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Abstract. The synthesis of glycopeptides which constitute partial structures of
glycoproteins, e. g. tumor-associated antigens or virus envelope glycoproteins, is
presented. The problems of the selective deblocking and chain extension of such
glycopeptides which contain acetalic glycosidic bonds were solved by application of the
fluorenylmethoxycarbonyl (Fmoc) group cleavable with the weak base morpholine and
by the introduction of the allylic protecting groups which can be removed under almost
neutral conditions via palladium(0)-catalyzed allyl transfer to weakly basic nucleophiles.
The allylic protection was extended to a new allylic anchoring principle in the solid
phase synthesis. It allows to detach the synthesized peptides and glycopeptides from the
polymer under neutral conditions. The synthesis of glycopeptides with branched and
fucose containing saccharide side chains demands an even more chemoselective strategy
which includes the exchange of protecting groups within the saccharide portion. In
these syntheses, the azido group was used as the protection and precursor of the
anomeric amino function required for the construction of the N-glycosyl asparagine
linkage. An important indirect protecting effect is exhibited by the O-acetyl protecting
groups within the saccharide part which strongly stabilize the glycosidic bonds. Using
these methods, glycopeptides which contain tumor-associated Ty and T antigen or
Lewis antigen-type side chains and represent partial sequences of virus envelope
proteins were synthesized and linked to carrier proteins to give synthetic glycoprotein
antigens.

BIOLOGICAL SELECTIVITY WRITTEN IN CARBOHYDRATES

During the past decades it has been recognized that most of the natural proteins of mammalians carry
covalently linked saccharide side chains. The carboyhydrate portions of the glycoproteins as well as those of
glycolipids obviously play key roles in biological recognition processes such as the selective transport of
serum components through membranes, the adaption of enzymes or toxines to membranes, the docking of
bacteria and viruses to cells and the cell-cell communication (ref. 1). Carbohydrates of membrane
glycoproteins constitute recognition signals in the regulation of the cell growth (ref. 2). It is logical, that
normal cells and tumor cells have been found to be quite different in the glycoprotein profiles of their cell
membranes (ref. 3). Altered glycoproteins of the tumor membranes have been reported to be tumor-associated
antigens, e. g. the Thomsen-Friedenreich antigen glycoproteins (T antigen) 1 (ref. 4, 5). These antigen
components belong to the class of the O-glycoproteins. In O-glycoproteins the carbohydrate parts are O-
glycosidically linked to hydroxy amino acids. Among the O-glycoproteins the mucin-type subclass, e. g. 1, is
characterized by the o-O-glycosidic bond between N-acetylgalactosamine and serine or threonine.

Fucosylation of glycoproteins also plays a crucial role in tumor development (ref. 6). In this context, N-
glycoproteins fucosylated in the core region (2) have been found to be tumor-associated antigens (ref. 7).
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The N-glycoproteins, which are most frequently found in nature, typically contain the N-glycosidic
linkage between N-acetylglucosamine and the amide function of asparagine. Fucosylated core region structures
2 also occur in virus coat N-glycoproteins (ref. 8).

Owing to the decisive functions exhibited by carbohydrates of glycoproteins in regulatory processes and
in the organized distribution of these biomacromolecules within multicellular organisms, the availability of
these glycoconjugate structures is receiving increasing interest. As the isolation of glycoproteins from
biological sources is often difficult and, furthermore, suffers from the biological microheterogeneity and
because the gene-technological production of these compounds is still limited, the chemical synthesis of partial
sequences of glycoproteins bearing one or many glycan side chains is demanded for biochemical,
immunological, cell-biological and medicinal research.

PROBLEMS OF THE SYNTHESIS OF GLYCOPEPTIDES

The construction of glycopeptides of exactly specified structure requires the combined application of
synthetic methods of both carbohydrate and peptide chemistry (ref. 9). It begins with formation of the N- or
O-glycosidic linkages between the saccharide donors and the relevant amino acids (ref. 10). These glycosidic
bonds are of acetalic nature and, therefore, chemically sensitive. They can be cleaved or anomerized by acids.
In addition, the O-glycosyl serine and threonine derivatives show a characteristic base-sensitivity. Moderate
bases decompose these compounds via a base-catalyzed B-elimination of the entire carbohydrate (ref. 11). Asa
consequence, throughout the synthesis of glycopeptides, special attention has to be paid to mild methods for
the removal of protecting groups (ref. 9). Furthermore, multi-step oligosaccharide synthesis (ref. 12, 13) is a
precondition for the construction of glycopeptides which contain more complex saccharide portions. Since the
sensitivity of particular glycosidic and intersaccharidic bonds (e. g. the fucoside bonds) of these complex
glycopeptides imposes new limitations on the applicable methodology, the demands for the selectivity of the
used protecting techniques arrive at an even higher level (ref. 14).

THE (9-FLUORENYL)METHOXYCARBONYL(FMOC) GROUP IN THE SYNTHESIS OF
T ANTIGEN GLYCOPEPTIDES

In most syntheses of glycosylated amino acids and peptides reported up to the early eighties (ref. 11),
the N-terminal benzyloxycarbonyl (Z) group was applied in combination with the benzyl ester as the protection
within the peptide part. As both groups are simultaneously removed by hydrogenation, the selective
deblocking at the N- or C-terminus of glycopeptides remained an unsolved problem. A reliable selective
deprotection either of the carboxy or of the amino functions of glycopeptides was achieved by reductive
cleavage of 2-halo-ethyl esters (ref. 15) or by the very easy base-catalyzed removal of 2-phosphonio-
ethoxycarbonyl (Peoc) group from N-protected compounds (ref. 16).

The (9-fluorenyl)methoxycarbonyl (Fmoc) group (ref. 17), is frequently applied in peptide chemistry
and commonly cleaved off with piperidine. It revealed to be likewise useful in the synthesis of glycopeptides,
also of those containing base-sensitive glycosyl serine or threonine linkages, if its removal is carried out with
the weak base morpholine (ref. 18). In this way, the N-terminal deblocking of the O-xylosyl serine tripeptide
3 representing a typical linkage structure of proteoglycans proceeded selectively and quantitatively. The
numerous other blocking groups of the product 4 and the B-O-xylosyl serine bond sensitive to both base-
catalyzed B—elimination and acid-catalyzed anomerization remained unaffected.



Glycopeptides of biological interest 1225
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According to this procedure, the Fmoc group was also applied in the synthesis of monosaccharidic TN
antigen and disaccharidic T antigen glycopeptides (ref. 19). Treatment of the Fmoc-protected T antigen

serine/threonine conjugates § with morpholine (or morpholine/dichloromethane 1:1) resulted in the completely
selective deblocking of the amino function.

Scheme 2
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The chain extension can then be carried out by analogous application of Fmoc-protected units (ref. 18,
20, 21). The use of the Fmoc group in this sense now provides a reliable method for the synthesis of
glycopeptides. It can be applied almost routinely and has been adopted for the solid phase synthesis of
glycopeptides including the sensitive O-glycopeptides (ref. 22, 23, 24).

Since the amino deblocked O-glycosyl serine/threonine derivatives, e. g. 6, are base-sensitive bases
and, therefore, unstable, the subsequent chain lengthening reactions should proceed with a sufficient rate. For
this purpose, we introduced the polar 2-(pyridyl)ethoxycarbonyl (Pyoc) group (ref. 25).

The Pyoc group is quite stable to acids and bases usually applied in peptide chemistry. Its additional
stability towards hydrogenolysis allowed the selective debenzylation of the glycopeptide 7. The formed
carboxy deblocked product 8 was condensed with 6b unblocked at the amino group to yield the twofold
glycosylated glycotripeptide 9 (Scheme 3).
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In spite of its stablity the Pyoc group can selectively be removed from the complex sensitive
glycopeptide 9, when it is transformed to the CH-acidic pyridinium form which is cleavable by
morpholine/dichloromethane via an E1cB pathway. The resulting product was N-acetyled to give 10 which
was subjected to hydrogenolytic debenzylation. Removal of the ester protecting groups from the carbohydrate
part delivered the free T antigen glycopeptide 11, the N-terminal sequence of human glycophorin with M
blood group specifity (ref. 19).

Using a modified carbodiimide procedure, the T antigen glycopeptide 11 was coupled to bovine serum
albumin (BSA) to furnish the synthetic glycoprotein antigen 12 .

Scheme 4
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According to the carbohydrate analysis, the glycoconjugate 12 on average contained 38 synthetic
glycopeptide units 11 per macromolecule (ref. 19). It was supplied for immunological investigations of this T
antigen structure.

ALLYLIC PROTECTING GROUPS AND THEIR PALLADIUM(O)-CATALYZED
REMOVAL

The allyl ester (ref. 26) and the allyloxycarbonyl (Aloc) group (ref. 27) constitute particularly valuable
protecting groups for the synthesis of glycopeptides. They are stable to acids and bases commonly applied in
peptide synthesis. However, they can be selectively removed under practically neutral conditions by applica-
tion of Pd(0)-catalyzed allyl transfer to weak bases, €. g. morpholine, or neutral nucleophiles like CH-acidic
compounds, preferentially N,N -dimethyl barbituric acid (ref. 28). These nucleophiles prevent the "self-
trapping” of the allyl moiety by nucleophilic functions of the glycopeptide, e. g. the liberated amino group.
Treatment of the allyloxycarbonyl protected N-chitobiosyl asparagine tert-butyl ester 13, for example, with
catalytic amounts of tetrakis-triphenylphosphine palladium(0) in tetrahydrofuran in the prescence of dimedone
resulted in the completely selective cleavage of the Aloc group to yield 14. As the other protecting groups and
the O- and N-glycosidic bonds are untouched, 14 can be subjected to N-terminal chain extension (ref. 29).
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Analogously, the allyl ester protection is selectively removed from the a-O-glycosyl threonine derivate
15 carrying a T\ antigen side chain. The Pd(0)-catalyzed allyl transfer to morpholine in tetrahydrofuran at
room temperature gave the carboxy deblocked product 16, which was condensed with the N-terminally
deblocked N-glycosyl asparagine allyl ester 17 to furnish the complex partial structure 18 of human
glycophorin, in which an a-O-glycosyl threonine is immediately linked to a B-N-glycosyl asparagine (ref. 30).
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The efficiency of the allylic protecting groups has been demonstrated in syntheses of numerous N- and
O-glycopeptides, e. g. partial structures of proteoglycans, of transmembrane neuraminidases from two
different strains of influenza virus, other partial sequences of human glycophorin and segments of human
serum glycoproteins (ref. 9, 30).

THE ALLYLIC ANCHORING PRINCIPLE IN SOLID PHASE SYNTHESIS

The advantages of the allyl ester being a stable carboxy protection which can be cleaved mildly and
selectively were exploited for the development of a new allylic anchoring principle 19 for the solid phase
synthesis of peptides and glycopeptides (ref. 31).
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Depending upon the character of the allyl trapping nucleophile, the medium for the releasing of the
synthesized peptides from the polymeric support can be adjusted to more or less neutral conditions. N-
Glycopeptides (ref. 32) and O-glycopeptides (ref. 24) can be detached by this method without destroying the
glycosidic linkages. As the allylic anchor 19 is stable to acidic and basic conditions, both the Boc and the
Fmoc group are applicable as the temporary amino protection in these solid phase syntheses. One structural
form of the anchor 19 consists in the amino acid esters of 4-hydroxycrotonoyl aminomethyl-substituted
polymeric supports (Scheme 8, HYCRAMTM, HYCRAM is a Trade Mark of the Orpegen GmbH,
Heidelberg, Germany).

Scheme 7
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Using the improved HYCRAM version with an B-alanine insert (BHYCRAM), the polymer-linked
glyco-octapeptide 20 with the lacto-lactosamine N-glycosidically bound to asparagine was synthesized by
application of the Fmoc group as the temporary amino protection and a typical solid phase synthesis protocol.
The release of the glyco-octapeptide 21 from the resin-linked form 20 was performed upon Pd(0)-catalyzed
allyl transfer reaction to N-methy! aniline as the trapping nucleophile. The reaction is favorably carried out in
DMSO/dichloromethane mixtures and yielded 21. The numerous other protecting groups as well as the O-and
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N-glycosidic bonds remained unaffected (Scheme 8). Glycopeptides selectively deblocked in only one
function can be purified much easier than the completely deblocked ones. Thus, 21 was isolated in pure form
after preparative HPLC in gram-scale in a yield of 60 % (ref. 33). It represents the N-glycosylated peptide T, a
partial sequence of gp 120 of HIV-1, which has been reported to be the signal sequence for the binding of the
HIV-1 to the CD4 receptor of the lymphocytes (ref. 34). The efficiency of the allylic anchoring principle has
also been documented in large-scale syntheses of pharmaceutical peptides (ref. 35).

N-GLYCOPEPTIDES FUCOSYLATED IN THE CORE REGION

The construction of N-glycopeptides fucosylated in tae core region demands the a-glycosidic binding of a
fucose unit to O-6 of a chitobiose unit. As a general concept in these syntheses, we applied the azido group as
the protected form of the required anomeric amine. The stereoselective introduction of the a-fucoside is only
possible if ether-type-protected fucosyl donors are applied. The fucosyl chitobiose azide synthesized according
to these guidelines was hydrogenolyzed to yield the trisaccharide amine which was condensed with N-
allyloxycarbonyl aspartic acid a—tert-butyl ester to form the fucosyl chitobiose asparagine derivative 22 (ref.
14). The Aloc group can be removed from this conjugate with complete selectivity by applying the palladium
(0)-catalyzed allyl transfer to dimedone. Howeyver, the treatment of 22 with trifluoroacetic acid, in order to
remove the tert-butyl ester, resulted in the complete cleavage of the a-fucoside bond (ref. 14).

Sch 9
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OBzl (0] 2 :
Q o C-0 -
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To overcome these serious difficulties, a strategy for the synthesis of the fucosyl chitobiose azide was
developed which includes an exchange of the ether-type protection of the fucose part. To achieve this aim, the
4-methoxy-benzyl ether (Mpm)-protected fucosylbromide was applied as the donor (ref.14, 36). After a-
fucoside formation via in situ-anomerization (ref. 14), the Mpm groups were removed via oxidation with ceric
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ammonium nitrate (ref. 38) without affecting the azide function. In this way, acetyl-protection was introduced
at all carbohydrate hydroxyl functions prior to the transformation of the anomeric azide to the amine. The
condensation of the O-acetyl protected trisaccharide amine with the unblocked B-carboxy group of Aloc
aspartic acid tert-butyl ester delivered the conjugate 23, which was N-terminally deblocked via Pd(0)-catalyzed
removal of the Aloc group (ref. 14). Chain extension gave the 24, which was subjected to the cleavage of the
tert-butyl ester by treatment with trifluroacetic acid to give the carboxy deblocked component 25 in almost
quantitative yield (Scheme 10). Actually, the a-fucoside bond remained absolutely stable under these
conditions, thus, revealing an important and interesting indirect stabilizing effect on the intersaccharide bonds
exhibited by the O-acetyl protecting groups of the saccharide part (ref. 14).

The compound 25 was condensed with a tripeptide ester 26 to form the trisaccharide hexapeptide 27
(ref. 14), a partial sequence of an envelope glycoproteine of a murine leukemia virus (ref. 8). Subsequent
deblocking of the carboxy and carbohydrate functions allowed the conjugation of the synthetic glycopeptide
with bovine serum albumin to furnish a glycoprotein antigen (ref. 14).

GLYCOPEPTIDES WITH LEWIS ANTIGEN SIDE CHAINS

With respect to their roles as immunodeterminants, tumor-associated antigens or adhesion molecule
substructures, Lewis antigen conjugates are receiving increasing attention. By application of the azide as the
protected anomeric amine equivalent, in this case in the lactosamine derivative 28, and the a-glycosidic
introduction of the fucose unit by using the Mpm protected fucosyl bromide 29, the Lewis2 antigen structure
30 was synthesized. Oxidative removal of the Mpm groups followed by O-acetylation and subsequent
reduction of the azide gave the O-acetylated Lewis? trisaccharide amine 31. Its coupling with N-(2,2,2-
trichloroethoxycarbonyl)aspartic acid allyl ester furnished the N-glycosidic Lewis? asparagine conjugate 32
(Scheme 11, ref.39).

The protecting group pattern of 32 allows the mild and selective unblocking of both the amino and the
carboxy function. Reductive elimination performed with zinc in acetic acid led to 33 in almost quantitative
yield. It was condensed with a preformed tert-butyl-type protected pentapeptide to give the glycohexapeptide
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34. The C-terminal allyl ester of 34 was removed completely selectively via Pd(0)-catalyzed allyltransfer to
N,N'-dimethylbarbituric acid (yield 93 %). The obtained carboxy deblocked product was finally condensed
with the O-tert-butyl protected tyrosine threonine dipeptide ester to yield the glycosylated peptide T 35
carrying the Lewis2 antigen side chain (Scheme 12, ref. 40). In the meantime, the complete deblocking of 35
was carried out and the synthetic glycopeptide was supplied for virological and immunological investigations.
It should be noted that an analogous LewisX antigen trisaccharide and its asparagine conjugates can be
constructed by application of a modified strategy including anomeric azides and Mpm protected fucosyl donors
(ref. 41).

The selected examples outlined in this survey may illustrate that glycopeptides which constitute partial
structures of biologically interesting glycoproteins are now accessible with high efficiency and in preparative
amounts. Whereas the basic structures containing mono- or disaccharides can be synthesized more or less
routinely, e. g. by using the modified Fmoc technique, the construction of the more complex glycopeptides, e.
g. such ones containing fucose or B-mannoside units (ref. 42) demand more chemoselective differentiation and
intercompatibility of the synthetic methods applied in the diverse transformations of these multi-step syntheses.
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