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Figure 1.
Glycosyl amino acid mimetics of the typical GalNAc-(1?O)-Ser/Thr motif of O-glycopeptides were syn-
thesised. Starting from galactose a 1,5-anhydro derivative could be obtained and regio- and stereoselec-
tively coupled to serine- or threonine-derived aziridine compounds, respectively. The corresponding
Fmoc derivatives could be used to prepare two 13-mer glycopeptides of the mucin MUC1 carrying instead
of Ser-2 or Th-5, the corresponding O-glcycosyl amino acid mimetics.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The biochemistry of glycoproteins, which could be regarded as
having had its origin in 1865 when Eichwald found evidence that
various mucines, behave like typical proteins, but release carbohy-
drates under certain conditions.1 Nevertheless, it took almost
another 100 years before Ashwell et al. discovered the endogenous
lectins, demonstrating that glycans are recognition signals and
thereby connecting glycoprotein chemistry with molecular biol-
ogy.2 Nowadays it is well accepted that nearly all cells exhibit com-
plex oligosaccharides on their surface, forming the glycocalix.3 In
the case of O-glycoproteins, the connecting amino acid must con-
tain a hydroxyl group. Thus, the most common O-glycosylated hy-
droxy amino acids are L-serine and L-threonine. A typical motif of
O-glycoproteins is the core A structure, b-D-Gal-(l?3)-a-D-Gal-
NAc-(l?O)-Ser/Thr 1 and 2, which is the carbohydrate component
of the Thomsen-Friedenreich antigen (T-antigen) connected with
tumour cells4 (Fig. 1).
COOH

NH2

H3
Due to their important role in biological systems, carbohydrate
structures should be promising in the search for new pharmaceu-
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ticals. However, a major drawback is the lability of the glycosidic
bond. The half-time of carbohydrates in vivo is comparatively
low, and oral application is nearly impossible.5 Furthermore, the
affinity to protein receptors is relatively low.6

At this stage the development and application of glycomimetics
may be considered. Glycomimetics are compounds closely related
to natural glycostructures in functional aspects but with selected
structural variations. Glycomimetics of pharmaceutical interest,
must show high receptor affinity, increased in vivo stability, easy
access and improved pharmacological properties, for example,
easier application and availability at the target cell.7

Since the hydrolysis of the glycosidic bond is a particular obstacle
much work has been done to generate C-glycoside analogues.8–11

Previously we could prepare a modified N-gluco-asparagine unit,
in which the asparagine has been shifted from the anomeric centre
to position 2 of the carbohydrate.12 By changing the site of connec-
tion between the amino acid and the carbohydrate from the anomer-
ic centre of an O-glycoside to another carbon atom, the type of bond
changes from the labile glycosidic acetal to a stable ether bond. This
family of compounds should show a significantly reduced lability to-
wards hydrolysis, but, nevertheless, the majority of the galactose
epitope is retained.

In this endeavour we wanted to prepare the decisive carbohy-
drate–amino acid linkage to mimic the structure in 1 or 2 thus
attaching a galactose moiety via the 2-position to either serine or
threonine. The resulting novel carbohydrate–amino acids should
be checked for their potential as inhibitors of a-galactosidase
(Aspergillus niger). Further, by simple transformation the Fmoc pro-
tocol could be used to build up model glycoproteins, for example,
of the mucin type.

Therefore, we prepared the selectively protected galactitol 7,
with an unprotected hydroxyl group at position 2, and reacted it
with the ‘masked’ serine 14 and threonine 15 in an acid-catalysed
aziridine ring opening that proceeded regioselectively as well as
stereoselectively.
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Scheme 1. Reagents and conditions: (i) Bu3SnH, AIBN, toluene, 4 h, reflux (97%); (ii) NaOMe, MeOH, 1.5 h, rt (74%); (iii) TBDPSCl, pyridine, DMAP, 12 h, rt (81%); (iv) acetone,
(MeO)2CMe2, TsOH, 1 h, reflux (78%).
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2. Results and discussion

The galactitol 7 is readily available via a convenient four-step
pathway, starting from peracetylated galactopyranosyl bromide
3, which can be considered a bulk compound (galactose in acetic
acid, AcBr, rt, 100%).13 Radical dehalogenation with tributyl tinhy-
dride led directly to the 1,5-anhydro-galactitol 4 in nearly quanti-
tative yield (97%).14 This step was followed by deprotection,
employing the modified method of Zemplén,15 in which 4 was
treated with sodium methylate in methanol for 1.5 h. Desalting
and neutralisation with Amberlite IR 120 (H+), filtration and evap-
oration of the solvent yielded 5 as a colourless solid (74%). Selec-
tive blocking of the positions 3, 4 and 6 could be realised by first
protecting the 6-position with the bulky tert-butyldiphenylsilyl
group to yield compound 6 in 81% yield. Finally, the positions 3
and 4 could be protected as an isopropylidene acetal to afford
the selectively protected 1,5-anhydrogalactitol 7 in a total yield
of 45% over four steps (Scheme 1).

Intramolecular ring closure of vicinal amino alcohols is one gen-
eral pathway leading to aziridines. Thus, the amino acids L-serine
and L-threonine themselves should be suitable starting materials,
since they naturally provide the required stereochemical informa-
tion. Starting from the benzyl esters 8 and 9, respectively, it takes
only three steps to reach the N-activated aziridines.16 The amino
group was tritylated, applying tritylchloride and triethylamine in
chloroform, yielding the compounds 10 (serine) and 11 (threonine)
in 84% and 76%. Next, the hydroxyl group was transformed into a
good leaving group by treatment with mesyl chloride and triethyl-
amine in tetrahydrofuran. Without workup, the activated amino
alcohols could be ring closed by raising the temperature to 60 �C.
The aziridines 12 and 13 could be obtained in 86% and 63% yield,
respectively. Finally, the electron-donating trityl group had to be
exchanged for an electron-withdrawing group. This could be done
in a two-step one-pot synthesis, first removing the trityl group
with trifluoroacetic acid/methanol in chloroform. Then the sol-
vents were evaporated and the aziridines treated with benzyl chlo-
roformate/triethylamine to give the activated aziridines 14 and 15
in 74% yield (Scheme 2).
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Scheme 2. Reagents and conditions: Serine series A = H 8, 10, 12, 14: (i) TrCl, NEt3,
CHCl3 (84%); (ii) MsCl, Et3N, THF, 48 h, 60 �C (86%); (iii) (1) CF3CO2H, MeOH, CHCl3,
�15 �C; (2) BnOCOCl, Et3N. CHCl3, 0 �C, 14 h (74%). Threonine series A = CH3 9, 11,
13, 15: (i) TrCl, Et3N, CHCl3 (76%); (ii) MsCl, NEt3, THF, 48 h, 60 �C (63%); (iii) (1)
CF3CO2H, MeOH, CHCl3, �15 �C; (2) BnOCOCl, Et3N; CHCl3, 0 �C, 14 h (74%).
Baeyer strain combined with the electronegativity of the nitro-
gen atom explains the ability of aziridines to undergo ring opening
under relatively mild conditions. However, since nitrogen is less
electronegative than oxygen this is not as facile as epoxide open-
ing.17–21 There are only a few reports in which nucleophiles attack
the C-2 of activated aziridines under Lewis acidic catalysis to yield
b-amino acids.21 In some cases, especially if the nucleophile is a
Wittig-reagent or an organometallic compound, a/b mixtures are
obtained,22 however, most often nucleophiles attack at the C-3 po-
sition to afford a-amino acids. Generally, this is the case with
amines, alcohols, carboxylic acids, thiols and indoles.23 This regi-
oselectivity can be explained by applying perturbational and HSAB
(hard and soft acids and bases) theories.24 Both, coulombic and
molecular orbital interactions influence the reaction. Calculations
of protonated aziridines corresponding to aziridines 14 and 15
show that the LUMO coefficient of C-2 is larger than that of C-3,
which implies that a nucleophilic attack at C-2 should be favoured.
Again, the impact of coulombic interactions increases with the
hardness of the nucleophile. Thus, calculated charge distributions
show that the positive charge at C-3 is twice as large as that at
C-2. This fact, and in some cases steric factors as well, is the reason
why hard nucleophiles such as alcohols attack at C-3.21

In keeping with this Nakajima et al. observed quantitative
yields in aziridine openings with methanol and isopropanol, mod-
erate yields with phenol but only low yields with a primary thiol,
the more complex benzyloxycarbonyl protected cystein
benzylester.25,26

As expected, the reaction between the selectively protected
galactitol 7 and the amino acid-derived aziridines 14 and 15
showed high regioselectivity. By employing boron trifluoride
etherate in chloroform, selective attack at the 3-position of the
aziridines was observed and without optimisation the correspond-
ing sugar amino acids were obtained in moderate yields of 54% 16
and 44% 17. The moderate yields and the long reaction time of 48 h
might be explained by steric hindrance (Scheme 3).

For deprotection of compounds 16 and 17 the Z-group and the
benzyl ester could be removed almost quantitatively by hydrogen-
olysis on palladium/charcoal (10%) to give 18 and 19. The remain-
ing isopropylidene and tert-butyldiphenyl silyl groups could be
removed in nearly 90% yield by treatment with trifluoroacetic acid
to give the trifluoroacetates 20 and 21.

The free glycosyl amino acids 20 and 21 were tested as potential
inhibitors of the a-galactosidase from A. niger27 with a-pNP-galac-
topyranoside as donor and of the b-galactosidase from Escherichia
coli28 with b-pNP-galactopyranoside as donor. Unfortunately, none
of them showed any inhibitory effect for these enzymes. However,
applying the aziridine ring opening method to a C-glycoside re-
sulted in galactose-serine/threonine mimetics which showed sig-
nificant inhibition of the a-galactosidase of A. niger.29

It was of interest to check the suitability of these modified
O-glycosyl amino acid building units for use in glycopeptide solid
phase synthesis. Thus, the preparation of certain model glycopep-
tides was addressed. Therefore, the required Fmoc-COOH protect-
ing group pattern for amino acids had to be established.
Treatment of the sugar-protected amino acid structures 18 and
19 with Fmoc-succinimidyl carbonate gave the required deriva-
tives 22 and 23 in 86% and 83% yield, respectively.
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As model glycopeptide mimetics the peptide sequence of the
human epithelial mucin MUC1 was selected.30,31 The natural glyco-
peptide is carrying GalNAc saccharide bridgeheads a-linked to
either Ser-2 or Thr-5, respectively. Thus, we introduced the novel
mimetic building units either for Ser-2 or Thr-5.

The glycopeptide synthesis was performed following the classi-
cal batch method32 employing Wang resin B1250 and the resin-at-
tached 4-alkoxybenzyl alcohol group.33 On acid treatment this
labile linker will give the free carbonic acid at the C-terminus of
the unblocked glycopeptides. The amino acid building units were
employed as Fmoc-OPfp or Fmoc-ODhbt blocked and activated
species. By the use of 3,4-dihydro-3-hydro-3-hydroxy-4-oxo-
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Scheme 4. Reagents and conditions: (i) peptide synthesis protoc
1,2,3-benzotriazine (Dhbt-OH) as a colour indicator, evidence for
the complete cycle could be obtained. Attachment of the first ami-
no acid was done by activation with 1-mesitylene-2-sulfonyl-3-ni-
tro-1H-1,2,3-benzotriazol (MSNT).34 Further coupling of the
building units was done with TBTU activation35 to give the deriva-
tives 24 and 25, respectively. Fmoc deblocking was performed with
piperidine solution (20% in DMF), and recovery of the complete
glycopeptide mimetic from the resin was effected with 95% aque-
ous trifluoroacetic acid. This simultaneously cleaved the remaining
sugar blocking group to give the two 13-mer target model glyco-
peptide mimetics 26 and 27 in 48% and 43%, respectively, after
HPLC purification. MALDI-Tof data for 26 and 27 showed (M+H)+
OSiPh2tBu
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ol on Wang resin B1250 (cf. Section 4); (ii) CF3CO2H, 2 h, rt.
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signals at m/z = 1403. Further detailed characterisation was per-
formed by complete 1H1H-TOCSY and 1H1H-COSY spectra. Further
biological tests will be reported in due course (Scheme 4).

3. Conclusion

An easy and straightforward access led to 1,5-anhydro-galacti-
tol derivatives which could be used for the regio- and stereoselec-
tive opening of serine- or threonine-derived aziridines. Thus,
mimetics of the GalNAc(1?O) serine/threonin sugar-amino acid
linkage structure of O-glucosyl peptides were at hand. Their use
in peptides synthesis could be realised and gave 13-mer glycopep-
tides mimetics of the human epithelial mucin MUC1.

4. Experimental

TLC was carried out on Silica Gel (60 GF 254, Merck) and on alu-
minium plates. Detection was by UV-light followed by charring
with sulfuric acid in ethanol. Preparative column chromatography
was performed on Silica Gel (60, 230–400 mesh, particle size 40–
63 lm, Merck), using the flash technique. 1H NMR spectra were re-
corded on a Bruker AMX 400 at 400 MHz or a Bruker AMX 500 at
500 MHz. 13C NMR spectra were recorded on a Bruker AMX 400
at 100 MHz. NMR assignments were made using standard 1H–1H-
and 1H–13C-COSY experiments. The connectivities of carbon atoms
were given by DEPT experiments. Maldi-Tof mass spectra were ta-
ken on Bruker Biflex III with DHB or CCA as matrix in positive or
negative reflector mode. ESI mass spectra were taken on Hewlett
Packard Series 1100 MSD in positive mode at the given fragmentor
voltage. Melting points were taken on an Olympus BH-polarising
microscope with Mettler FP 82 heating plate and are uncorrected.
Optical rotations were measured at 20 �C on a Perkin–Elmer model
241 polarimeter using a 1 dm cuvette. Evaporations were carried
out at <45 �C under diminished pressure. Elemental analysis was
provided by the Microanalytical Section, Department of Chemistry.

4.1. 1,5-Anhydro-6-O-tert-butyldiphenylsilyl-D-galactitol 6

1,5-Anhydro-D-galactitol 536 (7.27 g, 44.3 mmol) was dissolved
in pyridine (80 mL), treated with t-butyldiphenylchlorosilane
(16.7 mL, 62.0 mmol) and dimethylaminopyridine (250 mg) and
was stirred at room temperature for 12 h. The solvent was re-
moved under reduced pressure, residual pyridine was codistilled
with toluene and the remaining oil was dissolved in ethyl acetate.
The solution was washed with water and brine, dried over magne-
sium sulfate and filtered. Evaporation of the solvent and flash chro-
matography (petrol ether/ethyl acetate 1:2) gave 6 (14.44 g, 81%)
as a colourless oil. ½a�20

D ¼ þ48:5 (c 1, CH2C12). 1H NMR (400 MHz,
CDCl3) d = 0.96 (s, 9H, t-Bu); 2.99 (dd, 1H, H-la); 3.30 (dd, 1H, H-
5); 3.34 (dd, 1H, H-3); 3.74 (dd, 1H, H-6); 3.78 (dd, 1H, H-60);
3.82 (ddd, 1H, H-2); 3.88 (dd, 1H, H-le); 4.00 (d, 1H, H-4); 7.27–
7.34 (m, 6H, Ar); 7.56–7.61 (m, 4H, Ar). J1a,1e = 10.7, J1a,2 = 10.7,
J1e,2 = 5.5, J2,3 = 9.3, J3,4 = 3.6, J5,6 = 5.1, J5,60 = 6.0, J6,60 = 10.6 Hz. 13C
NMR (100 MHz, CDC13) d = 18.13 (1C, C(CH3)3); 25.74 (3C, t-Bu);
62.47 (1C, C-6); 66.82 (1C, C-2); 68.74 (1C, C-4); 68.85 (1C, C-l);
74.68 (1C, C-3); 80.08 (1C, C-5); 126.78, 126.79, 128.57, 128.86,
131.83, 131.97, 133,79, 134.52, 134.59 (12C, Ar). Maldi-Tof (DHB,
positive mode) 425 (M+Na)+. Anal. Calcd for C22H30O5Si: C, 65.64;
H, 7.51. Found: C, 65.13; H, 7.36.

4.2. 1,5-Anhydro-6-O-tert-butyldiphenylsilyl-3,4-O-isopropylid-
ene-D-galactitol 7

A solution of compound 6 (13.10 g, 32.5 mmol) in acetone
(100 mL) was treated with 2,2-dimethoxypropane (20 mL,
163.2 mmol) and a catalytic amount of toluenesulfonic acid. The
solution was refluxed for 1 h, the solvent was evaporated and the
remaining syrup was purified by column chromatography (petrol
ether/ethyl acetate 3:1) to give 7 (11.18 g, 78%) as a colourless syr-
up. ½a�20

D ¼ þ26:1 (c 1, CH2Cl2). 1H NMR (500 MHz, CDCl3) d = 0.97
(s, 9H, t-Bu); 1.28 (s, 3H, CH3); 1.42 (s, 3H, CH3); 2.83 (br s, 1H,
OH); 3.01 (dd, 1H, H-la); 3.68–3.72 (m, 2H, H-2, H-5); 3.77–3.85
(m, 3H, H-le, CH2-6); 3.90 (dd, 1H, H-3); 4.25 (dd, 1H, H-4);
7.26–7.33 (m, 6H, Ar); 7.59–7.64 (m, 4H, Ar). J1a,1e = 10.5,
J1a,2 = 10.5, J2,3 = 7.0, J3,4 = 5.78, J4,5 = 2.3 Hz. 13C NMR (100 MHz,
CDCl3) d = 18.34 (1C, C(CH3)3; 25.20 (1C, CH3); 25.74 (3C, t-Bu);
27.22 (1C, CH3); 61.73 (1C, C-6); 67.04 (1C, C-l); 68.77 (1C, C-2);
72.09 (1C, C-4); 75.48 (1C, C-5); 78.36 (1C, C-3); 108.61 (1C,
C(CH3)2); 126.57, 126.65, 126.82, 128.63, 128.66, 132.35, 132.44,
134.52, 134.60 (12C, Ar). Maldi-Tof (DHB, positive mode) 465
(M+Na)+, 481 (M+K)+. Anal. Calcd for C25H34O5Si: C, 67.84; H,
7.75. Found: C, 67.13; H, 7.43.

4.3. (2S)-Benzyl-1-trityl-aziridine-2-carboxylate 12

A solution of N-trityl-L-serine benzyl ester 9 (20.3 g, 42.3 mmol)
in anhydrous tetrahydrofuran (150 mL) under argon was cooled to
0 �C and triethylamine (12.9 mL, 92 mmol) was added. Within
10 min mesyl chloride (3.3 mL, 42.7 mmol) was added under vigor-
ous stirring. Then the mixture was warmed to room temperature
and stirred at 60 �C for another 48 h. After removal of the solvents
the dry remainder was dissolved in ethyl acetate (200 mL), washed
twice with 10% aqueous citric acid (50 mL each), three times with
saturated aqueous sodium hydrogen carbonate (50 mL each), then
dried over magnesium sulfate, filtered and evaporated. The solid
raw material was crystallised from methanol to give 12 (15.33 g,
86%) as a colourless solid, mp 112 �C (Ref. 16 107 �C).
½a�20

D ¼ �92:3 (c 1, THF) (Ref. 16 107 �C). 1H NMR (400 MHz, CDCl3)
d = 1.34 (dd, 1H, H-3); 1.86 (dd, 1H, H-30); 2.20 (dd, 1H, H-2); 5.12
(d, 1H, CH2a-Bn); 7.12–7.42 (m, 20H, Ar). J2,3 = 1.5, J2,30 = 2.5,
J3,30 = 6.1, JCH2-Bn = 12.2 Hz.

4.4. (2S,3S)-Benzyl-3-methyl-1-trityl-aziridine-2-carboxylate 13

Procedure, workup and purification were similar as those de-
scribed for compound 12. Material: N-trityl-L-threonine benzyl es-
ter (15.0 g, 25.0 mmol), THF (100 mL), triethylamine (10.6 mL,
76.5 mmol), mesyl chloride (2.8 mL, 35.2 mmol). Yield of 13:
9.5 g, 63%; colourless solid, mp 97 �C, ½a�20

D ¼ �74:5 (c 1, CHCl3).
1H NMR (400 MHz, CDCl3) d = 1.28 (d, 3H, CH3); 1.55 (dq, 1H, H-
3); 1.86 (d, 1H, H-2); 5.05 (d, 1H, CH2a-Bn); 5.19 (d, 1H, CH2b-
Bn); 7.13–7.42 (m, 20H, Ar). J2,3 = 6.6, J3;CH3

= 5.6, JCH2-Bn = 12.2 Hz.

4.5. (2S)-Benzyl-1-benzyloxycarbonyl-aziridine-2-carboxylate
14

A solution of compound 12 (11.33 g, 27.0 mmol) in chloroform
(90 mL) and anhydrous methanol (20 mL) under argon was cooled
to �14 �C. Under stirring trifluoroacetic acid (46 mL) was added.
After 2 h the solvents were evaporated and the dry remainder
was dissolved in chloroform (90 mL). At 0 �C triethylamine
(9.58 mL, 68.6 mmol) and benzylchloroformiate (10.5 mL,
31.3 mmol, 50% solution in toluene) were added and stirred at this
temperature for another 14 h. Then saturated aqueous sodium
hydrogen carbonate (60 mL) was added, extracted with chloroform
and evaporated to dryness. The oily product was purified by col-
umn chromatography on silica gel with petrol ether/ethyl acetate
6:1 to give 14 (6.25 g, 74%) as a colourless oil. ½a�20

D ¼ �18:6 (c 1,
CH2Cl2) [Ref. 26 �20.0 (c 0.9, MeOH]. 1H NMR (400 MHz, CDCl3)
d = 2.39 (dd, 1H, H-3); 2.53 (dd, 1H, H-30); 3.05 (dd, 1H, H-2);
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4.97–5.07 (m, 4H, 2 � CH2-Bn); 7.25–7.28 (m, 1OH, Ar). J2,3 = 1.0,
J2,30 = 3.1, J3,30 = 5.1 Hz.

4.6. (2S,3S)-Benzyl-1-benzyloxycarbonyl-3-methyl-aziridine-2-
carboxylate 15

Procedure, workup and purification were similar as those de-
scribed for compound 14. Materials: Compound 13 (11.5 g,
26.5 mmol); chloroform (100 mL), methanol (25 mL), trifluoroace-
tic acid (50 mL). Yields of 15: 6.4 g, 74%; colourless oil;
½a�20

D ¼ �67:1 (c 1, MeOH) [Ref. 26 �66.2]. 1H NMR (400 MHz,
CDCl3) d = 1.24 (d, 3H, CH3); 2.74 (dq, 1H, H-3); 3.14 (dd, 1H, H-
2); 5.03 (d, 1H, CH2a-Bn); 5.06 (d, 1H, CH2b-Bn); 7.26–7.29 (m,
10H, Ar). J2,3 = 6.6, J3;CH3

= 5.6, JCH2-Bn = 12.2 Hz.

4.7. Na-Benzyloxycarbonyl-3-O-[1,5-anhydro-6-O-tert-butyldi-
phenylsilyl-3,4-O-isopropylidene-D-galactitol-2]-L-serine
benzylester 16

The anhydro alditol compound 7 (850 mg, 1.92 mmol) and the
aziridine derivative 14 (448 mg 1.44 mmol) were dissolved in dry
chloroform (10 mL). The solution was degassed and maintained
under high vacuum for 30 min. After flushing the flask with argon,
the resulting syrup was redissolved in dry chloroform (2 mL) and
treated with BF3�Et2O (10% in chloroform, 5 drops). The yellow
solution was stirred for 16 h, treated with further 3 drops of cata-
lyst and stirred again for 16 h. After diluting with chloroform, sat-
urated sodium hydrogencarbonate was added, the organic phase
was dried over magnesium sulfate and filtered. Evaporation of
the solvent and column chromatography (petrol ether/ethyl ace-
tate 6:1) yielded compound 16 as a colourless syrup (586 mg,
54%). ½a�20

D ¼ þ9:7 (c 1, CH2C12). 1H NMR (500 MHz, CDC13)
d = 0.98 (s, 9H, t-Bu); 1.24 (s, 3H, CH3); 1.38 (s, 3H, CH3); 2.85
(dd, 1H, H-la); 3.33 (ddd, 1H, H-2); 3.55 (ddd, 1H, H-5); 3.60 (dd,
1H, H-3); 3.69 (dd, 1H, H-b-Ser); 3.75, 3.76 (2 � dd, 2 � 1H, CH2-
6); 3.78 (dd, 1H, H-le); 4.11 (dd, 1H, H-4); 4.17 (dd, 1H, H0-b-
Ser); 4.47 (ddd, 1H, H-a-Ser); 5.02–5.24 (m, 4H, 2 � CH2-Bn);
5.54 (d, 1H, NH); 7.22–7.35 (m, 16H, H-Ar); 7.59–7.63 (m, 4H, H-
Ar). J1a,1e = 11.4, J1a,2 = 10.4, J1e,2 = 5.7, J2,3 = 1.9, J3,4 = 6.3, J4,5 = 2.1,
J5,6 = 6.0, J5,60 = 7.8, J6,60 = 9.8, JNH,H-a-Ser = 8.8, JH-a-Ser,H-b-Ser = 3.1,
JH-a-Ser,H0-b-Ser = 3.0, JH-b-Ser,H0-b-Ser = 9.7 Hz. 13C NMR (100 MHz,
CDC13) d = 18.20 (1C, C(CH3)3); 25.15 (1C, CH3); 25.73 (3C, t-Bu);
27.07 (1C, CH3); 53.61 (1C, C-a-Ser); 61.68 (1C, C-6); 65.24 (1C,
C-l); 66.08, 66.19 (2 � 1C, 2 � CH2-Bn); 69.03 (1C, C-/3-Ser);
71.97 (1C, C-4); 75.26 (1C, C-5); 76.06 (1C, C-2); 76.88 (1C, C-3);
108.35 (1C, C(CH3)2); 126.57, 126.66, 127.11, 127.19, 127.38,
127.46, 127.51, 128.64, 128.68, 134.52, 134.59 (24C, Ar), 154.98
(1C, CONH), 169.07 (1C, CO). Maldi-Tof (DHB, positive mode) 754
(M+Na)+, 776 (M+Na)+, 793 (M+K)+. Anal. Calcd for C43H51NO9Si:
C, 68.50; H, 6.82; N, 1.86. Found: C, 68.31; H, 6.77; N, 1.71.

4.8. Na-Benzyloxycarbonyl-3-O-[1,5-anhydro-6-O-tert-butyldi-
phenylsilyl-3,4-O-isopropylidene-D-galactitol-2]-L-threonine
benzylester 17

The reaction conditions, workup and purification were similar
to those described for the synthesis of 16. Materials: Compound
7 (1.5 g, 339 mmol), aziridine derivative 15 (735 mg, 2.26 mmol),
chloroform (2 mL), BF3�Et2O as above. The eluent used for flash
chromatography was petrol ether/ethyl acetate 8:1. The product
17 (740 mg, 44%) was obtained as a colourless syrup. ½a�20

D ¼ þ0:4
(c 1, CH2C12); 1H NMR (400 MHz, CDC13) d = 0.98 (s, 9H, t-Bu);
1.11 (d, 3H, CH3-Thr); 1.22 (s, 3H, CH3); 1.38 (s, 3H, CH3); 2.76
(dd, 1H, H-la); 3.39 (dd, 1H, H-3); 3.41 (dd, 1H, H-2); 3.49 (ddd,
1H, H-5); 3.66 (dd, 1H, H-le); 3.72, 3.74 (2 � dd, 2 � 1H, CH2-6);
4.03 (dd, 1H, H-4); 4.31 (dd, 1H, H-a-Thr); 4.43 (dd, 1H,
H-b-Thr); 5.05–5.24 (m, 4H, 2 � CH2-Bn); 5.44 (d, 1H, NH); 7.21–
7.37 (m, 6H, Ar); 7.59–7.64 (m, 4H, Ar). J1a,1e = 11.7, J1a,2 = 9.7,
J1e,2 = 5.1, J2,3 = 6.6, J3,4 = 5.1, J4,5 = 1.5, J5,6 = 6.1, J5,60 = 7.9, J6.60 = 9.7,
JNH,H-a-Thr = 9.7, JH-a-Thr,H-b-Thr = 2.5, JH-b-Thr;CH3-Thr = 6.1 Hz. 13C NMR
(100 MHz, CDC13) d = 15.12 (1C, CH3-Thr); 18.21 (1C, C(CH3)3);
25.20 (1C, CH3); 25.73 (3C, t-Bu); 27.08 (1C, CH3); 58.04 (1C, C-
a-Thr); 61.63 (1C, C-6); 66.12 (1C, C-l); 66.16 (2C, 2 � CH2-Bn);
71.95 (1C, C-4); 72.36 (1C, C-b-Thr); 72.54 (1C, C-3); 75.27 (1C,
C-5); 77.15 (1C, C-2); 108.25 (1C, C(CH3)2); 126.57, 126.67,
127.09, 127.17, 127.43, 127.50, 127.52, 127.80, 128.65, 128.69,
132.34, 134.52, 134.60, 155.77 (24C, Ar); 155.77 (1C, CONH);
169.57 (1C, COOH). Maldi-Tof (DHB, positive mode) 768 (M+H)+,
790 (M+Na)+, 806 (M+K)+. Anal. Calcd for C44H53NO9Si: C, 68.81;
H, 6.96; N, 1.82. Found: C, 68.99; H, 7.01; N, 1.85.

4.9. 3-O-[1,5-Anhydro-6-O-tert-butyldiphenylsilyl-3,4-O-iso
propylidene-D-galactitol-2]-L-serine 18

Compound 16 (325 mg, 0.43 mmol) was dissolved in dry meth-
anol (20 mL), Pd/C (10%, 70 mg) was added and the flask flushed
with hydrogen. After 48 h, the reaction was stopped by filtration.
Evaporation of the solvent yielded 18 (207 mg, 91%) colourless syr-
up. ½a�20

D ¼ þ3:7 (c 0.5, MeOH). 1H NMR (400 MHz, DMSO-d6)
d = 1.01 (s, 9H, t-Bu); 1.30 (s, 3H, CH3); 1.45 (s, 3H, CH3); 3.11
(dd, 1H, H-la); 3.33 (dd, 1H, H-a-Ser); 3.83 (ddd, 1H, H-2); 3.73
(dd, 1H, H-6); 3.78 (dd, 1H, H-60); 3.83–3.88 (m, 3H, H-5, CH2-b-
Ser); 3.90 (dd, 1H, H-le); 4.13 (dd, 1H, H-3); 4.31 (dd, 1H, H-4);
7.45–7.50 (m, 6H, Ar); 7.66–7.69 (m, 4H, Ar). J1a,1e = 11.2,
J1a,2 = 10.2, J1e,2 = 5.6, J2,3 = 6.6, J3,4 = 5.6, J4,5 = 2.0, J5,6 = 6.6,
J5,60 = 6.6, J6,60 = 10.2, JH-a-Ser,H0-b-Ser = 4.6 Hz. 13C NMR (100 MHz,
DMSO-d6) d = 19.14 (1C, C(CH3)3); 26.41 (1C, CH3); 26.90 (3C, t-
Bu); 28.28 (1C, CH3); 54.80 (1C, C-a-Ser); 63.35 (1C, C-6); 65.80
(1C, C-l); 69.55 (1C, C-b-Ser); 73.15 (1C, C-4); 75.73 (1C, C-5);
76.43 (C-2); 77.49 (1C, C-3); 108.84 (1C, C(CH3)2); 128.21,
128.26, 130.25, 135.43, 135.46, (12C, Ar), 164.0 (lC,COOH). Maldi-
Tof (DHB, positive mode) 530 (M+H)+, 552 (M+Na)+, 568 (M+K)+.

4.10. 3-O-[1,5-Anhydro-6-O-tert-butyldiphenylsilyl-3,4-O-
isopropylidene-D-galactitol-2]-L-threonine 19

Compound 17 (720 mg, 0.94 mmol) was dissolved in dry meth-
anol (30 mL), Pd/C (10%, 150 mg) was added and the flask flushed
with hydrogen. After 48 h, the reaction was stopped by filtration.
Evaporation of the solvent gave 19 (481 mg, 95%) as a colourless
syrup. ½a�20

D ¼ �0:7 (c 0.5, MeOH). 1H NMR (400 MHz, MeOH-d4)
d = 0.94 (s, 9H, t-Bu); 1.24 (s, 3H, CH3); 1.25 (d, 3H, CH3-Thr);
1.41 (s, 3H, CH3); 3.07 (dd, 1H, H-la); 3.38 (dd, 1H, H-b-Thr);
3.58 (ddd, 1H, H-2); 3.67–3.76 (m, 3H, H-5, CH2-6); 3.80 (dd, 1H,
H-le); 4.07 (dd, 1H, H-3); 4.26 (dd, 1H, H-4); 4.35 (dd, 1H, H-a-
Thr); 7.27–7.37 (m, 6H, Ar); 7.56–7.63 (m, 4H, Ar). J1a,1e = 11.3,
J1a,2 = 9.8, J1e,2 = 5.4, J2,3 = 6.4, J3,4 = 5.9, J4,5 = 1.5, JNH,H-a-Thr = 6.2,
JH-a-Thr,H-b-Thr = 4.6, JH-b-Thr;CH3-Thr = 5.0 Hz. 13C NMR (100 MHz,
MeOH-d4) d 15.43 (1C, CH3-Thr); 18.45 (1C, C(CH3)3); 25.18 (1C,
CH3); 26.11 (3C, t-Bu); 27.16 (1C, CH3); 59.86 (1C, C-b-Thr);
63.21 (1C, C-6); 66.56 (1C, C-l); 72.04 (C-a-Thr); 73.53 (1C, C-4);
74.12 (1C, C-2); 76.51 (1C, C-5); 77.90 (1C, C-3); 127.63, 127.68,
129.80, 135.57, 135.61 (12 C, Ar); 190.05 (lC,COOH). Maldi-Tof
(DHB, positive mode) 544 (M+H)+, 566 (M+Na)+, 582 (M+K)+.

4.11. 30-O-[1,5-Anhydro-D-galactitol-2]-L-serine trifluoroacetate
20

A solution of compound 18 (150 mg, 0.28 mmol) in trifluoroace-
tic acid (95%, 1 mL) was stirred for 1 h. The trifluoroacetic acid was
evaporated, the residue was dissolved in water and the solvent was
removed to give 20 (88 mg, 86%) as a colourless solid. ½a�20

D ¼ þ17:4
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(c 1, H2O). Mp 87 �C. 1H NMR (400 MHz, CDC13) d = 3.03 (dd, 1H, H-
la); 3.38 (ddd, 1H, H-5); 3.44–3.58 (m, 4H, H-2, H-3, CH2-6); 3.77
(dd, 1H, H-4); 3.90–4.03 (m, 3H, H-10, CH2-b-Ser); 4.05 (dd, 1H, H-
a-Ser). J1a,1e = 11.3, J1a,2 = 10.2, J3,4 = 3.0, J4,5 = 1.1, J5,6 = 4.5, J5,60 =
7.6, JH-a-Ser,H-b-Ser = 3.7, JH-a-Ser,H-b0-Ser = 4.8 Hz. 13C NMR (100 MHz,
CDC13) d = 54.03 (1C, C-a-Ser); 61.68 (1C, C-6); 67.23 (1C, C-l);
68.06 (1C, C-b-Ser); 69.49 (1C, C-4); 73.53 (1C, C-2); 76.18 (1C, C-
3); 79.70 (1C, C-5). ESI-MS (20 V, positive mode) 252 (M+H)+.

4.12. 30-O-[1,5-Anhydro-D-galactitol-2]-L-threonine
trifluoroacetate 21

A solution of compound 19 (110 mg, 0.2 mmol) in trifluoroacetic
acid (95%, 1 mL) was stirred for 1 h. The trifluoroacetic acid was
evaporated, the residue was dissolved in water and the solvent
was removed to give 21 (66 mg, 87%) as a colourless solid.
½a�20

D ¼ þ18:6 (c 1, H2O) mp 96 �C. 1H NMR (400 MHz, CDC13)
d = 1.16 (d, 1H, CH3-Thr); 3.02 (dd, 1H, H-la); 3.36 (ddd, 1H, H-5);
3.49 (dd, 1H, H-3); 3.52–3.53 (m, 2H, CH2-6); 3.75 (d, 1H, H-a-
Thr); 3.76 (dd, 1H, H-4); 3.90 (dd, 1H, H-le); 4.17 (dq, 1H, H-b-Thr).
J1a,1e = 11.2, J1a,2 = 10.2, J1e,2 = 5.4, J2,3 = 9.7, J3,4 = 3.3, J4,5 = 1.2, J5,6 =
4.5, J5,60 = 7.6, JH-a-Thr,H-b-Thr = 4.6, JH-b-Thr;CH3-Thr = 6.5 Hz. 13C NMR
(100 MHz, CDC13) d = 18.10 (1C, CH3-Thr); 58.86 (1C, C-a-Thr);
61.67 (1C, C-6); 68.20 (1C, C-l); 69.47 (1C, C-4); 73.97 (1C, C-2/C-
3); 74.47 (1C, C-b-Thr); 75.18 (1C, C-2/C-3); 79.60 (1C, C-5);
171.57 (1C, CO). ESI-MS (10 V, positive mode) 266 (M+H)+.

4.13. Na-Fluorenylmethoxycarbonyl-3-O-[1,5-anhydro-6-O-
tert-butyldiphenylsilyl-3,4-O-isopropylidene-galactitol-2]-L-
serine 22

Compound 18 (144 mg, 0.27 mmol) was dissolved in saturated
aqueous NaHCO3 (3 mL) and was treated at 0 �C with N-(9H-fluo-
ren-9-yl-methoxycarbonyloxy)-succinimide in DMF (1 mL). The
reaction mixture was stirred for another 30 min at room tempera-
ture, then diluted with water and extracted with ether and ethyl
acetate. The aqueous solution was cooled to 0 �C and brought to
pH 5 with 5 M HCl. The colourless precipitate was extracted with
Table 1
1H NMR of amino acid protons of glycopeptide 26

NH Ha1 Ha2 Hb1 Hb2 Hg1 Hg2 Hd1 Hd

Thr-1 3.91
(6.6)

4.17 (6.6) 1.28

Ser-2 8.77 (6.6) 4.52
(4.5) (6.9)

3.81 (11.5) 3.79

Ala-3 8.39
(7.0)

4.60
(7.1)

1.39

Pro-4 8.39
(6.0)

4.39a 2.31a 2.31a 2.04a 2.04a 3.8

Asp-5 8.55
(7.3)

2.94 (17.1) 2.86

Thr-6 8.28
(8.62)

4.47
(3.2)

4.38 (6.5) 1.16

Arg-7 8.23
(7.3)

4.67 1.86 1.72 1.67 1.62 3.2

Pro-8 4.37 2.23 2.23 2.04a 2.04a

Ala-9 8.44
(5.7)

4.65
(7.1)

1.39

Pro-10 4.38 2.31a 2.31a 2.04a 2.04a 3.8
Gly-11 8.37

(5.9)
(6.0)

3.95 (17.0) 3.91

Ser-12 8.25
(7.2)

4.64 (5.9) (4.8) 3.87 (11.8) 3.85

Thr-13 8.01
(7.9)

4.29 (4.2) 4.17 (6.6) 1.14

a Signals not dispersed.
ethyl acetate, dried over MgSO4 and evaporated to give the product
22 (201 mg, 99%) as a colourless oil. ½a�20

D ¼ þ19:7 (c 1.0, MeOH). 1H
NMR (400 MHz, CDCl3) d = 0.97 (s, 9H, t-Bu); 1.26 (s, 3H, CH3); 1.43
(s, 3H, CH3); 2.96 (dd, 1H, H-1a); 3.42 (ddd, 1H, H-2); 3.64 (ddd, 1H,
H-5); 3.68–3.79 (m, 4H, CH2-6, CH2-b-Ser); 3.84 (dd, 1H, H-1e);
3.92 (dd, 1H, H-3); 4.13 (vt, 1H, Fmoc-CH); 4.22 (dd, 1H, H-4);
4.32 (m, 2H, Fmoc-CH2); 4.45 (m, 1H, CH-a-Ser); 5.68 (d, 1H,
NH); 7.15–7.34 (m, 8H, Ar); 7.5–7.68 (m, 6H; Ar). J1a,1e = 11.0,
J1a,2 = 10.7, J1e,2 = 5.9, J2,3 = 6.9, J3,4 = 5.6, J4,5 = 1.9, J5,6 = 6.4,
J5,60 = 7.8, JNH,H-a-Ser = 8.3 Hz. 13C NMR (100.62 MHz, CDCl3)
d = 18.20 (1C, C(CH3)3); 25.12 (1C, CH3); 25.74 (3C, t-Bu); 27.10
(1C, CH3); 46.10 (1C, Fmoc-CH); 54.58 (1C, C-a-Ser); 61.72 (1C,
C-6); 65.13 (1C, C-1); 66.20 (1C, CH2-Fmoc); 69.03 (1C, C-b-Ser);
75.44 (1C, C-4); 76.23 (1C, C-2); 76.60 (1C, C-5); 76.88 (1C, C-3);
108.58 (1C, C(CH3)2); 123.73, 124.08, 126.06, 126.55, 126.66,
126.71, 128.65, 128.68, 132.38. 134.51, 134.59, 140.27, 142.65,
143.31, 155.20 (1C, CONH), 170.31 (1C, COOH). Maldi-Tof (DHB,
positive mode) 774 (M+Na)+, 791 (M+K)+.

4.14. Na-Fluorenylmethoxycarbonyl-3-O-[1,5-anhydro-6-O-
tert-butyldiphenylsilyl-3,4-O-isopropylidene-galactitol-2]-L-
threonine 23

Reaction conditions, workup and purification were similar to
those described for 22. Materials: compound 19 (304 mg,
0.56 mmol), 189 mg saturated aqueous NaHCO3 (6 mL), DMF
(4 mL) and N-(9H-fluoren-9-yl-methoxycarbonyloxy)-succinimide
(189 mg, 0.56 mmol). Yield of 23 (356 mg, 83%) as a colourless so-
lid, mp 75 �C, ½a�20

D ¼ þ22:9 (c 1, MeOH). 1H NMR (400 MHz, CDCl3)
d = 0.98 (s, 9H, t-Bu); 1.12 (d, 3H, CH3-Thr); 1.29 (s, 3H, CH3); 1.50
(s, 3H, CH3); 2.98 (dd, 1H, H-1a); 3.59 (ddd, 1H, H-2); 3.66 (ddd, 1H,
H-5); 3.77 (dd, 1H, H-1e); 3.78–3.80 (m, CH2-6); 3.93 (dd, 1H, H-3);
4.15 (t, 1H, CH-Fmoc); 3.98 (dd, 1H, H-b-Thr); 4.27 (dd, 1H, H-4);
4.35 (d, 2H, CH2-Fmoc); 4.42 (dd, 1H, H-a-Thr); 5.58 (d, 1H, NH);
7.22–7.37 (m, 10H, Ar); 7.52–7.70 (m, 8H, Ar). J1a,1e = 11.0,
J1a,2 = 8.3, J1e,2 = 5.9, J2,3 = 7.2, J3,4 = 5.3, J4,5 = 2.0, J5,6 = 6.0,
J5,60 = 5.4, JNH,H-a-Thr = 8.1 Hz, JH-a-Thr,H-b-Thr = 3.5,
JH-b-Thr;CH3-Thr = 6.2 Hz. 13C NMR (100.62 MHz, CDCl3) d = 15.12 (1C,
2 NH H-1a H-1e H-2 H-3 H-4 H-5 H-6 H-60

3.13
(10.9)
(11.0)

4.09
(5.0)

3.64 3.64 3.92 3.51
(4.3)
(7.6)

3.92
(11.4)

3.67

3a 3.67

3 3.23 7.13

3.83a 3.65

3a 3.66



Table 2
1H NMR of amino acid protons of glycopeptide 27

NH Ha1 Ha2 Hb1 Hb2 Hg1 Hg2 Hd1 Hd2 NH H-1a H-1e H-2 H-3 H-4 H-5 H-6 H-60

Thr-1 3.76
(6.2)
(6.3)

4.0
(6.4)

1.14

Ser-2 8.62
(7.0)

4.35
(4.8)
(6.5)

3.70
(11.6)

3.64

Ala-3 8.26
(5.7)

4.40
(7.0)

1.18a

Pro-4 4.23a 2.11a 1.75a 1.84a 1.84a 3.62a 3.47a

Asp-5 8.37
(7.3)

4.6
(6.6)
(6.9)

2.76
(17.1)

Thr-6 8.03
(8.7)

4.22a 4.33a 1.01 (10.8) (5.5) (11.0) (34.2) (10.8) 2.99 3.90 3.78 3.55 3.45 (3.3) 3.35a 3.52a 3.78a

Arg-7 8.16
(7.0)

4.60a 1.66a 1.57a 1.50a 1.50a 3.03a 3.03a

Pro-8 4.23a 2.08a 1.68a 1.82 1.82a 3.62a 3.42
Ala-9 8.26

(5.6)
4.43
(7.0)

1.18a

Pro-10 4.23a 2.11a 1.75a 1.84a 1.84a 3.62a 3.47a

Gly-11 8.35
(6.0)
(6.1)

3.85
(17.3)
(5.3)

3.77

Ser-12 7.97
(7.2)

4.38a 3.74a 3.74

Thr-13 7.93
(7.5)

3.89a 4.33a 0.93

a Signals not dispersed.
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CH3-Thr); 18.19 (1C, C(CH3)3); 25.18 (1C, CH3); 25.73 (3C, t-Bu);
27.10 (1C, CH3); 46.14 (1C, CH-Fmoc); 56.58 (1C, C-a-Thr); 61.58
(1C, C-6); 65.68 (1C, C-1); 66.17 (1C, CH2-Fmoc); 72.27 (1C, C-4);
73.21 (1C, C-b-Thr); 74.41 (1C, C-2); 75.55 (1C, C-5); 76.75 (1C,
C-3); 108.75 (1C, C(CH3)2); 118.99, 124.08, 126.06, 126.60,
126.68, 126.73, 128.67, 134.51, 134.59, 140.28 (24C, Ar); 155.61
(1C, CONH),; 172.50 (1C, COOH). Maldi-Tof (DHB, positive mode):
788 (M+Na)+, 804 (M+K)+. Anal. Calcd for C44H51NO9Si: C, 68.99;
H, 6.72; N, 1.83. Found: C, 68.16; H, 6.83; N, 1.80.
4.15. H-L-Threonyl-3-O-[1,5-anhydro-galactitol-2]-Lseryl-
Lalanyl-Lprolyl-L-aspartyl-L-threonyl-L-arginyl-L-prolyl-L-alanyl-
L-prolyl-L-glycyl-L-seryl-L-threonine 26

Glycopeptide formation was carried out by solid phase synthe-
sis employing Wang resin B1250 (84.2 mg, 80 lmol). To attach the
first amino acid to the p-hydroxy-benzyl alcohol linker the Wang
resin B1250 (covering density 950 lmol/g) was swollen with
dichloromethane (twice, 5 min) and dried. Coupling of the corre-
sponding amino acid Fmoc derivatives was performed by employ-
ing MSNT (3 equiv) and methylimidazole (2.25 equiv) for 2 h. This
was repeated for a second time. Following washing with dichloro-
methane and DMF the Fmoc group was cleaved with piperidine
(20% in DMF) for 10 min (twice). Coupling of the following amino
acids was performed by employing Fmoc-OPfd derivatives with
addition of Dhbt (3 equiv) in DMF for 3 h. For coupling of 23 TBTU
(1.5 equiv) and ethyldiisopropylamine (1.5 equiv) were added.
After complete coupling and Fmoc deprotection washing with
DMF and methanol was performed to give compound 24. Final
cleavage of the glycopeptides from the resin and simultaneous
deprotection of the saccharide part was done with aqueous triflu-
oroacetic acid (95%) for 2 h. Solvents were removed from the com-
bined filtrates in vacuo and codestillation with toluene/methanol
3:1 and final vacuum drying. RP-HPLC purification was used:
0.1% TFA in water/0.1% TFA in acetonitrile, 100:0?90:10
(5 min)?85:15 (5 min)?75:25 (5 min). 1H NMR (500 MHz, H2O/
D2O 9:1, pH 3.5) cf. Table 1. MALDI-Tof (positive mode, CCA)
1403 (M+H)+.

4.16. H-L-Threonyl-L-seryl-L-alanyl-L-prolyl-L-aspartyl-3-O-[1,5-
anhydro-galactitol-2]-L-threonyl-L-arginyl-L-prolyl-L-alanyl-L-
prolyl-L-glycyl-L-seryl-L-threonine 27

Reaction conditions, workup and purification were similar to
those described for the synthesis of 26. 1H NMR (500 MHz, H2O/
D2O 9:1, pH 3.5) cf. Table 2. MALDI-Tof (positive mode, CCA)
1403 (M+H)+.
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