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Introduction

Nucleic acids, proteins, and polysaccharides are the three

m ajor classes of biopolym ers found in eukaryotes. Al-

though the first two system s are principally linear as-

sem blies, polysaccharides are structurally m ore com plex.

This structural and stereochem ical diversity results in a

rich content of “inform ation” in relatively sm all m olecules.

Nature further amplifies the structural versatility of polysac-

charides by their covalen t attachm ent (i.e., “conjugation”)

to a diverse array of other biom olecules such as iso-

prenoids, fatty acids, neutral lip ids, peptides, or proteins.1

Oligosaccharides and glycoconjugates sharply influence

m any critical biological functions.2 They m ediate a

variety of even ts, including in flam m ation , im m unological

response, m etastasis, and fertilization .3 Cell surface car-

bohydrates provide biological m arkers for various tum ors

and function as sites for other invasive program s including

those of pathogen ic in fection .4

The increasing recogn ition of the roles of oligosaccha-

rides and glycocon jugates in fundam ental life-sustain ing

processes has served to accen tuate the need for access to

usable quan tities of these m aterials. Glycocon jugates are

difficult to isolate in hom ogeneous form from living cells

because they exist as m icroheterogeneous m ixtures. The

purification of these com pounds, even when possible, is

at best tedious and is generally achieved in m arginal

yields. Given the travails associated with isolation from

natural sources, a m ajor opportun ity for chem ical syn-

thesis presen ts itself.5

The inven tion of solid-phase peptide syn thesis by

Merrifield 35 years ago dram atically altered m odalities for

the syn thesis of biopolym ers.6 The preparation of struc-

turally defined oligopeptides7 and oligonucleotides8 has

benefited greatly from the feasibility of conducting their

assem bly on various polym er supports. The advan tages

of solid m atrix-based syn thesis in term s of allowing for

an excess of reagen ts to be used and in the facilitation of

product purification are now well appreciated. It is

obvious that the level of com plexity associated with the

syn thesis of an oligosaccharide on a polym er support

dwarfs that associated with the other two classes of

repeating biooligom ers. First, the need to differen tiate

sim ilar functionalities (hydroxyl or am ino) in oligosac-

charide construction is m uch m ore challenging than is

the situation with oligopeptides or oligonucleotides. Fur-

therm ore, in these latter two cases, there is no stereose-

lection associated with construction of the repeating

am ide or phosphate bonds. By con trast, each glycosidic

bond to be fashioned in a growing oligosaccharide en-

sem ble constitu tes a new locus of stereogen icity.

Rem arkably, a great deal of progress had been achieved

in assem bling relatively com plex carbohydrate ensem bles

on a solid support. Advances along these lines have

involved the need for considerable sim plification and

refinem en t of protecting group strategies and the devel-

opm ent of glycosylation m ethodology that is workably

stereoselective and am enable to being conducted with one

com ponen t anchored to an insoluble m atrix.9

Much of the effort has been directed at the syn thesis

of glycopeptides on solid support. The groups of Kunz,
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Meldal, Paulsen , Wong, Bock, and Waldm ann , am ong

others, have provided m assive advances in th is field. We

m ay refer the in terested reader to recen t reviews for m ore

detailed descrip tions.10

The developm ent of protocols for the solid-support

syn thesis of oligosaccharides and glycopeptides requires

solutions to several problem s. Considerable thought m ust

be given to the nature of the support m aterial. The

availability of m ethods for attachm ent of the carbohydrate

from either the “reducing” or “non-reducing” end would

be advan tageous. Also, selection of a linker that is stable

during the syn thesis, but can be easily cleaved when

appropriate, is critical. A protecting group strategy that

allows for high flexibility is desirable. Most im portan t is

the m atter of stereospecific and high-yielding coupling

reactions. Finally, m on itoring of chem ical transform a-

tions by “on resin” m ethods is obviously beneficial.

Trem endous progress on the synthesis of glycoconjugates,

particularly glycopeptides, by chem ical and enzym atic

m ethods has been achieved through the work of m any

groups.10a-f This work has been reviewed recen tly10g and

we will focus in th is accoun t on the research conducted

in our laboratory over the last five years.

We report here on the progress of the advances in the

developm ent of solid-support syn thesis m ethodology in

our laboratory that has led to the efficien t assem bly of

com plex, biologically in teresting oligosaccharides and

glycoconjugates. This progress has allowed us to assem ble

a num ber of biologically relevan t structures including the

Lewisb blood group pen tasaccharide and the globo H

hexasaccharide. The syn thesis of these com pounds will

be placed in the con text of our general m ethodological

advances.

Fundamental Considerations

In considering how m atrix-supported syn thesis can be

applied to oligosaccharide and broader glycocon jugate

problem s, two broad strategies presen t them selves. In

one variation , the first carbohydrate is anchored to the

support via its “reducing” end (see Schem e 1, Case 1). The

solid support-bound carbohydrate will function as an

acceptor in the coupling even t to a solution -based donor

D. As the next cycle is con tem plated, a un ique acceptor

hydroxyl m ust be exposed in the now elongated, resin -

bound carbohydrate construct. This strategy virtually

dem ands that in Case 1, the donor (D) em ployed in the

previous glycosidation step would have been furn ished

with a un iquely rem ovable blocking group at the site of

the next proposed elongation . Coexistence of a free

hydroxyl in the solution -based donor D, which already

bears the in tact glycosyl donating function , is un likely

under the glycosylating conditions. The need to defin i-

tively expose the un ique hydroxyl group in the con text of

the polym er support will m ore than likely necessitate

m ultistep functional group adjustm en ts in syn thesizing

D. The attractiveness of the m ethod is correspondingly

com prom ised.

Alternatively, the oligom er undergoing elongation m ay

be m oun ted to the support som ewhere in a “non-

reducing” region , with the reducing and glycosyl donating

m oiety available for coupling with solution-based acceptor

A (Case 2). The use of A, of course, dem ands that the

precise acceptor site be properly iden tified. Furtherm ore,

(and, as was the situation in Case 1) in an ticipation of

the next coupling even t, the reducing end of acceptor A

(Case 2 acceptor) is so functionalized that a new donor

capability can be installed at the anom eric carbon of the

elongated construct. Not un like the situation that would

prevail in Case 1, a serious question of com patibility under

the conditions of glycosylation in Case 2 m ust be an tici-

pated if one attem pts to en ter acceptor A with a fully

equipped, next-phase anom eric donor function already

in place.

Scheme 1. Glycosyl Acceptor (Case 1) and Donor (Case 2) Bound to the Solid Supporta

a Key: S, solid support; P, un ique protecting group; X, activating group; *, un iquely differen tiated hydroxyl group.
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It was in dealing with these problem s that we perceived

of a large advan tage of the glycal assem bly m ethod. The

sim plest statem en t of glycal assem bly is captured in the

expression 1 f 2 f 4. Of course, here we leave the nature

of E+ or the on ium -like species 2 unspecified. We also,

for the m om ent, confine ourselves to â-glycosidic linkages.

These uncertain ties notwithstanding, the poten tial at-

tractiveness of the m ethod for solid-state-supported con-

struction can hardly be m issed. We would operate in the

paradigm of Case 2. The term inal glycal functions as a

readily constitu ted donor function 2. Through em ploy-

m en t of a glycal as the solution -based acceptor, the

schem e benefits from relative sim plicity in the iden tifica-

tion of strategic hydroxyls for glycosylation .

Com pound 2 could be an isolable en tity such as a 1,2-

anhydrosugar,11 in which case E+ corresponds to an

epoxidizing agen t, or could be a transien t species, as

would result upon activation of the glycal with an iodo-

Scheme 2. General Strategy for the Synthesis of Oligosaccharides on a Solid Support Using the Glycal Assembly Method

Scheme 3. Glycal Attachment to a Polystyrene Resin

Scheme 4. Solid-Phase Synthesis of a Tetrasaccharide Using the Glycal Assembly Method
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n ium source.12 Com pound 2 acts as a support-bound

glycosyl donor. When treated with acceptor glycal 4 and

any necessary agen ts to prom ote the glycosylation , gly-

coside 4 is obtained. The process can be reiterated to

assem ble the desired oligosaccharide. The assem bly

phase is followed by retrieval from the support and

purification by chrom atographic m ethods.

To inaugurate the program under the glycal paradigm ,

we selected polystyrene 1% divinylbenzene copolym er,

which is com m only used in solid-support peptide syn-

thesis because of its h igh loading capacity, com patibility

with a wide range of reaction conditions, and low price.

We then took advan tage of the chem istry of Chan and co-

workers.13 The Canadian group had shown that lith iation

of polystyrene can be conducted at arom atic sites and that

silylation would be possible with a dihalosilane such as

diphenyldichlorosilane, resulting in polym er-bound silyl

halide 6. This silicon-chlorine linkage would be used as

an attachm ent site for a differen tiated glycal to create

polym er-bound glycal 9.

This m ethod was first applied in the syn thesis of a

linear tetrasaccharide outlined in Schem e 4.14 Polym er-

bound galactal 9 was converted to the 1,2-anhydrosugar

11 by epoxidation with 3,3-dim ethyldioxirane.15 Polym er-

bound 11 acted as a glycosyl donor. Treatm en t of the

epoxide generated with a solution of 8 in the presence of

zinc chloride resulted in the form ation of disaccharide

12a. The glycosylation procedure was reiterated twice,

first using acceptor galactal 8 and then acceptor 14 to yield

tetrasaccharide 15a. Fluoridolysis with tetrabutyl-

am m onium fluoride (TBAF) cleaved the product from the

polym eric support to give tetrasaccharide 15b in 32%

overall yield from 9 (Schem e 4).

The versatility of th is approach was dem onstrated in

the syn thesis of a variety of oligosaccharides. The syn-

thesis of hexasaccharide 19b included the use of second-

ary alcohol glycosyl acceptors as well as disaccharide

acceptors (Schem e 5).

Upon open ing of a 1,2-anhydrosugar during glycosy-

lation , a C2 hydroxyl group is exposed. The latter m ay,

in turn , serve as a glycosyl acceptor to form branched

oligosaccharides as will be dem onstrated on the exam ple

of the synthesis of a H-type blood group determ inant (vide

in fra).16

Developm ent of reliable solid-phase m ethodology for

the syn thesis of oligosaccharides and glycopeptides had

been greatly ham pered by the lack of convincing “on-

resin” analytical techn iques. As already outlined, it was

custom ary to cleave the products or in term ediates of

m ultistep syn theses from the resin to allow for the use of

classical spectroscopic m eans [e.g.; solution-state nuclear

m agnetic resonance (NMR) and m ass spectrom etry]. The

cleavage m ethod for analysis is tim e-consum ing and

wasteful in the con text of m ultistep syn theses.

Scheme 5. Solid-Phase Synthesis of a Hexasaccharide

Scheme 6. Solid-Phase Synthesis of a Trisaccharide
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It was with th is in m ind that we turned to “on-line”

NMR analysis as a m ethod of assaying our progress.

Indeed, the developm ent of high-resolution m agic-angle

spinn ing (HR-MAS) NMR experim en ts proved to be an

ideal way of m on itoring the solid-support syn thesis by

obtain ing 1H NMR, 13C NMR, and 1H-13C NMR spectra

of high quality. Since its in troduction , th is techn ique has

greatly facilitated the developm en t of novel syn thetic

Scheme 7. (a) 1H HR-MAS NMR Spectrum of 20 and (b) 13C NMR HR-MAS Spectrum of 20
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schem es of oligosaccharides and glycopeptides on a solid

support.14

The effectiveness of our approach with respect to solid-

support oligosaccharide synthesis was conveniently docu-

m en ted by on-resin analysis. The crude solid-phase

bound product of the m ultistep syn thesis of trisaccharide

20 is illustrative of the power of the m ethod (Schem e 6).

The 1H NMR (Schem e 7) of this m aterial showed that on ly

one product was obtained.

Solid-Phase Synthesis of Blood Group
Determinants

The m ethodology just outlined found striking applications

in the syn thesis of carbohydrate dom ains with blood-

group-determ ining specificities.18 These structures, which

are carried naturally in the form of glycoproteins or

glycolip ids, were found to play key roles in cell adhesion

and other binding phenom ena.19,20 Furtherm ore, glyco-

con jugates related to these blood group substances have

been recogn ized as m arkers for the onset of various

tum ors. These tum or-associated an tigens are curren tly

being studied in vaccines for cancer im m unotherapy.21,22

In itial efforts targeted the assem bly of a H-type 2

tetrasaccharide (Schem e 8).23 Polym er-bound 1,2-anhy-

drosugar 11, when treated with a solution of glucal

acceptor 21, provided disaccharide 22. Com pound 22 was

fucosylated using a solution of fucosyl donor 2324 to

furn ish trisaccharide 24. Treatm en t of 24a with TBAF

Scheme 8. Solid-Phase Synthesis of a H-Type Blood Group Determinant

Scheme 9. Solid-Phase Synthesis of a Tetrasaccharide Precursor to the Leb Blood Group Determinant
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provided trisaccharide glycal 24b in 50% overall yield from

9.

Due to the lack of solid-support m ethodology at that

tim e to fashion glycosidic linkages bearing C2-acylam ino

functions, we had to take recourse to solution -phase

chem istry in preparing the H-type 2 blood group deter-

m inan t glycal. The glycal provides a handle for ready

functionalization at the reducing end.

The Lewisb blood group an tigen (Leb) was also of

particular in terest in th is regard because it has been

iden tified as a m ediator for the binding of Helicobacter

pylori to hum an gastric epithelium .25 Clinical studies have

iden tified H. pylori as a causative agen t in gastric and

duodenal ulcers26 and an tim icrobial treatm en ts are an

effective m eans to com bat in fection .27 Because bacterial

attachm en t is a prerequisite for in fection ,28 analogues of

the Leb oligosaccharide m ay serve as therapeutic alterna-

tives to broad spectrum an tibiotics.

Our first approach to Leb addressed the problem of the

core tetrasaccharide, which was assem bled on the polym er

support as depicted in Schem e 9.27 Polym er-bound

galactal 10 was epoxidized with dim ethyldioxirane and

then reacted with a solution of glucal derivative 26 to give

polym er-bound disaccharide diol 27. This reaction pro-

ceeded in a highly regioselective fashion wherein glyco-

sylation occurred at the allylic position at C3 of 26.

Bisfucosylation of 27 using donor 23 provided polym er-

bound tetrasaccharide glycal 28a. Treatm en t of 28a with

TBAF gave 28b, which was obtained in a 40% overall yield

from 10.

Glycal 28b was further converted in to a hexasaccharide

of the Leb system using solution chem istry. Com pound

30 was con jugated with hum an serum album in by the

action of sodium cyanoborohydride to provide the desired

neoglycoprotein .29 The biological properties of th is gly-

cocon jugate are curren tly being investigated.

Aminoglycosylation on the Solid Support

Our previous approaches toward the syn thesis of blood

group determ inan ts on a solid support were ham pered

by a serious shortcom ing in our m ethodological arsenal.

Although the glycal assem bly m ethod perm itted rapid and

concise access to â-glycosidic linkages, we had to take

recourse to solution-phase m ethodology for construction

of N-acetylam inoglucosidic linkages prevalen t in biologi-

cally im portan t blood group determ inan ts, gangliosides,

and N-linked glycopeptides.30 Fortunately, we have re-

cen tly been able to overcom e this obstacle by conversion

of solid-support-bound glycals in to iodosulfonam ides.

To install appropriate functionality at C2, solution

phase chem istry was based on the realization that we m ust

achieve a trans-diaxial addition of an iodon ium electro-

phile to the glycal linkage in the presence of a sulfonam ide

to form a 1-R-sulfonam ido-2-â-iodo product. Displace-

m en t of iodine was induced by a thiolate nucleophile to

fashion thioethyl 2-am idoglycosyl donors (see Schem e

10).31 We now attem pted to extend this capability to the

solid phase. Polym er-supported glucal 3132 was treated

with iodonium sym -collidine perchlorate to form iodosul-

fonam ide 32 as an in term ediate. Transdiaxial disp lace-

m en t through the agency of ethaneth iolate yielded 65%

of the protected th ioethyl glycosyl donor 33 (Schem e 10).

Coupling of donor 33a by activation with m ethyl triflate

in the presence of one equivalen t of the nonnucleophilic

base di-tertbutylpyridine (DTBP) proved to be successful

in the case of the thioethyl 2-am idoglucosyl donors.33 The

form ation of â-2-am inoglucosyl (1f4; 35)- and â-2-

am inoglucosyl (1f3; 36)-linked disaccharides proceeded

in >70% yield (Schem e 11). The â-2-am inoglucosyl

(1f6)-linked disaccharide 34 was form ed in lower yields.

After an efficien t coupling protocol for the syn thesis

of â-2-am idoglucosidic linkages had been established, this

m ethodology was used to overcom e the difficulties during

the previous syn thesis of the Lewisb pen tasaccharide

glycal. Expanding now on these earlier advances, branched

tetrasaccharide 28a was converted in to the th ioethyl

donor 37. Coupling to galactal acceptor 38 yielded 71%

of the desired pentasaccharide 39a (Schem e 12). Retrieval

of the pen tasaccharide was accom plished using TBAF to

afford 39b in 20% overall yield from 10.34

Generation and Use of Thioethyl Donors on
the Solid Support35

The use of glycals on the solid support allowed for the

construction of â-galactosyl linkages with great efficiency,

Scheme 10. Synthesis of a Polymer-Bound Thioethyl

2-Amido-Glucosyl Donora

a (a) I(coll)2ClO4, PhSO2NH2, CH2Cl2, 0 °C. (b) LHMDS/ EtSH, DMF,

-40 to 0 °C. (c) TBAF/ AcOH, THF, 40 °C, 18 h. Shaded circle ) (Si(i-

Pr)2(polystyrene).

Scheme 11. Synthesis of Disaccharides Using a Polymer-Bound

Thioethyl 2-Amino-Glucosyl Donora

a (a) MeOTf, DTBP, 4 Å MS, CH2Cl2, 0 °C to rt 8 h . (b) TBAF/ AcOH,

THF, 40 °C, 18 h.
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even with hindered glycosyl acceptors, but the analogous

â-glucosidic linkages could not be prepared as efficien tly.

This disparity in capability is in turn related to the

glycosyl-donating perform ances of two donor structure

types. In the galactose series, we take advan tage of the

relative stability of the epoxy donor type to very m ild Lewis

acids, particularly anhydrous zinc chloride. The stability

allows for galactosylation of even hindered acceptors, such

as C4 hydroxyls flanked by protecting groups at C3 and

C6. No analogous constrained glucosyl epoxy donor is

available, and glucosyl system s in the presence of zinc

chloride are highly reactive. Unfortunately, with hindered

acceptors, degradation of donor is com petitive with gly-

cosylation (Schem e 13).

To overcom e this shortcom ing, we in troduced an

approach in our solution-phase approach that allowed for

the conversion of glycals in to th ioethyl glycosyl donors.36

Thioethyl glycosyl donors bearing a participatory protect-

ing group at C2 constitu te a class of extrem ely powerful

â-glycosylating agen ts upon activation with th iophilic

reagents.10 The glycal-derived donors were equipped with

a C2 pivaloyl neighboring group and coupled to glycal

acceptors to fashion a variety of glycosidic linkages with

high efficiency. Pivaloyl neighboring groups had previ-

ously been shown by Kunz and others to preven t the

form ation of ortho ester products during glycosylations.37

Conversion of 31 to the protected th ioethyl glycosyl

donor 40 was achieved through epoxidation with di-

m ethyldioxirane to yield the 1,2 anhydrosugar, followed

by opening of this in term ediate by a m ixture of ethaneth-

iol and dichlorom ethane (1:1) in the presence of a trace

of trifluoroacetic acid (Schem e 14). The thioethyl glycosyl

donor 40 was obtained in 91% yield. This resu lt con -

stitu tes a sign ifican t im provem ent over the 78% yield

obtained in solution .

The thioethyl glycoside 40 was converted to the piv-

aloyl-protected th ioethyl glycoside 41a by reaction of

pivaloyl chloride in the presence of DMAP in near

quan titative yield. The support-bound thioglycosides

were activated using m ethyl triflate as a th iophile, while

one equivalen t of the nonnucleophilic base di-tertbu-

tylpyridine (DTBP) was added to provide stability for the

glycal linkage during the coupling experim en ts. The

form ation of â-glucosyl (1f4)- and â-glucosyl (1f3)-

linked disaccharides 43a and 44a was alm ost free of

con tam inating side products and provided the disaccha-

rides in good yields (Schem e 15). On ly the form ation of

the â-glucosyl (1f6)-linked disaccharide 42a was ac-

com pan ied by form ation of detectable side products.31

The synthesis of system s with branching from C2 is also

accessible through this m ethodology as dem onstrated in

the con text of the solid-phase syn thesis of 45b. The C2

pivaloyl neighboring group of the â-glucosyl (1f4)-linked

disaccharide 43 was rem oved by treatm en t with DIBAL.

The exposed C2 hydroxyl group could now function as

the glycosyl acceptor in the syn thesis of the branched

trisaccharide 45b. Form ation of the syn thetically chal-

lenging â-(1f2) glycosidic linkage was accom plished in

59% yield when the glycosyl donor 44 was used (Schem e

16).

Scheme 12. Solid Phase Synthesis of the Lewisb Blood Group

Determinant Pentasaccharide Glycala

a (a) (i) I(coll)2ClO4, PhSO2NH2, CH2Cl2, 0 °C; (ii) LHMDS/ EtSH, DMF,

-40 to 0 °C. (b) MeOTf, DTBP, 4 Å MS, CH2Cl2, 0 °C to rt 8 h . (c) TBAF/

AcOH, THF, 40 °C, 18 h.

Scheme 13. Galactosyl- and Glucosyl-1,2-Anhydrosugar Donors

Scheme 14. Synthesis of a Polymer-Bound Thioethyl Glucosyl

Donora

a (a) (1) DMDO, CH2Cl2, 0 °C, 2.5 h; (2) EtSH, (CF3CO)2O, -78 °C to

rt, CH2Cl2. (b) PivCl, DMAP, CH2Cl2, rt, 4 h . (c) TBAF/ AcOH (2:1), THF, 4

°C, 18 h.

Scheme 15. Synthesis of Disaccharides Using a Polymer-Bound

Thioethyl Glucosyl Donora

a (a) MeOTf, DTBP, 4 Å MS, CH2Cl2, 0 °C to rt 8 h . (b) TBAF/ AcOH

(2:1), THF, 40 °C, 18 h.
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After an efficien t coupling protocol involving support-

bound thioethyl glucosyl donors for the syn thesis of

disaccharides had been established, this m ethodology was

applied to the syn thesis of a tetrasaccharide con tain ing

exclusively â-(1f4) glucosidic linkages. Transform ation

of disaccharide glycal 43a in to the C2 pivaloyl th ioethyl

glycosyl donor was followed by coupling to provide the

trisaccharide 46a in 45% overall yield based on 31 as

determ ined after cleavage from the solid support to

furn ish 46b. Furtherm ore, conversion of 46a to the

thioethyl glycosyl donor was followed by coupling to glycal

acceptor 21. The desired tetrasaccharide 47b was ob-

tained in 20% yield over n ine steps from 31 as determ ined

after cleavage from the support by fluoridolysis. The

overall yield corresponds to a yield of 84% per step

(Schem e 17).

Solid-Phase Synthesis of N-Linked
Glycopeptides

Two m ajor subgroups of glycoproteins are known. These

are N-linked and O-linked fam ilies, with the form er being

the m ost abundan t in nature.38 The biosyn thesis of the

glycoproteins results from cotranslational glycosylation

usually occurring in the endoplasm ic reticulum . The

sugars of N-linked glycoproteins are usually attached by

an oligosaccharyl transferase to an asparagine with the

glycosylation sequence Asn-X-Ser/ Thr. Advances in gly-

copep tide syn thesis have been ach ieved by several

groups.10,39,40

Our approach to the syn thesis of N-linked glycopep-

tides41 on the solid support aim ed at a highly convergen t

syn thetic strategy.42 It was envisioned that a term inal

glycal of a syn thetic oligosaccharide dom ain would be

subjected to iodosulfonam idation . Treatm en t of such an

in term ediate with azide would result in form ation of

â-anom eric azide with suprafacial m ovem ent of the

R-sulfonam ide from C-1 to C-2. Reduction of the azide

and coupling of the resulting anom erically pure â-am ino

functionality would provide a protected glycopeptide.

In practice, polym er-supported trisaccharide 20 reacted

with an thracenesulfonam ide and I(sym -coll)2ClO4 to form

the in term ediate 48. Reaction of the iodosulfonam ide 48

Scheme 16. Synthesis of a Branched Trisaccharidea

a (a) (1) Dibal-H, CH2Cl2, -78 °C, 5 h; (2) 44, MeOTf, DTBP, 4 Å MS,

CH2Cl2, 0 °C f rt, 8 h . (b) TBAF/ AcOH (2:1), THF, 40 °C, 18 h.

Scheme 17. Synthesis of a â-(1f4) Linked Tetrasaccharidea

a (a) (1) DMDO, CH2Cl2, 0 °C; (2) EtSH, (CF3CO)2O, CH2Cl2; (3) PivCl,

DMAP, CH2Cl2, rt, 4 h; (4) 21, MeOTFm DTBP, 4 Å MS, CH2Cl2, 0 °C to rt

8 h . (b) TBAF/ AcOH (2:1), THF, 40 °C, 18 h.

Scheme 18. Synthesis of N-Linked Glycopeptides on a Solid Support
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with tetra-n -butylam m onium azide followed by acetyla-

tion provided the anom eric azide 49 (Schem e 18).

The an thracene-sulfonam ide linkage can be cleaved

under m ild, solid-support com patible conditions such as

thiophenol or 1,3-propanedithiol and Hünig’s base. Thus,

treatm en t of 49 with 1,3-propanedith iol and i-Pr2NEt

effected both the reduction of the azide and cleavage of

the sulfonam ide. The resulting am ine was coupled with

either tripeptide 50 or pen tapeptide 51 in the presence

of IIDQ to afford the protected glycopeptides 52 or 53,

respectively. Rem oval from the solid support with

HF•pyridine provided the glycopeptides 54 and 55, in 30%

and 37% overall yields, respectively, corresponding to a

yield of ∼90% per step . Reverse-phase silica colum n

chrom atography was sufficien t to obtain these com -

pounds in pure form . For both 54 and 55, the rem ain ing

protecting groups were cleaved under standard conditions

to provide the com pletely deblocked glycopeptides 56 and

57 in 61% and 48% overall yields from 54 and 55,

respectively.

Orthogonal protecting groups on the C- and N-term in i

of the peptide provided the opportun ity to extend the

peptide chain while the ensem ble is bound to the solid

support. Alternatively, after rem oval from the support,

the liberated peptide term inus m ay provide a functionality

for linking to a carrier m olecule to generate other glyco-

conjugates. Schem e 19 depicts the strategy for elongation

of the peptide portion of the glycopeptide while still bound

to the polym er support. Solid-phase-bound trisaccharide

pen tapeptide 59 was assem bled as before from 49,

em ploying pen tapeptide 58 in the coupling reaction .

The C-term inus of 59 was deprotected to give the acid,

60. Solid-support-bound 60 was then coupled to tripep-

tide 61 with a free N-term inus to give glycopeptide 62.

Retrieval from the solid support afforded trisaccharide-

octapeptide 63 in 18% overall yield from 10.

Conclusions

We have described in th is accoun t the progress that our

laboratory has m ade in the solid-support syn thesis of

oligosaccharides and glycopeptides using glycal building

blocks. Protocols for the effective transform ation of

glycals in to powerful glycosyl donors such as 1,2-anhy-

drosugars and thioethylglycosides have been developed.

A variety of glycosidic linkages m ay now be fashioned in

a selective m anner, thereby bringing com plex structures

with in reach. The flexibility and capabilities of our

syn thetic approach were dem onstrated on som e im por-

tan t structures of biological in terest.

Glycal assem bly on a solid support elim inates the

repetitive purifications usually associated with oligosac-

charide syn thesis and is a general m ethod as it does not

require any specific enzym es or com plex starting m ateri-

als. Both natural and nonnatural sugars m ay be used in

the constructions.

Much progress has been m ade over the last 5 years

since we began exploring the application of the glycal

assem bly approach to solid-support syn thesis. Still, a

num ber of challenges rem ain before a flexible, h igh

yielding, and absolutely selective strategy for the synthesis

of oligosaccharides on the solid support will be available.

Once these problem s are solved, the construction of an

autom ated oligosaccharide syn thesizer will becom e fea-

sible. The rapid access to com plex glycocon jugates will

undoubtedly serve to prom pt detailed studies concern ing

the structure and function of th is class of biooligom ers.

This work was supported by the National Institu tes of Health

(Gran t Num bers: AI 16943, CA 28824, HL 25848). We thank our

co-workers whose nam es are cited in the footnotes.
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Bartn ik, E.; Hü ls, C.; Kunz, H. Angew. Chem ., In t.

Ed. Engl. 1995, 34, 60.
(41) Roberge, J. Y.; Beebe, X.; Dan ishefsky, S. J. Science

1995, 269, 202.
(42) Lloyd-William s, P.; Albericio, F.; Giralt, E. Tetrahe-

dron 1993, 49, 1106.

AR9600648

Glycal Assembly Synthesis of Oligosaccharides and Glycoconjugates Seeberger and Danishefsky

VOL. 31, NO. 10, 1998 / ACCOUNTS OF CHEM ICAL RESEARCH 695


