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1. INTRODUCTION 

The synthetic studies of blopolymers have played a prominent role m the rapld development of 
many branches of life science As 1s well known from the studies of nucleic acids and proteins, the 
synthesis of then fragments and analogues and, finally, of the natural blopolymers themselves was 
of great and sometimes crucial importance m estabhshmg some fundamental concepts like the 
genetlc code 

The b&ant advances m chemistry of proteins and nucleic acids for a long time kept m the 
shadow the studies of blopolymers containing the carbohydrate chams However, m the last 10-20 
years a significant and specific role of the carbohydrate-contammg blopolymers m the vital actlvlty 
of the cell has been ascertained Together with their function as an energy source (e g starch, 
glycogen) and as structural mated (e g. cellulose, ch~tm), which has been considered trad~tronally 
for many years, they play also a highly spe&ic role, namely, they parhc3pate in the formation of 
structures, which determme a speclficlty of the cell surface (or some regons of this surface) m the 
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real medium of the cell’s vital activity Such blologlcal acts as cell mteractlons, serological reactions 
of the bacterial cell and primary stage of its mteractlon with a vu-us, and other related processes 
proceed with the partlclpatlon of the specific polysaccharlde structures l-3 Such mvestlgatlons 
revealed for the first time the slgmficance of the speclficlty of structure of the carbohydrate- 
contammg blopolymers Eventually, such a speclficlty 1s determined by the spatial structure of the 
polysacchande chain (1 e by its secondary and tertiary structures), nevertheless, as m the case of 
proteins, higher structures of the cham are determmed by Its pnmary structure, 1 e by the nature and 
the sequence of monomeric units, in this case by monosaccharides and the type of the mtermonomerlc 
(glycosldlc) linkage Unlike proteins and nucleic aads, a determining role 1s played by the stereo- 
chemistry of both the monomer unit itself and the glycosldlc linkage 

As could be anticipated, the new step m the mvestlgatlon of carbohydrates has stimulated a 
large number of synthetic studies m this complicated area The synthesis of fragments of carbo- 
hydrate chams, e g the fragments of ohgosacchande chains of glycoprotems and of U-specific and 
capsular bactenal polysacchandes, 1s now being developed at an mcreasmg pace These synthetic 
compounds serve as important models for physlcochemlcal and blologlcal studies, directed eventu- 
ally to the elucidation of a role played by the carbohydrate structures m the blolo@cal processes 
and to understanding the principles of speclficlty m the classical problem of structure-function 
relatlonshlp 

A next step m mvestigations of thts kmd certamly 1s the synthesis of the polymenc structures 
themselves, the natural polysacchandes or their close analogues It should be kept m rnmd that at 
present the structure of many polysacchandes, m particular those of plant ongm, 1s 
known, m essence merely m the averaged form, thus hampermg the gain of sufficiently 
accurate mformatlon for tacklmg numerous problems at the molecular level Synthetic polymers, 
having quite unambiguous structures, are thus mdlspensable models for the solution of many 
problems, mcludmg those of a purely structural character It 1s known that the natural poly- 
saccharides are dlstmgulshed by an exceptlonal diversity of structures, resulting from the poly- 
functional nature and the stereochemlcal variety of the monomer, 1 e of the monosaccharide residue 
Whereas proteins and nucleic acids are linear, unbranched polymers, the overwhehnmg majority of 
natural polysacchandes turn out to be the branched polymers, which mvolve several different 
principles of construction Among these are the homopolysacchandes, contammg monosaccharides 
of a single type and connected by glycosldlc linkages of a single type (e g cellulose or amylose), or 
mvolvmg glycosldlc linkages of different types dlstnbuted regularly or irregularly along the polymeric 
chain Known also are the heteropolysaccharldes, the polymeric chain of which consists of n-regularly 
repeated short and various homopolysacchande blocks, gvmg rise, on the whole, to an irregular 
structure (e g algmlc acid) Of particular blologlcal interest are the polysacchandes, consisting of 
the repeating ohgosaccharlde fragments and having a strictly regular heteropolysacchande chain 
(e g U-antlgemc and capsular polysacchandes of bactena) Finally, there are the polysaccharldes 
contammg irregular sequences of monosacchande residues (e g some plant polysacchandes) 

The first attempts m the synthesis of polysaccharldes aimed, quite niiturally, at the solution of 
the simplest problem, that of the synthesis of the polysaccharldes having a regular structure, and 
the present review 1s devoted to the discussion of this particular aspect The synthesis of polymers 
of u-regular structure, for which the only feasible route so far, 1 e a step-by-step elongation of a 
carbohydrate chain, 1s eudently a matter of future, taking mto account the labour of handling 
each polyfunctlonal monosaccharide component, although at present the ohgomerlc structures of 
this type can be effectively obtained 

In essence, the synthesis of the polysacchandes with a regular structure* can be accomplished 
via the three pathways (cf “) (1) by the step-by-step attachment of units of either the monosacchande 
(for homopolysacchandes) or the ohgosaccharlde (for heteropolysacchandes wth repeating units), 
(11) by the polycondensatlon or polymerlzatlon of the corresponding monosaccharide or oh- 
gosaccharlde denvatlves by chemical methods, (III) by the enzymatic polymenzation of the cor- 
responding monosaccharide or ohgosacchande precursors, the structures of which are known from 
the studies of pathways of biosynthesis of particular polysaccharldes 

* The present review considers the synthesis of only real polysacchandes, I e the polymers, m which the monosacchande 
residues are bonded by the glycosldlc hnkages The synthesis of polymers, m which the monosacchande residues are bonded 
by another type of hnkage, e g by the C-C or ether bond (the so-called neopolysaccharldes or quaupolysacchandes), and 
whxh differ m many respects from the real polysacchandes, falls beyond the scope of tlus review 
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In the present review only the second approach, the chenucal polymenzatlon or polycondensatlon 
of mono- and ohgosacchande denvatlves, will be discussed The stepwlse approach, representing a 
highly laborious procedure, has also been mvestlgated (see, e g ‘) Some information available on 
the enzymatic polycondensatlon of biosynthetic precursors6 appears to be quite promlsmg 

The most important requirement for the chemical polymenzatlon or polycondensatlon of mono- 
and ohgosacchande fragments, almmg at the preparation of polysaccharldes with a stnctly regular 
structure, 1s its absolute reglo- and stereospeclficlty, ensuring, m addition, a proper molecular weight 
of the polymer It 1s obvious that even a single vanatlon m the structural and stereochemlcal 
regularity of the mtermonomenc hnkage wlthm the polymenc chain immediately changes sharply 
the macromolecular conformation, altering essentially its physlcochemlcal properties, and, therefore, 
its blologlcal spenficlty This 1s the mam reason for the serious dlfficultles m carrying out the specific 
polymenzatlon or polycondensatlon, and m consequence of which the first syntheses of the regular 
polysacchandes have been performed only qmte recently 

Reglospeclficlty of the polymenzatlon/polycondensatlon can be ensured by temporary protection 
of the OH groups of a monomer, which take no part m the formation of a new glycosldlc linkage 
This 1s achieved without particular trouble m the simplest monosacchande monomers For more 
complex ohgosacchande fragments the task becomes more complicated and sometimes becomes 
very laborious However the present chemistry of sugars makes this task rather techmcal m character 

The problem of the stereospeclficlty of the polymenzatlon/polycondensatlon has proved to be 
much more mtncate Since the reaction of polymerlzatlon and polycondensatlon 1s based on the 
formatlon of an mtermonomerlc glycosldlc hnkage, the stereospeclficlty of the whole process of 
formation of the polymenc chain 1s determined by the stereospeclficlty of the glycosylatlon reaction 
involved Meanwhile the most important glycosylatlon reactlon leading to the formatlon of a 1,2- 
tram glycosldlc linkage suitable for use m the polycondensatton process, the Koemgs-Knorr reac- 
tlon7 and Its numerous modlficatlons do not ensure absolute stereospeclficlty The orthoester method 
for the synthesis of glycosldes,* which 1s general enough m many cases, also does not provide an 
unambrguous stereochemlcal result St111 more poor results are obtained m the synthesis of a 1,2-cu 
glycosldlc linkage, where the classical glycosylatlon reactions, based on the nucleophdlc substitution 
at C-l atom of the pyranose or furanose rmg, are far from being absolutely stereospecific 

Thus, the progress m the synthesis of the stereoregular polysacchandes has become possible due 
to the development of sufficiently general methods for the formation of glycosldlc linkages ensurmg 
absolute stereospeclficlty, and which could be used as a basis for the polymenzatlon process Two 
reactions of this kind, the polymenzatlon of anhydro sugars and the polycondensatlon of tntyl 
ethers of cyanoethyhdene denvatlves of mono- and ohgosacchandes, have enabled the reahzatlon 
of the first syntheses of regular polysacchandes 

2 EARLY ATTEMPTS TO SYNTHESIZE REGULAR POLYSACCHARIDES 

The first attempt m the synthesis of a polysacchande with a regular structure appears to be that 
of Haq and Whelan,’ who studied the polycondensatlon of 2,3,4,-tn-O-acetyl-a-D-glucosyl bromide 
(1) m the presence of Ag,O and CaSO, with a view to obtammg (l-6)-b-D-glucan However, the 
mtermolecular polycondensatlon was limited mainly by the formatlon of the dlsacchande gen- 
tloblose (2, n = 0) and lower ohgosacchandes, and the question of the stereospeclficlty of the 
reaction remained unanswered The yield of the polycondensatlon products was also very poor The 
mam product formed was that of the mtramolecular condensation, that 1s a denvatlve of 1,6- 
anhydro-fl-D-glucose (levoglucosan 3) 

1 2 3 
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R : PhNHCO 
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More recent attempts to apply this reaction to polycondensatlon did not prove successful 
The polycondensatlon of a derlvatlve of the dlsacchande, lo 2,3,6,2’,3’,4’-hexa-0-acetyl-cr-maltosyl 
bromide, m which an mtramolecular glycosylatlon IS hardly expected, m the presence of Hg(CN)2 
(the Helfench reaction) afforded a polysacchande, containing 15-20 glucose units m the chain 
(corresponding to a degree of polymerlzatlon of S-10) The reglo- and stereospeclficlty of the polymer 
were violated, since along urlth the (1-6)+glycosldlc linkages, the formation of approximately 10% 
of (1-4)-a-hnkages was also observed Recent attempts to employ the actlvatlon of the OH group 
to be glycosylated by Its conversion mto a t-butyl ether also proved unsuccessful Thus, the poly- 
condensation of 4 (R = t-Bu, X = Cl) also afforded products devoid of stereoregulanty ’ ’ 

Some other approaches to the polysacchande synthesis were based on the use of a mono- 
sacchande, contammg free anomerlc OH, or the corresponding l-O-acetate under the action of 
an acid catalyst Thus, Huseman and Muller12 carried out the polycondensatlon of 2,3,6-tn-O- 
phenylcarbamoyl-D-glucose (5) m the presence of P,O , o to yield a polysacchande (6) with a degree 
of polymerlzatlon of approximately 60 The reglospeclficlty and the stereospeclficlty of the reaction 
has not definitely been established Later attempts’ 3 to obtain (I-6)$-D-glucan by this method were 
unsuccessful and this approach to the polysaccharlde synthesis was abandoned The desired results 
were also not obtained m an attempted polycondensatlon of the hexopyranose acetates contammg 
the unsubstltuted primary OH, 1,2,3,4-tetra-0-acetyl-D-glucose and 1,2,3,4-tetra-O-acetyl-D-man- 
nose, m the presence of protlc or Lewis acids ‘&I6 Some success was achieved only m the poly- 
condensation with ZnCl, , the reaction afforded (1-6)-D-glucan and (1-6)-D-mannan, respectively, 
m very poor yield (5-10%) and a low degree of polymenzatlon (approximately 10) The polymer 
contained together with the expected l,Ztrans-glycosldlc linkages some amount of the 1,2-czs- 
linkages A related reaction the polycondensatlon of 1,2,3,4-tetra-O-acetyl-6-O-tntyl-/?-D-glucose 
under the action of ally1 perchlorate, ” only afforded traces of a polymenc matenal 

Numerous attempts have been made to employ the orthoester method of glycosylatlon for the 
synthesis of polysacchandes (see review*) This new effective and stereospecific reaction for the 
formation of a 1 ,Ztrans-glycosldlc linkage IS based on an interaction of sugar 1,2_orthoesters with 
hydroxyl contammg compounds m the presence of acidic catalysts, namely, HgBr2,‘* or lutldmmm 
perchlorate I9 Thus, the polycondensatlon of mehblose orthoester acetate (7),20 contammg a free 
OH group, m the presence of HgBr,, led to a low yield of a product with a low degree of 
polymenzatlon, whose stereoregulanty was not rigorously studied The polymenzatlon of ara- 
bmofuranose internal tncychc orthoesters was more successful The polymenzatlon of a tncychc 
orthoester with a free OH group at C-3 (8) m the presence of HgBr,” afforded arabmofuranan 
with a degree of polymenzatlon of about 60 and having an irregular structure with the branching 
points at O-3 and O-2 of the furanose rmg the stereochenustry of the glycosldlc linkages was not 
studied The polymenzatlon of the monomer with a protected OH group at the C-3 (9) m the presence 
of HgBr2 and using 1,2,3,4-tetra-0-acetyl-P-D-glucose as an alcoholic mltlator of polymerization, 
afforded*’ 22 arabmofuranan with a degree of polymerlzatlon of about 25 and glucose as the non- 
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reducing umt The stereochemically homogeneous polymer (only a-L-arabomfuranosidic linkages) 
turned out to be not fully regular and contained, together wtth the 1 ,Sglycosidic linkages, approxt- 
mately 10% of the 1,24mkages The polymerization of a umque macrocychc orthoester 10 m the 
presence ofp-toluenesulfomc acid and pyndimum perchlorate affordedz3 a regto- and stereo-regular 
(1-3)-/&D-glucan 11 with a degree of polymerization of about 30, which was smnlar m properties to 
the G-chains of natural lammaran The polycondensation of a xylopyranose internal orthoester 1224 
afforded a polymer with a degree of polymerization of approximately 15-l 6, which possessed neither 
regio- nor stereo-regularity Ambiguous results obtained with orthoesters were explained later, when 
some side reactions m the glycosylation wtth orthoesters were found 25 The pathways for the 
formatton of by-products were also studied 26 

Anally, quite recently a highly stereospectfic reaction for the glycosylatton of sugars27 contammg 
O-trityl groups by sugar l,Zthioorthoesters, which has been employed successfully for oh- 
gosacchande synthesis (see, e g 28), was attempted for a stereospectfic polycondensation However, 
the growth of the polymeric chain on polycondensation turned out to be inhibited by the competmg 
reaction of the formation of thioglycostdes As a consequence, the reactton yields merely short 
ohgosacchande chains (a degree of polymenzatton of approximately 3-4) 29 

“Jfp H2c@l 
0 0 

6h +h 
8 9 

Thus, the syntheses of the regular polysacchandes by the attempted polycondensatton of dertva- 
ttves contaimng a glycosldlc OH group, halogen or an acetate group, as well as the polycondensation 
and polymenzatton of various derivatives of orthoesters or their thto-analogues, failed to gave the 
desired results However, these studies were useful because they laid the basis for other more 
successful approaches 

3. POLYMERIZATION OF ANHYDRO SUGARS 

This method for the synthesis of polysacchandes of regular structure provided some a-linked 
homopolysacchandes of high molecular weight and high stereoregulanty Until recently the method 
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was used mainly for the synthesis of the homopolysacchandes with a (1-6)-cr-glycosldlc hnkage 
Nevertheless, the most recent mvestlgatlons show that It can be used also for the synthesis of some 
homopolysacchandes with other types of the glycosldlc linkages However, the majonty of studies 
are devoted to the polymenzatlon of 1,6-anhydro-monosaccharides leading to highly stereospeclfic 
syntheses of (I -6)-glycans 

3 1 Polymenzatlon of 1,6-anhydro-hexoses 
In the early work by Plctet,30 It was shown that the treatment of 1,6-anhydro-/?-~-glucose 

(levoglucosan) with ZnCl, or with some acid catalysts yielded a polymenc matenal, which was a 
mixture of the highly branched polysaccharldes mvolvmg both pyranose and fyranose rings The 
use of this reaction for the synthesis of regular polysacchandes, havmg an unambiguous structure, 
demanded the protection of the free OH groups of the sugar m order to preclude their partlclpatlon 
m the cleavage of the anhydro rmg After some unsuccessful attempts m this direction (see, e g 3’,32) 
the first success has been achieved by Korshak et al 33,34 m the polymenzatlon of 2,3,4-tn-0-methyl- 
levoglucosan 13 m the presence of Lewis acids, of which BF3 - Et20 proved to be the best A polymer 
14 was obtamed m crystalline form thus demonstrating its regular structure The stereochemistry 
of the glycosldlc hnkages has not been specially studled, however, all subsequent mvestlgatlons 
showed it to be practically unambiguous Some mformatlon 1s also avallable35 on the polymerlzatlon 
of 2,3,4-tn-0-benzyl-levoglucosan and 2,3,4-tn-O-acetyl-levoglucosan m the presence of carboca- 
tlons The detaded results have remained unpublished but it 1s known that after removal of the 
protectmg groups a non-stereoregular polymer was obtained 

The systematic mvestlgatlon of the Lewis acid-catalysed polymenzatlon of 1,6-anhydro- 
hexopyranoses was performed subsequently by Schuerch et al, and a method was developed for 
the synthesis of high-molecular-weight stereoregular (1-6)-a-glycans, e g (l -6)-a-D-glucan (Scheme 
1) 

The available revlews36,37 on this method, mcludmg the comprehensive one by Schuerch,38 
enables us to confine our dlscusslon pnmarlly to the essential general and preparative aspects and 
to new data 

3 1 1 The reactzon mechanzsm The catlomc polymenzatlon of 1,6-anhydro-pyranoses m solution 
was established to proceed by a chain growth mechanism 34,38 Slmllarly to the catlomc poly- 
menzatlon of some other oxygen-contammg heterocycles (see, e g 39), the polymerlzatlon of 1,6- 
anhydro-hexoses depends od the 
represented as follows (Scheme 2) 

nature of substltuents m the monomer Its mechanism can be 
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An 0 atom of the anhydro rmg of 1,6-anhydro-@glucose increases the electrophlhaty of the 
C-l atom due to the protonatlon or complex-formation with a catalyst, e g PFS, thus initiating the 
polymer1zatlon process The electrophlhc centre C-l of the complex formed 1s subjected to the attack 
by an 0 atom of the 1,6-anhydro ring of the next molecule of the monomer As a result the anhydro 
ring of the initiating molecule of the monomer undergoes cleavage to gve a glycos1d1c linkage and 
the oxonlum 1on occurs at the reducing end of the molecule At the Cs atom of the non-reducing 
monomer unit an OPF., group appears The oxomum ion 1s then attacked at C, by the next monomer 
molecule to gve, with formation of a glycosldlc linkage, a new oxonlum 1on 1n the chain, and the 
polysacchar1de chain grows further at the reducing end Since the electroph111c anomer1c centre C- 
l 1n the b1cycl1c system of the oxonlum 1on can be attacked, for stenc reasons, only from the rear 
with respect to 1,6-anhydro rmg, the polymenzatlon process leads to a stereochemlcally unam- 
biguous result There occurs only an a-linkage 1n the case of glucose denvatlves and other 1,6- 
anhydro sugars belonging to the D-senes As all OH groups of the monomer are protected, the 
polymerlzatlon proceeds with total reglospec1ficlty to gave only a (1-6)-glycoadlc linkage 

This reaction mechamsm has been confirmed experimentally by the study of the polymenzatlon 
of ethers of levoglucosan 1n the presence of PFS using “F- and 31P-NMR spectroscopy 4o It has 
been possible to observe the formation of the complex of 2,3,4-tn-O-benzyl-levoglucosan and PFS 
1n CHzC1, at -80°C As the temperature 1s increased the complex disappears to give an anion 
PF; , the formation of a CH20PF4 group was also observed, which was assumed to be present at 
the non-reducing end of the growing polysaccharlde chain A detailed study of the process, and, 
1n particular, of 1ts stereochemistry was carried out for the polymenzatlon of 6,8- 
dloxablcyclo[3 2 lloctane 15, which 1s a slmpllfied unsubstltuted model for 1,6-anhydro-hexose The 
results of these model studies are 1n agreement wth proposed mechanism 4’ 

3 1 2 Reaction condltzons and general features of the process The reaction 1s usually carried out 
at low temperatures ranging from - 60” to - 70°C At temperatures of about 0°C the stereoregularity 
of the synthetic polysaccharlde 1s violated 

The proposed mechanism shows that the process 1s catalysed by the Lewis acids of the type 
BF3 * Et,O, SbCls and SbFS, TICI, and PF5,42 the latter proving to be most effective and widely 
used The cat1on1c mltlators, such as Ph3C+ SbCl; , MeCO+PF; , trlethyloxonlum salts, as well as 
some other complex catalysts were also tested 42 However, their efficiency with regard to stereo- 
regulanty and molecular weight of the polymer formed was rather low and they found only 
11m1ted use 1n synthetic practice Addition of PhCOF to PFS, which gves the corresponding complex, 
reduced the stereospeclficlty and decreased the degree of polymenzatlon evidently due to enhance- 
ment of the process of chain transfer and termmatlon 42 At the same time, the complex PhCOF - PFS 
proved useful 1n the polymenzatlon of the monomer containing an az1do group 43 It was suggested 
that some catalysts of the Lewis acid type act as the complexes with OH-contaming compounds of 
the type BF30H-H+ or PF50H-H+,33,38 and this was demonstrated by the acceleration of the 
polymenzatlon upon addition of trace amounts of water or alcohol However, the best preparative 
results are achieved when carrying out the polymenzatlon under anhydrous condltlons 

The influence of a solvent on the polymer1zatlon process has not been studied systematically 
Expenments were carried out with benzene, CH2C12, MeNO*, and liquid SO2 42 The most sat- 
isfactory result was obtained with CH2C12 which was employed 1n almost all preparative syntheses 

The most essential feature of the polymerlzatlon process 1s 1ts stereospeeficlty because only 
absolute stereospecific1ty can lead to a fully regular polysacchande Although 1n the case of (1-6)- 
glycans the absolute stereospeclficlty 1s generally achieved, there are examples of 1ts vlolatlon, 
producing, together with the a-glycosldlc linkages 1n the polymeric chain, also /?-linkages This 
question has been studled very thoroughly because of rts crucial importance The formation of the 
B-glycoedlc linkage 1n the polymenzatlon of 1,6-anhydro-hexoses 1s attributed to a side reaction of 
the oxonlum ion, which controls the polymenzatlon process According to Schuerch this side 
reaction involves the cleavage of the oxonlum cycle to gve a monocyclic flattened glycosyl-cation, 
which can be SubJect to a non-stereospecific attack by the next molecule of the monomer This results 
1n formation of both types of glycostdlc linkages, and the stereospectficlty of the polymenzat1on IS 
thus v101ated38,42 (Scheme 3) 

This side reaction occurs when the attack of the monomer molecule proceeds at a lower rate 
than the intramolecular cleavage of the oxon1um cycle In other words, the formation of the 
glycosldlc linkage and the cleavage of the anhydro cycle do not occur simultaneously 
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il 
Scheme 3 

Another vlewpomt concermng the loss of stereospeclficlty has been suggested by Ponomarenko 
er a/ 44 The study of the kinetic lsotoplc effect of the reaction with the denvatlves of levoglucosan 
has led the authors to reject the carbemum mechanism for the formation of /?-glycoadlc hnkage, 
and its formatlon 1s attributed to the competing attack by a sufficiently nucleophlhc amon (e g 
ClO;) at the active site of the growing polymer to give a covalent ester The subsequent attack of 
the ester by the monomer leads, due to double mverslon at the glycosldlc centre, to the production 
of a j&linkage (Scheme 4) The stereospecificity of the polymerlzatlon of O-substituted levoglucosan 
depends on the catalyst’s counter-ion and decreases m the senes 

PF,, SbF,, BF: > SbCl, > CF,SO; > ClO; 

The vlolatlon of the reaction stereospecificity increases with increase m temperature, as well as wth 
increase m the catalyst/monomer ratio Thus, for example, the polymenzatlon of 2,3,4-tr&-acetyl- 
1,6-anhydro-/?-D-glucose m CH&l, under the action of PF, at -78°C proceeds fully stereo- 
specifically However, with increasing temperature, P-linkages are formed and at room tem- 
perature the reaction 1s stereo-random 44 Zachoval and Schuerch estimated the cntlcal temperature, 
when the vlolatlon becomes apparent, as -40°C 42 A similar effect was also observed m the 
polymenzatlon of model 6,8-dloxahcyclo[3 2 1 Ioctane 41 This model reaction also showed that the 
reaction stereospeclficlty within the temperature interval from - 60” to 0°C drops with the increase 
m polanty of the solvent toluene > dlchloromethane > I-mtropropane 4’ This confirms that the 
polymerlzatlon proceeds via an SN2 mechanism, but that this 1s violated with increase m temperature 
and with increasing solvent polanty 

An important preparative aspect of the method 1s the molecular weight of the resulting polymer 
This 1s essential for the synthesis of the simplest homopolysacchandes, since natural polysacchandes 
of this type, e g dextrans, are of high molecular weight The polymerlzatlon of 1,6-anhydrohexoses 
m most cases allows the preparation of polysaccharldes of high molecular weight with a degree of 
polymerlzatlon of hundreds In accordance with the general regularities of the polymenzatlon 
processes, the low temperature decelerates the process and the yield of the polymer decreases, but 
the molecular weight of the polymer thus obtained 1s higher than that achieved at elevated tem- 
peratures The molecular weight of the polymer increases with the decrease m the catalyst/monomer 

Scheme 4 
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ratio, with decrease m the monomer concentration, and with increase m the reactton time 42 Since 
the Lewis acids, servmg as catalyst, also cause the destruction of the polysaccharlde46 by cleaving 
the glycosldlc linkages, each reaction requires its own optimal reaction time Thus for the poly- 
menzatlon of 2,3,4-tn-O-benzyl-levoglucosan, the optimal reaction time is 40 mm 46 

The structure of the starting monomer 1s naturally the most important factor affecting the course 
of the polymenzatlon process The mam dnvmg force of the process for the polymerization of the 
blcychc system of 1,6-anhydro-hexoses 1s the decrease m stenc stram Therefore the conformational 
and electronic factors which are determined both by stereochemistry of the anhydro sugar and by 
the substltuents involved make the most significant contnbutlon to the reactlvlty of the monomer 

The nature of the 0-substltuents m levoglucosan slightly affects both the stereospeclficlty and 
the degree of polymenzatlon Thus, tn-O-methyl-, trl-O-ethyl-,45 tn-0-benzyl-,42,45-49 tn-O-k- 
methylbenzyl)-, and tn-0-(p-bromobenzyl)-” ethers of levoglucosan all yield the polymer with high 
degree of stereoregulanty and high molecular weight on polymerization at -60” to -78°C under 
the actlon of PF5, although some dlstmctlons are nevertheless observed The monomer with an 
alkenyl substltuent, 2,4-dl-0-benzyl-3-0-crotyl-levoglucosan,s3 was readily polymerized In contrast 
it has not been possible to polymenze the tn-0-tnmethylsdyl ether 45 

Dlfficultles m the polymerlzatlon of the levoglucosan esters are connected with additional 
complexatlon of the catalyst with the carbonyls of the acyl groups 42 Thus, the complex of 2,3,4- 
tn-0-acetyl-levoglucosan and PF, at - 78°C 1s preclpltated and this precludes the polymenzatlon 45 
A reactlon does occur at 0°C but this yields a non-stereoregular polymer of low molecular weight 42 
Tns(monofluoroacetate) does not polymenze at all 45 Levoglucosan trmltrate does polymerize but 
the polymer was not characterized 42 Introduction of an azldo group instead of the 0-benzyl one 
decreases the rate of polymenzatlon, 2-, 3- and 4-azldodeoxy-1,6-anhydro-hexoses polymenze at 
lower rates than the levoglucosan denvatlves, and the rate decreases m the series 3-N3 > 4-N3 > 2- 
N3 43 

The actlvlty of different 1,6-anhydro-hexopyranoses m the polymenzatlon reaction vanes con- 
siderably Their relative reactlvlty, which was established on the basis of the results of copoly- 
menzatlon of benzylated monosaccharide monomers, decreases m the series manno > gluco 
> galacto > all0 > altro 38 The reactivity of the first three anhydro-pyranoses 1s slmdar but the 
allo-isomer polymenzes slowly and 1,6-anhydro-fi-D-altropyranose under usual reaction con- 
ditions does not polymenze Although some quantitative data on then reactivity are avallable,38 
this 1s calculated on the basis of copolymertzatlon data and 1s rather tentative The mam dnvmg 
force for the polymenzatlon reaction 1s considered to be the decrease m the stenc strain due to the 
ehmmatlon of the 1,3-mteractlons m the starting 1,6-anhydro-hexose, which exists m the ‘C4 
conformation and possesses axial substltuents Schuerch indicates, however, that if one takes mto 
account only this factor, then the order m the reactivity series should be gluco > manno > galacto 
It has therefore been suggested 54 that an addltlonal factor, which determines the reactivity of the 
anhydro-hexose, 1s the conformatlonal changes (‘C, + B3 ,J which occurs m the monomer upon 
interaction with the oxomum ion 

3 1 3 Syntheszs of (l-6)-cl-D-glycopyrunans The polymerization of 1,6-anhydro-hexoses* rep- 
resented a very successful method for the synthesis of several linear homopolysacchandes and 
homopolysacchandes with short branchmgs (the comb-hke polysacchandes) The copolymenzatlon 
of two different 1,6-anhydro-hexoses yielded a series of heteropolysacchandes with irregular (stat- 
istlcal) dlstrlbutlon of the monosacchande units along their chains 

Polymerlzatlon affords high-molecular-weight glycans as a mixture of polymer-homologs with 
different molecular weight dlstnbutlon and different average degrees of polymenzatlon For the 
preparative synthesis of unprotected linear homopolysacchandes, use was made almost exclusively 
of the polymenzatlon of 0-benzyl ethers of 1,6-anhydro-hexoses the benzyl groups can easily be 
removed from the polymenzatlon product In most of preparative syntheses of linear (1-6)-a-~- 
glycans the polymerization was carned out m the presence of PF, m CH2C12 at temperatures from 
- 40” to - 78°C As the reactivity of monomers differs qmte considerably, the amount of the catalyst 
(the catalyst/monomer ratio), the monomer concentration, and the reaction time vary wlthm rather 
wide ranges Optimal condltlons for the preparative synthesis of each of the glycans were selected 
after a large series of expenments High punty of reagents is necessary for a successful synthesis 

* For a review on the synthesis of 1,6-anhydro sugars see Ref 38 
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The expenments are carried out usmg a high-vacuum techmque usually employed m polymer 
chemistry When the reaction comes to an end the polymenzatlon process 1s termmated by addmg 
methanol Then the O-benzyl ether of the polysaccharlde was isolated and punfied by conventional 
methods 

The polymenzatlon of 1,6-anhydro-2,3,4-tn-O-benzyl-D-glucose, -D-mannose and -D-galactose 
afforded the correspondmg high-molecular-weight (l-6)-a-D-glycans with high yields The synthesis 
of (l-6)-a-D-glucopyranan 1642*45-4v 55-5v which 1s similar m structure to natural dextran, as well as 
of some of its O-substituted denvatlves, has been studied most thoroughly The polymenzatlon at 
sufficiently low temperatures (- 60”, - 70°C) yields the fully stereoregular glucan, which does not 
contam /?-linkages With mcreasmg temperature the stereoregularity of the polymer IS vlolated The 
molecular weight of the polymer vanes considerably with the polymenzatlon condltlons the use of 
1 mol % of the catalyst and a short reaction time (about 40 mm) gives a degree of polymenzatlon 
of 1400, which corresponds to a molecular weight of the polymer of 500,000 46 By decreasing the 
monomer concentration, there 1s a decrease m the degree of conversion but an even higher molecular 
weight product 1s obtamed 

The polymenzatlon of 1,6-anhydro-2,3,4-tetra-O-benzyl-/I-D-mannose proceeds readily giving a 
stereoregular mannopyranan 17 with a degree of polymenzatlon of 1050 and molecular weight of 
about 450,000 48 4v The polymenzatlon of 1,6-anhydro-2,3,4-tn-O-benzyl-a_D-galactose occurs 
much less readily 47*48 6o the reactlon carried out at - 78°C for 100 h even using up to 20 mol % of 
the catalyst afforded (I-6)-a-D-galactopyranan 18 m only 60% yield, the increase m the temperature 
up to - 60°C reduces the molecular weight of the polymer Polymenzatlon for 24 h, m the presence 
of 0 8 mol % of the catalyst gives a degree of polymerlzatlon of about 500 (a molecular weight of 
200,000) 47 

Recently, It has been possible to carry out the polymerlzatlon of 1,6-anhydro-2,3,4-tn-O-benzyl- 
p-D-allose,6’ which possesses rather low reactlvlty The best results were obtained with a high 
concentration of the monomer and a short reaction time, which gave (I-6)-a-D-allopyranan 19 in 
67% yield Depending on the reaction temperature (- 60” or - 78°C) Its molecular weight was 
37,000 and 62,000, respectively 

Until now, it was not possible to carry out the polymenzatlon of an altrose denvatlve Q This 1s 
consistent with the low reactivity of this monomer under lomc polymenzatlon condltlons 

18 19 

Debenzylatlon of the products of polymerlzatlon m order to obtain the unprotected poly- 
saccharlde 1s achieved by treatment with sodium m hqmd ammoma at - 78°C Durmg the treatment 
the polymeric chain of the synthetic polysacchande 1s partially degraded to result, after the usual 
work-up and punficatlon, m a polysaccharlde of lower molecular weight Uryu46 has estimated that 
the molecular weight IS reduced by a factor of 2 5-3 

The structure of the resultant high molecular weight polysacchandes, contammg from several 
hundred to 1500 monosaccharide units, was studied by chemical and physlcochemlcal methods, 
mcludmg the occasional use of NMR-spectroscopy for the unprotected polysaccharldes In these 
cases both ‘H- and 13C-NMR data demonstrated complete stereoregulanty (absence of the signals 
for the P-glycosldlc linkages) and regloregularlty (amphaty of the spectra and absence of excessive 
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signals for C-atoms) However, m many cases the stereoregulanty of synthetic samples was estimated 
only by the measurement of optical rotations Occasionally, the regoregulanty was confirmed by 
the methylatlon analysis and oxldatlon with penodate 5v 

Enzymatic hydrolysis of synthetic cr-D-glucan 16 and a-D-mannan 17 with the specific enzymes 
(dextranase, 63 a-D-mannanase64) also confirms their very high regulanty The absence of branchmgs 
m the glucan was also supported by its lack of preclpltatlon with concanavahn A 65 The synthetic 
mannan 17 and glucan 16 were also successfully used m lmmunochemlcal studies The dlstmctlon 
has been confirmed between the synthetic hnear mannan and the branched natural mannan from 
yeast 38 The synthetic glucan which 1s close m structure to natural dextran was employed to establish 
the size of the antlgemc site of the latter 66 

OH 

20 

H 

22 

The polymerlzatlon of 1,6-anhydro sugars was recently used also for the synthesis of the 
polysacchandes contammg an ammo group The polymenzatlon of a denvatlve of 1,6-anhydro+ 
D-glucopyranose, contammg a protected ammo group, was unsuccessful, and, hence, the poly- 
menzatlon of denvatlves of 1,6-anhydro-glucose containing the azldo group, namely the dl-O- 
benzyl-ethers of 1,6-anhydro-2-azldo-2-deoxy -, -3-azldo-3-deoxy -, and-4-azldo-4-deoxy-fi-D-glu- 
copyranose43 was studled The polymenzatlon of these compounds proceeded less readily than that 
of the correspondmg glucose denvatlves The polymenzatlon of the 3-azldo-3-deoxy denvative was 
carned out successfully usmg the complex PF,PhCOF as a catalyst at -60°C for 20 h A highly 
stereospecdic (accordmg to the NMR data) polymer mth a degree of polymenzatlon of 130-l 50 (a 
molecular wetght of 47,000-55,000) was obtained The use of pure PF, affected the azldo group m 
the course of the reaction and the spectrum of the polymer showed the presence of carbonyl groups 
The polymenzatlon of 1,6-anhydro-2-azldo-2-deoxy-j&D-glucose did not yield a polymer Only lower 
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ohgosacchandes, from tn- to hexasaccharldes were formed In the case of the 4-azldo-isomer the 
reactivity of the monomer was somewhat higher, however, the yield of the polymer (with a degree 
of polymenzatlon of 13) was but 19% The polysacchande obtained m the polymerlzatlon of the 3- 
avdo denvatlve was converted mto the respective 3-ammo-3-deoxy-a-D-glucan by reduction of the 
azldo group with LlAlH,, followed by debenzylatlon Such a modlficatlon caused certain destruction 
and the final 3-ammo-glucan 20 had a somewhat lower molecular weight 

The polymenzatlon of I$-anhydro-sugars also ylelded two comb-hke polysacchandes with a 
regular structure The polymenzatlon of hexa-0-benzyl ethers of 1,6-anhydro-j&maltose67 and 
-celloblose6* yielded the comb-like regular glycans 21 and 22, containing as the substltuents at C-4 
of each a-linked glucose umt of the backbone cham the CI- and j?- linked glucose units, respectively 
The polymerlzatlon of the dlsacchande monomers occurs less readily The molecular weight and 
the stereoregulanty of the polymeric structure 1s much more dependent upon the reaction condltlons 
than m the case of monosacchande denvatlves The polymers with a relatively high molecular weight 
(5000-l 1,000) were obtained only under the action of PFS together with 20% of PhCOF and with 
longer reaction times Otherwise the conversion of the monomer was very poor, and the molecular 
weight of the polymer was low Debenzylatlon of the polymers obtained with sodium m hqmd 
ammonia yields the unprotected comb-like polysaccharldes The stereoregularity of the polymer 
was determined only by measurement of its optlcal rotation This, of course, cannot be considered 
ngorous, although, taking mto account general regularltles m the polymenzatlon of 1,6-anhydro- 
hexoses, the stereospeclficlty should be high 

The copolymerlzatlon of some 1,6-anhydro-hexose monomers has been studied m greater detail 
This establishes the order of reactivity of these derlvatlves by using the known regulantles m 
the copolymerlzatlon processes 38 The copolymerlzatlon of the respective denvatlves, followed 
by debenzylatlon, afforded D-gluco-D-mannan,69 D-gluco-D-galactan7’ and D-manno-D-galactan 7’ 
Synthesis of a polysacchande, which 1s close m structure to natural dextran, was accomphshed 
by the copolymerlzatlon of 1,6-anhydro-2,3,4-tri-0-benzyl-/&~-glucose and 1,6-anhydro-2,4-d&- 
benzyl-3-O-crotyl-j&D-glucose, followed by the subsequent removal of the 3-0-crotyl protection and 
the glucosylatlon of the recovered OH groups at C-3 of the glucose units 53 Another, similar 
polysaccharlde was obtained by the copolymerlzatlon of the 1,6-anhydro denvatlves of glucose and 
maltose 72 The copolymerlzatlon of two different monosacchande monomers yields the poly- 
saccharides with a different ratio of the monosacchande umts, dependmg upon the ratio of the 
monomers and their relative reactivity The polymers obtained are claimed to have a hrgh stereo- 
regulanty, which was established, unfortunately, only on the basis of optlcal rotation measure- 
ments, and n-regular dlstnbution of the monosacchande units along the chain Hence, these poly- 
saccharides do not belong to the class of polymers with a regular structure, and detalled dlscusslon 
of their syntheses falls beyond the scope of this review Details can be found m a recent review by 
Schuerch 3 8 

Along with the synthesis of 1,6-a-D-glycopyranans attempts were made to obtain a poly- 
saccharlde contammg furanose units by polymerlzatlon of 1,6-anhydro-2,3,5-tri-O-benzyl-a-D-galac- 
tofuranose 73 The polymenzatlon m the presence of PFS afforded a polymer, whose structure was 
not studied m detail It appears that the polymer contains both furanose and septanose umts and 
that It IS stereochemlcally Irregular 

3 2 Polymenzatlon of 1 ,Canhydro sugars* 
The polymenzatlon of the denvatlves of monosaccharides contammg an 1,Canhydro ring has 

come across much more serious dlfficultles, although the results obtained quite recently seem to 
provide the first opportumtles for the synthesis of polysacchandes with a regular structure The 
most abundant natural polysacchandes are 1 ,Cglycans (cellulose, amylose, xylan), and this explains 
why the first syntheses of such polysacchandes by the polymenzatlon of 1,4-anhydndes were 
attempted at an early stage m the development of the method Kops and Schuerch, who studled the 
polymenzatlon of 1,4-anhydro-2,3,6-tn-0-methyl-B-D-galactose and 1,4-anhydro-2,3-dl-O-methyl- 
a-L-arabmose under the action of PF, or BF3 * Et20,74 obtained polymers possessing neither reglo- 
nor stereoregularlty The polymers obtamed contained both pyranose and furanose umts, the ratio 
of which depended upon the polymenzatlon condltlons Stereochemlcally ambiguous results were 

* For a review on the synthesis of 1,Canhydro sugars see Ref 38 
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3 5 

Scheme 5 

also obtamed m the polymenzatlon of 1,4-anhydro-2,3,6-W-O-benzyl-a-D-glucopyranose ‘x’~ This 
was explained by the fact that these monomers may be considered as denvatlves of both 1,4- 
anhydro-pyranose and 1,5-anhydro-furanose systems They are the hydroxy-denvatlves of 2,7- 
dloxablcyclo[2 2 llheptane, and, thus, the formatlon of the furanose or pyranose units IS determined 
by the relative rate of sclsslon of the 1,4- or 1,5-carbon-oxygen bonds (Scheme 5) These relative 
rates are determmed by complexatlon at the respective 0 atoms that 1s by their relative baslclty 
Stereochemlcal ambiguity of the polymenzatlon as a result of an opening of the anhydro-rmg, and, 
hence, of a glycosldlc hnkage formed was ratlonahzed by the authors by assummg that the growth 
of the polymenc cham involves not only the oxomum ion but also the carbemum ion ansmg upon 
lsomenzatlon of the former A thorough study of the influence of the catalyst’s nature and the type 
of substitution m the starting monomer on the dlrectlon of an opening of the blcychc system of the 
1 ,Canhydro sugar appears to have succeeded m findmg the way to a more specific polymenzatlon 
of the 1,canhydndes The Japanese group has studied m detail the polymerization of 2,3-O- 
substituted denvatlves of 1,4-anhydro-a-D-nbopyranose under the action of different Lewis 
acids “,‘* The polymenzatlon of 2,3-O-benzyhdene- and 2,3-O-lsopropyhdene derivatives under the 
action of SbC15, and of the 2,3-dl-O-methyl derlvatlve under the action of PFS and SbC15 at -40” 
to - 60°C yields 2,3-substituted (1-4)-B-D-nbopyranans 23 On changmg the reaction temperature 
and using other catalysts (e g BF3 * Et,O), the structural regulanty of the polymer IS violated, and 
pyranose units appear with furanose units Moreover, the polymenzatlon of the 2,3-dl-O-methyl or 
2,3-dl-0-benzyl denvatlves of 1,4-anhydro-a-D-nbose m the presence of NbF5, SnCl,, or BF3 * Et20 
affords a polymer with a high molecular weight, bmlt of nbofuranose units, 2,3-dl-O-benzyl-and 2,3- 
di-O-methyl-( 1-5)-a-D-ribofuranans 24 The molecular weight of the polymers varies considerably 
depending upon polymenzatlon condltlons Other combmatlons of catalyst and temperature lead 
to irregular polymers contammg both furanose and pyranose units Treatment of the 2,3-0- 
benzyhdene and 2,3-dl-0-benzyl denvatlves with sodium m hqmd ammonia yielded unsubstltuted 
polysacchandes bmlt up of pyranose and furanose units Their structures were established by NMR 
spectroscopy with the assignment of signals bemg made on the basis of the monosaccharide models 
This 1s questionable because the “monosacchande approxlmatlon” IS known” to be msufficlent for 
the analysis of the structure of polysacchandes because the adjacent unit m the chain affects the 
chemical shift The proper interpretation of this type of NMR data requires at least a disaccharide 
model 

. . . ocp&!!~Fy.& . 

24 26 

Nevertheless, the results obtamed so far show that the proper choice of the catalyst and sub- 
stltuents m the startmg monomer provides some control over the opening of the 1,Canhydro system 
and directs the polymenzation m a less ambiguous way However, a very thorough structural and 
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stereochemlcal analysis of the polysacchandes 1s required 1n order to prove reliably the results of 
polymerlzatlon of 1 ,Canhydro sugars 

The polymenzation of 1,4-anhydro-2,3-d1-0-benzyl-a-D-xylopyranose” was also studied The 
reaction carried out 1n the presence of BF, * Et,0 or SnCl, at -20” to -60°C afforded a polymer 
with a high molecular weight (of 14,000), to which the authors on the basis of the ‘H- and 
“C-NMR spectra ascribe a strictly regular structure 2,3-d1-O-benzyl-(1-5)-a-r>-xylofuranan 25 
Treatment of this product with sodium 1n liquid ammonia yielded the unprotected (1-5)-a-~- 
xylofuranan It should be pointed out that the presence of the furanose ring was claimed only from 
the difference with the spectrum of natural xylan, which 1s known to be (1-4)-/3-D-xylopyranan The 
use of other catalysts, S1F,, PFS, NbFS, or SbFS, gives an irregular polymer, which contains 
xylopyranose units both LX- and /?-linked In order to explain the ster1c amb1gmty of an opening of 
the anhydro system, the authors consider the mechanism, 1n which the /?-linkage 1s formed on 
polymerlzatlon v1a the oxonmm mechanism, whereas the “anomalous” a-linkage 1s the result of the 
polymenzat1on proceeding via the carben1um 1on The reason for the distinction between the 
polymerlzatlon of the 1 ,Canhydronbose and 1 ,Canhydroxylose systems was not discussed 

There are also the data on the polymerization of 1,4-anhydro-2,3-d1-Gbenzyl-a-D-lyxose Under 
the action of SbCls at - 60°C this reaction yielded a product with a low molecular weight containing 
only a-furanose units 82 

Quite recently the polymerlzatlon of the 1,Canhydro denvatlves of glucose and galactose has 
been relnvestlgated *’ The polymenzat1on of 1,4-anhydro-2,3,6-tn-O-benzyl-a-D-glucopyranose 
under the action of PFS at -20°C afforded 2,3,6-tn-Gbenzyl-(1-5)-U-D-glucofuranan 26 with a low 
degree of polymerlzatlon (about 20) The fully stereoregular structure was ascribed to the polymer 
Unfortunately the proposed structure was based only on differences between the 13C-NMR spectra 
for 26 and for the O-benzyl ethers of natural amylose and cellulose The polymenzation of 1,4- 
anhydro-2,3,6-tn-U-benzyl-j?-D-galactopyranose 1n the presence of PF, or SbCls afforded a product 
with a low molecular weight, which possessed neither reglo- nor stereoregularity, thus confirming 
the former result 74 

. . . 
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The available data on the polymerlzatlon of 1,Canhydro sugars do not permit the assessment 
of general preparative posslb111tles It 1s not yet possible to predict the course of the polymenzat1on 
reaction and the influence of the catalyst’s nature on the direction of anhydro-rmg opening 

3 3 Polymerlzatlon of 1,3-anhydro sugars 
There are only a few publlcatlons concerning the polymenzatlon of the 1,3-anhydro sugars 

because the starting anhydro denvatlves containing pyranose and oxetane rmgs became available 
only recently 83 The polymenzat1on of 1,3-anhydro-2,4,6-tn-O-benzyl-/I-D-glucopyranose 1n 
the presence of PFS at -60°C yielded a linear polymerB4 with a low molecular weight, which 
showed no stereoregularlty (the content of the a-hnkages was approximately 75%) Even more 
unsuccessful were the experiments with SbCl 5, tnethyloxon1um hexafluorophosphate, BF3 * Et 2O 
and S1F4 This was explained by involvement not of the oxonlum but of the carben1um mtermedlate 
Much higher stereospeclficlty was obtained by using catalysts such as tns(4-bromophenyl)armnlum 
hexafluoroantlmonate, tnphenylmethyllum perchlorate (tntyhum perchlorate) and tnfluoro- 
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methanesulfomc anhydnde (tnfllc anhydnde) ” It 1s proposed that there 1s a stronger interaction 
between the countenons of these catalysts and the oxomum ion of the growmg chain This leads 
to the stablhzatlon of the oxomum cation and directs the polymenzatlon towards the oxomum- 
lomc route Higher stereospeclficlty of the reaction was also achieved wth the p-bromobenzyl 
protection of the OH groups of the monomer It was observed that the stereoselectlvlty of the 
process drops m the series p-bromobenzyl > benzyl > p-methylbenzyl The authors suggest this 
dlstmctlon to be caused by the fact that the electron-donating groups (p-methylbenzyl) increase the 
baslclty of the ether 0 atom, whereas the electron-withdrawing groups (p-bromobenzyl) reduce It 
As a consequence, the posltlon of the complexatlon eqmhbrmm between the mltlator and ether or 
rmg oxygens 1s shifted towards the formers for electron-donating groups and towards the latter for 
electron-withdrawing groups 

Usmg these data Good and Schuerch succeeded m obtammg linear (I-3)-a-D-glucopyranan 27 
by the polymerization of 1,3-anhydro-2,4,6-tn-O-(p-bromobenzyl)-Bucose m the presence of 
tnfllc anhydnde m toluene at - 40°C or silver tnflate m benzene, followed by the standard procedure 
for removal of the protective groups According to the 13C-NMR data, the polymer 1s stereoregular, 
has only the a-linkages and, under optimum condmons, its molecular weight 1s 16,00&3 1,000 

The polymerlzatlon of 1,3-anhydro-2,4,6-tn-0-(p-bromobenzyl)mannose m the presence of tn- 
fllc anhydnde afforded the correspondmg polysacchandeg6 with a degree of polymenzatlon of 
approximately 6&90 After the standard procedure for the removal of the protecting groups, it was 
converted mto the unsubstltuted (I-3)-a-D-mannopyranan 28 associated with a htgh stereospeaficlty 
as determined by Its NMR spectrum In this case again, the p-bromobenzyl denvatlves offer better 
results 

3 4 Polymerrzatlon of 1 ,Zanhydro sugars 
Thermal polymenzatlon of 3,4,6-tn-O-acetyl-1,2-anhydro-a-D-glucopyranose (“Brigl’s anhy- 

dnde”), which produced a mixture of polymers of unknown structure, has been studied by Haq and 
Whelan 87 The catlomc polymenzatlon of this monomer under the action of vanous Leurls acids 
afforded a polymer containing both a- and B-linkages, as well as orthoester crosshnkmgs It 1s 
evldent that the reachon proceeded via the carbenmm mechanism and the protective a&y1 groups 
of the monomer are also involved 

Somewhat more successful results were obtained m the polymenzatlon of the 0-benzyl denva- 
tlves of 1 ,Zanhydndes of a-D-glucose and fl-D-mannose The former on polymenzatlon (PF,, - 60” 
to -70°C) gave a polymer with a molecular weight of 10,000 which after debenzylatlon yielded a 
free (I-2)-glucan, which contained, according to the 13C-NMR data, approximately 90% of j?- and 
10% of a-linkages ” The use of the other catlomc catalysts gave a polymer with less stereoregulanty 
The polymenzatlon of 1,2-anhydro-3,4,6-tn-0-benzyl-B-D-mannose under these condltlons 
afforded, m a poor yield, the polymers with a low molecular weight and unsatisfactory stereo- 
regulanty 89 

Concludmg this discussion of methods for the synthesis of polysacchandes by polymenzatlon 
of anhydro sugars, it 1s worth noting that undoubtedly this method 1s the best to obtain the 
simplest high-molecular weight (1-6)-a-glycopyranans, as well as (1-3)-a-glucopyranans and (1-3)- 
a-mannopyranans 

4 POLYCONDENSATION OF TRITYL ETHERS OF CYANOETHYLIDENE DERIVATIVES OF SUGARS 

This approach to the synthesis of the regular polysacchandes is based on an entirely new 
glycosylatlon reactlon and 1s of a general character It yields 1,2-trans-linked homopolysacchandes 
and polymers built of regularly repeatmg ohgosacchande umts It 1s for the synthesis of complex 
heteropolysacchandes with these repeating units that 1s the attractive feature of this method It 1s a 
flexible method and has provided for the first time blologlcally active natural complex hetero- 
polysacchandes 

Smce this method 1s based upon a new glycosylatlon reactlon, the essence and hmltatlon of this 
reaction will be dlscussed first 

4 1 Glycosylatlon of trltyl ethers with cyanoethykdene a’erlvatlves of sugars 
Analysis of the mechamsm of the glycoadlc linkage formatlon upon glycosylatlon with acyl- 

glycosyl halides 29 (Koemgs-Knorr reaction and Its modlficatlons) leads to the conclusion that the 
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Scheme 6 

formation of a 1 ,Ztruns glycosldlc linkage 1s connected with the partlclpatlon of an acyl substltuent 
at C-2 of the aldose it proceeds via the formatlon of a blcychc dloxolemum intermediate 30, the 
so-called acyloxomum ion The nucleophzhc attack of this mtermedlate towards its rear side by an 
alcohol leads to the 1,Ztruns glycoslde 31 The stereospeclficlty of glycosylatlon depends on the 
ratio of the rates of this nucleophlhc attack and of the competing reaction of lsomenzatlon of the 
acyloxomum ion mto the monocyclic glycosyl cation 32, which is further subject to the non- 
stereospecific attack to gve besides the 1,Ztrans glycoslde 31 also the 1,2-cu Isomer 33 (Scheme 6) 

These concepts led to the exammatlon of a more effective way to generate the dloxolemum 
mtermedlate 30, which could provide higher stereospeclficlty for the formatlon of the 1,Ztruns 
glycosldlc hnkages Generation of such an mtermedlate from a sugar denvatlve of the type 34, m 
which the blcychc tnoxahydrmdane system already pre-exists, appeared most favourable The new 
method of glycosylatlon urlth the 1 ,Zorthoesters and 1,2-thloorthoesters of sugars (Section 2) were 
the reahzatlons of this Idea However, due to different reasons these methods proved unsmtable for 
the development of stereospeclfic methods of polycondensatlon Meerwem et al go have suggested 
an interesting approach to generate the simplest cychc ion of the d~oxolemum(acyloxonmm) type 
from 2-cyano-2-methyl-l,3-dloxolane (Scheme 7) Upon formatlon of the dloxolemum ion, the 
trzphenylacetomtrlle (tntylcyamde) leaves the reactlon site thus making this reactlon irreversible 

Starting from thus findmg a new method of glycosylatlon was developedg’ m the laboratory of 
Zehnsky Institute of Organic Chemistry Its essence can be exemphfied by the synthesis of gentloblose 
octa-acetate 35 by the mteractlon of 3,4,6-trz-0-acetyl-1,2-O-cyanoethylldene-a-D-glucopyranose 36 
and 1,2,3,4-tetra-O-acetyl-6-O-tntyl-/?-D-glucose 37 under the action of trltyhum perchlorate 
(Scheme 8) The tntyl-catlon abstracts a cyano group from the cyanoethyhdene moiety, and 
generates, as in the Meerwem reactlon, the acyloxomum cation 38 The latter is SubJect to nucleo- 
phlhc attack by the 0 atom of the tntyl ether glvmg rise to a glycosldlc linkage formatzon This 
regenerates the tntyl-catlon which then contmues the process Thus tntyhum perchlorate serves as 
a catalyst It 1s of particular Importance that the nucleophlhc attack of the mtermedlate 38, 
having the bzcychc system of czs-hydrmdane 1s possibly only from the rear side, and hence, only a 
1,2-tram linkage 1s formed, whde the 1,2-czs was not found 

This glycosylatlon reactlon 1s general m nature and It has found the apphcatlon for the synthesis 
of ohgosacchandes, and, what IS most important, it became the basis for a new polycondensatlon 
reaction which allowed for the first time the ratlonal synthesis of a wide class of polysaccharzdes g2*g3 

Me CN 
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The synthetic approach based on thus reaction required a reliable method for the synthesis of the 
cyanoethyhdene denvatives and of tntyl ethers For the synthesis of polysacchandes this reqmres 
the synthesis denvatlves carrymg both these functions m the same molecule 

4 1 1 Syntheszs of cyanoethylzdene derzvatzves of mono- and olzgosaccharzaks In the majonty of 
studies, acylated (acetylated and, m some cases, benzoylated) cyanoethyhdene denvatlves were used 
as glycosylatmg agents A first compound of this type, namely, 36 was described by Coxon and 
Fletcher94 and was obtamed by the interaction of acetobromglucose and AgCN m boiling xylene 
A cyanoethyhdene denvatzve of maltose was obtamed m a similar way 95 This reactlon frequently 
affords low yields and 1s accompamed by the side-formatzon of glycosyhsocyamdes 96 A much more 
advantageous and general method for the synthesis of the acylated cyanoalkyhdene, m particular 
cyanoethyhdene denvatlves, consists m the mteractlon of per-0-acetyl-glycosyl bromides and KCN 
or NaCN m dry acetomtnle 97 In the case of the less reactive 1 ,Zcu-glycosyl brormdes, the reactlon 
1s carned out m the presence of some source of brormde ions (tetrabutylammomum brormde) which 
promotes the conversion of the 1,2-czs-bromo-denvatlve mto the more reactive 1 ,Ztrans-glycosyl 
brormde The reaction proceeds smoothly wlthm 12-24 h and affords peracetates of the cyano- 
ethyhdene derivatives 39 m high yrelds The reactzon mechanism can be represented by the followmg 
scheme (Scheme 9) This general method has been applied for the synthesis of the cyanoalkyhdene 
denvatzves of hexopyranoses,97 98 pentopyranoses,99*‘00 pentofuranoses,97 as well as for the synthesis 
of the cyanoethyhdene denvatlves of dlsaccharldes97 and of a large number of more complex 
ohgosacchandes ‘ol.Loz Numerous examples of its apphcatlon ~11 be gzven below (Section 4 2 ) 
Unsatisfactory results were obtamed for the cyanoethyhdene denvatzves of the uromc acids the 
reaction was complicated and the yields were very low It has been possible to obtain the latter 
denvatzves only by treatment of methyl (2,3,4-tn-O-acetylglycosylbromlde)uronates with an excess 
of AgCN m boiling xylene, although the yields were low as well lo3 Recently, it has been found that 
the acetates of the cyanoethyhdene denvatzves of furanoses can be obtained from the correspondmg 
peracetates and tnmethylsllyl cyanide m the presence of stannous chlonde’04*‘05 (Scheme 10) 

JE& iyoQ = ;Q-Z*;oQRl 
OCOMe v = 

Me = 
R2 

Me 

%hR’ = CN, R2= Me 
39bR’ = Me. R2 = CN 

Scheme 9 
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This reaction has not yet been studled m detail, though it appears to be very promrsmg, and has 
already found synthetic apphcatlon lo6 The interaction of the glycosyl bromides, containing O- 
benzoyl groups instead of 0-acetyl groups with KCN or NaCN gves 0-benzoates of the 1,2- 
cyanobenzyhdene denvatlves of some monosacchandes,g7,gg but these have not been widely 
employed m synthesis 

The formation of the cyanoethyhdene derivative 1s accompanied by the appearance of a new 
choral centre at C-2’ of the dloxolane rmg so the reaction affords a mixture of exo-(39a) and endo- 
cyano-(39b) derlvatlves Their ratlo, which can easily be determmed from ‘H-NMR data, varies 
urlthm a broad range No clear-cut dependence of this ratio on the structure of the starting sugar 
has been observed, although there 1s a tendency towards the formatlon of the exo-cyano isomer m 
greater amounts This seems to relate to a greater spatial accesslblhty of the exo- side m the 
dloxolemum catlon to attack by the CN amon The reactlvlty of both dlastereomers m the gly- 
cosylatlon reaction was practically ldentlcal (see 4 1 4 ) so the synthesis of glycosldes can be per- 
formed usmg a mixture The mdlvldual Isomers can easily be obtained by crystalhzatlon or chro- 
matographlc separation 

The cyanoethyhdene denvatlves are stable compounds which m most cases can be isolated after 
the chromatographlc punficatlon and kept without any changes for a long time They can be 
characterized reliably by spectral data The presence of a cyano group 1s demonstrated by an 
intensive peak at 2230-2240 cm- ’ m their Raman spectra The ‘H-NMR spectrum of 1,2-0- 
cyanoethyhdene denvatlves 1s characterized by the presence of the three-proton smglets for the 
methyl groups at C-2’ of the dloxolane rmg located at high field (6 1 77-l 97), as compared to the 
chemical shifts of acetyl groups Low-field doublets (6 5 47-6 14) for H-l of sugar moiety with 
coupling constants of about 5 Hz (for the derivatives of gluco-, galacto-, and xylopyranoses) and 
about 2 Hz (for manno- and rhamnopyranoses), and ca 4 Hz (for galacto-, gluco-, arabmofuranoses 
and arabmopyranose) are observed 

The diagnostic signals m the 13C-NMR spectra are those of a methyl group at C-2’ (6 24-27), 
cyano-group (6 116-l 17), quaternary carbon C-2’ (6 9&104), as well as the signals for C-l of 
pyranoses (6 96-99) and furanoses (6 104-107), and C-2 of pyranoses (6 72-79) and furanoses 
(6 8&88) 

The configuration at C-2’ of the dlastereolsomenc cyanoethyhdene denvatlves 1s determined by 
the deshleldmg effect of the carbohydrate rmg The signals m the ‘H-NMR spectra for the methyl 
groups of an endo-methyl isomer are shifted downfield as compared to those of an exo-isomer The 
X-ray studies of a senes of 1,Zcyanoethyhdene derivatives have confirmed the vahdlty of this 
assignment ’ O7 

The cyanoethyhdene group 1s rather stable towards acids In contrast treatment with bases 
sometimes affects this group so deacetylatlon of these denvatlves has to be performed under 
especially mild condltlons The mam reason for this mstablhty 1s theu conversion mto the cor- 
responding lmldates 40 and methoxycarbonyl derlvatlves 41 lo8 This side reactlon has caused some 
dlfficultles m the synthesis of complex heteropolysaccharldes At the same time, it can be used for 
the “temporary protection” of the cyano group For this purpose the methoxycarbonyl group, 
after an appropnate modlficatlon of the monomer, 1s converted mto the carboxanude group by 
ammonolysls, and then the cyano group of the cyanoethyhdene moiety 1s recovered by treatment 
with benzoyl chlonde m pyridme’Og (Scheme 11) 

The carbohydrate part of the cyanoethyhdene denvatlve can be transformed by a series of 
reactions wlthout affectmg the cyanoethyhdene group Of these transformations the most important 
are de-0-acetylatlon and mtroductlon of a trltyl group These transformations are the basis of the 
synthesis of monomers for polycondensatlon (Section 4 2 ) Also important 1s the ability of the 
cyanoethyhdene denvatlves to participate m the glycosylatlon reactlon as the aglycones without 
mvolvmg the cyanoethyhdene group I” This rather unexpected reaction proceeds smoothly upon 
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glycosylatlon of the cyanoethyhdene denvatlves, possessing a free OH, with glycosyl bromides under 
the condltlons of the Helferlch reaction (Scheme 12) This reaction 1s important because it provides 
new opportumtles for the synthesis of cyanoethyhdene denvatlves of complex ohgosacchandes 
whch can then serve as the monomers for the synthesis of heteropolysacchandes (Section 4 2 5 ) 

4 1 2 Syntheszs of trztyl ethers of sugars Tntyl ethers of sugars are well known and are widely 
used m carbohydrate synthesis (see review” ‘) Until recently only prunary trltyl ethers of mono- 
and ohgosacchandes were avallable These denvatlves, which are frequently used for the temporary 
protection of the primary OH groups sugars, are obtained smoothly by treatment of mono- and 
ohgosacchandes with tnphenylchloromethane (tntyl chloride) m pyndme ’ ’ ’ The reaction proceeds 
selectively and the substitution affects only primary OHS Substltutlon of secondary OHS of sugars 
can be achieved as well under more drastic condltlons 

A mild and general method for the synthesis of secondary tntyl ethers consists m the treatment 
of mono- and ohgosacchandes, contalmng one or several OHS, with trltylmm perchlorate m the 
presence of a hindered pyndme base, ’ I2 2,4,6-tn-t-butyl-pyndme or the more easily accessible 2,4,6- 
colhdme’ l4 m CH2C12 at room temperature In this way it has been possible to obtain secondary 
tntyl ethers of both simplest monosaccharides m the pyranose or furanose forms, and complex 
ohgosaccharldes m good to excellent yields The reaction 1s not always re@oselectlve and hence, for 
the synthesis of the 0-tntyl denvatlves of definite structure so the remaining OHS should preferably 
be protected In most syntheses acyl protective groups (O-acetates or 0-benzoates) are used 
However, the denvatlves contammg 0-benzyl, benzyhdene’ ’ 3 or lsopropyhdene groups, * ’ 4 can also 
be employed Trltylatlon reactions do not usually affect the cyanoethyhdene group and this 1s of 
particular importance m the synthesis of monomers to be used further m polysacchande synthesis 

Trltyl ethers of sugars are stable and, as a rule, crystalline substances Each has Its typical NMR 
spectrum but no regulantles were found which would allow the determination of the posltlon of the 
0-tntyl group from spectral data In order to determine or confirm the location of the 0-tntyl group 
m the acetylated denvatrve use 1s made of methylatlon analysis (sequential alkaline hydrolysis, O- 
methylatlon, de-0-tntylatlon, and GLC-MS analysis of the partially substituted sugar obtained) 

4 1 3 Trztyl-cyanoethybdene condensatzon Syntheszs of olzgosaccharzdes The mteractlon between 
cyanoethyhdene derivatives and trltyl ethers, the so-called “tntyl-cyanoethyhdene condensation”, 
can be generally employed for the synthesis of ohgosacchandes containing the l,Ztrans-glycosldlc 
linkage (Scheme 13) The discussion of the ohgosaccharlde synthesis falls beyond the scope of this 
review However, the hmltatlons of this reactlon and, m particular, its stereoselectlvlty are relevant 
and the ohgosacchandes obtained by this method often serve as models for the determmatlon of 
the structure using the NMR technique of the correspondmg synthetic polysacchande 

The condensation of tntyl ethers and cyanoethyhdene denvatlves 1s usually performed by 
reaction of equivalent amounts of the reagents at room temperature although some excess of tntyl 
ether 1s sometlmes helpful The result of the reaction depends on the solvent used The most 
convement solvent 1s CH,Cl, , m MeCN the reaction does not take place 9’ Various trltyhum salts, 

Me 

Scheme 12 
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Scheme 13 

such as perchlorate, tetrafluoroborate, hexafluorophosphate, were tested to serve as uutiators but 
only the perchlorate salt (usually m 5-10 mol % amount) has found apphcatton m the synthesis 
Stnctly anhydrous condttrons are essential which is expected for reactions proceeding via carbemum 
mechamsms Along with the usual precautions, it 1s most convenient to carry out the reaction using 
a high vacuum technique ” Soluttons of the reagents and the mtttator are placed m separate limbs 
of a tuning-fork-shaped tube (h) The reaction components are dned by a 2-3-fold dtstlllatton of 
a dry solvent, and then the solutions are mixed The reaction proceeds m a sealed evacuated vessel 
Large-scale expertments can also be performed m normal glassware with the usual precautrons l1 4 
The reaction takes several hours and when tt is complete the tntyl perchlorate is destroyed by 
the addition of a methanol-pyrrdme rmxture Addrtton of methanol pnor to pyndme results m 
detntylatron of the aglycomc component 

The reactivity of the cyanoethyhdene derrvatrve m this reaction 1s not srgmficantly influenced by 
the structure of the startmg sugar Thus the reaction between methyl 2,3-0-rsopropyhdene-4-0- 
tntyl-a+rhamnopyranostde 42 and 1,2-0-cyanoethyhdene denvatrves of neutral sugars under 
identical condttlons afforded m all cases the correspondmg drsacchandes 43 (Scheme 14) m al- 
most equally high yields ‘I4 It is worth noting that the reactivity of the cyanoethyhdene denvattves 
of rhamnose seems to be somewhat higher than that of other neutral sugars whereas the cyano- 
ethyhdene derlvattves of uromc actds esters seem to be less reactrve 103,‘15 The experience m the 
use of cyanoethyhdene denvatrves of ohgosacchartdes (Section 4 2 5 ) shows that the addlttonal 
monosacchande substrtuents m the cyanoethylidene derivative do not obvtously affect its reactivity 

The 1,2-0-cyanoethyhdene derivatives of furanoses have found useful application m 
synthesis lo6*l ’ 6 The preparation of furanosldes by the classrcal methods often presents dtfficultres 
Then reactivity seems to be higher than that of the respective pyranose denvattves 106*“7 

A large number of tntyl ethers of sugars has been employed m the tntyl-cyanoethyhdene 
condensatron, mcludmg primary and secondary tntyl ethers of hexopyranoses, pentofuranoses, 
and ohgosaccharides ’ ’ ’ Along with neutral sugars trttyl ethers of 2-acylammo sugars”’ and de- 
oxyoctulosomc acrd”’ can also be used 

No special studies on the comparattve reactivity of trrtyl ethers have been performed Primary 
tntyl ethers of hexopyranoses and pentofuranoses are close m then reacttvrty and give ohgo- 
saccharides m htgh yields The reactrvrty and, m particular, the stereoselectlvtty of the reaction 
of the secondary tntyl ethers, unlike then pnmary analogues, depend on the structure of the ether, 
the stereochemistry of the sugar and the positron of the 0-tntyl group The yields of ohgosacchandes 
from secondary trttyl ethers are sometrmes lower 

The stereospeaficlty of glycosylatlon of tntyl ethers by cyanoethyhdene denvattves is crucial 
because only absolute stereospecificity of the glycosldlc linkage formatron would allow the synthesis 
of regular polysacchartdes (Section 4 2 ) The data available show that the glycosylatron of primary 
trrtyl ethers by the cyanoethyhdene denvattves of different structure yields only 1,Ztrans glycostde 

q+CN + “8’ Tr+Ct04’ 

Me 
Me Me 

42 
Scheme 14 



Synthesis of polysacchandes ulth a regular structure 2409 

Me 

Scheme 15 

Scheme 16 

denvatlves Absolute stereospeclficlty for the reactlon has been achieved * Judgmg from poly- 
condensation data (see below), the same result 1s obtained m the reactlon of 3-O- and 4-0-tntyl 
ethers m the D-mannose and L-rhamnose senes The absolute stereospeclficlty of glycosylatlon 1s 
supported most conclusively by the total stereoregulanty of the polysacchandes obtained from the 
monomers of similar structure (Section 4 2 ) 

At the same time, recently it was found that the stereospecdiaty of the tntyl-cyanoethyhdene 
polycondensatlon m its standard tntyhum-perchlorate initiated version 1s violated m the gly- 
cosylatlon of 3-O- and 4-0-tntyl ethers of xylo-,12’ arabmo-,‘** gluco-,‘23 and galactopy- 
ranosldes 124t In these cases the glycosylatlon by different cyanoethyhdene denvatlves yields the 
l,Ztruns-hnked product along with 1,2-cu glycosldlc product The proportion of the czs-product 
vanes from 5 to 50% dependmg upon the structure of trrtyl ether Violation of stereospecdiclty m 
the synthesis of dlsacchandes conforms urlth the vlolatlon of polycondensatlon stereospeclficlty m 
the synthesis of polysacchandes (See 4 2 4 2 ) These vlolatlons seem to depend pnmanly on the 
structure of the trltyl ether, smce the glycosylatlon of a gven tntyl ether by different cyanoethyhdene 
derlvatlves affords very similar amounts of the 1,2-cu denvatlves I2 ‘$ 

It should be pointed out that random stereochemistry of glycosylatlon appears to be charactenstlc 
only of tntyl ethers of pyranoses The glycosylatlon of the 3-tntyl ether of L-arabmofuranose, m 
contrast to the correspondmg pyranose analogue, 1s stereochermcally unambiguous lo6 

The stereospeclficlty of glycosylatlon depends strongly on the nature of the mltlator, or, more 
exactly, on the tntyhum salt amon Thus the reactlon of 3,4-dl-0-acetyl-1,2-O-cyanoethyhdene-cr- 
D-xylopyranose 44 wth methyl 2,3-di-0-acetyl-4-0-tntyl-b-D-xylopyranoslde 45 m the presence of 
tntyhum perchlorate gives a mixture of l,Ztrans- (46) and 1,2-CIS- (47) lsomenc dlsacchandes m 
the 2 1 ratio, whereas m the presence of tntyhum tetrafluoroborate this ratio becomes 25 1, that 1s 
the reaction proceeds almost stereospeclfically 125 (Scheme 15) A similar effect 1s also observed for 
the glycosylatlon of l,2,4,6-tetra-O-acetyl-3-O-tntyl-D-glucopyranose’23 (Scheme 16) Unfor- 
tunately, the reaction m the presence of tntyhum tetrafluoroborate proceeds very slowly and the 
yields of dlsacchandes sharply decrease From a practical standpoint the use of this mltlator 1s 
hardly reasonable 

Recently, it has been estabhshed that high pressure affects very strongly the stereochemistry of 
products of glycosylatlon by cyanoethyhdene derlvatlves The reaction carned out under a pressure 

l It was proved by analysis of the ‘H- and ’ jC-NMR spectra of total dlsacchande fractions, obtamed directly from the 
reaction mixture The modem NMR techmque allows an adnuxture of an anomer with l-2% accuracy to be determined 

t The only known exceptlon so far IS the reaction of 3-tntyl ethers of iV-acyl-D-glucosamme with the cyanoethyhdene 
denvatlves of rhamnose Thus reactlon proceeds with complete stereospeclficlty 

$ Moreover, the glycosylatlon of trltyl ethers by thtoorthoesters of sugars, which IS dlstmgmshed by very high speclficlty, 
IS also violated only m case of the trltyl ethers of this type ‘*’ 
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of 14 kbar leads to a stnkmg result Only the 1,Z~uns glycosldlc hnkage 1s formed and the reaction 
proceeds m a totally stereospecific way even m those cases when under the normal condltlons It 
proceeds with a strong vlolatlon of stereospeafiaty Thus the reactlon between 3,4,6-tn-O-acetyl- 
1,2-O-cyanoethyhdene-a-D-glucose 48 and 1,2,4,6-tetra-U-acetyl-3-O-tntyl-cr$-D-glucose 49 under 
the usual condltlons of tntyl-cyanoethyhdene condensation afforded disaccharides 5Oa,b wth the 
1,2-trans/l,2-cu ratio of 59 41 In dramatic contrast the same reaction carned out at a pressure of 
14 kbar proceeds with absolute stereospeclficlty to gve only the 1,2-truns dlsacchande 50aiz6 
(Scheme 16) The striking effect of high pressure 1s also manifested m the synthesis of polysacchandes 
(see 4 2 4 2 ) Thus, the glycosylatlon reaction carned out at high pressure proceeds with absolute 
stereospeclficlty even m those cases when at normal pressure the stereospeclficlty 1s violated 

4 1 4 On the mechamsm of the tntyl-cyanoethybdene condensatzon Since no special studies on 
the mechanism of this new reaction have been carned out we can only discuss here some general 
conslderatlons based upon common ideas on glycosylatlon reactions leading to 1 ,Ztruns-glycosldlc 
linkages A mechanism of the tntyl-cyanoethyhdene condensation can be represented schematically 
m the followmg way’ O2 (Scheme 17) 

Me 

Tr-N=C z Tr-ON 

Scheme 17 

The electrophlhc attack of the tntyhum cation, which mltlates the reaction, directed on nitrogen 
of the cyano group, results m its abstractlon, thus glvmg rise to the blcychc dloxolemum cation 51, 
the latter 1s subject to the nucleoptihc attack by an 0 atom of the O-tntyl group of the aglycone to 
gve a glycostdlc linkage In the presence of the tntyhum ion, tntyl lsocyamde formed undergoes 
rearrangement mto trltyl cyamde, which leaves the reaction site As the blcychc system of the 
dloxolemum Ion 1s open to attack only fr’om its rearside, the process leads to the formation of a 1,2- 
truns glycosldlc linkage The whole process seems to be close to a concerted one of the type 52 with 
a push-pull attack of the tntyhum cation and oxygen of the U-tntyl group tlus explains the absolute 
stereospeclficlty of the reaction m most cases On the other hand, when the process 1s not concerted, 
the intermediate 51 then fads to enter the reaction munedlately and may therefore undergo con- 
versions leading to side processes and the formation of a 1,2-czs glycosldlc product 

There are two possible pathways which could gve nse to a 1,2-czs glycos~d~ lmkage (see 4 1 3 ) 
Partial lsomenzatlon of the dloxolemum ion 51 mto the monocychc glycosyl cation 51a could take 
place which, because of Its flattened structure, 1s open to a non-stereospeafic nucleophlhc attack 
towards both faces This explains the formation of a 1,2-czs isomer (Scheme 18) This suggestion is 
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confirmed by the fact that the reaction, cartled out under high pressure, affords mainly 1,Ztrans 
glycosldes because the pressure shifts the eqmhbnum 51- -5la to the left side This also accounts 
for the rather high volume effect of the reaction amounting to about 9 cm3/mol lz6 

Alternatively, the 1,2-cu glycosldlc linkage may be produced because the intermediate 51 IS 
subject to a competing substltutlon by the nucleophlhc perchlorate ion to @ve the perchlorate 53 
with the 1,2-tram configuration * 53 1s then attacked by an oxygen of the 0-tntyl group from the 
other side (Scheme 19) This double mverslon grves nse to the 1,Zczs glycosldlc hnkage It should 
be pointed out that the nucleophlhclty of the perchlorate ion, lz8 as well as the existence of carbo- 
hydrate l-O-perchlorates,129 are well documented This explanation 1s strongly supported by decrease 
m the amount of the 1,2-czs lsomer1Z5 when tntyhum perchlorate 1s replaced by the other tntyhum 
salts with less nucleophlhc anlon’27 such as tntyhum tnflate I*’ 

Whatever suggestion 1s correct, it appears qmte clear that the anomalous 1,2-czs glycosylatlon 
occurs when the normal concerted process 1s disturbed due to a delay m the attack of the mtermedlate 
51 This intermediate then has time to participate m side reactions The formation of the anomalous 
1,2-czs glycosldlc hnkage depends upon both the nature of the cyanoethyhdene component, and 
more dlstmctly on the structural features of the tntyl ether It was observed only m the cases of the 
less reactive 3- and 4-tntyl ethers of D-glucose, D-galactose, D-xylose, and L-arabmose At the same 
time, denvatlves of D-mannose and L-rhamnose mteract with the cyanoethyhdene denvatlves with 
high stereospeclficlty to gve only 1,Ztrans glycosldlc linkages This 1s also demonstrated by the 
polycondensatlon reaction (see below) 

The reasons of the decreased reactivity of the above-mentloned tntyl ethers are still rather 
obscure It appears that they are determmed by the sterlc and electron factors and X-ray analysis 
of some tntyl ethers shows different accesslblhtles of the 0 atom of the tntyl groups to nucleophlhc 
attack m ethers of different structure In those denvatlves gvmg on glycosylatlon stereochenncally 
ambiguous results, the 0 atom 1s stencally shtelded to a greater extent 130 It 1s also evident that the 
higher reactivity of the cyanoethyhdene denvatlves of L-rhamnose and D-mannose compensates for 
the hmdrance arising m the attack by less reactive tntyl ethers Therefore the intermediate 51 1s 
subjected to the attack more effectively and the anomalous 1,2-czs glycosylatlon does not take place 
A higher reactivity of these cyanoethyhdene denvatlves can be explamed by the absence m, say, a 
derivative of L-rhamnose (which according to the X-ray datalo exists m the ‘C, conformation 54) 
of 1,3-mteractlons which hinder the attack of t&e C,-centre of the cyanoethyhdene denvatlve In 
contrast, m a denvatlve of glucose, which exlsts’3’ m a skew-boat conformation OS2 (55), there anse 
1,3-mteractlons hmdermg the attack at the C,-centre, thus slowing down the reaction and, hence, 
leading to the anomalous 1,Zczs glycosylatlon X-ray data may serve only as a gmde because m 

* It appears that the perchlorate can exist as a compound contalmng a covalent bond or a tight ion pan 
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solution the molecules may have a different conformation, so stenc and electromc factors could be 
displayed m some other way 

4 2 Synthem of polysaccharrdes 
The formation of the glycosldlc hnkage via the tntyl-cyanoethyhdene condensation has revealed 

a completely new pathway for the synthesis of the l,Ztrans-linked polysacchande chams wth a 
regular structure In fact, when both the O-tntyl and the cyanoethyhdene groups are m the same 
molecule then under glycosylatlon condltlons the polycondensatlon takes place glvmg a poly- 
sacchande cham When both these groups belong to a monosacchande unit, the reactlon gives 
a homopolysacchande (Scheme 20) If these groups are present m an ohgosacchande then the 
polycondensatlon gves a chain conslstmg of repeatmg umts, the structure of which corresponds to 
the ohgosacchande monomer (Scheme 21) It 1s quite obvious that the polymer formed upon 
polycondensatlon 1s actually a mixture of polymer-homologues The regloselectlvlty of poly- 
condensation 1s determmed by the posltlon of the O-tntyl group m the molecule of a mono- 
or ohgosacchaflde monomer The tntyl-cyanoethyhdene condensation proceeds most often with 
absolute stereospeclficlty to give a stereochemlcally regular polysacchande containing only 1,2- 
trans glycosldlc linkages However, It was pointed out above (see 4 1 3 ) that m some cases the 
stereochemistry of the resultmg polysacchande may be u-regular 

The most serious disadvantage of the method is a low degree of polymenzatlon of the poly- 
sacchande formed which 1s averaged for a mixture * Depending on the nature of the monomer It 
vanes wlthm wide range and sometimes 1s close to that typlcal of the natural polymers However, 
m some cases (e g m the polymenzatlon of uromc aads’ monomers and some simplest neutral 
monosacchandes) the degree of polymenzatlon 1s very low and the reactlon yields m fact ohgo- 
saccharides 

Nevertheless, the method of synthesis of the 1,2-trans-hnked polysacchande chams based on the 
tntyl-cyanoethyhdene polycondensatlon provides wide posslblhtles It yields homo- and hetero- 
polysacchande structures containing both neutral sugars, ammo sugars or uromc acids The mono- 
sacchande umts may be m the pyranose or furanose form, and can be linked by various types of 
mtermonomenc linkages, excludmg the 1,2-glycosldlc lmkage It should be emphasized that the 
method for the first time opens the posslblhty for the synthesis of regular polysaccharldes to which 
type belong numerous natural polysacchande possessmg high blologlcal speclficlty 

*Naturally, the average degree of polymenzatlon depends on a “width” of a fraction obtained upon fractlonatlon 
Higher molecular weight product can be Isolated at the expense of yield If a narrow fraction IS cut off 
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4 2 1 Syntheses of monomers The OH groups m all the monomers used were properly protected 
generally as acetates The 0-benzoyl protection appears to gve polymers with a higher degree of 
polymemation (see, e g *32), but removal of tlus protection presents some dlfficultles The acetal 
and 0-benzyl protections have been exammed m much lesser detail, and they have found practically 
no apphcatlon The preparation of monomers reqmred for the synthesis of homopolysacchandes 1s 
currently a routme procedure On the contrary, the synthesis of the ohgosacchande monomers used 
m the preparation of heteropolysacchandes with repeating units 1s stdl a problem and reqmres 
specific strategy m each particular case 

4 2 2 The polycondensatron reaction An elementary act of the polycondensatlon 1s the formatlon 
of a 1,Ztrans glycosldlc linkage as a result of an mteractlon between 0-tntyl and cyanoethyhdene 
groups The condltlons for polycondensatlon are practically the same as those described m the 
synthesis of dlsacchandes (Section 4 1 3 ) The polycondensation 1s usually med out by treatment 
of a monomer with an mltlator m dlchloromethane Tntyhum perchlorate was practically the only 
mltlator used Other tntyhum salts have been used so far very rarely, despite a higher stereoselectlvlty 
of polycondensatlon (Section 4 1 3 ) Although the amount of mltlator has some influence on the 
reaction, It has been found that the best results are obtained with the use of 5-10 mol % of tntyhum 
perchlorate An increase m the amount of mltlator accelerates the polycondensatlon process, whde 
at low concentration of the mltlator the reaction 1s slow and this may lead to undesirable side 
processes Thus the polycondensatlon of 3,4-dl-O-acetyl-l,2-O-cyanoethyhdene-6-O-trrtyl-cr-D-glu- 
copyranose m the presence of 1 mol % of tntyhum perchlorate has not reached completion even 
after 40 h m the presence of 20 mol % of the mltlator It was completed m 14 h ‘33~‘34 On the other 
hand, a decrease m the mltlator concentration does not produce the polymer with a higher molecular 
weight The degree of polymerlzatlon of (I-6)-p-D-galactan was not changed when either 1 mol % 
or 10 mol % of the mltlator were used, although m the former case the reactlon was not completed 
even after several days 13’ The polycondensatlon 1s usually carned out at room temperature An 
increase m temperature up to 50°C has only mslgmficant effect on the result although the reaction 
1s slightly accelerated A decrease m temperature down to 0°C and below highly decelerates the 
process and m this case the reaction 1s not completed even after several days 

The complete exclusion of traces of moisture and other nucleophlles 1s very Important for the 
success of polycondensatlon. The best results are therefore obtained when the reactlon 1s carned 
out with the use of high-vacuum techmquegl (Section 4 1 3 ) A large-scale expenment may also be 
carned out m ordmary eqmpment with usual precautions This leads to some decrease m the yield 
and sometimes m the molecular weight of the polymer 

The reaction time vaned wthm a wide range Although at room temperature the reactlon 1s 
mlhated practically at once upon addition of catalyst, Its rate strongly depends on the structure of 
the monomer used, and the optimum reaction tnne, naturally, dfiers with the monomer For 
example, the reaction of the arabmofuranose denvatlves 1s completed m 15 h ‘36 In contrast, the 
polycondensation of the ohgosacchande monomers requires longer time, usually 50-70 h lo2 Numer- 
ous attempts to increase the molecular weight of the polymer or its yield by mcreasmg the reaction 
time (up to 25&300 h) were unsuccessful This may find a tentatlve explanation m that the reactive 
species are exhausted rather rapidly The reactive mtermedlate at the reducing end of the cham or 
the 0-tntyl groups at the non-reducing end could disappear because of some still unknown side 
reactions A precise control of the reactlon termination presents some difficulty, although It can be 
roughly followed by disappearance of the monomer and 0-tntyl groups using TLC 

4 2 3 IsoIatlon and characterzzatzon of polysaccharzdes In order to decompose the remalmng 
initiator and to stop the polycondensatlon process the reactlon mixture 1s treated with methanol or 
tnfluoroacetlc acid, then pyndme 1s added for neutrahzatlon The protected polysacchande 1s then 
isolated by column chromatography on silica gel It 1s then subjected to conventional deacylatlon 
by treatment with bases, and the free polysaccharlde 1s Isolated, punfied, and fractionated by gel 
filtration The deacylatlon 1s easily followed by the disappearance of the band for the acyl group 
(1735-1750 cm-‘) in the IR spectrum of the isolated polysacchande, or by their NMR spectra The 
polysacchandes contammg the 1,3-glycoadlc linkages are known to undergo partial decomposltlon 
under the action of bases (“peeling reactlon”), therefore m this case the polysacchande 1s treated 
first with sodium borohydrlde to reduce the terminal monosacchande unit to the respective aldltol 
and the product 1s then deacetylated 

The structure of all the polysacchandes synthesized by this method has been checked carefully \ 
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by chemical and spectroscopic methods The regularity of their structure and therefore the reglo- 
spe&clty of the polycondensation reaction have been checked by the classical methylatlon analysls,‘37 
including the analysis (GLC-MS) of acetates of partially methylated aldltols In the cases of poly- 
saccharides wth a low molecular weight, thts method estimated the degree of polymenzatlon from 
the ratio of the aldltols correspondmg to the non-terminal units and those correspondmg to the 
terminal monosaccharide unit In some cases the molecular weight of the polymer has been deter- 
mmed by estlmatmg its reducing power lo2 For some polysacchandes, especially those with the 
repeating umts and having the molecular weight wlthm the range 4000-6000, their molecular weight 
has been roughly estimated by gel filtration with reference to conventlonal standards 

The configuratlon of the glycosldlc hnkages formed on polycondensatlon has been checked most 
carefully It presents evidence on the stereoregularity of the polymer and the stereospecdiclty of the 
polycondensatlon process Total stereoregularity of the polysacchande obtained provides the most 
fundamental cntenon for the absolute stereospecificIty of the tntyl-cyanoethyhdene condensation 
(cf Section 4 1 3 ) 

‘H- and 13C-NMR spectroscopy ts the most convement and accurate method for the deter- 
mmatlon of glycosldlc linkage stereochemistry the latter being more helpful * Frequently, even the 
number of signals m the anomerlc region of the high-resolution 13C-NMR spectrum indicated quite 
declslvely the stereospeclficlty of the polysaccharlde obtained because the signals for 1,2-truns- and 
1,2-czs-glycosldlc hnkages are usually resolved However, since the chemical shifts for the anomerlc 
carbons m the 13C-NMR spectrum, as is known,79 are affected strongly by the structure of the 
nelghbourmg units, the complete interpretation of the 13C-NMR spectrum of the synthetic polymer 
was accomplished m many cases by usmg the data on the correspondmg model dlsacchandes for 
the correct assignment of the signals for C atoms t For the synthetic homopolysacchandes, which, 
as a rule, have a relatively simple spectrum, it has been usually possible to asslgn the signals of all 
the rmg carbons [see, for example, the 13C-NMR spectrum of (l-3)-cr-L-arabmofuranan,“7 Fig l] 
Furthermore, a simple and dlstmct picture of the 13C-NMR spectrum and the absence of unidentified 
signals are very strong evidence m favour of the regularity of the polysacchande chain When the 
stereospeclficlty was violated and the polycondensatlon yielded both 1,2-tram and 1,2-czs glycosldlc 
hnkage, the 13C-NMR spectrum accurately determmed the ratio of these two types of lmkages from 
the integrated intensity of correspondmg signals 

The measurement of the optical rotation of the synthetic polymer often proved helpful, although 
it must be emphasized that reliable data on the natural polysacchande of the correspondmg structure 
to serve as a reference are scarce 

*The I%-NMR spectroscopy was not used m the exammabon of the first syntheses of polysacchandes by this method 
Its apphcatlon for the mvestlgatlon of polysacchande structure was developed later 

t Usually, the synthesis of such model dlsacchande was also very helpful m deternunmg the optimum condltlons for the 
polycondensatlon of the correspondmg monomers m the polysacchande synthesis 
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Finally, m some cases quite exact mformatlon on the configuration of the glycosldlc hnkage may 
be determined m a purely chemical way Selective degradation of the polysacchande, followed by 
the lsolatlon and analysis of the umt identifies the newly formed glycosldlc hnkage lo2 

4 2 4 Syntheszs of homopolysaccharrdes Of the polysacchandes of this class there were syn- 
thesized (l-6)-, (l-4)-, and (l-3)-glycopyranans, containing both the neutral monosaccharides and 
uromc acids, as well as the first representatives of glycofuranans Most of the polysacchandes 
obtained possessed a low degree of polycondensatlon and sometimes they were rather ohgo- 
saccharides The results are gven m Table 1 

6H 1 6H I” 6H 
56 

58 

J n 

57 

OH 
n 

4 2 4 1 (1-6)-Glycopyrunans The monomers for the synthesis of (l-6)-/?-D-glucan 56,‘33,134 (1-6)- 
a-r>-mannan 57,13’ and (l-6)$-D-galactan 58’35 were obtamed by standard procedures based upon 
mltlal formation of the cyanoethyhdene group m the monosacchande molecule followed by the 
selective mtroductlon of a pnmary 0-tntyl group This can be exemphfied by the synthesis of 3,4- 
di-O-acetyl-1,2-O-cyanoethyl~dene-6-O-tntyl-~-~-mannopyranose 59,13* which is a monomer for 
the synthesis of (I-6)-a-D-mannan (Scheme 22) 2,3,4,6-Tetra-0-acetyl-D-mannosyl bromide was 
converted by the general method9? mto 3,4,6-tn-O-acetyl- 1,2-O-[ 1 -(exo-cyano)ethylidene]-p-D-man- 
nose 60, which was then deacetylated with dilute methanohc sodmm methoxlde The unprotected 
cyanoethyhdene denvatlve 61 was then treated with tntyl chlonde m pyndme, and acetylated 
with acetic anhydnde m pyrldme 3,4-D~-O-acetyl-l,2-0-(1-cyanoethyl~dene)-6-O-tntyl-a-~-glucose 
62 ‘33~‘34 and 3,4-d~-O-acetyl-1,2-O-[l-(exo-cyano)ethylidene]-6-O-trityl-a-~-galactose 63135 were 
odtamed m a similar way In order to obtain the galactose analogue with 0-benzoyl protection, the 
isolated unprotected trltyl denvatlve was treated with PhCOCl m pyrldme Deacetylatlon of the 
cyanoethyhdene denvatlve 62 under more severe condltlons caused a noticeable converston of 
the cyano group mto the lmldate (cf Section 4 1 1 ), which then required additional purlficatlon 
of the monomer 

The monomers obtained may be used m the polycondensatlon du-ectly as a mixture of endo- and 
exo-denvatlves (cf 4 1 1 ), because the reactlvlty of both isomers 1s practically identical However, 
the use of the mdlvldual isomers sometimes facilitated spectroscopic control m the synthesis of the 

60 61 
Scheme 22 
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monomers In this case, the Isomers can be separated by crystalhzatlon or chromatography The 
structure of the synthesized monomers can be confirmed unambiguously by the NMR spectroscopy 
(see 4 1 1 ) 
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The polycondensatlon of the monomers was carned out under conventional condltlons (10 
mol % of tntyhum perchlorate, room temperature, 4&70 h) yleldmg (1-6)-glycans which possessed 
structural and stereochemlcal regularity, and contained only the 1,Ztrans glycosldlc linkages They 
had, however, a low degree of polycondensatlon particularly m the case of mannan and galactan 
The attempts to increase the degree of polymerlzatlon of the galactan by decreasmg the mltlator 
quantity (to 1%) were unsuccessful ‘35 However, recent expenments showed that the poly- 
condensation under high pressure offers a promlsmg way for the Increase of both the degree of 
polymenzation and the yield of polysaccharldes Thus, the polymenzatlon carned out under stan- 
dard condltlons at a pressure of 14 kbar gave a totally stereospecific (I-6)-#?-D-galactan with a degree 
of polymenzatlon of 10-12 and 90% yield ‘39 

4 2 4 2 1,3- and 1,4-Glycopyranans The synthesis has been performed for glycopyranans 
contammg the residues of hexoses [( 1-3)-D-glucopyranan 64,““’ (I-3)-D-galactopyranan 65,1z4 (1-4)-a- 
D-mannopyranan 66141], 6-deoxy hexoses [( I-3)-a+rhamnopyranan 67,142 (1-4)-a+rhamnopyranan 
68 ’ 3 3 ( l -3)-6-deoxy-D-glucopyranan 69 139,‘43], pentose [(l-3)- and (I-4)+arabmopyranans 70 and 
71”” (l-3)- and (1-4)-D-xylopyranans 72 and 73’44], and uromc acids (methyl esters of (l-3)- and 
(1:4)$-D-glucuronopyranans 74 and 75 ‘45 

The synthesis of the monomers was accomplished via the standard mtroductlon of the cyano- 
ethyhdene group m the monosaccharide molecule by the treatment of acylglycosyl halide with KCN 
or NaCN, or m the case of uronates, by AgCNlo3 (see 4 1 1 ) Peracetates of the cyanoethyhdene 
derivative were then deacetylated with methanohc sodium methoxlde The mtroductlon of an O- 
tntyl group at one of the secondary OHS was performed by the reactlon of tntyhum perchlorate m 
the presence of a stencally hindered pyndme base (see 4 1 2 ) As tntylatlon 1s not selective there 
were two ways to achieve the desired result (1) a direct tntylatlon of the cyanoethyhdene denvatlve 
containing several OHS, followed by the subsequent separation of the resultmg rmxture of mono- 
0-tntyl denvatlves, one of which 1s usually produced preferentially or (u) a prelnnmary protection 
of OHS of a polyhydroxyl denvatlve, followed by trltylatlon of a free OH The first route 1s 
demonstrated by the synthesis of the monomers used for the synthesis of (l-3)- and (l-4)-arab- 
mopyranans loo 3,4-D~-O-acetyl-1,2-O-[l-(exo-cyano)ethyl~dene]-~-~-arabmopyranose 76, prepared 
by the standard procedure, was deacetylated with 0 01 M methanohc sodmm methoxlde The dlol 
77 was then trltylated with an eqmmolar amount of tntyhum perchlorate, glvmg the resultmg 
mixture of 3-O-(78) and 4-0-tntyl derlvatlves (79), formed m a 3 1 ratlo This mixture was acetylated 
and fractionated by crystalhzatlon (Scheme 23) 

In a slmllar way, the sequence 80 + 81 + 82 + 83 has led to 4-O-acetyl-1,2-O-[ 1 -(exe-cyano) 
ethyhdenel-3-0-tntyl-B-L-rhamnopyranose 83, the monomer for the synthesis of ( 1-3)-cr-L-rham- 
nan , ‘42 the sequence 84 + 85 + 86 + 87 + 88 gave 4-0-acetyl-1,2-O-[ 1-(exo-cyano)ethyhdene]-3- 
0-tntyl-6-0-benzoyl-a-D-galactopyranose 88, the monomer for the synthesis of (I-3)-D-galactan , ‘24 
the sequence 89 -+ 90 + 91 + 92 gave 4-O-acetyl-1,2-O-[l-( exo-cyano)ethyhdene]-6-deoxy-3-0- 
tntyl-a-D-glucopyranose 92, the monomer for the synthesis of (1-3)-6-deoxy-D-glucan ,l 39 the 
sequence 93 + 94 -+ 95 + 96 gave the monomers 96 for the synthesis of (I-3)-polyuronates ‘46 

The second route 1s exemplified by the synthesis of monomers for (l-3)- and (l-4)-D-xylopy- 
ranans ‘44 1,2-0-Cyanoethyhdene-cx-D-xylopyranose 97 (a mixture of exo- and endo-Isomers), 
obtained by the deacetylatlon of the correspondmg acetate, was subjected to benzoylatlon with 1 
mol of PhCOCl or PhCOCN m pyndme The resultmg 3-O- and 4-0-monobenzoyl denvatlves 98 
and 99 were then separated by chromatography and trltylated glvmg the correspondmg monomers 
100 and 101 

. . . 1 COOMe COOMe 

)Q-* . ..Q . . . 
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80 Ri = R* = AC 
81 R1= R*=H 

82 R’ q  Tr. R* = H 

83 Ri = Tr. R* = AC 

Pe 

84 R’ . R* . R3 . AC 89 R’ = R* = AC 
8.5 R’ . R* . R3 I H 90 R’ = R* = H 
86 R1 = R* q  H. R3 = BZ 91 R1 = Tr, R* =H 

87 R1 = Tr, R* = H, R3 = Bz 92 R’ = Tr. R* = AC 

88 Ri + Tr. R* = AC. R3 q  BZ 

In a smular way, the sequence 102 -P 103 + 104 led to 3,6-dl-0-benzoyl-1,2-O-[1-(exo-cyano) 
ethyhdenel-4-0-tntyl-/3-D-mannopyranose 104, the monomer for the synthesis of (1-4)-a-~-man- 
nan ,14’ the sequence 105 + 106 + 107 gave 3-0-acetyl-1,2-0-[1-(exo-cyano)ethyl~dene]-4-O-tr~tyl-~- 
L-rhamnopyranose (and Its 3-0-benzoyl 
L-rhamnan ,133 the sequence 108 + 109 --) 
polyuronate 14’ 

analogue), the monomer for the synthesis of (l-4)+ 
110 gave the monomer 110 for the synthesis of (1-4)- 

COOMe 

h-0. 

Me 

Pe 

93 R’ = R* q  AC 97 R1= R*= H 102 R’ = R* - R3- n 

94 Ri q  R* = H 98 R1 = Bz, R* = H 103 R’ = ti=Bz. R*=H 

95 Ri = Tr, R* = H 99 R1 = H, R* q  BZ 104 R1 = R3 = Bz, R* = Tr 

96 Ri = Tr, R* = Ac(BZ) 100 R’ = Tr. R* = Bz 

iO1 R1 = Bz. R* = Tr 

COOMe 

105 R1 I R* = H 108 R’ = R* . H 

106 R’ = Ac(Bz), R* s H 109 R1 . BZ, R* I H 

107 R’ = Ac(Bz). R* = Tr 110 R’ - Bz. R* = Tr 
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Scheme 24 

In some cases the synthesis of the monomers reqmred a temporary protection of the OH to be 
tntylated, which later was selectively removed directly pnor to tntylatlon This scheme 1s exemplified 
by the synthesis of the monomer for (l-3)-o-glucan’40 (Scheme 24) 1,2 5,6-Dl-O-lsopropyhdene- 
cr-D-glucofuranose was acylated with phenoxyacetlc acid m pyndme m the presence of N,N’- 
dlcyclohexylcarbodumlde to give 111, after removal of lsopropyhdene groups and acetylatlon, 112 
was converted mto the acetylated cyanoethyhdene derivative 113, the phenoxyacetyl group was 
removed selectively by treatment with methanohc NH3, and the monohydroxyl denvatlve 114 was 
tntylated with tntyhum perchlorate glvmg the monomer 115 This approach 1s much more laborious 
and 1s used pnmanly for the synthesis of ohgosacchande monomers (see 4 2 5 2 ) 

All the monomers thus obtained are crystalline substances and their structure has been firmly 
established by NMR spectroscopy and m some cases by chemical methods 

The polycondensatlon of monomers was carried out under the standard condltlons (10 mol % 
of the mttlator, room temperature) The reactivity of the monomers obviously varies but the reaction 
1s usually completed m 5&70 h The synthesis of rhamnans showed ‘33 L42 that neither the degree of 
polymerlzatlon nor the yield of the polysacchande 1s changed by mcreasmg the reaction time up to 
120-l 50 h The reaction was terminated (see 4 2 3 ), the protected polysaccharlde was deacetylated 
and isolated by the usual methods, usually by chromatography The results are presented m Table 
1 All the polysacchandes obtained possessed a regular structure, confirmed by standard methylatlon 
analysis,‘37 which also showed that the degree of polymerlzatlon of these polysaccharldes varied 
significantly 

The synthetic (l-4)- and (1-3)+rhamnans were shown to possess a degree of polymerlzatlon of 
3CL40 and molecular weights of 4OOCL-6000 It 1s noteworthy that the polycondensatlon of the 
respective monomer with the O-benzoyl protection gave (1-4)-a+rhamnan with a higher degree 
of polymenzatlon than the correspondmg O-acetate ‘32 The synthesis of (1-3)-a+rhamnan 1s 
accompanied by a precipitate, which 1s charactenstlc of the polysacchandes with a highly regular 
spatial structure The polycondensatlon of the derivatives of uromc acids yields the polymers with 
a very low degree of polymerlzatlon (about 4-7), so the reaction m this case leads to homo- 
ohgosaccharldes This 1s evidently a result of a rapid detrltylatlon of the monomer due to a side 
reaction of unknown character ‘45 It 1s worth noting that m this case again the O-benzoylated 
monomer leads to a higher degree of polymenzatlon than does the O-acetate 

The (l-3)- and (1-4)-glycopyranans, containing the residues of mannose, glucose, galactose, 
arabmose, and xylose, possessed a degree of polymerlzatlon of 8-17 the (1-4)-linked polysacchandes 
had a somewhat higher molecular weight It can be expected that the polycondensatlon, carrred out 
under high pressure, will afford the products with higher molecular weights ‘39 

Unlike the total structural regularity of the synthesized (l-3)- and (1-4)-glycans, their stereo- 
chemical regularity varied with the monomer used The polysaccharldes contammg the mannose 
and rhamnose residues were completely stereoregular and contained only 1,2-trans glycosldlc hnk- 
ages This has been confirmed unambiguously by the m 13C-NMR spectra, which contained a single 
signal m the anomerlc regon The NMR spectra of these glycans were very simple and distinct and 
contained only one signal for each of the nng carbons The products of polymenzatlon of the uromc 
acid denvatlves, although with gluco-configuration, also were stereoregular and contamed only 1,2- 
tram glycosldlc linkages 

In contrast, the (l-3)- and (l-4)- glycopyranans contammg glucose, galactose, asabmose, and 
xylose residues were stereochemlcally u-regular and contained both 1,2-tram and 1,2-~1s glycosldlc 
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linkages Their 13C-NMR spectra contained two signals for the anomenc carbons, whose chemical 
shifts corresponded to the 1,2-tram and 1,2-cu glycosldlc linkages These hnkages were irregular 
dlstnbuted along the polysacchande chain This 1s clearly demonstrated by their complex 13C-NMR 
spectra, which contained m the region of rmg carbons a large number of signals of varying mtensity, 
which could not be asslgned and which ongmate from a stereochemlcally different nelghbourmg 
umts m the polymenc cham The content of the anomalous 1,2-cu glycosldlc linkage m the synthetic 
(l-3)- and (l-4)-glycopyranans varied very considerably (Table 1) and ranged from 5 to 50-60% 
The reasons for these vlolatlons of stereochemistry durmg the tntyl-cyanoethyhdene poly- 
condensation which have been found so far for 1,3- and 1,Chnkages m the arabmo-, xylo, gluco-, 
and galactopyranose systems, remam unclear These vlolatlons are consistent with those found m 
the synthesis of the correspondmg dlsaccharldes (Se&on 4 1 3 ), and seem to relate to the vlolatlon 
of stereochemistry of an elementary act of the process (cf 4 1 4 ) It 1s evident that a decisive role 
1s played by the posltlon of the O-tntyl group, which displays probably lower reactivity m posltlons 
3 and 4 of pyranoses with the xylo- and arabmo configurations At the same time, when the reactivity 
of the cyanoethyhdene group, or, more exactly, of the blcychc dloxolemum mtermedlate denved 
from it, 1s high, then the reaction proceeds with high stereospeclficlty Thus m the synthesis of the 
natural heteropolysacchande ShzgelluJiexnerz (Sectlon 4 2 5 2 ) the polycondensatlon of a complex 
ohgosaccharlde monomer, having an O-tntyl group at C-3 of glucosamme and a highly reactive 
cyanoethyhdene group at the rhamnose residue, was completely stereospeclfic although the sugar 
carrying the O-tntyl group had the gluco configuration 

Thus, the reason for stereochemlcal vlolatlons m polycondensatlon seems to be linked mth the 
influence of the spatial structure of the monomer on the reactlvlty of both of its functional groups 
The mvestlgatlons of the conformation of monomers and intermediates m solution as well as of 
then influence on reactlvlty would be very helpful for the elucldatlon of this phenomenon 

Some attempts have been undertaken to improve the stereochemistry of polycondensatlon As 
it was already pointed out’25 (cf 4 1 3 ), the content of the anomalous 1,2-czs glycosldtc linkages 
was sharply reduced by replacing tntyhum perchlorate by tntyhum tetrafluoroborate Thus, the 
polycondensatlon of the cyanoethyhdene derlvatlve of xylopyranose 100 m the presence of trltyhum 
tetrafluoroborate was totally stereospeclfic, and the (1-3)-xylan obtained contamed only 1 ,Ztrans 
glycosldlc linkages ‘44 However the degree of polymerlzatlon obtained m the latter case was only 
&5, so this mltlator cannot be ;sed m the preparative synthesis of polysaccharldes 

A more promlsmg result has been obtained m the polycondensatron under high pressure (Section 
4 1 3 ) In this connection, one of the most unfavourable examples has been studied, 1 e the synthesis 
of (I-3)-6-deoxy-D-glucopyranan , the polycondensatlon under usual condltlons gave 1 ,Ztruns and 
1,2-czs glycosldlc linkages m the 1 1 ratio This process when carned out under high pressure (14 
kbar) was absolutely stereospeclfic and gave a regular (l -3)-6-deoxy-j?-D-glucopyranan, contalmng 
only the 1,Ztrans glycosldlc linkages and the degree of polymenzatlon (of 25) being twice as 
that achieved without pressure ‘39,143 The structural and stereochemlcal regulanty of the polymer 
obtained has been demonstrated most clearly by Its 13C-NMR spectrum, very dlstmct and different 
from that of the polysaccharlde obtained under normal pressure (Fig 2) Slmllarly, the poly- 
condensation of the monomer 88 under usual condltlons gave (1-3)-D-galactan m 25% yield, which 
contained, according to the 13C-NMR data, about 30% of 1,2-cu (a-galactosldlc) linkages The 
polycondensatlon under a pressure of 14 kbar stereospeclfically afforded (1-3)-P-D-galactan con- 
taming no 1,2-czs hnkages (55% yield) These examples show that the stereochemlcal hmltatlons of 
the tntyl-cyanoethyhdene polycondensatlon can be overcome thus provldmg real opportumtles 
for the synthesis of polysaccharldes by this method 

4 2 4 3 Glycojiiranans So far only two examples of syntheses of polysaccharldes contammg 
furanose units are known, the recently accomplished syntheses of (l-5)- (116)‘36 and (1-3)-a-L- 
arabmofuranans (117) 14’ The startmg 3,5-dl-U-acetyl-l,2-0-[1-(endo-cyano)ethylldene]-~-L-arab- 
mofuranose 118, which was obtained by treatment of 1,2,3,5-tetra-O-acetyl-~arabmofuranose with 
tnmethylsllyl cyamde,‘06 was deacetylated, the resultmg dlol on treatment with tntyl chlonde m 
pyrldme was converted regtoselectlvely mto the 5-tntyl ether 119, which was then benzoylated gvmg 
the monomer 120 for the synthesis of (I-5)-a+arabmofuranan Treatment of 118 wth a dilute 
methanohc sodium methoxlde leads to selective deacetylatlon from posltlon 3 Tntylatlon of the 
monoacetate 121 with tntyhum perchlorate gives the monomer 122 for the synthesis of (1-3)-a-L- 
arabmofuranan 
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The polycondensatlon of the monomers 120 and 122 was carned out m the presence of 6% or 
10% tntyhum perchlorate, respectively After the usual work-up the acylated polysaccharldes were 
isolated by chromatography Their deacylatlon then gave the unprotected arabmofuranans m very 
high yields 

The 13C-NMR data for both the acylated and the unprotected synthetic arabmofuranans showed 
then structural and stereochen-ucal regulanty, as well as the absence of 1,2-czs glycosldlc linkages 
(Fig 1) Their simple and dlstmct spectra contamed a smgle slgnal m the region of anomerlc carbons 
and four signals for the rmg carbons were easily assigned usmg the data for model ohgosacchandes 
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High negative value of the optlcal rotation of the both synthetic arabmofuranans was also consistent 
with a stnctly regular structure The degree of polymetlzatlon was 15-23 for 116 (molecular weight 
of 2OOG3000) and 42-45 for 117 (molecular weight of about 6000) 

It 1s noteworthy that unhke the monomers havmg the arabmopyranose structure (see 4.2 4 2 ), 
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the polymerlzatlon of furanose monomers proceeds with absolute stereospecdiclty These results 
open the way for stereospeafic synthesis of other glycofuranans 

4 2 5 Syntheszs of heteropolysaccharzdes The tntyl-cyanoethyhdene condensation 1s of particular 
interest for the synthesis of complex heteropolysaccharldes built of repeating ohgosacchande units, 
including the natural heteropolysacchandes possessmg high blologlcal speclfiaty and actlvlty This 
approach to the synthesis of such complex polysacchandes 1s so far the only real posabrhty, smce 
a stepwlse attachment of complex ohgosacchande units 1s so laborlous’48’14g that the preparation 
of a polymer with a proper degree of polymerlzatlon by thts method 1s hardly practical 

Several regular polysacchandes built up of dlsacchande units have already been synthesized by 
polycondensatlon of the ohgosaccharlde monomers The first syntheses of natural polysacchandes 
of rmcroblal orlgm have been accomplished 

The synthesis of the necessary monomer whose structure corresponds to that of the ohgo- 
sacchande repeating umt of the heteropolysacchande and which contams a cyanoethyhdene 
group at the reducmg terminus and an O-tntyl group at the OH, which 1s to form a glycosldlc 
linkage m the future polysacchande, was often a complex problem The mam difficulty was the 
selective tntylatlon of polyhydroxyl cyanoethyhdene denvatlves In relatively simple cases it was 
possible to perform direct tntylatlon followed by the separation of the nuxture of tntyl derrvatlves 
However, this became unreasonable-m more complex cases Thus, for the synthesis of complex 
monomers another route has been used mvolvmg temporary selective protection of the OH to be 
tntylated, protectlon of the other OHS with a “permanent” group, removal of the former protective 
group, and tntylatlon (cf 4 2 4 2 ) The most important point m the reahzatlon of this strategy was 
the dlfferentlatlon of the two simplest and most useful protective groups m carbohydrate chemistry, 
namely, O-acetyl- and O-benzoyl groups This was achieved by selective removal of the former m 
the presence of the latter by mdd aad methanolysls ’ 5o Next, it has been estabhshed that the OH- 
containing cyanoethyhdene denvatlves of mono- and ohgosaccharldes can be glycosylated wthout 
affecting the cyanoethyhdene group ‘lo This was the second Important pomt for the development 
of a general strategy for the synthesis of complex monomers Thus, the ohgosacchande monomers 
can be assembled from the two fragments, one of which already has the cyanoethyhdene group, 
while the other contams a potential site for the mtroductlon of the trltyl group The assembled 
ohgosacchande denvatlve 1s then subjected to trltylatlon This strategy will be exemplified m the 
dlscusslon of concrete syntheses 

4 2 5 1 Heteropolysaccharzdes conszstzng of dzsaccharzde urzzts Polysaccharldes have been 
synthesized contammg neutral sugars, namely, glucan 123 and glucorhamnan 124, as well as 
polysacchandes contammg ammo sugars and uromc acids, namely, hexosammoglucan 125 and 
heteropolyuromde 126 

Glucan wzth the alternatzng (l-6)$- and (I-4)+glycoszdzc knkages ‘*’ The synthesis of this 
polysaccharlde* built up of repeating units, was the first example of the tntyl-cyanoethyhdene 
polycondensatlon of the ohgosacchande blocks with O-tntyl and cyanoethyhdene groups m different 
monosaccharide units 

The monomer was obtamed” from the 4-O-(a-D-glucopyranosyl)-D-glucose (maltose) octa- 
acetate, which was converted via its bronude mto the acetate of the cyanoethyhdene denvatlve 127 
The latter was then deacetylated gvmg the unprotected cyanoethyhdene derivative 128, which was 
then treated with 1 mole of trltyl chlonde m pyrldme gvmg a mixture of the trltyl denvatlves After 
acetylatlon the required monomer 3,6,2’,3’,4’-penta-0-acetyl-1,2-O-cyanoethylldene-6’-~-t~tyl-4- 
O-a-D-glucopyranosyl-a-D-glucopyranose 129, was isolated by chromatography Its structure was 
supported by chemical and spectral methods Fortunately, of the two pnmary OHS present the 
tntylatlon affected predommantly that m the unsubstltuted monosacchande unit This 1s obviously 
related to the conformatlonal features of the maltose molecule 

The polycondensatlon of 129 was carned out m the presence of 10 mol % of the imtlator at 
room temperature The optimum reaction time (50 h) was determmed by prehmmary expenments 
The protected polymer was deacetylated without punficatlon, and the unsubstltuted polysacchande 
was isolated by gel chromatography Its structural regularity was confirmed by methylatlon analysis, 
which also showed that the degree of polycondensatlon of the polymer amounted to 10, referrmg 

*Accordmg to the strict nomenclature this polysacchande, contammg only the glucose umts, IS not a hetero- 
polysaccharlde, however, as It has a block structure It IS more reasonable to discuss It m this sectlon 
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to the dlsacchande monomer Its molecular weight was of about 3200 The stereochermcal regulanty 
of the polymer was established by comparmg the values of its specific rotation (+ 115”) mth those 
for the higher ohgomers of maltose and gentloblose This confirmed the 1,Ztrans configuration for 
the newly formed (l-6)-glycosldlc linkages m the polymer 

Glucorhamnan 124 ’ 52 In order to obtain the monomer, the 0-(/3-D-glucopyranosyl)-( l-4)- 1,2- 
0-t 1-(exo-cyano)ethyhdene]+L-rhamnopyranose peracetate 130 was deacetylated, the only pnmary 
OH of the resultmg compound was selectively trltylated with tntyl chlonde m pyndme and then 
acetylatlon gave the monomer 131 

The polycondensatlon of 131 under the standard condltlons (10 mol % of the lmlhator, 50 h, 
room temperature), followed by deacetylatlon of the resulting polymer and purification by 
chromatography gave the polysacchande, which was fractionated mto two fractions , both of them 
proved to be structurally Identical and dlffered only m the degree of polymenzatlon Methylatlon 
analysis showed the total structural regulanty of both fractions and the degrees of polymenzatlon 
(referring to the drsacchande units) of 30 and 23, respectively, which correspond to the molecular 
weights of about 9000 and 7000 The stereoregulanty of the polysacchande was unambiguously 
confirmed by its 13C-NMR spectrum, which contained m the anomerlc regon along with the signal 
for the /3-glucosldlc linkage (104 7 ppm) the only signal at 101 45 ppm, correspondmg to the LX- 
rhamnosldlc linkage The total stereochemlcal unamblgulty of the polymer was confirmed also by 
the other spectral features, m particular, a very dlstmct picture of the spectrum, which enabled the 
assignment of all the signals 

Hexosamznogfycan 125 The synthesis of this heteropolysacchande was of particular interest, as 
it contained an ammo sugar residue It 1s well known that many natural polysacchandes are 
hexosammoglycans so this synthesis 1s an essential extension of the tntyl-cyanoethyhdene poly- 
condensation method The choice of a reasonable protectlon for the ammo group was of conslderable 
importance Almost all natural hexosammoglycans are the N-acetyl denvatlves However, pre- 
hmmary model expenments, including polycondensatlon, have shown that the glycosylatlon of N- 
acetylammo sugar denvatlves with the cyanoethyhdene denvatlves proceeds at a very low rate,‘53 
evidently, because of the complexatlon between the mltlator (tntyhum cation) and the N-acetyl 
group (cf 3 1 3 ) For that reason the synthesis of glucosammorhamnan was carried out startmg 
from the monomer with the phthaloyl-protected ammo group which, after the polycondensatlon, 
was replaced by an N-acetyl group 

The key step m the synthesis of the monomer was the glycosylatlon’ I0 of the preformed L- 

rhamnose cyanoethyhdene derivative (Scheme 25) (cf 4 1 1 ) q8 The unprotected cyanoethyhdene 
denvatlve 132 was selectively acetylated, the 3-O-acetate 133 was benzylated with benzyl tnch- 
loroacetlmldate, and then deacetylated The 4-0-benzyl denvatlve 134 was glycosylated with 3,4,6- 
tn-O-acetyl-2-deoxy-2-phthalim~do-~-glucopyranosyl bromide 135 m the presence of Hg(CN)2 
The dlsacchande denvatlve 136 was then deacetylated glvmg, followmg tntylatlon, the crystalhne 
monomer 137, whose structure was confirmed by the ‘H- and ’ 3C-NMR data 

The condensation of 137 proceeded smoothly and at a high rate (16 h) under the usual condltlons 
(10 mol % of the mltlator, room temperature) The presence of the phthahmldo group, as opposed 
to the acetamldo group, did not complicate the polycondensatlon process The reactlon was ter- 
minated by addition of aqueous pyndme, and the polymer isolated was dephthaloylated and 
deacetylated by treatment with hydrazme, followed by N-acetylatlon with acetic anhydride m 
methanol After hydrogenolysls of the 0-benzyl group, the N-acetylated hexosammoglycan 125 was 
isolated by chromatography 

Total structural regularity of the polysacchande was proved by methylatlon analysis This also 
showed a rather high of polymerlzatlon of about 45 which corresponds to a molecular weight of 
about 14000 This was confirmed by gel filtration data The 13C-NMR spectrum demonstrated 
stereochemlcal and structural regularity of the synthetic hexosammoglycan The presence of the 
low-field signal for C-6 of N-acetylglucosamme (67 3 ppm) and the absence of signals m the region 
of 62-63 ppm, characterlstlc of the unsubstltuted hydroxymethyl group, proved that the rhamnose- 
to-glucosamme hnkage 1s only (l-6) The chemical shift for C-5 of the rhamnose unit (70 6 ppm) 
and the total absence of signals m the regions of 73-74 ppm and 83-84 ppm, which are typical for 
C-5 and C-3, respectively, of /3-rhamnosldlc linkage, was evldepce m favour of the a-rhamnosldlc 
linkage Some spectral features, such as the absence of signals at 94-95 ppm, charactenstlc of the 
reducing rbamnose unit, also supported a high molecular weight of the polymer 
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Heteropolyuromde 126 145 The synthesis of polysacchandes contammg the uromc acid residues 
was also of conslderable mterest, since such heteropolyuromdes are very abundant m nature 
Synthetic approaches to even the simplest ohgosacchandes of this class are not well developed 
The monomer was syntheslzed’46 by the glycosylatlon of the methyl glucuronate cyanoethyhdene 
derivative 139 with 2,3,4-tn-O-acetyl-o-L-rhamnopyranosyl brormde 138 The 3-O-rhamnosyl 
denvatlve 140 was isolated from the mixture of dlsacchandes by chromatography and was then 
carefully deacetylated by a bnef treatment with sodium methoxlde The tetraol 141 was converted 
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mto the lsopropyhdene denvatlve 142, which was tntylated regoselectlvely with tntyhum perchlorate 
m the presence of 2,4,6-colhdme gvmg the monomer 143 

The polycondensatlon ’ 45 m the presence of 10 mol % of the lmtiator at room temperature 
was over m 17 h Aqueous pyndme was added to destroy tntyhum perchlorate The protected 
polysacchande, Isolated by chromatography, proved to be regular, both structurally and stereo- 
chenucally The 13C-NMR spectrum contained in the anomenc regon, along with the signal for 
C-l of the rhamnose umt (98 3 ppm), the only signal for C-l of glucuromc acid (99 7 ppm), which 
was consistent urlth the /?-glycosldlc hnkage However, the degree of polymenzatlon was very low, 
of about 5, which corresponds to a molecular weight of 1800 

Lie 

r 

-... 

n 

An attempt was undertaken to carry out the polycondensatlon of the denvatlve of a pseudo- 
aldoblouromc acid 144 It gave only a dlmer, although the reaction proceeded stereospecxfically 
These results show that the monomers contalmng uromc acids also enter the tntyl-cyanoethyhdene 
condensation wlthout serious comphcatlons but so far, it has been possible to obtain only ohgomenc 
products 

4 2 5 2 Mlcroblal heteropolysaccharldes Synthesis of natural blopolymers is a senous test of 
modern synthetx methods, particularly when the synthetic product can be compared with authentic 
natural matenal Somatic antigens of Gram-negative bactena are the hpopolysacchandes, m which 
a polysaccharlde chain (the so-called O-polysacchande) is linked to the hpld fragment Its structure 
determines the very high speclficlty of the antigen and of the surface of the bactenal cell Capsular 
polysacchandes of many bacteria also play the role of highly specific antigens It 1s a vast dlverslty 
of the heteropolysacchande chams occurrmg on the surface or the capsule of the bactenal cell that 
forms the basis for fine dlfferentlatlon of mlcroorgamsms 

The U-antlgemc and capsular polysacchandes have common structural features ’ 54 They are the 
block-polymers built of the regularly repeating ohgosacchande umts which may involve from 2 to 
10 monosaccharides As a synthetic target these bactenal polysacchandes are both difficult and 
beneficial, since the Identity of the natural and synthetic polymers may be estabhshed by chemical, 
spectral, and lmmunochemlcal methods In addltlon, the block structure of the polysacchandes 
offers directly the route to their synthesis by the polymerlzatlon of the monomer, whose structure 
corresponds to that of the ohgosacchande repeatmg unit To date the synthesu of two O-antlgemc 
heteropolysacchandes of Gram-negative bactena, the polysacchandes of Salmonella newrngton and 
Shlgella JEexnen, and the capsular polysacchande of Streptococcus pneumomae type 14 has been 
performed 

0-SpecEfic polysaccharuk of Salmonella newmgton ‘“‘,‘02 The polysacchande 1s built of tn- 
sacchande repeating umts contammg D-mannose, L-rhamnose, and D-galactose residues It has the 
structure 1451s5 wth the ohgosacchande umt being repeated m the polysacchande chams 2 to 27 
times Is6 The most apparent route to its synthesis is the polycondensatlon of the block, Man b (l- 
4) Rha o! (l-3) Gal, with the formatlon of the galactosyl-(l-6)-mannose linkage with the l,Ztrans- 
configuratlon Thus the starting monomer must have the structure 146 wth an O-tntyl group at C- 
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6, the mannose residue, and a cyanoethyhdene group at the galactose residue The synthesis of the 
monomer was accomplished by a direct functlonahzatlon of the tnsaccharlde 147, for which the 
most rational and convenient synthetic route has been developed ’ 5 ’ Usmg standard procedures the 
tnsacchande peracetate 148 was converted vlu the bromide mto the acetate of the cyanoethyhdene 
derlvatlve 149 and then by careful deacetylatlon mto the unsubstltuted cyanoethyhdene denvatlve 
150 The presence of two pnmary OH groups posed a problem for the subsequent selective tntylatlon 
Nevertheless, treatment of 150 with 1 5 mole of tntyl chlonde m pyrldme and acetylatlon, followed 
by chromatography, afforded the reqmred monomer 146, albeit m modest yield (Scheme 26) It 
should be pomted out that such a route for the synthesis of the structurally complex monomer 1s a 
somewhat adventurous enterprise the separation of a complex rmxture of ohgosacchande denva- 
tlves 1s far from being an easy task 

The monomer 146 was subjected to polycondensatlon m the presence of 10 mol % of the initiator 
at room temperature for 65 h The reactlon product was deacetylated wthout punficatlon and the 
unprotected polysacchande was Isolated by gel filtration Methylatlon analysis has confirmed its 
structural regulanty Its molecular weight was determined by the content of the termmal galactltol 
after reduction of the polymer with sodium borohydrlde and methanolyas, by gel filtration, as well 
as by measurement of the reducing power Its molecular weight was 4000-6000 (a degree of 
polymerrzatlon of S-12, refernng to the tnsacchande) This 1s consistent with the average value for 
the natural O-antlgemc polysacchande of 5’ newzngton ’ 56 

The stereoregulanty of the polysacchande and stereochemistry of the newly formed D-galacto- 
pyranosldlc linkages have been checked very thoroughly The ‘%Z-NMR spectrum contained m 
the anomenc region three signals of roughly equal mtenslty (104 3, 103 4, and 101 8 ppm), which 
correspond to the signals for C-l of j?-D-galactopyranose, a+rhamnopyranose, and B-D- 

mannopyranose , no signals for a-D-galactopyranose have been observed It was possible to assign 
the signals of all the 18 carbons m the ’ 3C-NMR spectrum, and the spectrum itself resembled very 
closely that of the natural O-antlgemc polysaccharlde isolated from S newzngton (Table 2) The 
absolute stereospeclficlty of polycondensatlon and the absence of 1,2-czs glycosl&c linkages was 
confirmed also by Smith degradatron of the synthetic polymer 145 (Scheme 27) Treatment with 
NaIO., resulted m oxldatlon of the mannose and rhamnose moieties, while the galactose remained 
unaffected, subsequent borohydnde reduction and hydrolysis gave 1-O-galactopyranosyl-glycerol 
151, which contained the galactosldlc linkage formed on polycondensatlon GLC analysis of galac- 
tosylglycerol isolated as peracetate with peracetates of cz- and /?-galactosylglycerols as authentic 

TrOCH2 t AcO7H2 

149 R = AC 

150 R = H 

146 

Scheme 26 
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Table 2 Comparative data of ‘%NMR spectra of natural and synthetic O-antlgemc polysacchande of 
Salmonella newmgton 

Chenncal shifts (p p m ) 
Umt Polysacchande C-l c-2 c-3 c-4 C-5 C-6 

Man Natural 101 15 71 7 14 3 68 1 16 25 70 55 
Synthetic 101 8 71 6 14 3 68 0 76 25 70 25 

Rha Natural 103 3 7145 71 7 80 7 69 1 18 3 
Synthetic 103 4 714 716 80 8 69 1 18 5 

Gal Natural 1044 7145 81 8 69 75 76 4 62 1 
Synthetic 104 3 714 81 8 69 I 76 45 62 1 

standards proved the degradation porduct to be pure j.?-isomer (to wtthm 1 Oh) Hence, the synthetrc 
polysacchande contained only the fi-galactosrdrc linkages so that the polysacchande 1s fully 
stereoregular 

It 1s well known that the 0-anttgemc polysacchandes are characterized by a hrghly sensrtrve and 
specrfic mteractron with antisera raised against the correspondmg mrcroorgamsm The response m 
this reactron vanes drastrcally with even slight changes m the polysaccharrde structure In order to 
exarmne thts most important property of the synthetic 0-anttgemc polysacchande, that 1s Its 
brologrcal specrficrty, the syntheses of its close analogue 152, containing an cr-mannosyl-rhamnose 
hnkage instead of the b-mannosyl-rhamnose was carned out m parallel ’ O2 Thrs synthesis has been 
accomphshed by the route rdenttcal to that proposed for the synthesis of the natural polysacchande 
145 The structure of 152 was confirmed by the spectral data, its 13C-NMR spectrum, which on the 
whole resembled that of the natural polysacchande, contamed the signal for C-l of the a-mannose 
residue mstead of that for C-l of the fi-mannose m the former The configuratron of the newly 
formed galactosrdtc lmkages was also checked by Smrth degradation, whrch led to only l-O-j?- 
galactosyl-glycerol 151 Companson of 145 and 152 m passive haemagglutionatron test m the O- 
factor 3-ant1 3 system of S newzngton showed that the synthetrc 0-antrgemc polysacchande 145 
was highly actrve as an mhrbrtor of passtve agglutmatron, whereas its analogue 152 was practrcally 
mactrve These data prove convmcmgly that the structure of the synthetic polysacchande 145 1s 
completely rdenttcal to that of the natural polysacchande Thus 1s the first drrect synthetic dem- 
onstration of the structure of the natural polysaccharrde and, m parttcular, of its regular structure 

0-Antzgenzc polysaccharzde of Shrgella flexnen ’ 58 This polysacchande 1s built of the tetra- 
sacchande repeating units with one resrdue of iV-acetyl-D-glucosamme and three L-rhamnose 
residues It has the structure 153 It represents an 0-anttgemc polysacchande of Sh flexnerz serotypes 

OH 

151 

152 

Scheme 27 

Jn 
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3b, 3c and variant Y, and 1s also the basx cham of the other serotypes of Sh $exnerz’5g which may 
contam some branchmgs m the form of single glucose units and/or 0-acetyl groups The synthesis 
of this polysacchande has been achieved by polycondensatlon of the monomer 154 contalmng tntyl 
group at O-3 of the non-reducmg N-acetylglucosamme terminus and the cyanoethyhdene group at 
the reducing rhamnose termmus It was anticipated that the polycondensatlon of this monomer 
would be successful smce it was already estabhshed that the rhamnose cyanoethyhdene denvatlves 
are highly reactive and stereospeclfic glycosylatmg agents (cf 4 1 3 ) The glycosylatlon of the O- 
tntylated N-phthaloyl-glucosamme also proceeds effectively Is3 (cf 4 2 5 1 ) The synthesis of the 
monomer 154 was based on the use of the monosacchande synthons 155158, which are related to 
each of the monosacchande units of the tetrasacchande The OHS of each of these synthons whxh 
should not participate m the subsequent transformations m the course of the monomer synthesis 
were protected with the “permanent” protection (benzoyl groups) The OHS of the synthons 
partlclpatmg m the formatlon of the glycosldlc hnkages of the tetrasacchande were protected with 
a “temporary” protection (acetyl group) Selective removal of the O-acetates without affecting the 
0-benzoates, under the condltlons of nuld acid methanolysls”’ has made possible, at each step of 
the synthesis, to reveal selectively the required OH group The use of this new strategy (see 4 2 5 ), 
which proved helpful m the ohgosaccharlde synthesis allowed a rational synthetic scheme The 
synthesis of the denvatlves 155,156,157, and 158, each contammg a specific protection, was carried 
out by usmg the traditional methods of synthetic carbohydrate chemistry ‘60-‘63 The tetrasaccharlde 
monomer 154 was assembled from these synthons m a blockwlse route (synthesis of two dmac- 
chandes, followed by their connection m the tetrasacchande, the 2 + 2 scheme) (Scheme 28) 

The synthon 155 was obtamed from 1,2,3-tn-0-acetyl-CO-benzoyl-L-rhamnose via the cor- 
responding glycosyl bromide, using the general method for the synthesis of the cyanoethyhdene 
denvatives,” followed by deacetylatlon It was glycosylated, m the presence of mercunc cyamde, 
wth a glycosyl brormde derrved from the synthon 156, gvmg a denvatlve of the dsacchande 159 lb 
compound 159 contamed the cyanoethyhdene group and the only “temporary” protected (by an O- 
acetyl group) OH, whde the remammg OHS were protected v&h the “permanent” benzoyl groups ‘62 
For the synthesis of the second dlsacchande block the rhamnose dlbenzoate 157 was glycosylated 
with the bromide obtamed by the standard procedure from the synthon 158, giving the dlsacchande 
160, contammg along with the other protective groups the only OH protected as O-acetate,‘63 which 
was replaced subsequently by an 0-tntyl group For the synthesis of tetrasacchande the OH at C- 
2’ of the rhamnose residue of the dlsacchande 159 was selectively deprotected, and the dlsacchande 
160 was converted mto the correspondmg bromide by the sequential acetolysls of methyl glycoslde 
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Scheme 28 

and treatment with HBr The condensation of the bromide with the monohydroxyl denvatlve of 
the dlsacchande 159 m the presence of Hg(CN), gave the tetrasacchande 161, which agam contamed 
along with the benzoyl protection the only O-acetyl group ‘64 In order to transform 161 mto the 
monomer 154 the OH at C-3 of the glucosamme moiety was deprotected by rmld acid methanolysls, 
and then tntylated with tntyhum perchlorate m the presence of 2,4,6_colhdme L65 Each step of the 
synthesis was followed by NMR spectroscopy, thus ensurmg the absence of any lsomenzatlon or 
rearrangement processes The synthesis of the monomer 154 was accomphshed also by the sequential 
chain elongation from the reducmg end, usmg Just the same synthons, although this route proved 
to be less e@iaent 
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Table 3 Comparative data of “C-NMR spectra of synthetic and natural O-antigemc polysacchande of ShrgellaJlexnerr 

Umt 

RhaA 

Polysacchande C-l 

Synthettc 102 21 
Natural 102 03 

Chemxal shfts (p p m ) 
c-2 c-3 c-4 

71 80 78 64 72 79 
7141 78 10 72 45 

RhaB Synthetic 101 88 79 26 71 32 73 53 
Natural 101 62 78 91 70 82 72 96 

RhaC Synthetic 102 10 79 89 71 13 73 65 
Natural 101 85 79 52 70 58 73 10 

GlcNAc Synthetic 103 24 56 73 82 68 70 23 
Natural 102 95 56 46 82 29 69 94 

c-5 C-6 ‘Jc, HI 

70 35 1763 
69 81 1722 

6981 17 78 
69 14 1747 

70 23 1786 
69 94 1747 

77 05 62 09 
76 68 61 56 

1702 
169 

1720 
171 

171 1 
172 

162 7 
162 

The polycondensatlon of the monomer 154 was carried out under the standard condltlons (10 
mol % of the imtlator, room temperature) I65 The reaction has terminated 1n 16 h and the protected 
polysacchande was isolated by chromatography All the protective groups were removed by hydra- 
zlnolysls and after the standard N-acetylation the free heteropolysacchande was isolated by gel 
chromatography The 13C-NMR spectrum of the polysaccharlde contaIned only four signals 1n the 
anomenc region (102 21,101 88,102 10,103 24 ppm), and the values of the ‘JcI,H, couphng constants 
for the rhamnose units (170 2-172 0 Hz) showed the presence of only the a+rhamnosldlc linkages 
These and some other spectral features fully supported stereoregulanty of the polysacchande and 
consequently the absolute stereospeclficlty of the polycondensatlon process Companson of the ’ 3C- 
NMR spectra of the synthetic and natural polysaccharlde of Sh frexnerz has demonstrated full 
agreement for all 24 carbons (Table 3) The molecular weight of the synthetic polysacchande, as 
determined by gel chromatography, and by 13C-NMR spectral data, amounted to about 6000 (a 
degree of polymerization of about 10, referring to the tetrasacchande unit) 

Capsular polysaccharlde of Streptococcus pneumonlae type 14 ‘66 This polysacchande 1s denved 
from tetrasacchande repeating units and has the branched structure 162 ‘67 Its synthesis was the 
first example of the synthesis of a regular branched heteropolysacchande The monomer used was 
a tetrasaccharlde with an O-tntyl group at C-6 of the glucosamlne moiety and the cyanoethyhdene 
group 1n the glucose moiety This formed the (I-6)-fl-glucosyl-glucosamlne linkage of the poly- 
sacchande backbone upon polycondensatlon The terminal galactose would form the regular 
branching 1n the polymer formed 

The synthesis of the monomer 169 (Scheme 29) was accomplished using the blockwlse approach 
according to the 2 + 2 scheme based on the strategy described 1n the previous synthesis (see 4 2 5 ) 
The first disaccharide block, contalnlng the glucosamme and galactose residues and the only O-acetyl 
protection, was obtained from methyl 2-deoxy-2-phthahm1do+D-glucopyranoslde 163, which by 
sequential benzyhdenatlon, 3-O-benzoylatlon, debenzyhdenat1on, and selective 6-O-acetylatlon was 
converted into the synthon 164, containing the only free OH Condensation of 164 with 2,3,4,6- 
tetra-O-benzoyl-a-D-galactopyranosyl bromide 1n the presence of silver tnflate gave the disaccharide 
block 165 In order to obtain the second dlsachande block the acetylated cyanoethylldene derivative 
of lactose 166, obtained from peracetyl lactosyl bromide by the standard procedure,97 was converted 
by sequential deacetylatlon, 1sopropyhdenatlon, benzoylatlon, mild hydrolysis, conversion into the 
3’,4’-cychc orthobenzoate and 1ts selective cleavage, into the benzoylated cyanoethyhdene denvatlve 
containing the only free OH at C-3 of the galactose residue 167 Condensation of the b1osyl 
brormde, obtained from the dlsaccharlde 165, with the dlsacchande 167 gave the tetrasaccharlde 168, 
corresponding to the repeating unit of the capsular polysaccharide and possessing the cyano- 
ethylldene group The O-acetyl group 1n the resulting tetrasacchande 168 was removed by mild 
acid methanolysls and the recovered OH was tntylated mth tntyllum perchlorate 1n the presence 
of 2,4,6-colhdme gvmg the monomer 169 

The monomer 169 was subjected to polycondensat1on (10 mol % of the initiator, 18 h, room 
temperature) The 1mt1ator was destroyed by addition of aqueous pyndlne and the polycondensatlon 
product was isolated with high yield and punfied by chromatography on s1hca gel Hydrazlnolysls 
removed the protective groups and the resultmg compound was N-acetylated with acetic anhydnde 
1n methanol The full regloregulanty of this complex, branched polysacchar1de was established by 
methylatlon analysis Its 13C-NMR spectrum confirmed the configuration of all 1ts glycos1d1c 
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hnkages, mcludmg the unambiguous proof of the /&configuration of a newly formed glycostdrc 
linkage The spectrum contained four signals m the anomenc regton wluch correspond to two C-1s 
of j?-D-galactose (104 1 and 103 4 ppm), j?-D-glucosamme (103 8 ppm) and B-D-glucose (103 6 ppm) 
The signals for the other 20 carbons also were easily assigned Thus, the synthetic polysacchande 
is totally stereoregular Its optical rotation value (+ 8 4”) 1s close to that of the natural polymer 
(+ 5”) Good agreement of this sensitive figure for both polysacchandes is an excellent demonstration 
of the identity of the synthetic and natural samples The molecular weight of the synthetic poly- 
saccharide, as determined by gel filtration, amounted to 6000, which corresponds to a degree of 
polymerization of about 10 Thus synthesis clearly demonstrates that the tntyl-cyanoethyhdene 
polycondensation can be employed with success for the synthesis of branched heteropolysacchandes 
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5. CONCLUSION 

The synthetic chemistry of polysacchandes makes its first steps and this progress is discussed m 
this review The polymerization of anhydrides yielded some simple homopolysacchandes with a- 
glycostdlc mtermonomenc linkage The extension of this hmlted method is determined by the search 
of conditions for regtoselectlve and stereoselectlve ring-opening of the dtoxabicychc systems to 
which sugar anhydrtdes belong This will offer a route to the synthesis of other polysacchandes 
although only hnear homopolysacchande chains can be obtained by this method 

The tntyl-cyanoethyhdene condensation is much more prormsmg This route 1s also hmited to 
the synthesis of polysacchandes with only a 1,Ztruns glycosldlc mtermonomenc linkage The 
opportunity provided by this method appears to be a unique posslbihty for the synthesis of complex 
heteropolysacchande systems with a regular structure, mcludmg the natural polysaccharldes pos- 
sessing biological spectficity The mam disadvantage of the method is the insufficient degree of 
polymerization This is especially disadvantageous m the synthesis of homopolysacchandes, as well 
as an occasional violation of the reaction’s stereospecificity Further efforts m overcommg these 
drawbacks will, hopefully, broaden the scope of thts method 

A further fundamental development m the synthetic chemistry of polysaccharldes necessitates 
not only the improvement of the already exlstmg methods but also the search for new reactions of 
stereospecific glycosylatlon The development of new methods of polycondensatlon are required It 
must be emphasized that the search for a glycosylatton reaction leading with absolute stereo- 
spectficity to a 1,2-cu glycostdlc linkage is a very demanding problem 
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