, which was opened with phenylselenide anion; oxidative elimination then gave d4T 

(42).75 Reese's group have described various ways for the conversion of pyrimidine 2'-deoxy- 

nucleosides into didehydrodideoxy systems; the d4 analogues of trifluridine and 5-iodouridine were 

made by opening 2,3'-anhydronucleosides with phenylselenide and oxidative elimination, whilst 

sodium hydride-induced eliminations from 2,3'-anhydrosystems (made as in Vol. 23, p. 215) or 

3',5'-anhydro-derivatives were used to make d4U, d4T, and the didehydrodideoxyderivatives of 5- 
ethyl- and 5-fluorouridine.76 

nifluoroethoxy)methyluridine,77 5-styryluridine778 and doridosine (l-methyl-isoguanosine)79 have 

also been described. 

2',3'-Didehydrodideoxy derivatives of 5-(2,2,2-trifluoroethoxymethyl)- and 5-bis(2,2,2- 

0 

NH 
F CT(* MtY 45 

OH 

The 1-deoxypsicofuranosyl nucleoside 14 has been converted to the 1,3,4-trideoxy- 

derivative by stepwise deoxygenations,80 and 2',5'-dideoxy-5-fluorouridine (45) has been made by 

trans-glycosylation of 5'-deoxythymidine using thymidine phosphorylase.81 The anhydro- 

thionucleoside 46 was prepared by intramolecular glycosidation (see Vol. 8, p. 149 for a similar 

case), and on treatment with Raney nickel gave the 2',5'-dideoxynucleoside 47.82 
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Two routes have been developed, both from D-glucose, to the 2,4-dideoxyhexopyranosyl 
derivative 48 of thymine, and this ring-expanded thymidine analogue was incorporated into some 

 oligonucleotide^.^^ 
0 0 

6: OBn OH 48 

5 Halogenonucleosides 

A new route to 2-deoxy-2-fluoroguanosine involves a double inversion at C-2 of 3',5'-0-TIPDS- 

guanosine, the fluorine being introduced by the use of DAST.w Following from the first successful 
introduction of a 2'-j3-fluorosubstituent into a preformed purine nucleoside (Vol. 25, p. 249), the 

Sloan-Kettering group have shown that treatment of the adenosine derivative 49 with DAST gives 

the 2'-deoxy-2'-fluoro-arabinofuranosyl system SO in good yield. It was essential to have 0-3' and - 
5' blocked as trityl ethers; 0-benzyl compounds gave mostly the 2',3'-ene, and this difference was 

ascribed to the bulk of the trityl group shifting the conformational preference of the sugar ring 
towards the C-2'-endo- arrangement, in which elimination is less favourable for stereoelectronic 

reasons. Analogous chemistry was also carried out on hypoxanthine,85 and extended to the 
preparation of 9-(2-deoxy-2-fluoro-~-D-arabinofuranosyl)guanine. DAST was also used for the 

preparation of 3'-deoxy-3'-fluoroguanosine.86 Bromohydrin 40 could be debrominated by 

hydrogenolysis; use of DAST then led to the dideoxy-fluoroadenosine 51 (see also Vol. 24, p. 

231).71 Adenosine analogues of type 52 (X=F, C1, Br) have been prepared by base-sugar coupling 

procedures,87 as have the 3'-deoxycytidines 53 (X=H, F), which have anti-HIV activity, and some 

related 2',3'-dideoxy-2'-fluoro-arabinofuranosyluracils (see also Vol. 24, p.23 1).88 

NHTr NHTr 

When the 2'-thionucleoside derivatives 54 (R = Me, p-methoxyphenyl), made by opening 

of the 2,2'-anhydronucleoside with thiolate anion, were treated with xenon difluoride or with DAST 

in the presence of SbC13, the 2I-disubstituted compounds 55 could be obtained after deacetylation.89 

In work reminiscent of an earlier report (V01.22, p. 210), the difluorolactone 56 was 

obtained by means of a sequence involving a Reformatsky reaction between isopropylidene-D- 

glyceraldehyde and ethyl bromodifluoroacetate. The D-threo-epimer of 56 was removed by 
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crystallization (on a 2000-gallon scale), and 56 was used to make the gem-difluoronucleosides 57 
(B= Cyt, U).m 

53 54 55 

HOCH, 

- nB 
HO F 

57 58 59 
56 

HOCHZ 

K ' 6 0  
F 

In a synthesis of 3'-deoxy-3'-fluorothymidine (FDT, 59), the fluoride 58 was a key 

intermediate, being made by regioselective opening of the homochiral epoxide with BqN+ H2F3-, 
in a procedure similar to that used for a synthesis of AZT (see Vol. 25, p. 252).91 A synthesis of 59 

labelled with 18F has been reported, the isotope being introduced by displacement of an 'up' 

mesyloxy group with K18F in the presence of 18-crown-692 N.m.r. studies of 3'-deoxy-3'-fluoro- 

and 2',3'-dideoxy-3'-fluoro-nucleosides have indicated that the 3'-fluorosubstitutent stabilises the S -  

conformation of the furanose ring.93 

use of DAST (see Vol. 23, p. 213 for earlier similar work). This difluorocompound was shown also 

to have a 2'-endo (southern) conformation, but it was not active against HIV-1?4 

5-Fluorouridine has been converted into 5'-deoxy-5,5'-difluorouridine in a four-step 

process.95 
Tris-(2,4,6-mbromophenoxy)dichlorophosphane has been used for the rapid conversion of 

hydroxy groups of nucleosides into chloro-functions. 3'-Chlorocompound 61 was thus prepared 

from the 2'-deoxyadenosine derivative, and cases of 5'-chlorination were also reported96 Some 2'- 

chloro- and -bromo-2'-deoxyderivatives of uridine, N-linked to amino-acids at the 5'-position, have 

been described, with the halide being introduced through 2,2'-anhydronucleosides?7 

3'-Deoxy-3',3'-difluorothymidine (60) has been prepared from the 3'-ketonucleoside by the 

6 Nucleosides with Nitrogen-substituted Sugars 

A method described earlier for the synthesis of 2'-azido-2',3'-dideoxyadenosine involving 2'-keto 

intermediates (see Vol. 21, p. 208 and Vol. 23, p. 215) has been extended to the preparation of a 
range of other 2'-azido-2',3'-dideoxynucleosides.98 2'-Ketonucleosides have been converted into the 
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2'-deoxy-2'-oximinocompounds 62 (B = T, Cyt), and the analogous 0-methyloximes were also 

reported.99 M.J. Robins' group have described efficient routes to convert adenosine into 2'-amino- 

2'-deoxyadenosine and its arabinofuranosylanalogue 63, both sequences involving displacements of 

mflates at C-2' with azide ion; a route to 3'-amino-3'-deoxyadenosine was also described.lW 

"'-?*" 64 

HOCHZ HOCHZ pAd 
HO 

63 

HO 0 N-OH 

62 

2'-3'-Diamino-2',3'-dideoxyadenosine has been converted into the water-stable 

technetium complex 64, as a model for the transition state in ribonuclease- catalysed hydrolysis of 

inter-nucleotidic links. lol 

There have been a number of further reports on nucleosides substituted, mostly at C-3', with 
nitrogen heterocycles. Treatment of the D-Iyxo-epoxide 65 with imidazole in DMF at 1200 C gave 
predominantly the product 66 of ring-opening at C-3'; however, when the 5'-0-trityl ether of 65 was 
treated with imidazolide anion, predominant attack at C-2' was observed. Similarly, conditions for 

regioselective opening of the epoxide with pyrazole and 1,2,4-mazole were determined. In the 

imidazole series, appropriate inversions gave the compounds 67 and 68 (X = N3 or F).1O2 AZT has 

been converted into tetrazolyl-substituted thymidines of type 69 by the chemistry indicated in 

How 
N3 

i, ii 

... How 1ll - 

Reagents: i, Ph 3P, THF, A; ii, RNCO iii, HN 3, toluene, A 

Scheme 8 

Scheme 8.103 Pedersen's group have made 2',3'-dideoxy-3'-pipridino-D-ribohexofuranosyl 
nucleosides 70 (B = U,T, both anomers), and the pyrrolidino-analogues, using the synthetic 

approach developed earlier for other nitrogen substituents at C-3' (see Vol. 25, p. 253),1m and 
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starting from L-rhamnal, this approach was used to make the triazolyl-substituted systems 71 (B = 

U,T, both anomers).lo5 

~-D-xylofuranosyhhymine were used in a synthesis of the stereospecifically-deuteriated AZT 72, 

used for n.m.r. studies.lO7 A paper on the conformational analysis of AZT is discussed in Chapter 

2 1. Analogues of AZT with 5'-s~bstituted-2-thiouracils,~~ 5-hydroxymethyl- and 5-benzyl- 

oxymethyl-uracil,l@ and 5-mmethylsilyluracil~~~ replacing thymine have been described. A full 

account has been given of the synthesis of a homologue of AZT from di-O-isopropy1idene-D- 

glucose (see Vol. 24, p. 232) and this work was extended to the synthesis of the analogues 73 (both 
epimers at C-5').111 Various 1-(3-deoxy-3-substituted-a-~-lyxofuranosyl)thy1rir1es, such as the 

AZT analogue 74, have been prepared using nucleophilic substitutions on 3'-O-t1iflates of L- 
urubino-configuration, but they did not show significant antiviral activity.112 The f3-L- 
ribopyranosyl analogue 75 of AZT has also been reported.ll3 

There has been a further report on the synthesis of AZT from D-xylose,lM and derivatives of 

cH20H 

0 70 
HOCH, oT 

N3 OH 

74 

HO 

75 

Y D N3 

72 73, R = H, OH 

NH. HF N H 2  

During an investigation into a route to AZC, treatment of the cyclonucleoside 76 with 

LiN3 in DMF gave the unexpected product 77 in about 1: 1 ratio with the predicted 

azidonucleoside. l4 

A study has been reported on the electrochemical reduction of 3'- and 5'-azido derivatives of 

thymidine, uridine and 5-halogenouridines, and this method was advocated for preparative 

purposes, and also for monitoring chemotherapeutically-active compounds in physiological 

fluids.1'5 A Staudinger-type reaction on an AZT derivative was used to prepare the dinucleotide 78 
(Scheme 9) with a 3'-phosphoramidate linkage. The Michaelis-Arbusov step was facilitated by the 

presence of LiC1, and 78 was used in oligonucleotide synthesis.ll6 The alkylation of a phosphine 

imine was used to prepare the N-methyl derivative 79 (R=Me) of 3'-amino-3'-deoxythymidine, and 
reductive amination was also used to make the same compound, and the NJV-dimethyl analogue.117 

Other workers have prepared a series of N-substituted derivatives of 3'-amino-3'-deoxythymidine 
79, R = CN, CH2CN, CHO, CONH2, C02 Me, C(=N?I)NHZ.~~~ 

Some 3'-deoxy-3'-hydroxylamino-analogues of nucleosides of type 80 (R = H, Br, I), have 

been made by condensation procedures with a substituted sugar derivative (see Chapter 10). 
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Structures 81 (R = Me, Bn) were made from a 3'-ketonucleoside by formation of the nitrone and 
stereoselective reduction. The esr spectra of some of the free radicals spontaneously formed from 
the hydroxylamines were also studied. l9 

DMTrOCHz 

0 
N3 

DMTrOCH, 

0 @f~hp.oc~07AdBZ i 

___) 

NH 
+ 

OTBDMS 

Reagent: i, LiCl 

Scheme 9 

0 

w 78 
OTBDMS 

A route has been developed (Scheme 10) for the synthesis of the 4'-azido-2'-deoxynuc- 

leosides of type 84 (B = U, T, Ad, Gua). In the conversion of 82 into 83, a 3',5'-oxonium ion is 
assumed as an intermediate. Similar chemistry was used to make the uridine analogue in the D- 

ribo-series, and the 2'-deoxy compounds 84 proved to have good anti-HIV activity.120 

I 

OH 

Reagents: i, DBN or NaOMe; ii, IN3, DMF; iii, BzCI; iv, MCPBA, CH2Cl2, Hfl; v, NaOMe 

Scheme 10 

The N-phosphonoacetyl derivative 85 has been prepared as an analogue of 5-iodo- 

deoxyuridine -5'-diphosphate,l21 and 5'-amino-5'-deoxythymidine has been linked via an amide 

bond to D- and L-cysteine and D- and L-penicillamine.122 

3',5'-Di-O-mesylthymidine was used as a precursor of 5'-amino-3'-azido-3',5'- 
dideoxythymidine (M), the synthetic route involving selective displacement of the 5'-O-mesyl 

group by azide ion.123 The 2',3',5'-m-O-mesyl derivative of uridine gave the anhydro- 

azidonucleoside 87 when treated with sodium azide, and this could be converted, via the 2',3'-Zyxo- 

epoxide, into a mixture of amino-azido nucleosides 88 and 89.124 

Novel nitrogen-containing internucleotidic links have been reported. 3'-Amino-3'- 
deoxythymidine and 5'-amino-5'-deoxythymidine have been linked as the cyanoguanidine 90,125 

and the N-methylhydroxylamino-linked dithymidine 91 was made by joining a 5'-aldehyde 
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corresponding to the 'bottom' unit with an 0-alkyl-hydmxylamine derivative (see Section 8) by 

reductive amination.126 

NH2 

89 

How Hocv 
Some other nucleosides with amino- and azido-substituents are also discussed more 

appropriately in later sections. 

7 Thio- and Seleno-nucleosides 

The synthesis of a protected form of 2'deoxy-3'-thioadenosine has been reported, sulfur being 

introduced by displacement of a 3'- 'up'-mesylate. The product was incorporated into a dinucleoside 

-3'-S-phosphorothiolate using a phosphoramidite approach,l27 and the same group have also made 

the same linkage, in the case of a bis(thymidiny1) system, using either a Michaelis-Arbusov reaction 

as indicated in Scheme 1 1, or by a phosphotriester approach.128 The 2'-deoxy-3'-thionucleoside 
derivative 92 has been prepared by the interaction of a xanthate-derived radical at C-3' with the S- 

triphenylstannylxanthate.129 
MMTrOCHz 

MMTrOCH2 (MeO)2P\0 CH, 0 S 

0 y0y + I - O=P, 

O + P  

S h + N O 2  OAc 

02N 
OAc Scheme 11 
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When 2,3'-anhydrothymidine was treated with isopropylthiolate anion or with phenyl- 

selenide anion, in addition to the expected products of ring-opening by nucleophilic attack at C-3', 

the 5'-thio- and seleno-species 93 (X = SW' or SePh) were also produced, and it was surmised that 

the 2,5'-anhydronucleoside was involved as an intermediate.l30 The 2',3'-dithiouridine derivative 
94 can be obtained by treatment of 2',3'-di-~-mesy~-~'-~-trity~-~-D-~yxofuranosy~uraci~ with p- 

tolylthiolate anion, followed by demtylation. The same product was also obtained in good yields 

from starting materials of D-urubino- and D-xylo-configurations, presumably involving 

anhydronucleoside intermediates, but the relative accessibility of the D-lyxo-configured compound 

made it the preferred precursor. The same reaction sequence, when applied to 2',3'-di-O-rnesyl-5'- 

0-mtyl uridine (i.e. precursor of D-ribo-configuration) gave the D-xylo-product 95.l3l 

route to 4-thio-D-ribofuranose derivatives (see Chapter 1 l), and their use in making 4'- 

thionucleosides in the pyrimidine series, 96 (B = U, l3.132 The group at Southern Research 

Institute have made a series of 4'-thio-2',3'-dideoxynucleosides, using L-glutamic acid as precursor 

for the furanose building block, and extended their synthesis of 4'-thiothymidine (Vol. 25, p. 254) to 

the preparation of the AZT analogue 97, by means of a 2,3'-cyclonucleoside. l33 

The regrowth of interest in 4'-thionucleosides has led to the development of an efficient 

0 HOCH, HOCH, xpy mu k:y 
STol 

TrOCH, cT 
TolS STol YOY 93 94 95 

Me, + B HOCH, T 
\I I AS\ I 

'* 3 HO OH 

5'-Methylthioguanosine has been identified in human urine by g.c. - m.s.134 Various 

new analogues of S-adenosylhomocysteine have been described, including one with 7-deazaadenine 

as base, and the 3'-deoxy-3-deazaadenosine and 3'-deoxyformycin analogues,l35 whilst the S- 
adenosylmethionine (SAM) analogue 98 has been made as an enzyme-activated irreversible 
inhibitor of SAM decarboxylase (see also Vol. 25, p. 255).136 Some 9-[5'-deoxy-5'-(alkylthio)-P-D- 
xylofuranosyl]adenines have been made as potential antiviral agents, but proved inactive,137 and an 

AZT analogue has been reported in which an n-octadecylthio- group replaces the 5'-hydroxy 

function. 138 

Interesting work has been reported on the formation and reactions of nucleoside sultones. 

Dimesylate 99 could be converted as indicated in Scheme 12 into sultone 100, which underwent 

nucleophilic attack to give sulfonates of type 101 [X = N3, OH, OAc, H(from NaBH4)]. The 

epimeric sultone in the D-eryrhro- series was formed similarly, but reacted less cleanly with 

nucleophiles.139 Compounds 101 (X = N3, OAc) could then be used to make dinucleotide 
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analogues of type 102 (Y = 0, NH) with a sulfonate or sulfonamide link replacing the 

phosphodiester. 14* 

chain-extended nucleoside sulfones from uronic acid nucleosides (see Vol. 22, p. 141).141 

A full account has been given of the work from Barton's laboratory on the preparation of 

___) 

Reagents: i ,  lithium acetylide, DMSO, 

YH ii. triphosgene, DMF 

Scheme 12 y2N% 102 X 

Pummerer rearrangements of selenium- containing uracil nucleosides have been 
investigated. The a-acetoxyselenides 103 and 104 could be obtained from phenylselenides of D- 

ribo- and D-arabino-configuration, respectively, and a similar reaction was carried out on a 5'- 
deoxy-5'-phenylselenyl compound. Treatment of the 2-deoxy-2'-phenylselenyl nucleoside with 

NBS gave the cyclonucleoside 105, as well as the product of bromination at C-5.142 

TBDMSOCH, TBDMSOCH, TBDMSOCH, 

TBDMS 

TBDMSO OAc AcO TBDMSO SePh CH~OAC 

103 104 105 106 

8 Nucleosides with Branched-chain Sugars 

Synthon 106 can be made stereoselectively by formylation of the y-lactone, borohydride reduction, 

and acetylation, and can then be used to synthesise C-Zbranched dideoxynucleosides of type 107 

(X = H, OH, N3). 143 There has been a further paper describing the synthesis of 2I-C-cyano -2'- 

deoxynucleosides 108 (X = H, OH; B = U, Ade, Cyt) by deoxygenation of cyanohydrins (see Vol. 
25, p. 256).lU Use of a-D-isosaccharinolactone and a-D-glucosaccharinolactone, respectively, as 

starting materials led to the synthesis of 2'-C-substituted nucleosides of type 109 and 110 (B = Ad, 

T). 145 
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The novel spiro-cyclopropyl nucleosides 111 (B = Ad, U) were made by cyclo-addition of 

diazomethane to a 2'-deoxy-2'-methylenenucleoside. These compounds were made to probe the 
mechanism of ribonucleotide diphosphate reductase, and in initial biomimetic work it was found 

that when the 3'-O-phenylthionocarbonyl-5'-O-TBDMS-derivative of 111 (B = Ad) was treated 

with BugSnH, the initial cyclopropylcarbinyl radical fragmented to give the two products 112 and 

113; analogous results were obtained from the uridine analogue.14 The same group have extended 

their earlier work on the synthesis of 2'-deoxy-2'-methylene- and 3'-deoxy-3'-methylene-nucleosides 
by Wittig reactions to the synthesis of the guanosine analogues and of 2'-deoxy-2'-methylene-7- 
deazaadenosine.147 The 2',3'-dideoxy-2-methylenenucleosides 114 (B = U, T) were also made 

using Wittig methylenations, with 0-3' being removed at an earlier stage in a 2,2'-cyclonucleo- 

side.14* Matsuda has given a full account of the work of the Hokkaido p u p  on the synthesis of 

114 (B = U, T, Cyt), the 2',3'-dideoxy-3'-methylene systems, and the isomeric 2',3'-didehydro-2',3'- 

dideoxy-2'- and -3'-methyl-compounds (see Vol. 23, p. 217, and earlier).149 

of ribonucleotide diphosphate reductase, have been made by a modified Julia synthesis as outlined 

in Scheme 13; the cytosine analogue was also reported.150 

2'-Deoxy-2'-difluoromethylene nucleosides, also of interest in connection with the inhibition 

OEt 

w,' O-CH, 8 i ,ii  
- pi/i 

*,:i-o \ 0 
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w' 
Reagents: i, PhS02CF2H. LiN(TMS)2; ii, Lams) 2. MsCI; iii, SmI 2; iv, B u m  

Scheme 13 

The selenide 115 has been prepared by displacement, with allylic rearrangement, of a 2 -  

methylone-3'-O-mesyl system; when 115 was treated with NCS and t-butyl carbamate in the 
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presence of methylamine, it underwent [2,3]-sigmatropic rearrangement, via the N-Boc-selenimine, 

to give after deprotection the 3-amino-2',3'-dideoxy-T-methylene compound 116.151 

Cycloaddition of 2,6-dichlorobenzonit1ile oxide to the 5'-0-TBDMS-derivative of d4T gave 

predominantly (3: 1) the regioisomer 117; exclusively anti-adducts were obtained, the reaction was 
less regioselective with d4T itself, and failed with carboethoxyformonimle oxide. 152 

Grignard addition to 118 proceeded selectively from the a-face, thus giving a route to 3'-C-methyl- 

thymidine 119 (see also Vol. 22, p. 213). Use of the a-anomer of 118 gave access to the 3'-epimer 

of 119. The 3',5'-anhydroderivative (oxetan) was prepared from 119, and elimination of water gave 
a mixture of 3'-deoxy-3'-methylenethymidine and 3'-methyl-d4T. l53 Nucleophilic attack of 

organocerium reagents on 2'-deoxy-3'-ketonucleosides provides a good route to a range of 
compounds of type 120 (R = Me, -CH=CH2, -GCH, B=Ad, T, Cyt).*s4 

There have been a number of reports on different approaches to systems branched at C-3'. 

TrOCHz 

k:y - 
'CH,SePh 

115 

HOCH, 

TBDMSOCH, 

116 
HOCH2 wB 

I &= 119 R 120 

The 3'-methylene compound 122 has been made by direct sugar-base condensation, and 

could be converted into the two isomeric alkenyl azides 121 and 123 as outlined in Scheme 14. The 

3'-methyl analogue of d4U was also prepared, as reported earlier in the thymidine series by the same 

group (Vol. 24, p. 234).155 

ArOCH, 

__c 

121 122 H2C 123 

Reagents: i, Pd(OAch, PPh 3, NaN3; ii, NaOMe; iii, PPh 3, DEAD; iv, LiN 3 

Scheme 14 

It has been shown that during the synthesis of the nimle 124 by free rxlical chemistry (Vol. 

22, p. 214), some of the C-3' epimer is also fomed.l56 Nitrile 124 was used in an alternative route 
to 3'-deoxy-3'-C-hydroxymethylthymidine 125 (see Vol. 25, p. 257); Mitsunobu reaction with N- 
hydroxyphthalimide at the branched hydroxymethyl group gave an U-alkyl hydroxylamine used to 
make the dinucleotide analogue 91 (see Section 6).126 The 3'-aldehyde formed as an intermediate in 
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the conversion of 124 to 125 was linked with an U-(5'-nucleosidyl)hydroxylamine to give the 

alternative dinucleotide analogue 126,157 and the same team have developed another ingenious 

approach to 126, the key step involving addition of a C-3' radical derived from 127 to the oxime 

ether 128.l58 The synthon 129 has been prepared by stereoselective photochemical addition of 

methanol to the a$-unsaturated lactone, and used to make 2',3'-dideoxy-3'-hydroxymethylcytosine, 
which displays anti-HIV activity. l59 Other workers have also described routes to carbohydrate 

precursors of 125 and related compounds, and earlier work in this area (Vol. 25, p. 257)has been 

extended to fluoromethyl- and azidomethyl systems 130 (X. = F, N3; B = T, Cyt, Ad). 161 This 

approach, involving asymmetric epoxidation, has also been used to make the enantiomer of 125 and 

the equivalent cytidine and adenosine analogues. 162 Regioselective glycosylation at fl of @- 
isobutyryl -06 -[2@-nitrophenyl)ethyl]guanine was used to make the branched and homologated 

compound 131,163 whilst congugate Cur- catalysed addition of vinyl Grignard reagent to an a$- 
unsaturated -lA-lactone, followed by DIBAL reduction and nucleoside formation, led to 132, the 
related ethynyl and a-bromovinyl compounds being made also by modification of the route 

(compare Vol. 22, p. 214).la Free-radical coupling to acrylonitrile was used to make a branched 

deoxyglycoside, convertible into 133, and other related cases were reported.165 

CN 

124 

YHZOTBDMS 

CH~OH 129 

CHZOH 

125 

Hocw 
4 132 

0 OTBDMS 

133 

CH20Ac 
131 

Detailed n.m.r. studies have been reported on some bicyclic widine analogues reported 

last year by Chattopadhyaya's group, formed by intramolecular addition of free radicals to allyl 

ethers (see Vol. 25, p. 258).lM The same group have described the preparation of the thymine 

nucleoside 134 by means of intramolecular free radical trapping by an allyl group tethered by a 

temporary silicon connection (Scheme 15). Similar sequences were used to make analogous 

compounds with the three-carbon branch at C-2' in a 'down' position ( D - r i b ) ,  and at C-3' in the 'up' 

orientation, but an attempt to make the compound with the C-2' 'up' stereochemistry led to a 

tricyclic product after oxidation in which the intermediate bicyclic radical had attacked C-6 of the 

thymine ring.167 
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MMTrOCH, 

QT 

0 

MeMe CH,OH 

134 

Reagents: i, Bu3SnH, AIBN; ii, H 202, KF, KHCO 3; iu, HOAc, H 2 0  

Scheme 15 

The mesylated cyanohydrins 135 (B = pyrimidine) were the major epimers obtained from 

cyanide attack on the 3'-ketonucleosides; these compounds could be cyclized in base and 

deprotected to give the spiro-systems 136. The 3'-epimers could also be obtained as minor products 

from this chemistry,l6*,169 but were better obtained by making nimle-mesylate 137 stereo- 

specifically, followed by base-sugar condensation and cyclization.17O 

Buchi reaction of furan and benzoyloxyacetaldehyde, epoxidation, and reaction with silylated 

base. 171 

Racemic oxetan-fused nucleoside analogues of type 138 have been made by the Paterno- 

OH 
135 NH2 136 137 138 

CN OTBDMS 
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There have been reports on compounds branched at C-4', some with interesting 

bioactivity. Hydroxymethyl nucleoside 139, made using a Cannizzaro reaction, could be selectively 

oxidized under Swern conditions, to give, via the oxime, 4'-cyanothymidine 140, which showed 

good anti-HIV activity. 3'-Deoxyanalogues and compounds with other pyrimidine bases were also 

made.172 4'-Azidomethylthymidine and the oxetane 141 were also prepared, and displayed anti- 

HIV activity, in the case of 141 with low bone marrow toxicity. It was found that, surprisingly, 

reaction of 139 with 1 equivalent of DMTrCl formed selectively the mono-DMTr ether on the 4'- 

hydroxymethyl group. 173 Alkene 142 could be made by selenoxide elimination, and on treatment 

with allyltrimethylsilane and SnC4 it gave stereoselectively the 4-C-allyl derivative 143; similar 

reactions also took place with silyl enol ethers and TMSCN.174 
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9 Nucleosides of Unsaturated Sugars, Ketosugars and Uronic Acids 

Papers dealing with 2',3'-didehydro-2',3'-dideoxy-derivatives are discussed along with their 

saturated analogues in Section 4. 

Treatment of either 144 or 145 with LDA gave, after quenching the reaction, the 1',2'-ene 

146, If MeOD was used to quench the reaction, deuterium was incorporated at C-6 of the uracil 
ring. When anhydronucleoside 145 was treated with lithium 2,2,6,6,-tetramethylpiperidide, followed 

by quenching with TMSCl, the bis-TMS compound 147 was formed, the mechanism of this process 

is unclear, but the structure of 147 was established by X-ray crystallography of a derivative.175 
Pyranoid analogues 148 (B = U, T) of d4 systems have been prepared by standard 

procedures, as have the related 3'-enes.l76 The same group have also reported 5-aminouracil 
nucleosides of type 149, the base-sugar link being made by Ferrier-type condensation with triacetyl- 
D-glucd. 177 Some a-nucleosides similar to 149, with various bases, have been made by Pdo- 
catalysed condensation of the base with phenyl3,5-di-O-benzyl-a-D-erythro-hex-2- 

enopyranoside. 178 
0 

TBDMSOCH, TBDMSOCH, /! 
TBDMSO w 1 4 4  F TBDMSO M 4 5  

TBDMSOFH, 

- w 146 
TBDMSO 0 

148 

The theophylline ketonucleoside 150 has been reported,l79 as have pyrimidine nucleosides 

When dimesylates 152 (B = U, Cyt, Gua) were treated with KOH in MeOH-TMF, the 

of type 151, as well as the regioisomeric 3'-ene-2'-ones.180 

unusual cyclopropane-containing ketonucleosides 153 were produced by a mechanism involving a 
2',3'-hydride shift. The products were predominantly of a-configuration. l81 

oxidise 2',3'-O-isopropylidene derivatives of ribonucleosides to the uronic acid nucleosides in very 

high yield under mild, neutral conditions,182 and potassium persulfate is also effective for recycling 
the ruthenium reagent in such oxidations; the latter procedure was used to make, inter a h ,  the 

uronic acid analogue of AZT.l83 Oxidation of isopropylidene uridine with 0 0 3 ,  PCC or PDC in 

the presence of acetic anhydride leads to the foxmation of lactone nucleoside 154 in 50% yield, and 

several similar cases were reported.184 

Sharpless' oxidation method (RuC13, Nd04 in CHgCN-CClq-water) has been shown to 
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Two groups have described the synthesis of uronamides of type 155 as A2-selective 

adenosine receptor agonists. 1851186 
Trapping of a free radical at C 4 ,  generated by fragmentation of the N-acyloxypyridine-2- 

thione (see Vol. 22, p. 141), by a-(phenylthiomethy1)acrylamide led to the unsaturated uronamide 

156 (B = U, AdV-Bz).14' 
0 

0 

10 C-Nudeaides 

The well-known intermediate 157 has been elaborated into the pyridine derivative 158, separable 
from the a-anomer, using a Thorpe-Ziegler cyclization followed by dehydrogenation; hence the 

pyrido[4,3-dJpyrimidine C-nucleoside 159 and the corresponding inosine analogue were 

prepared. 187 Tficd: TrOC$m2 N \ C N  

N$> 

O x "  157 O x o  158 159 

P-D-Rib$ -- -- 

Addition of an aryl Grignard reagent to the y-lactone led to 160. Subsequent treatment 

with triethylsilane and SnC4 led stereoselectively to the P-C-glycoside 161, convertible to the 

analogue 162 of nicotinamide riboside.188 Maeba's group have extended their previous work (see 

Vol. 25, p. 260, and earlier) to the synthesis of the bicyclic structures 163 (both cis-fused 
isomers).l89 the 1,4-thiazine 164, and related cornpounds.lw 

In an improved route to 3-(~-~-xylofuranosyl)pyrazole, the key steps involved 

stereoselective addition of an acetylenic Grignard to tri-0-benzyl-D-xylopyranose to give, after 
pivaloylation, 165, which cyclized to 166 on treatment with TsCl in warm pyridine.191 

Photochemical decarboxylation in the presence of diacetoxyiodobenzene and the appropriate 
heterocycle has been used to make some compounds related to C-nucleosides, such as 167.192 

The preparation of a chloromethyl ketone related to 2,5-anhydro-D-allonic acid, and of 
potential use in C-nucleoside synthesis, is discussed in Chapter 3. 
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A review has appeared discussing the chemistry, in particular the synthesis, of 2'- 

deoxyribo-C-nucleosides. l93 A route to 2'-deoxy-pseudouridine 168 is outlined in Scheme 16, and 

use of a 3-iodo-pyrazolo[4,3-dlpyrimidine in a similar sequence led to 2'-deoxyformycin B.194 The 

carboxylic acid 36 (Scheme 5), also made using organopalladium chemistry was used to prepare 

2,3'-dideoxyformycin B and 2',3'-dideoxyshowdomycin.6~ Photolysis of an N-acyloxypyridine-2- 

thione, and reaction of the resultant anomeric free radical with a heterocycle, has been applied to the 
synthesis of 2'-deoxy-C-nucleosides, with a-selectivity (see Vo1.25, p. 260 for similar chemistry in 

the ribo-C-nucleoside series). *95 Modifications of Vogel's 'naked sugar' methods for nucleoside 

synthesis (Vol. 24, p. 238-239) have led to the fluoro-C-nucleoside 169,lX and the azidocompound 

170.197 
0 0 

H N K N H  HNKNH 

H o y o y  - ii,iii Hc..;" 

'OC@ +1er0 ___t i - 
OTBDPS H OTBDPS OH 

Reagents: i, Pd(0Ac) 2, AsPh 3; ii, TBAF, iii, NaBH(0Ac) 

Scheme 16 

11 Carbocyclic Nucleoside Analogues 

Two members of the Glaxo team have produced a comprehensive review on the synthesis of chiral 

carbocyclic nu~leosides.~98 

described in full their routes both to the bioactive (-)- isomer 171 and to its enantiomer using 

enzymic resolutions (see Vol. 24, p. 239-40 and Vol. 25, p. 261).lW One of their routes relied upon 
Ir-ally1 palladium intermediates, and other workers have described a similar approach for making 

There have been further papers on the synthesis of carbovir. Roberts and coworkers have 



20: Nucleosides 247 

racemic carbovir?~ whilst Trost's group have also used organopalladium chemistry to prepare (-)- 

carbovir (171), where an ingenious desymmemzation of a meso-intermediate was ~ s e d . ~ O l  The 7- 
deaza-analogue of carbovir has been synthesised in racemic form, the pyrrolopyrimidine ring being 

built up on the amino group of an allylic amine.2m 
0 

x 
169, X = F 
170, X = N3 

HOCH, dill HOCHz 

172 

HOCH, 

p Y 1 7 3  
OH OH OH 

The carbccyclic nucleosides 172 (X = C1, Br, N3) of 5-fluorouracil have been made as 

racemates, the group X being introduced by displacement of a 3'-'up' mesylate,a3 and the 6'- 

fluorospecies 173 (B = T, Ad) have been prepared by modification of earlier work in which a chiral 
bicyclic ketone was manipulated via strained tricyclic intermediates (see Vol. 23, p. 222 and Vol. 

25, p. 262),2@l The fluoroalkenes 174 (both isomers) have been made as potential inhibitors of 

adenosylhomocysteine hydrolase, by the same method as was reported last year in the 
ribonucleoside case (see Vol. 25, p. 250-251).205 

prepared as a racemate by the chemistry outlined in Scheme 17; the cyclopentene 175 was prepared 

from 3-methoxycyclohexene by oxidative cleavage and subsequent aldol condensation.2M 

The 4'-azido-carbocyclic nucleoside 176, related to the furanoside 84 (Section 6), has been 

... . TBDPSO 

O H C C  - 
175 

Reagents: i, TMSN3; ii, PhCN, H 202; ui, BF 3, (TMS)zT; iv, TBAF 

Scheme 17 

Various 5'-0-sulphamoylated purine carbccyclic nucleosides, including those derived from 

aristeromycin and 8-aza-aristeromycin, have been prepared as analogues of n~cleocidin.~o~ A 

number of 2'-arylamino-purine am-carbocyclic nucleosides of type 177 have been reported as 
potential anti-cytomegalovirus agents,m8 and 5'-extended analogues of type 178 have been prepared 
using Mitsunobu reactions to link the bases and the cyclopentane unit,209 as have truncated systems 
179 (B = U, Ad, Gua) using K-ally1 palladium chemistry.210 Racemic nor-nucleosides 180 (B = Ad, 

Gua) have been reported on in full (see Vol. 24, p. 241)?11 and 181 (B = Gua) and its stereoisomer 
(both racemates) have been made by conjugate addition of 2-amino-6-chloropurine to cyclo- 
pentenone. This paper also describes a cyclohexane analogue of 181>12 and other workers have 
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also described a range of racemic cyclohexenyl nucleobases such as 182 and its dihydro- 
deri~ative.~l3 

Two groups have reported on the synthesis of the hydroxymethyl-branched carbocyclic 

systems 184 (B = Ad, Gua), which can be regarded as ring-enlarged oxetanocin analogues or as 
carbocyclic analogues of important anti-HIV agents. In one approach, the racemic unit 183 was 

produced by photochemical addition of methanol to the enone?I4 whilst other workers reported 

routes to both 184 and its e n a n t i ~ m e r . ~ ~ ~  

M * 2 c c m  aB H O ~ B  

X OH OH 178 
179 18O,X=OH 

181, X = H 

Ad HOCH, HOCH2 

HO OH IbL CH201 Bn 183 CH20H I54 

Bicyclic adduct 185, derived by the cycloaddition of tosyl cyanide to 5-benzyloxymethyl- 

cyclopentadiene, was converted into the racemic branched carbocyclic nucleoside 186 ('BCA'), 

which was found to protect MT-4 cells from the cytopathic effects of HN-1.2l6 Resolution of the 

racemate showed that the bioactivity was due to the (-)-enantiomer.217 It was shown that formula 

185 

HOCH, -@ 
CH20H 
186 187 cH20H 

OBz 

186 represents (-)-BCA by means of an enantiospecific synthesis from the (-)-Corey lactone 

derivative 188, via the key intermediate 187, a Mitsunobu reaction being used to introduce 6- 
chloropurine with regioselectivity for the @-linked product. It is interesting that (-)-BCA has the 

'unnatural' absolute configuration for the 'sugar' unit.2l* 

Section. 

Some references to phosphonates of carbocyclic nucleosides are discussed in the next 

12 Nucleoside Phosphates and Phosphonates 

The synthesis, reactions and properties of nucleoside mono-, di-, tri-, and tetraphosphates and 

nucleotides with changes in the phosphoryl residue are the subject of a major review219 
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2'-Deoxy- 3'-phosphoramidites, for use in oligonucleotide synthesis, have been reported for 

5-hydroxymethylundine220 and 5-methyl1 -~-D-ribof~ranosyl-4-pyrimidinone?~~ whilst 3'-deoxy- 

2'-phosphoramidites of adenosine and 5-methylundine have been made as intermediates in 2 ' 4 ' -  

linked oligodeoxyribonucleotide synthesis.222 Improved routes have been described for making 2'- 
0-(2-chlorobenzoyl)-3'-H-phosphonate building blocks for oligoribonucleotide synthesis.223 

Di(deoxynuc1eoside) phosphates have been prepared with 4-thiouracil and 6-thio- 

hypoxanthine as bases,224 whilst a series of base-modified uridine dinucleoside phosphates have 

been made as models for the investigation of conformation and structure of 'wobble position' 5- 
modified uridine units.225 The doubly-isomerised TpT dimer 189 has been prepard by the H- 

phosphonate method, and its conformation studiesJ26 

(1,1,1,3,3,3,-hexafluoro-2-propyl)phosphites as precursors for other analogues, including H- 

phosphonothioates and dinucleoside pho~phorothioates?~~ and the method outlined in Scheme 18 

has been used to make di- and oligo-deoxynucleotide phosphorodithioates, with best results in the 

pyrimidine series.228 The (Rp, Rp) and (Sp, Sp)- diastereomers of the bis-(phosphorothioate) of 

UpUpU have been prepared in a stereocontrolled manner.229 

There has been a further report (see Vol. 25, p. 265) on the use of nucleoside -3'-O-bis 
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As regards the modification of internucleosidic links, bis(deoxynucleosidy1)- 

trimethylsilyl phosphites 190 can be converted to phosphorofluoridates 191 by the use of 

S@ClF,230 and dibenzoyltetrasulfide has been advocated as a rapid sulfur transfer agent in the 

synthesis of nucleoside phosphorothioates, being used to prepare a phosphorothioate after each 

cycle of a phosphoramidite synthesis.231 Oxidation of internucleosidic H-phosphonothioates (2'- 

deoxy series) with iodine in aqueous acetonitrile in the presence of trimethylamine gives 

s.r' +! / 

\;r Q 

N 
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191 192 
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phosphorothioates with inversion of configuration; carrying out this oxidation on either H- 

phosphonates or H-phosphonothioates in the presence of ethanol gives the stereochemically-pure 

mesters 192 (X = 0, S) or their diastereomers?32 Oxidation of diastereomerically-pure H- 

phosphonothioates (ribonucleoside series) with 3-H-2,l-benzoxathiol-3-one- 1 -oxide gives the 

phosphorothioates with retention of configuration.233 Oxidation of internucleosidic H- 

phosphonates with elemental sulfur also gives diribonucleoside phosphorothioates wth retention of 

configuration,234 whilst use of the new selenum-transferring reagent 3-H- 1,2-benzothiaselenol-3- 

one on either di(deoxyribonuc1eoside) H-phosphonates or H-phosphonothioates gives the 

phosphoroselenoates or phosphorothioselenoates respectively, and on mechanistic grounds these 

stereospecific processes are also assumed to occur with retention of configuration.235 When S-aryl 

dinucleoside phosphorothioates (2'-deoxy series, racemic at phosphorus) were treated with 

mbutyltin alkoxides, the alkyl dinucleosidyl phosphotriesters were f0rmed?3~ and the same triester 

products could also be obtained by treating a dinucleosidyl phosphate with tributyltin methoxide, 

and alkylation of the tributylstannyl ester thus formed with an alkyl halide.237 

Various 5'-phosphates and phosphonates of d4A and d4C, as well as dinucleoside 

phosphates with thymidine, have been prepared as potential prodrugs; some of the phosphates 

displayed anti-HIV a~tivity.~38 5'-Triphosphates of various 3-alkyl derivatives of AZT have been 

described?39 as have O-aryl-5,5'-dinucleoside phosphates of dideoxy- and didehydrodideoxy- 

systems, such as 193, which showed some anti-HIV activity.%O Similar triesters, incorporating an 

AZT unit, a cordycepin (3'-deoxyadenosine) unit and a long-chain aliphatic residue, have also been 

made as potential ~ r o d r u g s 2 ~ ~  5'-Bis(haloalky1) phosphotriesters of ara-A and ara-C have proved 

in some cases to display better bioactivity than the parent systems.%2 A range of 

phosphoramidates of type 194, derived from AZT and a range of amino acids have been 
~ynthesised?~~ and AMP has been linked as a phosphoramidate to the &-amino group of the 

dipeptide Thr-Lys to give a model for the RNA ligase active centre.244 

193 X' 

' O C W  
N3 
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In the area of 3',5'-cyclic nucleotides, it has been found that attempted 5'- 
phosphorylation of the 3'-epimers of thymidine and deoxyadenosine with phosphoryl chloride gave 

the cyclic phosphates 195 (B = Ad, T); the 5'-phosphates could be obtained by phosphorylation of 

the 3'-O-benzoyl derivatives.%5 Two groups have reported the synthesis of base-modified 

derivatives of CAMP (e.g. benzimidazoles, benzotriazoles, indazoles), for evaluation as activators of 

CAMP-dependent protein kinase 1.246~247 There have been syntheses described of ribonucleoside 

3',5'-cyclic methyl- and p h e n y l - p h o s p h o n a t e ~ ~ ~ ~ ? ~ ~ ~  and -phosphonothioates, one of the procedures 

giving both the cyclic phosphonates and phosphonothioates as the Sp-epimer only.=9 A paper 
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discussing conformational aspects of cTMP methyl ester and the phenyl phosphonite is mentioned 

in Chapter 21, and some papers on the reactions of cyclic phosphates are discussed in Section 15. 
Whitesides' group have continued their work on large-scale enzymic routes to nucleoside 

diphosphosugars, reporting gram-scale routes to UDPGlcNAcF50 UDP-Gal, and U D P - G ~ ~ N A C . ~ ~ '  
Others have reported enzymic routes for the conversion of TDP-glucose to TDP-6-deoxy-D-xylo-4- 
hexulose and TDP-~-rhamnose.252 An efficient chemical synthesis of GDP-P-L-fucose has been 

developed, dependent on two new routes for making L-fucose- 1-phosphate with high anomeric 
excess of the P-L-isomer.253 The analogue of GDP-P-L-fucose containing a carbocyclic hexose unit 

has been prepared as a potential inhibitor of fucosyl transferases (for the route to carba-L-fucose, see 

Chapter 18),254 and routes have been developed for the synthesis of C-fucopyranosyl analogues of 

GDP-fucose, including the 'stretched' phosphates 1% (X = -CH20- and -CH~CHZO-), and the 

isostenc phosphonate 196 (X = -CH2-) (for the synthesis of the relevant C-glycosides, see Chapter 

3).255 Both anomers of GMP-L-fucose have been produced by interaction of the 1-0- 
mchloroacetamidate of 2,3,4-tri-O-acetyl-a-L-fucopyranose with 2',3'-di-O-acetyl-GMP, and the 

analogous adenosine- and uridine-monophosphate-L-fucoses were also synthesised.256 The 
analogue of UDP-a-D-glucuronic acid in which the phosphate unit adjacent to the glucuronate is 

present as a phosphorothioate has been prepared by a synthesis involving enzymic oxidation of the 

UDP-glucose analogue as the last ~tep.~57 Compounds in which sialic acid is linked to nucleoside - 
5'-monophosphates via a spacer are mentioned in Chapter 16. 

A chemico-enzymatic approach has been used for the synthesis of Coenzyme A 

analogues, modified in the thioethanolamine unit, using ATP as one starting rnateriaL25* 

Pyrophosphate bond formation from a nucleoside 5'-phosphorirnidazolide catalysed by divalent 

metal ions (Mn2+, Cd2+ or Mg2+) has been used to make dinucleoside di- and tri-phosphates such as 
CppC and GpppG.259 A vanadate analogue of NADP is mentioned in Chapter 16, in connection 
with its ability to function as a redox cofactor. 

synthesized with the nucleoside attached via 0-3' to the surface of controlled pore g1ass.m A range 
of imido-analogues of AZT mphosphate, 197 (X, Y = 0, NH) have been prepared, together with 

similar derivatives of 'ITP itself; the lTP analogue with X = 0, Y = NH proved the best inhibitor of 

HIV 1 reverse transcriptase.261 
An interesting study has been described concerning the transport of nucleoside triphosphates 

(ATP, CTP, dideoxy-'ITP, and A m )  across liquid organic membranes, mediated by DABCO- 

derived cationic caniers. The best camer was found to be a bisquaternary type which formed a 2: 1 
complex with the nucleoside mphosphate; tetraquaternary carriers in which two DABCO units are 

The 5'-mphosphates and a-thio-mphosphates of 2'-0-methylribonucleosides have been 
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linked by a spacer proved less effective. A structure of type 198 was proposed for the 2: 1 

complex.262 
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' 198 
0- 0- 
I L-ONUC 

cl 

HO OH 

Phosphonate analogues of nucleotides continue to attract attention. 5'-Hydrogen- 

phosphonates and 5'-methylphosphonates of various anti-HIV nucleosides have been made, and the 
H-phosphonates from AZT and 3'-deoxy-3'-fluorothymidine were highly acti~e.~63 5'-FlUOrO- 

methyl- and -difluoromethyl-phosphonates have been prepared from d4T,264 AZT,264*265 and 
various other nucleosides and deoxynucle~sides,~~~ and phosphonates 199 (n = 1.2) were prepared 
from the 5'-bis(TMS)phosphite by Arbusov or Michael reaction.266 The non-hydrolysable analogue 

200 of phosphoadenosine phosphosulfate ('active sulfate') has been described. The 3'-phosphate 

was put on in the last step using trimetaphosphate, and the desired product was separated from the 

2'-phosphate by hplc.x7 

synthesis of 201 by Arbusov reaction applied to the 5'-deoxy-5'-iodwompound, followed by making 

the base-sugar link.% Some 5'-deoxy-5'-phosphonates, including that of 2-O-methyluridine, have 
been described for the first 

The Gif p u p  have given a full account of their route to isosteric phosphonate analogues of 
nucleoside 5'-phosphates by the photoly sis of N-hydroxy-Zthiopyridone esters of uronic acids, and 
trapping of the resultant radicals with vinyl phosphonates (see Vol. 23, p. 224-225)."O The 

phosphonate analogue of AZT monophosphate has been made by a Wittig synthesis, and converted 
to the diphosphoryl phosphonate ( A m  is0stere)2~' The Wittig route to isosteric phosphonate 

analogues of dideoxynucleoside monophosphates has been described in full (see Vol. 23, p. 225),272 

and the enzymic pyrophosphorylation of carbocycle 202 and some related phosphonates (Vol. 25, p. 
263), including 203 which is newly described, has been carried out by transfer of pyrophosphate 

from phosphoribosyl pyrophosphate (PRPP) using PRPP s y n t h e t a ~ e . ~ ~ ~  Workers at Bristol-Myers 
have made the isosteric phosphonate 204 of d4T monophosphate by elimination from an 

intermediate previously described by Tanaka et a2 (Vol. 23, p. 225). This paper also describes a 

route to the carbocyclic phosphonate 205 (B = T)?74 and the related guanine compound 205 (B = 

Gua), an analogue of carbovir monophosphate, has also been reported by the same team. The 

cyclopentanes 206 (both isomers, as racemates) were also made by opening cyclopentene epoxide 

by the anion of 6-O-benzylguanine, followed by Mitsunobu inversion in the case of the &-product, 

which displayed modest anti-HIV activity.275 Compounds 205 (B = Gua, T) and their 

dihydroderivatives, have previously been reported by the Exeter-Glaxo group, who also made some 

diphosphoryl phosphonates (mphosphate analogues), and a full account of this work has 

appeared.276 

A new mute to non-isosteric S-deoxy-5'-phosphonates of deoxynucleosides involves the 
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HO,p'.O 
HO' I 

0 
I I  

200 
x 

201 202 ,X=H 

205 206 

204 .. 

Full details have also been given of the synthesis of 207, designed as an inhibitor of purine 

nucleoside phosphorylase, from D-fructo~e.~7~ 

13 Ethers, Esters and Acetals of Nucleosides 

A review on the synthesis of oligonucleotides by the phosphoramidite approach contains sections on 

0-2' and 0-5'  protecting group chemi~try.~~8 

A convenient preparation of 2'-0-methylpanosine involves the interaction of @-isobutyryl- 

5'-O-dimethoxymtylguanosine with mmethylsilyldiazomethane, followed by deprotection.279 

Allylation of uridine and cytidine at 0-2' can be achieved with some regioselectivity by use of either 

ally1 ethyl carbonate and a PdO catalyst, in which case protection of N3- of the uracil unit was 

necessaryF80 or by allylation of a stannylene derivative.28l Alkylation of UMP also has some 
selectivity towards 0-21.282 

There have been further reports on carboranyl derivatives of nucleosides (see Vol. 24, 

p.245), for use in neutron-capture therapy of cancer. Carbranyl nucleosides have been prepared by 

addition of B10H14 to propargyl ethers at 0-2',0-3', and 0-5' of uridineT83 and the 2'-0-derivative 
208 has been made by an improved procedure in which B10H14 was added to 1 , 2 5 6 4 0 -  
isopropylidene-3-O-propargyl-a-D-allofuranose, followed by oxidative removal of C- 1 to give a 

ribofuranose derivative which was then coupled to uracil under Vorbriiggen-type conditions.2w 

The 2',3'-bis-TBDMS ether of adenosine can be made by firstly preparing the 2',3',5'-tris- 
silylated material, followed by partial acid hydrolysis,285 and an improved synthesis of 3',5'-0-(di-r- 

butylsiIanediy1)cytidine has been described, avoiding problems of silylation of the heterocycle.286 
Lipase enzymes have been used for further regioselective acylations of nucleosides (see also 

Vols. 24 and 25). Amano PS lipase effects selective acylations of 2'deoxynucleosides at 0-3', 
using oxime esters as acyl donors,a7 and use of acetone oxime carbonates with the same lipase 

gives 3'-O-alkoxycarbonyl-2'-deoxynucleosides.~88 If the lipase used was that from Cundida 
anrurcricu, then alkoxycarbonylation of thymidine occurred mostly at 0-5'; similar regioselectivity 

was found for ribonucleosides (adenosine and uridine), but in addition to 5'-0-alkoxycarbonyl 

derivatives, 5'-0-(acetoneoximecarbony1)-derivatives were also fomed.2@ 
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3'-0-Fomyl derivatives of thymidine and 2'-deoxyuridine have been made by interaction of 

the Vilsmaier reagent with the 5'-0-TBDMS ethers; the thymidine derivative had moderate anti- 

HIV activity.290 3'-0-(Methylthio-thiocarbonyl)- and 3'-0-(thiocarbamoyl)- derivatives of 

thymidine have also been made29l 

dideoxyadenosine have been prepared, and their bioavailability assessed in ratsF92 and AZT has 
been linked at 0-5' to various lipidic amine acid oligomers.138 The antiviral agent 9-(p-D- 

arabinofuranosyl)-6-methoxypurine has been converted into 5'-0-acyl derivativesF93 and into di- 

and triesters,2% and esters of 2'-deoxy-2'-methylenecytosine, an antitumour agent, have also been 

described.295 

As regards the synthesis of esters as potential prodrugs, five 5'-0-esters of 2',3'- 

The 2'-deoxynucleoside derivative 209 has been synthesised and coupled to controlled pore 

glass for use as a primer in oligonucleotide synthesis. It can be cleaved without recourse to 

ammonia using 0.5 M DBU in dioxan, and hence the oligonucleotides could include units that are 

ammonia sensitive.296 

02N%olNH 

MeOr \ 

0 

212 HO 211 

The sulphamate 210 has been made as an analogue of alanyl-AMP, in order to probe the 

substrate specificity of alanyl-tRNA synthetaseT97 and 211 and some related structures have been 

synthesized as analogues of IdU diphosphate.121 

Treatment of the 4'-ene with MCPBA in methanol led to the 4'-methoxy-derivative 212 of 

d4T, and 4'-methoxy-2'-deoxyadenosine was made in a similar way. 120 

There have been further reports from the Leiden group on the synthesis of dinucleosides 

linked by a (3' +5') methylene acetal (see Vol. 25, p. 270). A cytosine -(3'-+5')-uridine unit with 

this type of link has been made, using activation of a 3'-0-methylthiomethyl ether with NIS and 

triflic acid to form the internucleosidic acetal, and the product was converted to a 3'- 

phosphoramidite.298 An alternative way of establishing the link, using 3'-0-acetoxymethyl ethers, 

is illustrated in Scheme 19.299 

There has been a further report on the introduction of the "2-(methylthio)phenyl]thio] 

methyl (MPTM) protecting group into the 2'-position of adenosine, guanosine and cytidine building 

blocks for oligonucleotide synthesis (See Vol. 25, p. 270).3m Some thioacetals and 

dithioorthoesters at 0-5' of FdU, such as 213 have been prepared and subjected to yradiolysis.301 
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Bzocw BzO CH2 
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Scheme 19 
0 CHzOMe Y 
0 

14 Miscellaneous Nucleoside Analogues 

There continues to be considerable activity in the synthesis of nucleoside analogues with major 

modifications in the ribofuranose ring, and interesting observations concerning bioactivity have 

been found. A fuller account has been given of the synthesis of 'iso-ddA' (see Vol. 23, p. 227), and 

other bases have been introduced into this ~ystem.30~ Workers at Glaxo have also reported a route 

to iso-ddA and other base analogues starting from L-glucose, together with a full account of their 

work on the sulfur analogues (Vol. 25, p. 27 1).303 Meanwhile, Nair's group have used the pentose 

214 derived from D-xylose, to make the enantiomer 215 of iso-ddA (Scheme 20) and again 

compounds containing the other nucleobases were also prepared.304 The same group have also 

prepared both of the enantiomeric structures 216 and 218 (B = Ad, Gua, U, T, Cyt) (Scheme 21) 

from the same chiral precursor, which was obtained by lipase-catalysed hydrolysis of the meso- 

diacetate.305 

0 

2 15 
OH OTs 

2 14 
I 

213 
OH 

Reagents: i, EgSiH, TMSOTf; ii, TsCl, py; iii, adenine, 
K2C03, 18-crown-6; iv, NaOMe 

Scheme 20 

CH,OAc AcOCH2 CH,OH CH20TJ3DMS 

OAc 

iii,iv, i,ii , i, ii 
~ O A C  - H 

I 

YH,OAc Ac 
i, ii 

O O A c  - n 

I 

9 

OAc 

2 17 

Reagents: i, OsOa NaIO4; ii, Ac 20, Et3N, DMAP; 
iii, TBDMSCl, imidazole; iv, NaOMe, MeOH 

216 
Scheme 21 

218 
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L-Ascorbic acid can be converted to the separable epimers 219 and 220 (Scheme 22); 
sequential oxidative degradation of each of them then gave routes to both the L-(-)- and D-(+)- 

enantiomers, 221 and 222 respectively, of dioxolane-C, together with the a-anomers.306 Other 

workers have also describe fully the synthesis of 222 and its thymidine analogue from 1,6-anhydro- 

D-mannose (see Vol. 25, p. 271)?07 and have used a similar approach, with 1.6-anhydro-L-gulose as 
precursor, to L-(-)-dioxolane-C 221, and to L-(+)-dioxolane-T. The L-(-)-isomer 221 of dioxolane- 

C was found to have higher antiviral activity against HIV and hepatitis B virus than the enantiomer 

2 2 2 . F  

CH OH 

t 2 0 H  

HO OH 

l i i - v  

62 221 

+ b o  - ii, iii 

HO OH 
220 

CH20Bn 

K2 CO,H 

J iv,v 

Reagents: i, BnOCH2CH(OMeh, TsOH; ii, H 202,  K2CO3; iii, RuCl 3, NaOCl, 
iv, F%(OAc)4; v, TMS- N-acetylcytosine, TMSOTf 

Scheme 22 

223 OH 224 225 

In the oxathiolane series, controlled periodate-bomhydride cleavage of the C3-C4 bond 
in 223 led to 224, convertible to the (+)-isomer 225 of BCH-189 (4TC),3@ whilst L-gulose could be 

t Reagents: i, KSCS(0Et); ii, NH 3, MeOH; iii, NaIO 4; iv, NaBH4; v, Me 2C(OMe)2, 
TsOH; vi. TBDPSCI; vii, TsOH, MeOH viii, Pb(0Ac) 4; ix, TMS- N-acetylcytosine, 
TMSOTf; x, NH3, MeOH; xi, TBAF 

CH20H Cyt 

227 
Scheme 23 
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converted into 226 (Scheme 23) and hence into the (-)-isomer 227. Again, the (-)-isomer 227 
proved to be more active against HIV and hepatitis B virus than the 'natural' enantiomer 225 by an 

order of magnit~de.3~0 The enantiomers of BCH-189 (225 and 227) and of its 5-fluomanalogue 
('FTC') have been resolved by selective enzymic hydrolysis of butyrate esters?11 and reaction of the 

@)-isomer of 2-hydroxy-3-mercaptopropionic acid with benzoyloxyacetaldehyde gave the separable 

isomers 228 and 229, and the major product 229 could be converted to 227 using methods similar to 

Scheme 23.312 Both groups of workers310~3~2 found that the Lewis acid catalyst used in the 
nucleoside formation was important; SnC4 gave high P-selectivity, but the product was racemic, 

due presumably to reversible opening-closing of the oxathiolane. Some tetrazole oxathiolane 

nucleosides have also been rep0rted.3~3 

.B 
B z m f 3 c 0 2 H  F 2 c 0 2 H  HOCH, H O C q  Gua HOCHZ 4 

CH,OH CH20H BzOCH, CHZOH 

228 229 230 231 232 

There have been reports of racemic cyclopropane nucleosides of type 230,314 of the 
guanosine analogue 231,315 and of homonucleosides of type 232 and the all-cis-epimers.316 

The seconucleoside 233 has been made by periodate-borohydride cleavage of an a - ~ -  

arabinopyranosyl nucleoside, and a number of related compounds were also described.317 5'- 
Modified-2',3'-secoribavirins have been reported? l8 and 6,5'-cyclo-5'-deoxy-5-methyluridine has 
been cleaved and reduced to the 2',3'-se~oderivative.3~9 

Various 5'-U-sulfonylamino- and -thiocarbonylamino- derivatives of 2'-deoxy-5- 
fluorouridine have been made from the 5'-O-aminonucleoside, and subjected to y-radioly~is.3~0 

15 Reactions 

The base hydrolysis of zebularine [ 1 -( P-D-ribofuranosyl)- 1,2-dihydropyrimidin-2-one] has been 

investigated; ring opening to give 234 is followed by formation of the oxazolidinone 235 and 

malondialdehyde, and it was theorised that the production of malondialdehyde, a known mutagen, 

may account in part for the antitumour activity of the n~cleoside.32~ 

H°Fo9a 
d 

HO OH 

233 

HOCHZ 

HN 
I 

234 235 '0 

+ 
,CHO 

'CHO 

CH 

Some empirical M.O. studies have been used to help rationalise the experimental 

findings concerning repair mechanisms of alkylated nucleosides, namely that "I-alkylation of 
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guanine residues is repaired by spontaneous depurination or glycosylase-induced hydrolysis, whilst 

06- guanine and @-thymine ethers undergo dea lk~la t ion .3~~ 

In an ESR study of the reactions of hydroxyl radicals and sulfate anion radicals with 

pyrimidine nucleosides, it was concluded that the formation of base-centred radicals is followed 

both by hydration and, in the case of ribonucleosides, by loss of H-2' followed by further 

fragmentation. The case of the interaction of cytidine with HO. at low pH is illustrated in Scheme 

24.323 

+ 
M I 3  

&JH - HOi/CYtH+ - H+ 

O N  

P-D-kb-f HO OH 

Scheme 24 

The regiochemistry of glycosylation of certain 1 -~-D-ribofuranosyl-2,3-disubstituted 

imidazoles can be determined by a sequence of quaternization with Me2S04, hydrolysis, and 

identification of the N-methylimidazole with reversed orientation of the substituents at C-4 and C- 

In order to probe the rate-limiting steps in RNA hydrolysis, the phenyl ester 236 was 

prepared, along with the 2'-phosphate, by reaction of adenosine 2',3'-cyclic phosphate with phenol. 

This ester hydrolyses about lo5 times faster than ApA at the same pH, to give the cyclic phosphate 

and phenol; thus the hydrolysis rate is governed by the basicity of the leaving group and 

decomposition of the pentacoordinated intermediate is rate-limiting in the alkaline hydrolysis of 

ApA.325 The 2',3'-cyclic phosphates of 2'- and 3'- C-methyl uridine were made, and, on hydrolysis, 

gave firstly the products where the tertiary alcohol was phosphorylated. Phosphate migration to the 

secondary positions then took place together with hydrolysis, and the kinetic analyses were 

compared with uridine 2',3'-cyclic p h o ~ p h a t e . ~ ~  A paper on the hydrolysis of CAMP in the 

presence of cobalt (111) complexes is mentioned in Chapter 7. 

5.324 

HO-P=O 

OPh 

5'-Deoxy-5-fluoro-N4-(3,4,5-mmethoxybenzoyl)cytidine has been prepared as a prodrug of 

the antitumour agent 5'-deoxy-5-fluorouridine, and its stability and degradation were examined at 

different pH values.327 

Crystalline bis(cytidinium) sulfate and bis(2'-deoxycytidinium)sulfate have been prepared, 

and an unusual ion-exchange reaction in the solid state was observed when the latter was finely 

ground in the solid state with NaCl, KCI or KBr, to give 2'-deoxycytidinium bromide or chloride 

quan titatively.328 
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21 
N.M.R. Spectroscopy and Conformational 
Features 

1 General Aspects 

Recent studies on the origins and consequences of the exo- and endo-anomeric effects, including 

second and lower row anomeric interactions, have been reviewed (213 refs.).' A review with 12 refs. 

on applications of molecular modelling in glycotechnology, using a ganglioside and sucrose in water 

as examples, has been published? 

Quantum mechanical and force field calculations for representative torsion angles in a series 

of tetrahydropyran derivatives have been carried out in a study on conformational preferences for 

hydroxyl groups? The enthalpy and entropy factors governing the conformational equilibria in 2- 

methoxy- and 2-(2,2,2-trifluoroethoxy)-tetrahydropyran have been measured in several solvents by 

variable temperature 'H- and I3C-n.m.r. spectroscopy; evidence has been obtained for preferential 

bonding of methanol to axial allcoxy groups> These studies have been extended to 2-cyano- and 2- 

carbomethoxy-tetrahydropyran, and to the corresponding piperidine and cyclohexane derivatives; the 

increasing stability of the axial conformation along the series cyanwyclohexane / 2- 

cyanotetrahydropyran / 2-cyanopiperidine is attributed to an increasing endo-anomeric effect5 The 

conformations and reactivities of glycosyl radicals have been determined by ab initio calculations, 

using the 2-tetrahydropyranyl- and the 3-fluoro-tetrahydropyranyl-radical as models! 

Three isotope-edited n.m.r. methods have been applied to selectively '3C-substituted 

monosaccharides and nucleosides in an attempt to simplify their spectra, and the implications of 

these new approaches for the structural analysis of more complex systems have been briefly 

discussed? The 1-, 2-, and 3-bond 13C-'3C spin-spin coupling constants involving the terminal carbon 

atoms of all aldo-hexoses, -pentoses, and -tetroses have been measured in D,O by use of extensive 

high resolution 'H-decoupled I3C-n.m.r. techniques on substrates with '3C-eMchment at the terminal 

hydroxymethyl carbons? Natural-abundance 13C-chemical shift editing of homonuclear correlated 

data for carbohydrates via the heteronuclear 3D n.m.r. sequence TOCSY-HECTOR (total correlation 

spectroscopy-heteronuclear correlated), involving direct 13C-detection, has been reported to give 

optimal resolution and sensitivity; it has been illustrated by use of sucrose as example.' In an 

application of water-eliminated Fourier-transform (WEFT) 'H-n.m.r. spectroscopy to the study of 

optical rotation phenomena, the optical rotation changes in aqueous solutions of a- and P-D-glucose, 

-D-galactose, and -lactose were correlated with the integral values of the n.m.r. signals for the 
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corresponding anomeric protons.'O The water association in solutions of glucose, fructose, sucrose, 

and lactose has been investigated by an examination of the dependence of the low-field 'H- 

longitudinal relaxation rate on concentration." 

The complete assignment of the 'H-n.m.r. spectra of 2-, 3-, 2,3-di-, 2,6-di-, and 2,3,6-ai-O- 

carboxymethylglucose have been reported.12 The distinction of the 1 -monodeutero-isotopomers of 

D-fructose 6-phosphate by 'H-n.m.r. spectroscopic means provided a new tool for assessing the 

relative extent of interconversion of hexose phosphates in the reactions catalysed by 

phosphoglucoisomerase and phosphomannoisomerase, re~pectively.'~ Vibrational spectra and force 

field calculations on crystalline a- and P-D-gahCtOSe are thought to provide an interesting approach 

to spectroscopic studies on carrageenans and other gal act an^.'^ The determination of the absolute 

configurations of aldonic acids by use of shift reagents is referred to in Chapter 16, 

2 Acyclic Systems 

A review with 190 refs. on conformations and absolute configurations of acyclic diols and polyols 

and their benzoates in solution, as determined by chiroptical methods including the exciton chirality 

concept, has been published." The conformations of aqueous erythritol and L-threitol in relation to 

their sweetness properties have been analysed by molecular dynamics simulation.'6 'H- And 

13C-n.m.r. experiments have been performed to analyse the conformations and stereochemistry of 

the four diastereomeric thiazolidine sulfoxides l.17 

AcOfoAc AcO 

X 

HoH2ce 
I 

OAc 6 H  
CN CH~OAC 

2 R ' . R ~ =  - X = NH2, OH, C1, or F 

1 "H 4 
3 R' = H, R~ = CH~CN 

3 Furanose Systems 

N.m.r. spectroscopy and molecular modelling allowed the unequivocal structural assignments of the 

diacetoneglucose-derived, branched derivatives 2 and 3.18 Conformational analysis on a number of 

tetro- and pento-furanosides, based on 3JHB values expressed as a function of the pseudorotation 

parameters, has been reported." 
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Whems the anomeric protons of 2’-deoxypurine nucleosides 4 have long been known to 

appear as triplets in ‘H-n.m.r. spectra recorded in polar solvents, it has only now been found that 

they resonate as doublets of doublets in non-polar solvents, due to intramolecular H-bonding 

between 0-5’ and N-3. Careful attention to solvent polarity in interpreting such splitting patterns has 

therefore been recommended, appearance of H-1’ as doublets of doublets has previously been 

associated with a-stereochemistry.” 

Conformational studies have been undertaken on the four D-erythronucleosides corresponding 

to the main ribonucleosides of RNA by 75 MHz 13C- and 620 MHz ‘H-n.m.r. spectroscopy, with 

a view to assessing the effects of the CQOH groups in the D-ribonucleosides.” Extensive 

conformational analysis of AZT at the semiempirical AM1 level furnished optimized geometries 

agreeing more with n.m.r. then with crystallographic data and bearing little resemblance to 

molecular mechanics results; no evidence of a single dominant conformation or single conformation- 

determining parameter was revealed.” 

N H A C  
I 

R=OHorH 
5 

6 X=MeO 
7 X = P h  

HO OMe 
8 

The conformations of the 3’-deoxy-3’-fluoro- and 2’,3’-dideoxy-3’-fluoro-ribonucleosides 5, 

determined from their ‘H-n.m.r. spectra, indicated that introduction of a highly electronegauve 

substituent at C-3’ stabilizes the 2 S 3 - f ~ ~  of the fwanose rings.u The solution conformation of 

adenosine 5’-phosphate has been deduced from experimental and simulated T,-values to be an 

equilibrium between the 2‘-endo-anti-, 3’-endo-anti-, and 2’-endo-syn-f0m.~ The chair-twist 

equilibria of the phosphorus-containing, six-membered rings of cis- and nuns-thymidine methyl 

cyclic 3’,5’-phosphates (6) and of the corresponding phenylphosphonates 7 have been investigated 

by ‘H-n.m.r. techniques.z The high conformational rigidity of N‘-acetyl-2’-O-methylcytidine (8) has 

been investigated by ‘H-n.m.r. spectroscopy.26 Selective INEPT experiments have been employed 

to distinguish between the imino hydrogen atoms of uridine and thymidine, which is not possible 

on the basis of chemical shiftsn 

AM1 calculations on 3 conformers each of 4 tautomeric forms of ascorbic acid have been 
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4 Pyranose Systems 

A review with 40 refs. on molecular dynamics simulations of the pyranoid ring of glucose has been 

published?' A new molecular mechanics software package called REFINE has been designed 

especially for work on pyranose ringsw 

The 'H- and 13C-n.m.r. spectra of the lipid A constituent 2,3-diacetamido-2,3-dideoxy-D- 

glucopyranose have been fully assigned by use of 2D rnethod~.~' Application of 2D n.m.r. techniques 

to alkyl-, alkynyl-, and aryl-C-glucopyranoside perbenzoates 9 confiied a diastereomeric effect in 

the chemical shifts related to the anomeric configuration.32 A Karplus-type equation based on 

empirical data has been proposed for 13C-'H coupling in the C-S-C-H fragment in 1-thiogly~osides?~ 

Virtual long-range coupling has been observed in the 'H-n.m.r. spectra of some tetra-U-acetyl-l-0- 

aroyl-P-D-hexopyranoses.34 oR CH~OBZ BnoQ H o b o &  CHzOH 

OH 

BzO 

OBz OBn R2 OH OH 

R = Et, C=CPh, or Ph 10 11 R*, R* = o 
9 12 R' = OMt, R2 = OH 

Conformational studies by 'H-n.m.r. spectroscopy have been performed on 4-deoxy-Cfluoro-D- 

glucopyranose, 6-deoxy-6-fluoro-~-glucopyranose, and 6-deoxy-6-fluoro-D-galactopyranose in 

several solvents?5 on 1,3-anhydro-2,4-di-U-benzyl-~-D-fucopyranose ( and on three 1,2:3,4-di- 

0-methylenepyranoses." [6-13C]-Labelled tetradecyl2-deoxy-a- and -p-D-glucoside and a number 

of similar, labelled, long-chain alkyl hexopyranosides have been subjected to l3C-n.rn.r. 

spectroscopic analysis to determine the conformations of their head groups in detergents such as 1,2- 

dimyristoyl sn-3-glycerophosphocholine (DMPC).38 Structural and conformational studies on the N- 
D-pentopyranosylamines of tryptamine and tyramine are referred to in Chapter 10. 

5 Disaccharides 

In a workshop report, the evolution of the structural representation of sucrose from the establishment 

of its constitutional formula and conformational features to the present-day possibilities for 

interactive graphic display of its molecular geometry and for the computation of contact surface 

properties relevant for structure-sweetness relationship considerations has been pre~ented.~~ 

The 'H- and l3C-n.rn.r. spectra of a-D-galactopyranosyl-( 1+3)-L-arabinose in D20 have been 

fully assigned by use of COSY and HECTOR techniques,4 and complete 'H- and l3C-n.rn.r. analysis 
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(1D and 2D) of long-chain N-alkyl lactosylamines has been reported!' All 'H- and '3C-resonances 

of potassium sucrose octasulfate have been assigned with the help of 2D and deuterium-induced 

differential-isotope-shift (DIDIS) n.m.r. methodd2 A 'H-n.m.r. study in D20 showed that 3'- 

ketolactose (11) crystallized from methanol as the hemiacetall2 with an equatorial methoxy gr0up.4~ 

A 500 MHz 'H-n.m.r. investigation of methyl P-cellobioside confirmed the presence of an 

intramolecular hydrogen bond between HO-3 and 0-5' in DMSO, but not in D,O or CD,OD.* 

Anomeric 'Jca values have been used for detecting the formation of 1,2-orthoesters during 

disaccharide synthesis45. 

In continuation of earlier studies on a,a-trehalose polypivaloates (Vol. 24, p. 87, ref. 26), the 

'H- and 13C-n.m.r. spectra of unsymmetrical hexa- and hepta-pivaloyl derivatives have been 

investigated?6 Conformational studies by n.m.r. spectroscopy and/or theoretical methods have 

been reported for the following compounds and groups of compounds: sucrose:7 gentiobiose,4* 

methyl 4-thio-a-maltoside?' ~-D-fructofuranosyl-(2+6)-fructofuranose (levanbiose)," p-D- 

fructofuranosyl-(2+6)-fructopyranose,51 methyl a-L-rhamnopyranosyl-( 1 +2)-01-L- 

rhamnopyrano~ide,~~ the CD, glycoside of P-D-mannopyranosyl-( 1 +4)-2-acetamido-2-deoxy-p-D- 

glucose:3 lactal in D,O and DMSO-c& and lactal hexaacetate in CDCl,,% both anomers of kojibiose, 

nigerose, and maltose,55 both anomers of sophorose, laminarabiose, and cellobiose,'6 4-thiomaltose, 

4-~-(~-D-glucopyranosyl)-N-methyl-deoxynoJimycin, and acarviosine (the pseudo-disaccharide 

moiety of acarb~se),'~ eight (1+2)- and (1+3)-linked disaccharides in which the glycosidic linkages 

were in different environments,'8 and eight isomeric pseudo-trehalose derivatives with a-~-, p-D-, 

a-L-, and ~-~-5a-carba-glucopyoside moieties, respectively, connected to either an a- or p-D- 

glucopyranosyl residue.59 

In a further molecular mechanics study (MM3), the energy surfaces of a,a-, a$-, and p,P- 
trehalose were compared with those of the corresponding 2-(6-methyltetrahydropyran-2-yloxy)-6- 

methyltetrahydropyrans and Sa-carba trehaloses; it was concluded that the em-anomeric effect plays 

an important role and that linkage-type (a or P) is more important than the presence or absence of 

exocyclic substituents in determining disaccharide conformations.@' The preferred solution 

conformations of eight (1+4)-C-linked disaccharides, such as compounds 13, have been determined 

on the basis of vicinal 'H-'H coupling constants, and conformational similarities between 

CHZOH CH2OH 

HO O C H 2 G  HO voq 
R2 OH OH OH 

R'=H,R*=OHor 
R ' = O H . R ~ = H  

13 

14 
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corresponding C- and 0-linked derivatives have been demonstrated by a comparison of NOE and 

T, data.61 

A newly developed, two-dimensional inverse-detected n.m.r. method for the measurement of 

long-range heteronuclear coupling constants has been illustrated by use of disaccharide 14.62 The 

13C chemical shift pH titration curves of the aminoalditols derived from cellobiose, maltose, and 

lactose have been rec0rded.6~ The force field previously determined for both anomeric forms of 

glucopyranose has been applied to several &saccharides of glucose (trehalose, sophorose, 

laminarabiose, maltose, cellobiose, and gentiobiose); specific parameters have been obtained for the 

different types of glycosidic linkage.64 

6 Oligosaccharides and Related Compounds 

The use of 1D and 2D n.m.r. spectroscopy for establishing the structures and substitution sites of 

naturally occurring oligosaccharides and glycosides has been reviewed (237 and a 144-page 

review on high resolution 'H-n.m.r. spectroscopy of oligosaccharide alditols released from much- 

type 0-glycoproteins has been published.& 

Homo- and heteronuclear correlation spectroscopy techniques have been employed to 

completely assign the resonances of the pyranose ring protons, the acetyl methyl protons, and the 

acetyl carbonyl carbon atoms of various peracetylated a-D-mannosyl- and 2-acetamido-2-deoxy-P-D- 

glucosyl-containing oligosaccharides; by application of SIMCA class modelling algorithm and PC 

(principal-component) analysis, subsets of chemical shifts and coupling constants characteristic for 

certain residue types have been selected from these New techniques involving 2D RELAY- 

HOHAHA and either differential NOE6* or 1D multiple relay COSYw have been recommended for 

the extraction of subspectra corresponding to individual sugar components in complex systems from 

overlapping signals allowing, for example, assignment of all sugar 'H-resonances in the spectra of 

intact natural glycosides. 

The computer program CASPER, which predicts the structures of linear or branched 

oligosaccharides on the basis of information on components, linkages, and n.m.r. chemical shifts, 

has been tested on five reducing tri- to hexa-saccharides or their methyl glyco~ides.~~ It has also 

been used in the structural analysis of several oligosaccharides from human milk, containing 

vicinally branched residues?l 

A stmctural investigation, by 'H-n.m.r. spectroscopy, of manno-oligosaccharides released by 

mild acid hydrolysis from the phosphopeptidomannan of a Candida ulbicum strain and ranging from 

biose to heptaose, showed them to be of the P-(1+2)-linked type. Some general rules pertaining to 
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the 'H-n.m.r. spectroscopic analysis of linear manno-oligosaccharides of structure 15 have been 

formulated?' 

15 P-~-Manp-( 1+2)-[P-D-Manp-( 1 +2)],-D-Man 

16 P-~-Rhap-(l+3)-P-D-Xylp-( 1+4)-P-L-Rhap-(l+2)-L-ha 

The 'H-n.m.r. spectra of various carrageenan-derived oligosaccharides have been analysed by 

means of DQ COSY and 'H-'3C-correlated meth0ds.7~ 'H- and '3C-assignments have been reported 

for sialylated oligosaccharide alditols related to mucin~;~ and for the pentasaccharide of the genus- 

specific epitope of Chlamydia lipopoly~accharide?~ The structure of the fully methylated alditol 

acetate of 16 has been determined solely on the basis of n.m.r. data?6 A 'H-13C natural abundance 

heteronuclear-multiple-quantum-coherence (HMQC) experiment has been illustrated by use of 

trisaccharide Lewis' glucal." The solid state n.m.r. spectra of N-acetylurea derivatives obtained by 

reaction of hyalmnic acid with isotopically -labelled carbodiimides have been recorded." 

Recent advances in resolving seemingly intractable problems concerning oligosaccharide 

conformational structure by molecular dynamics modelling of carbohydrate flexibility and solvation 

have been disc~ssed.7~ Application of various 2D and 3D n.m.r. techniques to the conformational 

study of a diantennaq oligosaccharide confirmed the flexibility of the a-D-Manp-(l+3)-D-Man 

linkage,'' whereas MM2 and HESA studies on the msaccharides 17 and 18 indicated rather rigid 

conformations at the Glcp(142)- and -(1+3)-a-~-Rhap junctions:' A comprehensive strategy for 

detailed characterization of the solution conformation of the trisaccharide sialyl-a-(2+6)-lactose by 

n.m.r. spectroscopy and force field calculations based on Metropolis Monte Car10 simulations has 

been presented." 

17 P-D-ManpNAc-( 1 +4)-a-~-Glcp-( 1 +2)-a-L-Rhap-OMe 

18 p-~-ManpNAc-( 1+4)-a-~-Glcp-( 1-+3)-a-~-Rhap-OMe 

19 b-~-GlcpNAc-( 1 +2)-a-~-Manp-( 1+6)-PD-Glcp-OMe 

20 P-D-Galp-( 1 +4)-p-D-GlcpNAc-( 1 +3)-P-D-G@-( 1 -A)-D-GlC 

21 p-~-GalpNAc-( 1 -A)-[ a-NeuSAc-(2+8)-a-Neu5Ac-(2-+3)1-P-D-Gal 

22 p-~-GalpNAc( 1 -A)-[a-Neu5Ac-(2+3)I-P-D-Gal 

Further conformational studies have been carried out on trisaccharide 19;' on lacto-N- 

neotetraose (20),@ on the tetra- and tri-saccharide moieties 21 and 22 of the gangliosides GDlb and 

GD 1 b-monolactone, respectively?' and on the trisaccharide portion 23 of digoxin.% Evidence has 

been obtained, by use of 'H-n.m.r. spectroscopy, that the preferred conformation of GM2 ganglioside 

is stabilized by an inter-residue amide-carboxyl hydrogen bond.87 
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HO 

HO HO HO 

23 24 

The conformational mobility of a-cyclodexuin derivative 24 and some related compounds in 

solvents such as benzene, dichloromethane, and chloroform has been thoroughly investigated by 

dynamic n.m.r. spectr0scopy,8~ and the 'H-n.m.r. chemical shifts and coupling constants for a- and 

P-cyclodextrin and their permethyl ethers in neutral aqueous media have been assigned; to obtain 

accurate data, the experimental spectra were analysed with the Raccoon spin simulation program.89 

The structure of the copolymer obtained by treatment of 1,4-anhydr0-2,3-0-benzylidene-a-D- 

ribopyranose and 1,4-anhydro-2,3-di-O-benzyl-a-D-ribopyranose with SbC1, (see Chapter 5)  has been 

determined from its 13C-n.m.r. spectrum and its optical rotation.w 

The conformational behaviour of the glycopeptides N-acetylmuramoyl-L-dan.yl-D-isoglutamine 

(MDP) and ~-acetyhuramoy~-L-~any~-~-carboxymethy~-D-pro~ine methyl ester (MAP) in DMSO 

has been studied by computer modelling assisted by 1D and 2D 'H-n.m.r. experiments; dihedral 

angles, inter-proton distance constants, and the shapes of the peptide chains have been 

Eight closely related glycoproteins with structures such as 25 (antifreeze glycoproteins) have been 

subjected to 2D n.m.r. spectroscopy aided by MM2 calculations.w 

H,N-(Ala-Ala-Thr),-Pro- Ala-COOH 
I 

P-D-Galp-( 1 +3)-a-D-GalpNAc 

25 

7 "0-N.m.r. Spectroscopy 

Well resolved natural abundance 170-n.m.r. spectra of eight 1,6-anhydro-P-D-hexopyranoses and 

three deoxy model compounds have been recorded in aqueous solution at 90 "C. Resonances were 

assigned with the help of 0-acetylation, lanthanide shift reagents, and computational methods. The 

I7O chemical shifts were evaluated in terms of relative orientation of ring oxygen atoms and 

hydroxyl groups. A new type of interaction (&effect) between equatorial hydroxyl oxygens in a 

planar Zigzag arrangement has been discovered in the course of the work.= 
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22 
Other Physical Methods 

1 1.r. Spectroscopy 

The hydrogen bond network in crystalline sugars has been studied by variable low temperature 

i.r. spectroscopy. P-L-Arabinose, methyl u-D-glucopyranoside and di-P-D-fructopyranose 

1,2’:2,1’-dianhydride were studied and the influence of low temperature on band density, band 

shape and band maxima has been reported. Most surprising is the contradictive behaviour of the 

shift of the band frequency maxima of methyl a-D-glucopyranoside; an increase was observed 

for the free hydroxyl group while those involved in hydrogen bonding were red shifted, In 

addition, deuterium exchange experiments showed the presence of vibrational coupling in the 

gluco series but not in the fructose structure that was examined.l A similar variable temperature 

study has also been conducted on P-D-fructopyranose in the range from 300 K to 110 K. 

Deuterium exchange was used to establish the presence of vibrational coupling between some of 

the hydrogen bonded hydroxyl groups and a tentative assignment of the 0-H stretching region 
has been offered.2 1.r. and Raman spectra of crystalline a- and P-D-galactose in both the mid 

(500-4000 cm-l) and far (50-500 cm-l) range have been obtained and used to contribute to a 

force field to describe the crystalline state.3 

The carbonyl absorption band at 1728 cm-l (in 2H20 or H20) has been assigned to the 

open (keto) form of D-fructose, and the concentration of the open form (at different temperatures 

and pH values) may be monitored by observing changes in the intensity of this band. The 

concentration of the open form was found to be an order of magnitude higher at 80 OC than at 30 
OC.4 Low frequency i.r. spectra of a series of monosaccharide nitrates have been shown to be 

dependent on both the position of substitution and conformation of the nitrate moiety.5 Carbonyl 

and N-H i.r. stretching regions have been examined in the case of lactams derived from 6-amino- 

6-deoxyhexonic acids and the corresponding tetra-0-acetyl derivatives.6 

Raman spectra of monosaccharide-derived acetates are highly sensitive to substrate 

stereochemistry, and have proven useful in the study of specific conformational properties.7 The 
f.t. Raman spectrum of a-D-glucose monohydrate has been recorded for the first time and, by 

incorporating crystallographic and vibrational spectroscopy data, band assignments have been 

made.8 

2 Mass Spectrometry 

Recent advances in mass spectrometric instrumentation and methodology have been reviewed 

within the context of the structural analysis of carbohydrates.9 A review (16 refs, in Chinese) on 

the application of fast atom bombardment (FAB)-m.s. to the analysis of 0-glycosides has 

appeared. 
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1 W H  Exchange reactions can be conducted in conjunction with either FAB-m.s. or 

desorption chemical ionization (DC1)-m.s. to quantify the number of mobile hydrogen atoms in a 

range of biomolecules, including saccharides. Experimental parameters that influence the 

efficiency of 1H/2H exchange have been discussed in detail.ll M.s. studies of various 

monosaccharides and their derivatives have been described. These include di-D-fructose 

dianhydrides,'z and, in a separate study,l3 a series of stereoisomeric 1,5-anhydropentofuranoses, 
1,6-anhydrohexofuranoses and 1,6:3,5-dianhydrohexofuranoses. The reaction of glycosidic 

oxocarbenium ions with ammonia has been studied by f.t. ion-cyclotron resonance. This 
involved chemical ionisation (using isobutane) of permethylated derivatives of methyl p-D- 

mannopyranoside, p-D-glucopyranoside and p-D-galactopyranoside and the efficiency of adduct 

formation (between NH3 and oxocarbenium ion) was shown to depend on the stereochemistry of 

the pyranosyl component. l4 

Both e.i-m.s. and c.i.-m.s. have been used to establish the location of the fluoro substituents 
in all the fully acetylated methyl deoxymonofluoro-a-D-glucopyranosides. 15 The interaction of 

both peracetylated aldopyranosides and N-butylglycosylamines with organic (n-CgH17N+H3) and 

metal (K+, Li+) cations, to give 1:l adducts, has been studied by quantitative FAB-m.s.l6 The 

fragmentation of tetrahydrofuran-2-methanol and tetrahydropyran-2-methanol (as simple models 

for monosaccharides) has been studied using negative ion m.s.-m.s. Under these conditions, 

deprotonation of the hydroxyl group occurs and major fragmentation pathways involve 

competitive losses of H20 and CH20. l7 

The use of mass spectrometric methods in the structural elucidation of oligosaccharides 

continues to develop. Metal-ion co-ordination to promote specific dissociation pathways has 

been used to differentiate the linkage position of three isomeric disaccharides (sophorose, lactose 

and laminaribose). This was achieved by a combination of FAB and tandem m.s. on the 2H and 

'*O-labelled dilithiated disaccharide. Semi-empirical calculations support the experimental data 

that one lithium ion is tetraco-ordinate between the two sugar-rings, with the other ion being 

dico-ordinate with one ligand being the anomeric alkoxide at the reducing end.18 Unambiguous 

assignment of linkage position has also been achieved for a series of peracetylated disaccharides 

using desorption electron ionisation and ammonia desorption chemical ionisation. 19 FAB-m.s. 

and e.i.-m.s. of disaccharide fragments derived from periodate oxidation followed by reduction 

showed highly characteristic ions from which both glycosidic linkage patterns and ring size were 

determined.20 The fragmentation behaviour of lactosides during desorption ionisation has also 

been reported.21 Ammonia desorption c.i.-m.s. of peracetylated gentiobiose together with two 

isotopically labelled variants has been examined and the structures of ions inferred by 

comparison of mass-analysed ion kinetic energy (MIKE) spectra with those derived from 

compounds of established structure.22 FAB-m.s., using a B E  link, provides a valuable method 

for the sequence analysis of oligosaccharides that does not require prior derivatisation of the 

sampk23 The structure determination of underivatised branched oligosaccharides (containing a 

3-0-glycosidic linkage) has also been achieved rising negative ion FAB-m.s.24 Glucosamine and 
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N-acetylglucosamine oligomers have been characterised by F A B - ~ . S . ~ ~  The FAB-m.s. of 

oligomers of galacturonic acids have been described.26 

The characterisation of a series of isomeric ribofuranosylimidazole nucleosides and 2'- 

deoxy analogues has been conducted using positive ion FAB-m.s.. The use of m.s.-m.s. then 

allowed full stereo- and regiochemical a ~ s i g n m e n t . ~ ~  Negative ion FAB-m.s. has been 

successfully used to characterise a series of nucleosides linked, via a phosphodiester at C-5', to 

oxysterols. This approach solved the problems of lability and lack of volatility associated with 

such phosphodiesters.28 

The "anomeric" configuration of saturated and unsaturated C-glycosides may be assigned 

using MIKE spectra and collision-activated dissociation.*9 Mass spectroscopic methods have 

been utilised to identify a dephosphorylated derivative of prostaglandinylinositol cyclic 

phosphate, generated as a metabolic product from rat liver.30 

The applications of coupled h.p.1.c.-m.s. and related systems continue to stimulate activity. 

The separation and analysis of mono- and di-saccharides by h.p.1.c.-atmospheric-pressure c.i.- 

m.s. allows characterisation by fragmentation pattern with a detection limit of 3-5 ng for glucose 

and fructose.31 H.p.1.c.-thermospray-m.s. has been used to characterise homologous a-1,4- 

gluco-, a- 1,5-arabino-, j3- 1,4-xylo-oligosaccharides, as well as heterogeneous oligomers that are 

produced by enzymatic degradation of plant cell walls.32 H.p.1.c.-continuous flow FAB-m.s. has 

been established as a method for the detection of glucuronic acid conjugates of the carcinogenic 

polycyclic aromatic, benzo[a]pyrene.33 

Other analytical procedures based on h.p.1.c.-m.s. or g.c.-m.s. include the monitoring of 

dermatan sulphate and heparin,w analysis of complex mixtures of carbohydrate-derived urinary 

acids,35 analysis of 2,3'-dideoxycytidine in p l a ~ m a , 3 ~  and the characterisation of the radiation- 

induced decomposition of thymine and t h ~ m i d i n e . ~ ~  

3 X-ray and Neutron Diffraction Crystallography 

Analysis of the geometrical properties of C-H--0 hydrogen bonds in carbohydrates has been 

carried out by neutron diffraction.38 Degradation of the potent anti-tumour antibiotic 

calicheamicin produced the disaccharide 1 incorporating the unusual N-0 glycosidic linkage.39 

Mc 

A combination of X-ray diffraction and differential scanning calorimetry has been used to probe 

the properties of a homologous series of saturated 1,2-di-O-acyl-2-0-( P-D-galactopyranasy1)-sn- 
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glycer~ls.~o Three types of crystalline lactose hydrates have been prepared and characterized by 

X-ray powder diffraction, together with optical rotation and phase transition. The nature of the 

lactose hydrate isolated was dependent on both the lactose/solvent ratio used and the PH.~’ 

Minutes of the 5th International Symposium on Cyclodextrins (1990) have been published and 

crystal structures of inclusion complexes of P-cyclodexmn with 4-tert-b~tyltoluene~~, 4-tert- 

butylbenzyl alcohol$3 dimethylfor~namide$~ and potassium45 have been reported. 

crystallization are frequently not noted): 

3.1 
hydrogenphosphate$6 lithium L-ascorbate dihydrate$7 D, L-iditol$* D- and L-threitol 

(determined at 119 K and 298 K)$9 1-0-acetyl-2,3,5-tri-O-benzoyl-~-D-ribofuranose,5o 1,3,4,6- 

tetra-O-acetyl-P-D-allopyrano~e,~~ and P-D-fructopyranose 1 -phosphate (as disodium salt).52 

3.2 Glycosides, Disaccharides and Derivatives Thereof. - 2-0-a-D-Glucopyranosyl-L- 

ascorbic acid,53 n-octyl a- and P-glucopyranoside (as a 1: 1 complex),54 amaloside A (a cis-B/C 

steroid incorporating pyranoside 2),55 the cyclopentadiene-juglone glucoside cycloadduct 3,56 D- 

glycero-a-D-glu~o-decapyranoside-3-ulose>~ methyl P-D-laminarabioside [P-~-Glcp-( 1 -+3)-P- 

D - G ~ C ~ O M ~ ] , ~ ~  lactulose (as trihydrate),59 lactitol (P-D-Gal( 1-+4)-D-glucitol) 4,@ lactitol 

dihydrate,6l lactitol trihydrate.62 

Specific X-ray crystal structures have been reported as follows (solvent molecules of 

Free Sugars and Simple Derivatives Thereof.- a-D-Glucopyranoxyl potassium 

Me 

2 

AC&l$; ACO ACO 

4 
AcO 

3.3 Anhydro-sugars. - Methyl 2,3-anhydro-4,6-di-0-p-bromobenzyl-a-D-allopyranoside and 

methyl 2,3-anhydro-4,6-di-0-p-bromobenzyl-a-D-mannopyranoside,~~ benzyl 3,4-anhydro-2-0- 

mesyl-6-0-mtyl-a-D-altropyranoside,~ 2,3’-anhydros~crose.~~ 

3.4 Nitrogen, Sulphur and Selenium-containing Compounds. - The 5- and 6-substituted 3- 

amino- 1,2,4-triazines 5 and 6,66 the spiro-naphthoxazine 7,67 the hetero Diels-Alder cycloadduct 

8,6* 5-azido-3-0-benzyl-6-O-tert-butyldiphenylsilyl-5-deoxy- 1,2-0-isopropylidene-P-L- 
talofuranose,69 5-azido-6-0- benzoyl-3,5-dideoxy-3-fluoro- 1,2-O-isopropylidine-a-D- 
glucof~ranose,~0 kedarosamine (2,4-dideoxy-4-dimethylamino-L-fucopyranose) as the 3-0-(4- 

bromobenzoyl) derivative.71 1,2:5,6-Di-0-isopropylidene-a-D-ribohexos-3-ulose 
phenylhydrazone,72 P-lactam 9 (from a diastereoselective [2+2] cycloaddition to a carbohydrate- 

based ar~lirnine),~3 the D-arubino and D-rib0 lactam derivatives 10 and 11,74 the fully-protected 

iminosugar 12,75 2,3,4,5-tetra-O-acetyl-6-amino-6-deoxy-D-mannonola~tam,~~ 4,8-anhydro-3- 
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deoxy-3-nitro-D-lyxo-D-gluco-nonitol,77 4-6-di-O-acetyl-S-acetyl-2,3-di-S-ethyl-2,3,6-trithio-D- 
allose diethyldithioacetal,78 2,3,4,6-tetra-O-acetyl- 1 -S-benzhydroximoyl-a-D-glucopyranose,79 
1-p-bromophenyl-( 1,2-dideoxy-a-D-glucofurano)[2,l-d]imidazoline-2-selone 13.80 

8 

OH 

5 6 7 ACpT ACO c6H4-4-c' oT Bbc 1 l 1 1 0  hb:++ AcO OH 

m%.? 
OAc 

OAc 10 R=-H 0 + o x  

12 13 9 11 R=. 0 I IH 

3.5 Unsaturated Sugars. -Methyl 3,6-di-0-benzoyl-2-deoxy-a-D-glycero-hex-2- 

enopyranoside-4-ulose. 

3.6 Branched-chain Sugars. - The silicon-tethered radical cyclisation adduct 14,82 1-0-acetyl- 

2,4:5,6-di-O-isopropylidine- 1 -C-phenyl-D-gly~ero-D-ido-hexitol,~~ the butyrolactones 15 and 

16,84 the D-arabinose derived 17,85 the diastereomerically pure disaccharide 1886 and the a- and 

p-5'-phenyl analogues of daunomycin 1986 and the C-linked disaccharide 20.g7 

3.7 Sugar Acids and their Derivatives. - The C-glycosyl amino acid analogue 21,88 2-deoxy- 

4,6-O-isopropylidene-3-O-methyl-7-C-phenyl-D-g~yce~o-L-~do-heptono-~-lactam~9 methyl 5- 
acetamido-2,7-anhydro- 3,5-didexy-a-D-gfycero-D-galacfo-2-nonulopyranosonate~0 * Fischer 

methyl glycosidation of KDO was nonselective giving, after acetylation, a- and p-22 and a- and 

p-23; direct acetylation of KDO gave, however, only pyranosides 24.91 3-O-Ben~yl-6~7-dideoxy- 

1 ,2-O-isopropylidene-7-C-methylene-~-D-ido-octofuranurono-8,5-lactone~2 N-(n-octy1)-D- 

g lu~onamide .~~ 

3.8 Inorganic Derivatives. - Methyl 4,6-O-benzylidene-2,3-O-dibutylstannylene-a-D- 
glucopyranoside (improved R value),94 1,2,4-triphosphite 25,95 copper(I1)-methyl a-D- 
mannopyranoside complex 26,96 copper(I1)- 1 ,4-anhydroerythritol complex 27 (in which the two 

sugar nngs adopt an anti-relationship)?6 Ru3(C0)8(L) (L = 1,2-0-isopropylidene-a-D- 
glucofuranose or 1,2:5,6-di-O-isopropylidene-a-D-glucofurano~e).~~ 
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3.9 Alditols, Cyclitols and Derivatives Thereof. - 2,5:3,4-Dianhydro-~-altritol,~~ 2,5- 
anhydro-3,4-0-( 1,2-ethanediyl)-D-mannit01,~ pentaerythritol tetraacetate,lW nbitol 

tetraacetate,lol xylitol tetraacetate,lol D-arabinitol tetraacetate,lol D, L-arabinitol tetraacetate,lol 

2,4:3,5-di-0-isopropylidene-D-mannitol,102 hexa-0-acetyl-D-mannitol, lo3 allitol hexaacetate,’U 

D-mannitol hexaacetate,l@ D, L-mannitol hexaacetate,lU D-iditol hexaacetate,la D, L-iditol 

hexaacetate,lU D, L-glucitol hexaacetate, lo4 D, L-almtol hexaacetate, 104 L-galacro-D-galucfo- 

decitol (which is C 2 - s y m m e t r i ~ ) , ~ ~ ~  6-0-benzyl-2,3-0-[(S)-camphanylidene]- 1,4,5-tris-0- 
pivaloyl-D-myo-inositol, lo6 D-3,6-di-O-benzyl- 1 -O-[(S)-camphanyl]-2-deoxy-2,2-difluoro-4,5- 
0-isopropylidene-myo-inositol, lo7 cyclopentane 28. 

OH 
14 

Ph 

15 R=Me 
16 R=CHZCH=CH, 

OAc 

OAc 

17 R=d-menthyl 

BnO fz$ 
BnO 

18 

BnO 

0 2  

AcO 
21 

Ac 

23 X=a,P-OMe 
22 X=a,fi-OMe 24 X=CX,P-OAC 

m0 
O \ Y  P 

25 

roH 

27 
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3.10 Nucleosides and their Analogues and Derivatives Thereof. - l-(P-D-Arabinofuranosy1)- 

6-methy1cytosine,lw 2’-deoxy-2’-methylene-cytidine, lo 2’,3’-dideoxy-3’-fluorocytidine and the 

N4-dimethylaminomethylene analogue 29,1 l1 the dioxolan-C and dioxolan-T variants 30 and 31, 
both of which have 03-endo conformations, l2 l-(3-deoxy-3-phenylseleno-2,5-di-O-pivaloyl-~- 
D-x ylofuranosyl)uracil, l3 2’,3’-dideoxy-3’,5-difluorouridine, l4 5‘-O-acetyl-4‘-cyano-2’,3’- 

didehydro-2’,3’-dideoxy~ridine~ l5 the 2’-fluoro-2’-aryl sulfinyl and corresponding aryl and alkyl 

sulfonyl uridines 32-34, l6 2,3’-didehydro-2’,3‘-dideoxyguanosine (complex with pyridine),ll7 

guanosine 5’-phosphate (Ba salt), 2’,3’-O-isopropylidine inosine, I9 8-bromo-2’,3’,5‘-tri-O- 

acetyl adenosine and the guanosine analogue, deoxyinosine 5’-phosphate (Na salt),121 the p-D- 
glucopyranose adeninyl derivative 35 (as dihydrate),122 2’,3‘-anhydroadenosine,123 5’-O-[N-(L- 

alany1)-sulfamoyl]adenosine (a substrate analogue for alanyl-tRNA synthetase),l24 2’-deoxy-8,2’- 

methanoadenosine and 2‘-deoxy-8,2’-ethanoadenosine. 125 

30 Base = C 
31 Base = T 

29 

P ”‘ltZ>l HO 

“* N 36 

35 NH2 

HO b 

32 Ar=4-Me%H4 33 R=4-Me%H4 
34 R=Me 

R 

RO R 
R 

37 R=TMS 

The structures of two new anti-HIV analogues, 9-(2’,3’-dideoxy-2’-fluoro-P-~- 
threopentofuranosy1)adenine and the corresponding hypoxanthine derivative, have been 

described.I26 The structure of the pyranosyl thymine analogue 36 has been reported and the 

structural comparison to AZT has been made; 36 is not, however, active against HIV 1 in 

vitro. 127 9-~-D-Xylofuranosyltheophylline,128 the unusual epoxysilane 37,129 the imidazo[4,5- 

eldiazepine 38,130 1 -(3’-deoxy-3’-C,2’-0-( 1 -methylethylene)-P-D-ribo-furanosyl)uracil, and 

the 4‘-thio-2’-deoxynucleoside analogues 39 and 40. 132. 
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HvR HO 

H 6  
38 

0 

4 E.s.r. Spectroscopy 

Crystalline rhamnose has been examined by e.s.r. and related techniques and the fate of the 

radicals produced by X-ray irradiation has been studied. l33 Gamma irradiation of glucose 

oligomers gave radical intermediates which were also trapped by 2-methyl-2-nitrosopropane. 

The results of this study provide the first step towards the elucidation of the radiolysis mechanism 

of starch.134 E.s.r. has also been used to examine the degradation of a series of deoxy sugars and 

disaccharides in DMSODwNOH. The nature of the radicals produced is dependent on both the 

anomeric configuration of the non-reducing moiety and on the position of linkages and deoxy 

sites.135 Gamma radiolysis of sucrose in the sotid state and in aqueous solution at 0 O C  has been 

studied. 136 

5 Polarimetry, Circular Dichroism and Related Studies 

The chiroptical properties of benzoylated acyclic polyols have been reviewed (190 refs). I37 The 

violations of parity by weak interaction ensures that enantiomeric chiral molecules have different 

energies. These energy differences have been calculated for a variety of sugars and implications 

of this for the transition from a prebiotic racemic geochemistry to a homochiral biochemistry on 

terrestrial evolution have been discussed. 138 An empirical polarimetric method for determining 

the anomeric configuration of nucleosides has been described but the method is limited to 

nucleosides having a carbohydrate ring capable of undergoing periodate cleavage. l39 

Vibrational Raman optical activity of biomolecules, including carbohydrates, has been 

reviewed (23 refs). 140 A general procedure for assigning both relative and absolute configuration 

to multiple stereocentres in acyclic aminopolyols based on application of the exiton chirality 

method is presented. The method has been applied to the side chain aminopolyol of a natural 

bacterial-derived terpenoid derivative. l4 1 

Diphenyl-3,3’-diboronic acid 41 forms 1: 1 complexes with cellobiose, maltose and lactose 

(but not sucrose), giving exiton coupling in c.d. spectroscopy owing to the immobilisation of the 

two phenyl rings of 41 in a chiral form.142 
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23 
Separatory and Analytical Methods 

1 Chromatographic Methods 

1.1 General. - Reviews have appeared on: liquid, supercritical fluid, gas and thin layer 

chromatography and electrophoresis of carbohydrates (360 refs.);' supercritical fluid chromatography 

for the analysis of natural products, including sugars: and diagnostic microscale reactions of 

carbohydrate derivatives as a complement to ordinary capillary g.c.-m.s. and h.p.1.c.-m.s. analyses? 

1.2 

columns. 

Gas-Liquid Chromatography. - All the following analyses were performed on capillary g.c. 

Incomplete esterification is a problem in the g.c. detection and quantification of apiose as its 

alditol acetate. A method has therefore been developed to quantify concurrently both the 

tetraacetate, i.e. with the tertiary hydroxy group unprotected, and the pentaa~etate~. A sensitive, 

specific assay for 3-deoxyglucosone (3-deoxy-D-eryfhro-hexos-2-ulose) and 3-deoxyhctose in 

human urine and plasma involved reduction to the 3-deoxyhexitol derivatives (separately with 

NaBH, and NaBD,), acetylation and g.c.-m.s. with selected ion monitoring. The proportions of 

these two compounds could be obtained from the data. 3-Deoxyglucosone is a reactive intermediate 

in the reaction of glucose with proteins; several milligrams are formed in the body per day and 

detoxified by reduction to 3-deoxyfru~tose.~ The application of conventional constituent sugar and 

methylation analyses (with g.c. detection of derived alditol acetates) to anthocyanin and flavonol 

glycosides has been reported.6 

A method for determining the reducing end groups of oligosaccharides involved reduction 

(NaBD,), hydrolysis, acetylation, and g.c.-m.s. analysis with selected ion monitoring for ions with 

m/z 188 and 218 that are characteristic of deuterated pentitol and hexitol acetates and not 

peracetylated aldoses. The DP of the oligosaccharide was determined using ratios of aldose- and 

alditol-derived peaks? 

A relationship between chemical structure and g.c. retention index has been developed for 

permethylated, peracetylated or pertrimethylsilylated alditols, so that a tentative identification of 

monosaccharides present at trace levels can be made.* 

The relative stability of various pyruvate ketal substituents in polysaccharides to either 

permethylation-methanolysis or permethylation-reductive cleavage (Et3SiI-I - Me,SiOTf) has been 
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established. Generally the reductive cleavage procedure resulted in greater loss of pyruvate 

substituents. The mass spectra of the permethylated methyl 4,6-O-( 1-carbomethoxyethy1idene)-D- 

hexopyranoside and 1,5-anhydro-~-hexitol derivatives of glucose, galactose and mannose, and 

permeth ylated methyl 5,6-0-( 1-carbomethoxyethy1idene)-D-galactofuranoside and 1,4-anhydro-D- 

galactitol, were reported? The degree of substitution of partially acetylated or butanoylated, 

partially pentylated cyclcdexmns was determined by the reductive cleavage method, a new work 

up procedure being employed that avoids loss of ester substituents as occurs with a methanol 

quench.” 

The turnover rate for glucose in humans has been evaluated by infusion of [6,6-2HJglucose 

and analysis as its aldononimle acetate derivative by g.c.-m.s. with selected ion monitoring.” The 

products of partial acetylation of 1,2-O-isopropylidene-a-D-glucofuranose were identified by g.c.- 

m.s.12 

The usefulness of measuring the ratios of D- and L-arabinitol, determined by g.c.-negative ion 

c.i.m.s. of the pertrifluoroacetylated derivatives on a chiral-phase capillary column, for detection of 

disseminated candidiasis, has been e~a1uated.l~ 

A method for determining monoterpene and aromatic glycosides in grapes and wine was 

developed using synthetic p-D-glucosides, P-rutinosides and 6-0-(a-L-arabinofuranosyl)-P-D- 

glucopyranosides, and their aglycons, diluted into synthetic imitation wines. After isolation onto 

Amberlite XAD-2, analyses were conducted by g.c.-m.s. of the pertrifluoroacetate or 

pertrimethylsilyl deri~atives.’~ An application of this method to monoterpene glycosides in grapes 

utilized g.c. with both e.i. - and c.i.(NH,) - m.s. dete~tion.’~ The legume oligosaccharides sucrose, 

raffinose, stachyose and verbascose were determined as their pertrimethylsilyl ether or 

pertrifluoroacetyl ester derivatives. The more volatile pertrifluoroacetates were subject to 

discrimination during split injection, leading to poorer reproducibility.16 

5-Fluoro-2’-deoxyuridine in plasma was determined by g.c. - negative ion c.i. m.s. of the 

3’,5’,N-tris(pentafluoropropionate) derivative with selected ion monitoring, using the [ 1,3-”NJ 

labelled derivative as internal ~tandard.’~ 

The retention times of the pertrimethylsilyl ether derivatives of seventeen disaccharides were 

determined for two liquid phases, and an attempt was made to relate these to structural features.” 

A quantitative analysis of 2-deoxy-scyllo-inosose by g.c.-m.s. with selected ion monitoring was used 

to study its enzymatic synthesis, and its m.s. fragmentation was studied using the [2,2-2HJ-labelled 

derivative.” 

Complex mixtures of urinary organic acids including many sugar acids, have been examined 

by g.c.-m.s. of their pertrimethylsilyl ether derivatives by use of a beam deflection time-of-flight 

spectrometer.2o 
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1.3 Thin-Layer Chromatography. - Diacetone ketogulonic acid (2,3:4,6-di-O-isopropylidene-a-~- 

xylo-hex-2-ulosonic acid), an intermedate in ascorbic acid manufacture, could be determined in 

aqueous samples by concentration on to a polymeric C,, adsorbent and separation by ID- or 2D- 

h.p.t.1.c:’ 

1.4 High-pressure Liquid Chromatography. - References are grouped according to the class of 

sugar being analysed. Sometimes more than one class is analysed simultaneously, so that the 

section on neutral sugars etc., contains references to di- and oligo-saccharides, and that on 

oligosacchraides etc., includes references to oligomers containing acidic sugar residues. 

H.p.1.c. on pellicular anion exchange packings with a strongly alkaline eluant and pulsed- 

amperometric detection (the Dionex system) has gained sufficient prominence to be given its own 

abbreviation (HPAEC), which is used herein. 

1.4.1 General reviews. - A critical review (264 refs.) on h.p.1.c. methods for sugar analysis?’ and 

one on procedures for the analysis of mono- and oligo-saccharides’3 have been published. 

1.4.2 Detection methods. - Various metallic wires were investigated for use in constant-potential 

amperomemc detection of carbohydrates in HPAEC eluates. Copper proved best, and when 

conditions were optimized, picomole amounts of various sugars could be detected.” Conditions for 

post-column generation of fluorescence by reaction of mono- to m-saccharides with an 

ethanolamine-boric acid reagent were optimized, and applied to the h.p.1.c. analysis (anion- 

exchanger, alkaline aq. borate eluant) of mono- and di-saccharides in wine. The detection of 

disaccharides was markedly improved if a post-column acid-catalysed hydrolysis reactor was added 

prior to dete~tion.2~ 

1.4.3 Neutral sugars, amino-sugars, alditols and derivatives thereof. - The retention behaviour on 

both h.p.1.c and supercritical fluid chromatography of nine monosaccharides and three alditols on 

silica or bonded-phase nitrile, diol, nitro or phenyl silica columns (with evaporative light scattering 

detection) has been statistically analysed. Retention in both chromatographic systems was shown 

to be the sum of two mathematically independent physico-chemical phenomena, one related to the 

number of accessible hydroxy-groups, the other well quantified but not physico-chemically 

interpreted.’6 

Reversed-phase h.p.1.c. with appropriate on-line immobilized oxidase enzyme reactors and an 

electrochemical detector to determine the hydrogen peroxide generated, proved sensitive (nM to pM 

detection limits), selective and rapid, and was applicable to the analysis of sugars in foodstuffs or 
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biological extracts. Example analyses were of: i) glucose and sucrose in pear juice using a reactor 

combining invertase, mutarotase and glucose oxidase enzymes; ii) galactose and lactose in soft 

cheese using a galactose oxidase reactor; iii) glucose and malto-oligosacchraides in beer using a 

reactor combining amyloglucosidase and glucose oxidase; and iv) fructose using a reactor combining 

glucose isomerase and glucose oxidase.” 

Mono-, di- and tri-saccharides were eluted from an Asahipak NH2P-50 column (a polyamine- 

bonded vinyl alcohol co-polymer gel formed by reaction of the gel with epichlorohydrin then 

reaction with pentaethylenehexamine) in a very similar order to that observed with an amine-bonded 

silica column but the peak shapes were better with the gel column. The recovery of aldoses was 

incomplete in both cases (as low as 20% for some sugars), but the gel column retained its efficiency 

during prolonged use and tolerated a wider range of eluant pH values.28 The performance of the 

same gel column and a Zn2+-form polystyrene-based sulphonic acid resin column in separating a 

range of reducing and non-reducing sugars and malto-oligosaccharides (up to DP 7) was studied, 

and applied to the determination of carbohydrates in beer. Post-column addition of lithium 

hydroxide permitted pulsed amperomemc detection down to 0.7-2.7 ng of analyte at a signal to 

noise ratio of 3.29 The separation of a selection of nine mono- to oligo-saccharides and arabinitol 

on a newly developed 3-morpholinopropylsilyl-modified silica column using a borate containing 

eluant has been investigated. The new packing was chemically stable, unlike aminopropyl-bonded 

silica. The system was applied to determining glucose and/or sucrose in an infusion and in soft 

drinks.30 

HPAEC has been used to separate [l-’H]- and [2-*H]-D-glucose on the basis of their differing 

pKa nanomole quantities of neutral and amino-sugars and N-acetylneuraminic acid released 

by hydrolysis of glycoproteins?’ sets of all isomeric mono-~-methyl-D-glucoses and D-glucobioses, 

as well as three isomeric D-glucose rnonoph~sphates?~ and glucose and mono-, di- and tri-0- 

(carboxymethy1ated)-glucoses released from three commercial carboxymethylcelluloses on 

hydr~lys is .~~  In the last case, components were isolated, identified by pertrimethylsilylation-g.1.c.- 

m.s., and used to determine response factors. 

H.p.1.c. on an H’-form cation exchange resin with an acidic eluant was used to determine 

glucose and fructose, carboxylic acids, glycerol and ethanol in wine and grape m ~ s t s . ~ ” ~ ~  

Muamic acid [2-amino-2-deoxy-3-0-( 1-carboxyethyl)-~-glucose], released from bacterial 

samples on hydrolysis, was determined by h.p.1.c.-plasma spray m.s. with selected ion monitoring, 

the chromatography being on a silica-based strong cation e~changer.~’ H.p.1.c. coupled with 

atmospheric pressure c.i.-m.s. gave the same molecular ion (mlz 179) for all hexoses, but their 

fragmentation patterns differed. The limit of detection was 3-5 ng for glucose and fructose?’ 
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Per-Znaphthoate derivatives of alditols from neutral and amino-sugars were best synthesized 

using (2-naphthoyl)-imidazole as reagent. They separated well by h.p.1.c. on silica and were 

detected fluonmetrically at the sub-picomole le~e1.3~ 

A novel derivatization procedure for neutral and amino-sugars was omitted from the review 

of 1989 literature. It involves reaction with 3-methyl-l-phenyl-2-pyrazolin-5-one in alkaline 

conditions. Single products were formed from each sugar. The compound formed from D-glucose 

was shown to be 1 by n.m.r. and m.s. These derivatives were well separated by reversed-phase 

h.p.1.c. and were readily detected by U.V. or electrochemical methods.4o 

CH@H 

1 

1.4.4 Glycosides. - A review on the chromatographic analysis of tea constituents focused 

particularly on h.p.1.c. methods and included sections on flavonoid glycosides and on caffeoyl, 

p-coumaroyl and galloyl quinic acids:' Twenty two flavonol glycosides were identified by 

reversed-phase h.p.1.c. of the herbal medicine from Ginko biloba;' while flavonol 2-0-glycosides 

from Calendula oficinalis and Sambucus nigra flowers were separated by both reversed-phase 

h.p.1.c. and micellar electrokinetic capillary electrophore~is:~ Potato glycoalkaloids in serum were 

concentrated on a cyanopropylsilica column then separated on a silica column." The amphiphilic 

properties of a range of hexyl, octyl, decyl and dodecyl glycosides, disaccharide glycosides and 1- 

thioglycosides have been assessed from their reversed-phase h.p.1.c. retention behaviour.4' 

1.4.5 Oligosaccharides and glycopeptides. - Oligosaccharide-alditols prepared from mono- to hexa- 

saccharides containing acetamido-sugar and sialic acid residues were separated on a relatively newly 

introduced porous graphitized carbon column with a volatile eluant (H,O-MeCN-CF,CO,H) that 

permitted preparative isolation of components. Isomers differing only by having either a ( l j 3 ) -  

or a (1+4)-linkage were separated.46 The chromatography of malto-oligosaccharides @P up to 10) 

and a range of mono- and di-saccharides on three size exclusion columns has been examined. Post- 

column addition of sodium hydroxide and pulsed amperomemc detection were employed. 

Separation was by size exclusion with 0-40% aq. acetonitrile but by partition chromatography with 

250% aq. acetonitrile, with the order of elution being reversed. A good separation of malto- 

oligosaccharides up to DP 19 was attained on a Waters Protein-Pak 60 with gradient elution (70 to 
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50% aq. acetonitrile:’ Potential impurities in a-cyclodexmn used in pharmaceutical formulations, 

namely a- and P-cyclodexmn, glucose and malto-oligosaccharides up to DP7, were detected at the 

0.1-1.296 w/w level by normal phase h.p.1.c. on an amino-cyano-alkyl-silica column with a refractive 

index detector:’ Sucrose, raffinose, stachyose and verbascose were determined by h.p.1.c. on an 

amino-bonded silica column in connection with the monitoring of raffinose-family oligosaccharide 

levels during germination of lupin ~eeds.4~ Synthetic glycopeptides of 6-19 amino-acid residues 

bearing one of a number of different mono- and di-saccharides N-linked to an asparagine or 0- 

linked to a serine residue were examined by reversed-phase h.p.l.c., the influence of the sugar 

residues on retention being studied.50 

HPAEC was used to separate N-linked oligosaccharides released from human serum 

glycoprotein by enzymic hydrolysis, and also products derived from them by degradation with 

specific glycosidases or acid hydr~lysis.~’ Neutral reduced di-to tetra-saccharides liberated from 

mucins by alkaline borohydride treatment were poorly retained on HPAEC, but a variety of sialyated 

reduced oligosaccharides were efficiently separated, and N-glycolylneuraminic acid containing 

compounds had strikingly delayed elution times in comparison with the corresponding N-acetyl- 

neuraminic acid containing analogues?’ Neutral oligosaccharides from human milk were separated 

by WAEC with a strongly alkaline eluant (>lo0 mM aq. NaOH). A much lower base concentration 

(15 mM) was necessary for chromatography of oligosaccharide alditols released from glycoproteins 

by alkaline borohydride treatment, and even then this was ineffective for fractionating hexitols. 

Both free and reduced oligosaccharides could be detected at the picomole level. On-line desalting 

by an ion exchange membrane was found to be effective for preparative isolation of components 

for n.rn.r. and m.s. analysis.” HPAEC coupled with thermospray m.s. via on-line desalting with an 

anion micromembrane suppressor (cf Vol. 24, p. 278) has been used for characterizing homologous 

1,4-a-gluco-, 1,5-a-arabino- and 1,4-~-xylo-oligosaccharides of DP up to 6 , l l  and 25, respectively.” 

The h.p.1.c. and h.p.1.c.-m.s. analysis of complex oligosaccharides as their N-(2-pyridyl)- 1- 

amino- 1 -deoxy-alditol derivatives has been reviewed (in Japanese)?5BS6 

1.4.6 Disaccharides from glycosaminoglycans. - Unsaturated disaccharides released by enzymic 

hydrolysis of chondroitin sulphate have been separated on a primary amino-containing gel column?7 

those from hyaluronic acid, chondroitin sulphate and dermatan sulphate by reversed-phase h.p.1.c. 

on an amido-phase as their dansyl hydrazone derivatives with chemiluminescence detecti~n,~’ and 

those from dermatan sulphate and heparin by ion-pair reversed-phase microbore h.p.1.c. coupled with 

ion-spray m.s. for use in monitoring their presence in patients treated with these polysaccharides 

intravenously.59 
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1.4.7 Amdori  and Maillardproducrs. - The separation of synthetic 1-deoxy- 1-(N-nitroso-N-glycinyl 

and -N-L-dany1)-D-fructose and the results obtained using a thermal energy analyzer as a detector 

have been reported as a contribution towards the analysis of polar nonvolatile nitrosamines in food.6o 

Chromatographic methods, predominantly h.p.l.c., for the analysis of Maillard reaction products, 

particularly &-N-2-furanylmethyl-~-lysine, &-pyrrolelysine, browning pigments and N -  

acetylmethionine, have been reviewed.61 

1.4.8 Sugar mi&. - A combination of enzymic hydrolysis (with Driselase, a commercial mixture 

of enzymes) and h.p.1.c. on an H+-form strong anion exchanger with an acidic eluant has been 

developed for the analysis of pectic substances. The neutral sugars elute as one peak, well ahead 

of galacturonic Oligogalacturonic acids of DP 2-19 were separated on an h.p.1.c. gel filtration 

column with a diol-bonded silica pa~king.6~ 

A microscale method for detection and quantification of N-acetylneuraminic acid in 

glycoproteins used acid hydrolysis and HPAECU Alternatively N-acetylneuraminic acid released 

by hydrolysis of serum could be converted into fluorescent compounds (unspecified structures) by 

reaction with malononimle, and determined by reversed-phase h.p.1.c. with fluorescence d e t e ~ t i o n . ~ ~  

The following compounds were analysed in biological samples by reversed-phase h.p.1.c. with 

ion-suppression (i.e. an acidic eluant): paracetamol and four major metabolites, including a 

glucuronide with an ion-pair reagent in the eluant),& 1,3-divinylbenzene and its urinary metabolite 

v7 phenolphthalein and its glucuronide,6' naproxen, its 6-0-demethyl-derivative and their ester and 

ether gl~curonides,6~ and racemic flumequine and its acyl glucuronide." H.p.1.c. on a silica column 

dynamically modified with cetyl mmethyl ammonium salt in the eluant was also used to determine 

naproxen and its glucuronide  metabolite^.^' An h.p.1.c.-continuous flow negative ion FAB-high 

resolution m.s. system, in which glycerol is pumped into the ion source, was used to detect the 3- 

sulphate and 1- and 3-glucuronide conjugates of benzo[a]pyrene in cell culture mediumY2 

OH 

2 

A review on the chromatographic determination of vitamins in food has a section on h.p.1.c 

methods for ascorbic acid (vitamin C).73 Ascorbic acid in artificial diets has been determined by 

reversed-phase h.p.1.c. with electrochemical de te~t ion?~ and in potatoes and strawberries by ion 

exclusion h.p.1.c. (IT-form cation exchanger, acid eluant) with U.V. detection at 254 nm, with the 
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dehydroascorbic acid content being determined by the increase in ascorbic acid after reduction.75 

1.4.9 Inositol phosphates. - Separations have been achieved on strong anion exchange columns. 

Inositol mono- to hexakis-phosphates were eluted with ionic gradients, and detected by 

conductivityp6 a phosphorus specific U.V. oxidizing reactor (using flow injection of an ascorbic 

acidmolybdate reagent and high intensity U.V. radiation) followed by spectrophotomeay,n or, in the 

case of radiolabelled material, off-line liquid scintillation counting.78 Inositol tris- to hexakis- 

phosphates were similarly separated and detected using a post-column dye detection system in which 

the complex between 2-(4-pyridylazo)resorcinol and Y3+ is durupted by eluting anions which 

complex with the Y3+, lowering the absorption at 520 nm?' Simple methods for removal of 

extraneous material from tissue extracts prior to h.p.1.c. analysis of inositol phosphates on anion 

exchange columns employed acid precipitation followed by treatment with a cation exchange sorbent 

to remove unwanted material." 

1.4.10 Antibiotics. - Reversed-phase h.p.1.c. analyses have been reported for the following 

dialkylamino-sugar-containing antibiotics : the anthrac ycline gl ycoside 3'-deamino-3'-[2(S)-methoxy- 

4-morpholinyl]doxorubicin and its possible 13-dehydro-metabolite:' the macrolide antibiotics 

rokitamycin and josamycin as their dansylhydrazone derivatives.82 In addition, erythromycin ethyl 

succinate and its process impurities erythromycin A, the ethyl succinate esters of erythromycin B 

and C and N-(ethyl succiny1)-N-demethylerythromycin A were analyzed by ion-pair reversed-phase 

h.p.1.~'~ 

Automated pre-column derivatization and h.p.1.c. analyses of aminoglycoside antibiotics have 

been reported, in an attempt to overcome problems associated with the instability of the derivatives. 

Reaction of amkacin with 0-phthalaldehyde and mercaptoethanol in a borate buffer, reversed-phase 

separation, and U.V. detection at 340 nm produced two peaks, one from incomplete derivatization. 

It was claimed that the method was successfully applied to other aminoglycoside antibiotics 

containing a primary amino-group, i.e. gentamycin, tobramycin and kanamycin.@ Other workers 

have reported related derivatization and analysis conditions for tobramycin wherein mainly one peak 

was observed, though of unknown ident i f~?~ 

Amikacin can also be determined by reversed-phase h.p.1.c. following derivatization with 1 - 

fluor0-2,4-dinitrobenzene.~ The aminoglycoside antibiotics spectinomycin, hygromycin, 

streptomycin and dihydrostreptomycin were determined in bovine tissues by ion-pair reversed-phase 

h.p.1.c. using volatile ion-pair reagents, and by HPAEC.87 
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1.4.1 1 Nucleosides. - Nine nucleotides and six nucleosides were simultaneously separated by h.p.1.c. 

on a polystyrene packing loaded with D2.2.2 (3), a hydrophobic cryptand. This cryptand binds 

metal ions in the eluant to form ion-exchange sites, so that both ionic and hydrophobic interactions 

occur. Excellent separations were observed.’* 

3 

HO OH 

4 x = o  
5 X=CH2 

The following compounds were analyzed by reversed-phase h.p.1.c.: adenosine and other purine 

nucleosides and bases in placenta,89 methylated purine and pyrimidine nucleosides (concentrated on 

a phenylboronate sorbent) that were derived from degraded t-RNA and shown to be excreted in 

abnormal amounts in the urine of cancer patients,” S-adenosyl-L-methionine (concentrated on a 

strong cation exchange sorbent) in erythrocytes with S-adenosyl-L-ethionine as internal stanhd?’ 

2’,3’-didehydro-3’-deoxythymi&ne with either 2’,3’-dideoxyinosineg2 or 3’,5’-anhydr0thymidine~~ as 

internal standard, and 2’,3’-dideoxy-inosine and -adenosine in rat plasma after esterification with 

2-(5-chlorocarbonyl-2-oxazolyl)-5,6-methylenedioxybenzofuran, using 3’deoxythymidine as internal 

standard and fluorescence detection.% A variety of reversed-phase columns and eluants were 

evaluated for the analysis of five 2’,3’-dideoxynucleosides (including 3’-azido-3’-deoxythymidine, 

AZT) and 5’-O-glucw>nosyl-AZT, the behaviour of common and base methylated 2’- 

deoxynucleosides under the favoured separation conditions being rec~rded?~ Preparative reversed- 

phase purifications of the liponucleotides AZT monophosphate diglyceride and 2’,3’-dideoxycytidine 

monophosphate diglyceride have been reported.% 

The following compounds were analyzed by ion-pair reversed-phase h.p.1.c.: heart tissue 

nucleosides, nucleotides and their metabolites as well as creatine phosphate related compounds in 

a single run,97 adenosine and its metabolites and nucleotides as well as creatine phosphate related 

compounds in biological samples, and in addition 2-chloro- and 2’-O-methyladenosine as potential 

internal standards?’ adenosine in blood plasma using a blank generated by adenosine deaminase 

treatment of part of the sample,* AZT and its mono-, di- and tri-phosphates,’OO and 5-fluorouracil 

and its main metabolites 5-fluorouridine and 2‘-deoxy-5-fluorouridine and its monophosphate in 

human plasma.1o’ In an automated extraction (onto a C,,-cartridge) and ion-pair reversed-phase 

h.p.1.c. analysis of the adenosine antagonist 4 in biological matrices, its carbocyclic analogue 5 was 

used as an internal standard.’”-? 
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Reversed-phase h.p.1.c. - thermospray m.s. analyses of radiation induced decomposition 

products of thymine and thymidine, which are modified in the base m~iety, ' '~ and of 2',3'- 

dideoxycytidine in plasmaIM have been reported. 

1.5 Column Chromatography. - A mathematical model had been developed for the effect of 

mutarotation on the separation of glucose and fructose on a Ca2+-form cation exchange resin at 

different temperatures. The model successfully predicted chromatographic behaviour and identified 

the equilibrium and rate constants for the interconversions of the various isomeric The 

adsorptive properties of the Ca2'-form of a cation exchange resin for glucose and fructose under 

conditions of high concentration have been measured, and used to model the continuous simulated 

moving bed separation used in industry.'O6 

The influence of cross-linking and bead size on the resolution of mannitoVsorbito1 and 

arabinitoVxylito1 mixtures on seven Ca2+-form cation exchange resins has been studied.lm Alditols 

with at least four vicinal hydroxy-groups are retained more strongly than aldoses and ketoses when 

applied to anion exchange resins as their complexes with hexaammonium heptamolybdate. While 

the free sugars can be eluted with water, the alditols require 0.1 M aq. ammonia. Oxalic, cimc and 

a-hydroxycarboxylic acids afford stable complexes with molybdate ions, so that they need to be 

removed from mixtures, if the separation of aldoses and alditols is to be achieved.lM 

Radiolabelled inositol mono- to tris-phosphates in cancer cells were rapidly determined by 

concentration on a minicolumn of strong anion exchanger, and selective elution with an increasing 

concentration of buffer.'Og [3H]-Labelled phosphatidyl inositol and its 4-mOnO- and 4,5-bis- 

phosphates were isolated directly by DEAE-cellulose chromatography, or after alkaline hydrolysis, 

as the corresponding inositol phosphates by ion-pair elution from a reversed-phase minicolumn, the 

fractions being analysed by scintillation counting and determination of inorganic phosphate."' 

2 Electrophoresis 

Capillary zone electrophoresis (c.z.e.) separation of anions including carboxylates of sugar acids was 

achieved in a 3 minute run with indirect U.V. detection using a complex co-ion as an electroosmotic 

flow modifier that dynamically coats the capillary walls."' Inositol mono-, bis-, tris- and hexakis- 

phosphates were similarly separated using a tetradecylammonium bromide - borate buffer 

combination. Inositol 1 - and 2-phosphate were easily separated.112 

Heparin oligosaccharides (MW I 3,500) prepared by heparinase digestion and synthetic 

heparin oligosaccharides and their analogues have been separated by c.z.e. at low pH values with 

U.V. detection. Optimum conditions were established using sialyloligosacchariderides and unsaturated 



298 Carbohydrate Chemistry 

heparin disaccharides as reference compounds. Capillary electrophoresis proved to be a 1000-fold 

more sensitive for the detection of these oligosaccharides than h.p.1.c. on an anion exchange resin."3 

Unsaturated disaccharides released from different glycosaminoglycans by chondroitinase ABC 

digestion were simultaneously analysed by c,z.e. with U.V. detection after derivatization with 

3-methyl- l-phenyl-2-pyrazoline-5-one (see reference 40 for the type of structure formed).'14 Earlier 

reference to related work on aldoses and oligosaccharides (Vol. 25, p. 314, ref. 108) incorrectly 

referred to these derivatives as glycosylamines. The separation by c.2.e. of eight commercially 

available unsaturated disaccharides derived from heparin, heparan sulphate and derivatized heparins, 

was optimized, and the method was applied to enzymic digests of these polymers. As little as 

50 fmol of a disaccharide could be detected by U.V. absorbance in this way."' 

Linear and branched oligosaccharides were reductively aminated (NaBH,CN) with 2- 

aminopyridine or 6-aminoquinoline, separated by c .z.e. on polyether coated fused silica capillaries, 

and detected by U.V. absorbance. The latter derivatives were detected with 8-fold greater sensitivity. 

Linear plots of DP vs log(e1ectrophoretic mobility) were observed for N-acetylchitooligosaccharides. 

The other samples examined were high-mannose branched oligosaccharides from bovine 

ribonuclease B, and xyloglucan oligosaccharides from cotton cell walls."6 Thirteen aminoglycoside 

antibiotics were analyzed by c.z.e. in the anionic mode with indirect U.V. detection, by addition of 

the fluoro-surfactant FC135 to create reversed elecmsmotic flow. FC135 bonds to the negatively 

charged capillary walls, reversing the wall charge and thereby permitting the otherwise difficult 

separation of the positively charged aminoglycosides. To enable neutral compounds to be 

determined as well, the cationic surfactant cetyl trimethylammonium bromide was added to form 

positively charged micelles that then migrated (i.e. micellar electrokinetic capillary chromatography 

or rn.e.c.c.)'l7 

M.e.c.c. has been applied to the qualitative and quantitative analysis of intact glucosinolates 

and desulphoglucosinolates in plant extracts,"* and flavonol 2-0-glycosides in fl0wers.4~ Addition 

of glucose to the micellar solution used for m.e.c.c. significantly improved the separation of nine 

nucleosides by extending the elution range and changing the selectivity. The mechanism for this 

altered separation is not yet ~nderstood."~ 

3 Other Analytical Methods 

A simple, rapid fluorimetric assay for reducing sugars involved condensation with hydrazine then 

fluorescamine, and measurement of fluorescence intensity (excitation at 400 nm, emission at 

490 nm).12' Glucuronic, galacturonic and gluconic acids, as well as glucono-1,5-lactone and 

mannono- 1,4-1actone were separately determined by measurement of fluorescence intensity of the 



23: Separatory and Analytical Methods 299 

amide derivative formed by activation with a water-soluble carbodiimide, coupling with N- 

(1-naphthyl)ethylenediamine, and isolation from the reaction mixture by size exclusion gel 

chromatography.'21 

A flow injection analysis of serum glucose used an immobilized enzyme reactor containing 

glucose oxidase, and chemiluminescence detection of the hydrogen peroxide produced. '** 
The structures of disaccharides and disaccharide alditols were revealed by periodate oxidation, 

reduction and analysis of the products by e.i.- and FAB-m.s. as their peracetyl or permethyl 

derivatives. The compounds gave simple m.s. with intense and characteristic ions from which the 

glycosidic linkage positions and ring size could be determined.'23 

Polarographic studies of 2,3-diketo-~-gulonic acid (i.e. ~-rhreo-hex-2,3-diulosonic acid, the 

hydrolysis product of dehydroascorbic acid) and the 2,3- and 3,4-endiol forms of its 1,5-lactone have 

been reported. On condensation with a-phenylenediamine, these compounds form a single product, 

2-(2-aminophenyl)-3-(~-threo-triitol- 1-yl)quinoxaline, that gives a well defined cathodic wave 

suitable for analytical purposes.'21 
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24 
Synthesis of Enantiomerically Pure 
Non-carbohydrate Compounds 

A review has appeared on the use of 1,2:5,6-di-O-isopropylidene-a-D-ribo-hexos-3-ulose as a 

chiral template for synthesis1 and the potential of cyclitols in the synthesis of a range of natural 

products has been summarized.2 "Novel reactions of carbohydrates discovered en route to 

natural products" is the intriguing title of a paper describing approaches to tetrodotoxin from 

1,6-anhydro-D-mannose.3 

1 Carbocyclic Compounds 

D-Isoascorbic acid has been used, with ketone 1 as an intermediate, in the synthesis of (E)- and 

(2)-2, structural analogues of the cyclopentyl core of neocarzinostatin (Scheme l).4 

L O "  1 2 

Scheme 1 

The furanoside-based dienophiles 3 and 4 undergo stereoselective Diels-Alder cycloaddition with 

cyclopentadiene and 1,3-~yclohexadiene to give exclusively the m-adducts 5 and 6 

respectively; adduct 5 (n=l) has been converted to the complex cyclopentane 7 (Scheme 2).5 A 
lengthy synthesis of PGF2a from D-mannitol has been described with the carbohydrate unit 

conmbuting stereochemical centres in both the cyclopentane ring and the side chain.6 

3 R=H 
4 R=Mc 

5 R=H, Me; n=l 
6 R=H, Me; n=2 

7 

Reugenfs: i, cyclopcntadiene or cyclohexadiene 

Scheme 2 

This year sees a number of examples of the use of free radical cyclisations in the synthesis 

of complex carbocycles. Oxime ether 8 and acrylate 9, both derived from D-glucose, undergo 
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5-exo cyclisation to give 10 and 11 with the stereochemistry as shown in Scheme 3 

predominating. Use of either a simple alkene or an enol ether as a radical acceptor proved to be 

less e f f i~ ien t .~  5 - h  cyclisation across a sugar ring has been used to generate cyclopentyl 

derivatives 128 and 149 (Scheme 4). The nucleophilicity of 

corresponds to a reversal of the reactivity normally associated 

carbonyl moiety). 

the C-3 radical derived from 13 
with this electrophilic site (p to a 

H 

8 (R=OCOSMe) 9 (R=OCOSMe) 11 

Scheme3 Reagents: i, Bu3SnH, AIBN 

Reagents: i, Bu3SnH, AIBN 
Scheme4 

6-Exo cyclisations involving derivativatives of 2,3:5,6-di-0-isopropylidine-D-glucose 
diethyl dithioacetal provides a versatile strategy for the construction of the range of cyclohexanes 

15a-c (sugar numbering shown), molecules that may also be viewed as branched chain 

cyclitols.10 

Acyl radicals, produced by fragmentation of acyl selenides, such as 16, derived from 

2,3-O-isopropylidene-L-eryrhro-furanose, undergo 6-exo and 7-& cyclisation leading to 
cyclohexanones and cycloheptanones respectively, Selenide 16, incorporating an alkynyl chain 

extension, leads to bicycle 17 (as a mixture of four diastereomers) via a 7 - d - 5 - w  tandem 

cyclization (Scheme 5). l 1  Reductive cyclization of aldehyde 18 (prepared from D-glucose), 

which proceeds formally via a Sm-complexed alkoxy-stabilized radical, has been exploited in a 
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synthesis of (-)-anastrephin 19 (showing sugar numbering), although only modest selectivity was 

observed in the key step illustrated (Scheme 6).  7a-Epianastrephin was also been prepared.12 

___) + approx. mixture 1:l fi 
+O O X 0  

@Ycmem 

1- - 
O K 0  

16 O X 0  1 7 O X 0  

SchemeS Reagents: i ,  B q S n H ,  AIBN 

2:l:O.S mixture 
of isomers 

Me 

19 

Reugentsi, SmI,, iso-PrOH, HMPA, THF 
M 

Stereoelectronic and conformational aspects of the Femer rearrangement route leading to 

polysubstituted cyclohexanones have been studied13 and the cyclohexyl-fused anthracyclinone 

22 has been synthesized using the branched sugar 21 (from D-glucose). A sequence involving 

two condensationbenzylic deoxygenation steps was employed. 14 

6 

BnO 
- H  

24 

"OH BIlb 

21 22 

Intramolecular Diels-Alder reactions continue to be of value in carbocycle synthesis. 

Thermolysis (2Oo0C, PhMe) of 23, prepared from D-galactose, gave octahydronaphthalene 24,15 
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and Fraser-Reid has described the use of an intramolecular Diels-Alder reaction as a key step in 

the synthesis of 25 in work directed towards forskolin (Scheme ?).la 

. I i  '1 BnO 

0 O H  

0 a l I 1 l 1 1  

25 

I1 t-- 

111 
... 

Reagenis:i, heat; ii, Cr(VI), AcOH; iii, NaOMe 

Scheme7 

Intramolecular nitrile oxide cycloaddition combined with differential hydroxyl 

manipulation has provided the cornerstone of an approach to both of the functionalized 

cycloheptanols 26 and 27 which have been converted to (+)- and (-)-calstegine B2, respectively 

(see Section 5 )  (Scheme 8).17 

D-GIUCOX --m QOH 

BnO 

BnO 

Reugents: i, NHzOH, then NaOCl 

2 y- and &Lactones 

1 

26 R=MOM 
27 R=Ts 

Scheme 8 

A synthesis of the Japanese bettle pheromone, japonilure 28, from D-ribose has been described, l8 

and the same group have synthesized (2S, 4S)-2-hydroxy-4-hydroxymethyl-4-butanolide 29 

(3-deoxy-D-threo-penteno-y-lactone), a hunger substance, from D-nbono- 1 ,blactone. l9  

28 29 30 (R=TBDMS) 31 
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(+)-L-Factor 31 has been synthesized from both butanolide 3O20 and D-glucose.21 The 

glucose-based route has b::en adapted to provide the (4R, 5s) diastereomer 32 as well as the 

structurally related butanolide, muricatacin 33 (Scheme 9). 6 I iii-viii ~ G~~ 
ll 

0 
R 

31 OH 

R=CI2Hz5 i, ii I R s 5 H I  1 
ix-x I 

Reagents: i ,  Tf20, py; ii, diisoamylborane, H202, NaOH; iii, NaH, BnCI; H30+ 
v, NaIO,; vi, (EtO),POCH,CO,Et, NaH; vii, TFA, H,O; ix, (COCI),, DMSO; x, NaH 

Scheme 9 

A synthesis of acetomycin 35, together with three stereoisomers, has been achieved using 

the D-glucose-based precursor 34.22 The known branched glycoside 36 has been used in the 

synthesis of lactone 37 which has then been used, via a Pictet-Spengler cyclocondensation with 

trytamine, in a new approach to the corynantheine and heteroyohimbine classes of indole 

a l k a l o i d ~ ~ 3  

HO 

OH 

34 35 36 37 

Both the elucidation of the structure and the synthesis of goniofufurone are tasks that have 

attracted widespread interest this year. The absolute configuration of both (+)-goniofufurone 38 

and 8-epi-goniofufurone 39 was established by S h i r ~ g ~ ~  by unambiguous syntheses of the 

unnatural enantiomers of 38 and 39, starting from D-glycero-D-gulo-heptono-y-lactone 40.24J5 

Shing has used this same commercially available starting material and, by clever 

juxtaposition of the key functional groups, has synthesized naturally occumng (+)-38 in 12.7% 

overall yield (Scheme 10, also showing route used to synthesize (-)-38).26 
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HO 
(+)-38 

Ph 40 

Ph H+. 8 y o  

OH 40 
HO 

OH 
39 

___) iv-viii yo ix (-)-38 

Hol 
ph 

vii-ix 
(+)-38 

Ph 

Reagentxi, Me.$O, ZnCJ, H,PO,; ii, NaBH,; iii, NaIO, then PhMgBr; iv, PCC, 
then NaBH,, CeC1,; v, Ac,O, py. then HOAc-H,O; vi, MeONa, MeOH; vii, NaIO,; 
viii, PhP=CHCO,Me; ix, DBU 

Scheme 10 

Similar work - a synthesis of (-)-38 to establish the configuration of the natural product - 

based on 1,2-O-isopropylidene-D-glucose has been described by Jager; this latter sequence 

requires 6 steps (1 1% overall yield).27 D-Glucose has, more recently, been used by Murphy to 

synthesize (+)-39 (13 steps) with key steps being the use of a redox process to correct the 

stereochemistry at C-8 of 39 and an intramolecular Wittig reaction to construct the lactone 

ring.28 The synthesis of two rigid diacylglycerol analogues 41 and 42 as protein kinase C 
inhibitors has been achieved starting from 1,2:3,5-di-O-isopropylidine-a-D-f~reo-apiofuranose 

using a 5-QQ radical cyclisation to construct the bicyclic framework. Cuprate-mediated addition 

to introduce the Cli-side chain was nonselective (Scheme 1 l)? 

Rengents: i ,  Bu3SnH, AIBN; ii, SeO, then MnO,; iii, C,,H,,MgBr, CuC1; iv, HCl; 
v,  PCC then H,, Pd/C 

Scheme 11 
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The absolute configurations of the Glactones, goniotriol43 and 8-acetylgoniomol44 have 

been assigned by Shing via unambiguous syntheses of their enantiomers, again based on 

D-glycero-D-gulo-heptono-ylactone 40.30 The synthesis of the partially-protected polyols 45 

and 46 as intermediates in the construction of goniofufurone and goniopypyrone has also been 

described.31 The synthesis of the aminodihydrwoumarin 47 (sugar numbering shown), the 

amino component of AI-77-B, has been synthesized from D - r i b o ~ e ~ ~  and perbenzylated 

D-glucose has been utilized in a synthesis of (+)-boronolide 48 (sugar numbering shown).33 

44 R=Ac 

OAc OAc 

47 MG 48- OAc 

k 0 

3 Macrolides, Macrocyclic Lactams and their Constituent Segments 

Patuloide C 50, an antifungal macrolide, has been synthesized from ascorbic acid via ester 49; 

the key stereocentre is marked (*).34 The C(I)-C(7) fragment 52 (Ar=4-MeOC&) relating to 

oleandonolide and lankanolide has been synthesized from the anhydrogalactose derivative Sl.35 

The synthesis of a C(l)-C(15) fragment for swinholide A and scytophycin C has 

employed a vinylogous Mukaiyama aldol reaction for the conversion of 53 to 54 (Scheme 12). 

This reaction may be classified as a 'carbon-Femer' rearrangement, though 53 is of 

non-carbohydrate origin.36 
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OBn OBn 

53 54 
Reugenrs:i, ZnB5 or TiClJOPrh, 
€+C=(OTMS)R, where R=OMe, H 

Schemel2 
The first total synthesis of the benzoquinonoid ansamycin antibiotic herbimycin A has been 

reported.37 Methyl a-D-mannopyranoside played a key role in the synthesis of the C(9)-C(15) 

segment 56 (mannose numbering) which required regioselective reduction of the C(2)-branched 

epoxide 55 followed by homologation at C(6) (sugar numbering) (Scheme 13). 

ph 

- 
Me 

OMe G e  bBn 
6 :  l o H  56 

0 OMe OH 
55 

Reagenfs.-i, Diisoamyl borane, NaBH, 
Scheme 13 

4 Other Oxygen Heterocycles, including Polyether Ionophores 

Isoascorbic acid (Na salt) has been converted to oxirane 57 which has been utilized in a 

cephalosporin synthesis.38 An improved synthesis of the versatile C2-symmetric bis(oxirane) 58 

has been described from D - m a n n ~ s e ~ ~  and a series of useful mono and bis(oxiranes) 59-63 has 

been generated from either D-glucono-&lactone or L-rhamnon~lactone.~* 

59 

H O q  

OH 

60 61 62 
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Ketone 64 has been synthesized from D-xylose and used to consmct the tetrahydrofuranyl 

calcheamicin analogue 654' Last year, Fleet described a synthesis of muscarine from 

L-rhamnose and this has now been extended to (3R)-hydroxymuscarine 66 (tosylate salt).42 Both 

syntheses (and full details of the muscarine work have also appeared) proceed without the 

necessity of functional group protection. 
0 

TBSO 

Q0.e I OMe 
'0 OMe 

Me3Nv 
HO 

64 65 66 

Seven cyclic analogues of platelet-activating factor (PAF) have been obtained using a 

chemoenzymatic strategy starting from D-arabinose. This is illustrated in Scheme 14 for the 

C(2)-acetylated series where porcine pancreatic lipase (PPL) has been used to achieve 
regioselective functionalisation of diol67.44 

C17H35 pLCbLp Cr7H35 

D-Arabinose __t d 

Q 

HO O p ?  
HO 

B? 
67 

Reagenls: i ,  PPL; Br(CH2),COCI then RJVH 0 

Scheme 14 

The known hex-2-enopyranoside 68 provides a stereoselective entry to substituted 

teaahydrofurans based on an intramolecular 1,4-addition to establish the new oxygen heterocycle 

followed by manipulation of the lactone moiety (Scheme 15). Both stereoisomers [at C(6)] of 69 
were available, but the a - i s o m e r  shown underwent more rapid cyclisation, presumably for 

steric reasons.45 

OTBDPS 

-0 

HO OMe 
Ho Oh M e 0  OEt M e 0  

68 69 

Reagents: i, TBDMSCI, NE$; ii, MeI. NaH then ByNF;  iii, (COClh, DMSO then RlLi or RIMgX: 
iv, Ac20, py; v, Na&O,, MeOH theni-BuF'h2SiC1 mDPSC1). imidazo1e;vi. mCPBA; vii, ByNF, viii, i-B?AlH 

Scheme 15 
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Last year saw the application of D-xylose to the synthesis of sesbanimide and this strategy 

has been extended to encompass ring C variant~.~6 A new synthesis of the cosmetic component 
70 (a well-studied synthetic target that is derived from the civit cat) from 3,4-di-O-acetyl-~- 

rhamnal has been developed47 and the same group have described the use of L-rhamnal for 

synthesis of L-oleandrose 71.48 Methyl 6-deoxy-2,3-0-isopropylidene-a-D-mannopyranoside 
provides a flexible precursor to a series of deoxysugars (tetrahydropyrans), a-D-amicetoside 72, 

a-D-perosaminoside 73 and a-D-janoside 74.49 

70 71 72 OMe 

73 OMe 74 mk 

The CDEF fragment 75 of the anthracycline antibiotic nogalamycin has been described, 

with D-glyceraldehyde providing the three stereocentres marked.50 An interesting feature of this 

sequence was the use of a high pressure (6 Kbar) Bradsher cycloaddition to establish the arene- 

sugar linkage (Scheme 16). 

Reagents: i, NH,OH, then NCS; ii, furan; iii, €I+, then K,CO,; 

Rabbit muscle aldolase is proving to be a synthetically important tool and this methodology 

has now been used to synthesize the structurally unusual spiroketal, sphydrofuran 76,51 and a 

synthesis of (+)-endobrevicomin 77 has been achieved using erythritol.52 A very clever 

application of the A2 effect (the preference for a trans-diaxial arrangement between C( 1)-OH and 

C(2)-0H on a pyranose ring) to control spiroketal stereochemistry has allowed synthesis of 

(-)-talaromycin A 79a from D - g l u ~ o s e . ~ ~  The key here was retention of the C(5)-0H in 78 until 

the spiroketal centre had been established. Deoxygenation was then carried out under very mild 

conditions to avoid compromising this thermodynamically stable spiroketal configuration 

towards equilibration that would lead to talaromycin B 79b. 
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r 
HO 

IVLG b a , , , , /  Me 

-4 D-Glucose - - 
Bn HO 

79b 

This year has seen a number of very significant achievements in the polyether area. 
Nicolaou has described the total synthesis (from D-mannose) of hemibrevitoxin 80S4 - a major 
advance in this field - and studies culminating in the synthesis of lysocellin 81 have also been 
reported.55 In a series of three papers, Kishi has described synthetic efforts directed towards the 
halichondrin class of pol yether antitumour agents. Fragments of these complex molecules have 
been prepared by the Harvard group using a variety of modern synthetic tools.56 This year has 
also seen full details published of the first total synthesis of tetronomycin 82. L-Rhamnal 
diacetate was the only carbohydrate unit used and this was incorporated into the 
tetrahydrofuranyl component of 82; the L-rhamnal carbon atoms are shown (sugar numbering).57 
D-Glucose has been used to synthesize the two carbohydrate-derived units 83 and 84 as part of a 
projected synthesis of the tetrahydrofuran acetogenins.58 

CHO 

Me 
89 81 
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5 Nitrogen Heterocycles 

The synthesis of the aziridinyl-based core 87 of azinomycin A and B has been described 
(Scheme 17). The illustrated 6-iodo-6-deoxy-D-glucosamine derivative underwent fragmentation 
and ring-closure to provide aziridine 85. Oxidative cleavage of 85, followed by Wadsworth- 
Homer elaboration and brornination, afforded 86 which underwent an intramolecular addition- 
elimination to generate 87.59 

85 86 

Reugents: i, Zn, EtOH; ii, NaBH,; iii, DEAD, PPh.,; iv, DABCO 

Scheme 17 

87 R=TBDMS 

Cycloadducts 88 (from glycals and isocyanates) undergo a two-stage oxidation (NaI04 
followed by NaOC1) to provide elactams 8g60 and this chemistry has been used in clavam 
synthesis.61 Full details of synthesis of carbapenem precursors from aldono-l,5-lactones have 
also appeared.62 N-Aryl Schiff bases (derived from D-glyceraldehyde) undergo efficient 
[2+2] cycloaddition to ketenes (e.g. BnOCH=C=O) to afford blactarns 90. This process, which 
has been carried out on 100-500 g scale, was shown to benefit greatly from exposure to 
microwave radiation.@ 

Diacetone D-glucose has been used to construct the pyrrolidine unit 91 (Scheme 18) which 
was then converted to (-)-detoxin D1, the most active component of the detoxin complex.@ 

i-vi 

f i l e  
Ph 

91 
(-)-Detoxin IJ 

Reugenrs: i,PCC; ii, NaElH,, then MsCI; iii, H,O+; iv, PPh,, CBr,, then NaN,; 
v, RaNi then NaOAc; vi, CbzCl vii, PPh,, I,, imidazole, then Bu,SnH, AIBN 
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2,5-Dibromo-2,5-dideoxy-D-xylono- 1 ,.l-lactone 92 has been converted (in three steps) to 
(2S,3R,4R)-3,4-dihydroxyproline 93 (Scheme 19).65 

. ... 
1-111 

Br 
92 

Reagents: i ,  NaN3; H,, 5% Pd on C; Ba(OH& 

Scheme 19 

H 

Hb 93 

This year has also seen a significant level of activity in the castanospemine and 
nojirimycin area. Synthetic developments in the polyhydroxylated indolizidine field 
(castanospermine) have been reviewed (94 refs)% and Burgess has also described synthesis of 
1,6-diepicastanospermine, 1,6,8-triepicastanospermine, 1,6,7,8-tetraepi~astanospermine.~* An 
efficient (15 steps, 20% overall yield) route to 94, an intermediate in the synthesis of 
(-)-swainsonine has been described.@ Swainsonine analogues have also been reported this year 
and D- and L-arabinose have been used to synthesize the novel C-7 hydroxylated derivatives 95 
and 96 and their enantiomers.70 The 8-deoxy-7-hydroxy analogue 97 of swansonine has been 
synthesized7l from D-isoascorbic acid and the same paper also details a synthesis of racemic 
6,8-dideoxycastanospermine. 

a OH 97 

HO 
N 

Myo-inositol has been used as the basis of a synthesis of both (+)- and (-)-nojirimycin and 
the corresponding 1 -deoxy variants.72 The unnatural isomers [(-)-nojirimycin and 
(-)- 1 -deoxynojirimycin] possess moderate-to-high inhibitory glycosidase activity. The 
polyhydroxylated nonropane alkaloid (-)-calystegine B2 98 has been synthesized from D-glucose 
(Scheme 20).73 Key reactions include a Ferrier reaction to establish the cyclohexanone ring and 
cyclopropanation of a silyl enol ether to affect ring expansion. D-Ghcose has been used, in a 
quite different approach, to prepare both (+)- and (-)-calystegine B2.l7 
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D-Glucose --m --t Q .i* OQm 

BnO OMe BnO 

OBn OBn 

Reagents: i, Hg(OCOCH,),, AcOH, H,O; ii, LDA, TMSC1; iii, Et ,Zn, CH&; iv, FeCl, then NaOAc, 
MeOH, v,  H,, Pd/C; vi, MsC1, py then NaN 3; vii, Bu4NF then PCC; viii, H 2,  Pd on C 

Scheme 2Q 

Finally, D-ribonOlaCtOne has been used to synthesize (R)-calycotamine 9974, (S)-xylopinine 
10074 and epi-a-decumbensine 101.75 The synthesis of other typtamine-based indole alkaloids 
has been mentioned ea1-lier.~3 

OMe 
99 100 

OMk 

6 Acyclic Compounds 

This year has seen the application of carbohydrates in the synthesis of enantiomerically pure 
acids, amino acids and diols, including those containing isotopic labels. 1,2:5,6-Di-O- 
isopropylidene-a-D-glucofuranose has been converted to diastereomerically pure epoxide 102 
and diol 103 and the reactivity of these units has been exploited for the synthesis of 
enantiomerically pure labelled glycine and acetic acid, as well as 1,2-diols (Scheme 21).76 

0 OH 

2H 102 

Hq+ 
2H 103 

Reagents: i, PCC, then HCSCMgBrthen $0; ii, LiAlPw,; iii, mCPBA; iv, OsO,, NMMNO 

Scheme 21 



316 Carbohydrate Chemistry 

4-Deoxy-D-threose provides the backbone of diol unit 104 which forms the side chain of 
(+)-allopumiliotoxin 105.77 

Me OH 

I 

Br 

104 Me 

The generation and subsequent fragmentation [by cleavage of C(l)-C(2) bond] of anomeric 
alkoxy radicals provides a flexible entry into a range of acyclic polyhydroxylated derivatives.78 
This is illustrated in Scheme 22 and noteworthy is the formation of primary iodides in 
fragmentations involving 2-deoxy sugars; protected 2-hydroxy sugars lead to hemiacetal 
derivatives. 

B n 0 4 O A c  

Hm.6 O h  BnO 

Scheme 22 

The fluoro-containing ehydroxy acid derivatives 106 and 107 have been synthesized from 
triacetyl D-glucal and methyl a-D-galactoside respectively. The strategy used is illustrated in 
Scheme 23 for 106 with the key fluorination step being carried out on the corresponding ketone 
using DAST.79 

F F  

Reagenfs: i, Jones reagent; ii, Et2NSF,; iii, H,, Pd/C; iv, TBDMSCl. DMAP; v, BnOCOCl, then H 30+ 

Scheme 29 
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The first total synthesis of (-)-oudemansin 108 has been achieved using, as a chiral pool 
starting material, L-quebrachitol.80 This chemistry not only illustrates the synthetic versatility of 
cyclitols, but also served to establish the absolute stereochemistry of 108 (sugar numbering 
shown). 

__)- 

O M  -Me fi0 
L-Quebrachitol 108 

Trioxilin B3 (10(S)-diastereomer) 109, a putative metabolite in the arachidonate pathway, 
has been synthesized from D-mannose (sugar numbering shown),81 and stereoselective syntheses 
of the structurally related fatty acids 110 and 111 have been achieved from 1,2:5,6-di-O- 
isopropylidene-a-D-glucofuranose (again the relevant sugar carbons are indicated).8z 1,256- 
Di-0-isopropylidene-a-D-glucofuranose has also been utilized in a synthesis of benganside E 
112 and noteworthy is the complete incorporation of all the carbon atoms of D-glucose into the 
target structure as indicated.83 

111 112 

Pentose-derived a-alkoxyiminium ions undergo stereoselective addition of Grignard 
reagents to give, ultimately, polyhydroxyamine derivatives (Scheme 24).w The rate of reaction 
is highly dependent on the nature (and co-ordinating ability) of the residue at C(5) - 5-deoxy 
derivatives react slowly - and the face selectivity observed in the nucleophilic addition is 
opposite to that observed with the corresponding aldehydes. A mechanistic rationale for this 
observation (based on A1.3 interactions) is presented. 

OBn NBn, 

HT) OBn 
BnO BnO 

Reagents: i ,  RMgX, Et20 
Scheme 24 
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This year has also seen activity in the synthesis of amino acids and peptide mimetics. 
(3S,4R)-Statine 114 (together with analogue 115) has been obtained from D-glucosamine via 
acetal 113.85 Two groups have described syntheses of the dipeptide isostere 116 (incorporating a 
dihydroxyethylene unit as an equivalent of a peptide linkage), a component of several renin 
inhibitors, from D-ribose86 and D-isoascorbic acid,87 and two structurally related renin inhibitors 
117 and 118 have been synthesized from L-glucose and D-mannose respectively.88 

Me0 

HO $Me H02c+R OH ô ;”u NH, OH 

113 114 R=CHMe, 116 
115 R=Ph 

OH QH OH QH 

@OH 6 H  6 H  -OH 6 H  OH 

117 118 

D-Glucose has been used to prepare 3-0-benzoyl derivative of ceramide 11989 (sugar 
numbering shown) and, starting from D-arabinose, a synthesis of giroline 120 has been 
a c c o m p l i ~ h e d . ~ ~  

0 
OH 

yAw!W 119 m--p---4 120 
a FN “0- (%),Me 

NH2 OH 

Finally, (R)-carnitine 121 has been synthesized by two simple and efficient routes starting 
from D-galacto-l,4-lactone. (Scheme 25).g1 

& H o z c T m %  
OH 

121 

1 vi 

OH M e H N V q H  

OHC OH OH OH 

Reagents: i ,  MqNH; ii, BH,.SMe,; i i i ,  MeI, then KMnQ; iv NaIO,; v, MeNH,, H,, Pd on C, 
then KOH, H,O; vi, Me$O,, then KMnO, 

Scheme 25 
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7 Carbohydrates as Chiral Auxiliaries 

The galactosyl amine derivative 122 undergoes stereoselective addition (up to 86% d.e.) of 
diethyl phosphite to provide, after acidic cleavage of the auxiliary, (S)-a-amino phosphonic 
acids (Scheme 26).92 

RO 

122 (R=Piv) 

Reagents: i ,  (EtOXPOH, SnC14 (xl=aryl, alkyl); ii, HCI, 50 

Scheme 26 

Auxiliaries based on either D-arabinose or L-fucose provide access to the corresponding 
(R)-a-amino phosphonic acids. The ketone function of 123, incorporating a chiro-inositol 
auxiliary, undergoes stereoselective addition of RLi, RMgX and allylsilanes under both chelation 
and non-chelation controlled conditions to give, ultimately, a-hydro~yacids.~3 Allylstannane 
124 (derived from tri-0-acetyl-D-glucal) undergoes stereoselective addition to aldehydes to 
provide syn- 1,2-diols in up to 95 % d.e. Cleavage of the carboyhdrate auxiliary requires 5 steps 
and involves, in essence, oxidation of the silyl-protected alcohol [at C(6)] ,  followed by 
elimination to release the diol unit (Scheme 27).94 

TBDMSO-,~ 

i - 
%R 

OH 

123 

&R 

OH 

Reagents: i ,  RCHO, AICI, 
Scheme 27 

This year has seen several studies directed towards the use of carbohydrates as auxiliaries 
for Diels-Alder, 1,3-dipolar cycloadditions and related pericyclic processes. The arabino and 
ribo derivatives 125 and 126 have both been evaluated as dieneophiles in the Diels-Alder 
reaction and shown to provide efficient asymmetric inducti0n.~5 The xylitol, ribitol and 
arabinitol-based auxiliaries 127-129 also provide good levels of induction by a mechanism that 
requires chelation involving the oxygen centres of the dioxane rings.96 
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0 

pF 125 

L O  F 0 0  v 1% 

Cyclitols have been used as chiral auxiliaries for nitrile oxide additions to acrylates>7 and 
chiral azomethine ylides, for example 130 and 131, have been used for the asymmemc synthesis 
of pyrrolidines; ylide generation involves treatment of a tertiary amine N-oxide with LDA.98 Go 130 

O Y  

131 

The Claisen rearrangements of enol ethers 132 and 133 proceed with a very modest 
(20 % d.e.) levels of selectivity at the newly-created allylic ~ e n t r e . ~ 9  Photodeconjugation of 
acrylates is a synthetically useful process that can be effectively controlled by use of 
1,2:5,6-di-O-isopropylidene-a-D-glucofuranose as an auxiliary using C(3) hydroxyl as the point 
of attachement. loo The carbohydrate-based oxazolidinone 134 undergoes highly selective 1,4- 
addition of dialkylaluminium chlorides under either ionic or radical conditons. lo1 

PiVO 0 
AcO AcO 
132 133 

Two new borane reducing agents 135 and 136 have been applied to the reduction of 
cycloalkanones, a-haloketones, a-amino ketones and aryl alkyl ketones. lo2 The effect of 
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6-amino-6-deoxy-~yclcdexmn on the reduction of aryloyl formic acid with N a B a  has been 
reported. 103 

K@ Me 

Enantiomerically pure sulfoxides have been prepared by displacement reaction of sulfinates 
137 and 138 with Grignard reagents. Interestingly, both sulfinates 137 and 138 were prepared 
from 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose and an alkyl or arylsulfinyl chloride with 
the diastereoselectivity observed being conditional on the nature of the base used. lO4 
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