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An efficient protocol for the solid-phase synthesis of glycopeptides under
microwave irradiation†
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A standardized and smooth protocol for solid-phase glycopeptides synthesis under microwave irradiation
was developed. Double activation system was proved to allow for highly efficient coupling of Tn-Ser/Thr
and bulky core 2-Ser/Thr derivatives. Versatility and robustness of the present strategy was demonstrated
by constructing a Mucine-1 (MUC1) fragment and glycosylated fragments of tau protein. The success of
this approach relies on the combination of microwave energy, a resin consisting totally of polyethylene
glycol, a low excess of sugar amino acid and the “double activation” method.

Introduction

Glycopeptides play a crucial role in many biological processes
and drug discovery as antibiotics, antiviral and transport
vehicles.1 This class of glycans displays a high diversity of
branched and non-branched (linear) carbohydrates, but such moi-
eties are strictly related to their biological function.2 The
efficient synthesis of glycopeptides is of considerable interest
because of their wide range of applications, such as understand-
ing their roles and drug discovery research.3 Two main
approaches are considered to obtain chemically synthetic glyco-
peptides. The first method directly attaches the glycosyl amino
acid to the sequence while the second incorporates the glycan
moiety onto the properly protected full-length peptide. Usually,
the first method is preferred due to the difficulty of direct glyco-
sylation on peptides,4 and recently more glycosylated amino
acids can be obtained.5

There is vast literature on the stepwise synthesis of glycopep-
tides, denoting the interest in these substances while verifying
the use of diverse strategies to obtain them.6 It is clear that coup-
ling reactions of glycosylated-amino acids in the synthetic
scheme become a key bottleneck in glycopeptide synthesis.
Steric hindrance is the most troublesome and causes lower reac-
tivity in combination with non-preferable excess of precious gly-
cosylated amino acid. The most used strategy is solid-phase
approach including the use of polystyrene (PS)-type resin,

usually applying 1.5 to 3.0 equiv. excess of the glycosyl amino
acids. The glycosyl amino acids have been incorporated using
different coupling reagents, such as carbodiimides and phos-
phonium salts; usually the reaction time is much longer than
normal Fmoc amino acids due to their poor reactivity.7 Other
methods incorporate the use of more hydrophilic polyethylene
glycol (PEG)-containing resins with an excess of glycosyl amino
acid (1.3 to 2.5 equiv.).8 Aminium salts are also employed as
coupling agents, and in some cases, heating, including micro-
wave irradiation, improved yields.9–11

Results and Discussion

The goal was to establish a general method to provide simple
access to complex glycopeptides and their related compounds
(Fig. 1). This strategy may consist of a combination of different
approaches focusing on the key elements of synthesis, with
special emphasis on the coupling of the glycosylated amino
acids. Previously, we developed microwave-assisted solid-phase
glycopeptide synthesis to improve coupling efficiency, which
resulted in successful syntheses of heavily O-glycosylated
MUC1 analogues.10,11

Comparison of different coupling reagent systems

In general, the synthesis of glycopeptides is more difficult to
achieve than the equivalent naked peptides, so further elements
should be considered for the suitable coupling method of these
moieties.

The preferred coupling reagents in peptide synthesis are
mainly the aminium and phosphonium salts.12 They are very
strong coupling activators and each group has diverse classes
involving changes in the structure with differences in the reactiv-
ity. Aminium salts (as HBTU or HATU) are the most powerful
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salts, but the phosphonium salts (as PyBOP and PyAOP) are
also widely used. It seems that potassium salts produce pyrroli-
dine (e.g. 0.5%, w/w), which can react with free carboxylic acid
to form a corresponding pyrrolidine analogue.13 However, a
more critical effect is observed when using aminium salts due to
rendering non-beneficial guanydilation on a free amine and trun-
cating synthesis.14 These reagents were put to the test to evaluate
the efficiency with glycosylated amino acids. To fully understand
the effect of these different reagents on the glycosylated amino
acid coupling step, several conditions were tested using the tri-
peptide MUC1 sequence as a model [H-Ser(GalNAcα)-Thr
(GalNAcα)-Ala-NH2, 2] (Fig. 2, Table 1).

In the first approach, the syntheses were carried out on Tenta-
gel resin (Table 1, entries #1–#6), which consists of crosslinked
PS core polymer grafted with PEG chains. In all cases, we
applied only 1.2 equiv. of the glycosylated amino acids, such as
3 and 4, and general coupling reagents for 20 min under micro-
wave irradiation. We tested HBTU and HATU as the aminium
salts and the phosphonium reagents, PyBOP and PyAOP. The

reactions were monitored by measuring the UV absorbance at
290 nm of the Fmoc-adduct after Fmoc group removal. As
anticipated, a slight improvement in the yields was observed for
HATU salts compared to the phosphonium equivalent (Table 1,
#2 vs. #5). In addition, the aza-type coupling reagents were more
easily achieved than their counterparts (entry #1 vs. #2, entry #3
vs. #4). Although the use of HATU/HOAt (entry #2) and
PyAOP/HOAt (entry #5) gave satisfactory improved yields in
comparison with non aza-type, it is obvious that the efficiency in
the yield of this coupling reaction still seems to be lower than
that of common Fmoc-amino acids and should directly influence
the overall yield of the glycopeptide synthesis. We hypothesized
that the short life of the activated glycosylated amino acids
becomes the rate-limiting step in the coupling reaction rather
than the steric effect by carbohydrate, since it is well known that
double coupling using some sterically hindered Fmoc amino
acids would achieve a quantitative yield in any step. In light of
the limitations and the assumption that not all glycosyl amino
acids reacted, the double activation method was tested by adding
the same amounts of coupling reagent and additive after half the
reaction time. For this purpose, the aminium salt coupling
reagents were not chosen due to the risk of guanydilation,
especially with the hindered glycosylated amino acids as in our
case study (Fig. 3). Thus, the double activation protocol was
tested using phosphonium salts as they cannot form a non-desir-
able product and prevent the elongation.

Fig. 4 illustrates the method of “double-activation”. Entries #4
and #6 show the effect of the double activation reactions using
phosphonium salts; in both cases, the yield was much higher
than the simple approach, and coupling was improved even
when aminium reagents were used without any side reactions.

Fig. 1 The present synthetic strategy for glycopeptides.

Fig. 2 Key glycosylated amino acids derivatives employed in this
study.

Table 1 Extensive conversion in the preparation of 2 by applying different coupling reagent systems

#a Coupling methodb Initial loading Yield [Thr(Tn)]3c (%)d Yield [Ser(Tn)]4c (%)d Total Yield [2] (%)

1 HBTU/HOBt 0.26 90.9 84.6 76.4
2 HATU/HOAt 0.26 92.1 93.3 85.9
3 PyBOP/HOBt 0.26 96.0 80.8 77.6
4 PyBOP/HOBt “× 2” 0.26 95.4 85.0 81.1
5 PyAOP/HOAt 0.26 94.4 90.1 85.0
6 PyAOP/HOAt “× 2” 0.26 97.2 92.5 89.9
7 Totally PEG resin, PyAOP/HOAt “× 2” 0.37 98.1 98.0 96.1

aUse of 50 mg of solid support. The average of three syntheses was reported. b The reaction time was 20 min assisted by MW energy (0–50 W;
50 °C). c Loading calculated by Fmoc photometric test. UV measurement was performed in duplicate, and results were averaged. d Individual coupling
reaction yield.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 1612–1617 | 1613
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Influence of the solid support

Once the coupling conditions were established for standard syn-
thesis of glycopeptides, the next step was to improve the method
for evaluating the influence of the solid support. The nature of
the resin is a crucial feature to obtain the desired compounds.15

During the past few years, a new generation of totally polyethy-
lene glycol (PEG)-type supports has been successfully employed
for the synthesis of complex peptides.16 The amphipathic nature
of the PEG-based solid support could make it ideal for the syn-
thesis of glycopeptides, since this kind of highly swelling poly-
mers appears to be suitable for incorporation of the glycosylated
amino acids bearing bulky sugar cores. Therefore, we tested the
effect of a higher loading PEG solid support in combination
with the “double activation” protocol. As shown in entry #7, the
PEG-based resin produced the highest yield for the incorporation
of sugar amino acids onto the loaded resin. In comparison with
the Tentagel resin (entries #1 to #6), the incorporation of Fmoc-
Thr(GalNAcα)-OH 3 onto the PEG resin resulted in a better per-
formance and enhanced coupling yield. Furthermore, coupling
of the second sugar residue (Fmoc-Ser(GalNAcα)-OH, 4) pro-
vided further evidence of the method’s efficiency, achieving the
desired compound 2 in high yield even in challenging couplings
and a higher loading of the support. As highlighted in previous
studies,17 these results confirmed the nature of the resin as a key
factor in the solid-phase synthesis of peptides and their
derivatives.

Synthesis of core-2 containing peptide

Optimizing the conditions for the incorporation of the simple
glycosylated amino acids 3 and 4, the method was further exam-
ined by including more architecturally complex glycans. The
synthetic protocol chosen for evaluation was the cumbersome
Ser(core 2)-Thr(core 2)-Ala structure on the resin (1, Fig. 1).

With incorporation of the representative core 2-based trisac-
charide, [Galβ1,3(GlcNAcβ1,6)GalNAcα1] (Fig. 2, 5 and 6),
was chosen due to the presence of a branching point and as a

consequence of the steric hindrance of the glycan moiety. As
suspected, coupling of amino acids bearing these bulky core
2-type residues is more intricate than the previous Tn-type
model but even this approach maintained a satisfactory yield
(1, 86% overall yield, Scheme 1).

Considering the steric nature of these moieties and only using
1.2 equiv., this protocol is generally suitable for incorporation of
bulky sugar amino acids in only 20 min with minimal excess of
reagents leading to a high yield.

Synthesis of mucin glycopeptide

Certain interesting cancer antigens are the mucin-derived glyco-
sylated peptides. In tumor cells, the mucin protein undergoes the
aberrant O-glycosylation and exposes novel epitopes compared
to normal cells.18

In the interest of getting mucin glycopeptides containing the
repetitive Thr(core 1)19 using 8, we first tested the conventional
method to obtain the tripeptide Thr(core1)-Thr(core1)-Val, 9 on
the PS-PEG resin. The RP-HPLC chromatogram of the tripeptide
showed a peak (tR 26.5 min, 30.1% purity and overall yield:

Fig. 3 Partial truncation of the synthesis due to the guanydilation sec-
ondary reaction caused by aminium salts.

Fig. 4 Illustration of the “double activation” approach.

Scheme 1

Fig. 5 (Above) HPLC chromatogram of 9 after cleavage, synthesis
with the conventional protocol. (Below) Crude 10 glycopeptide HPLC
chromatogram by using the “double-activation” method to incorporate
Thr(core 1).

1614 | Org. Biomol. Chem., 2012, 10, 1612–1617 This journal is © The Royal Society of Chemistry 2012
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14%) as the desired product, but many byproducts were obtained
(Fig. 5 above). It seems that the consecutive Thr’s bearing core 1
[Galβ(1,3)-GalNAcα1] rendered a low yield and purity under the
conventional method, even in a short glycopeptide. In our group,
we were interested in having access to longer core 1-containing
peptides [Ac-TTST(core 1)T(core 1)VSTT-NH2, 10], so the
novel method was used to test these desired compounds with the
PS-PEG resin. In contrast, the “double activation” protocol per-
formed more smoothly to finally obtain the high yield and purity
product (Fig. 5 below, tR 24.5 min, 63.2% purity and overall
yield: 26%).

Synthesis of tau glycoprotein fragments

Finally, to assess the versatility of this novel protocol, tau protein
fragments were selected as a case study, since this glycoprotein
has recently been of emerging interest in medicinal chemistry
due to its relationship with Alzheimer disease.20 It is broadly
believed that the tau pathogenic form is of extreme importance
during the early stage of the disease. In fact, tau protein forms
aberrant aggregates that are toxic to neurons. Understanding the
mechanisms of glycosylation and phosphorylation of this protein
may lead to future tau-related treatment of neurodegenerative dis-
eases. As a challenging application of our strategy, the syntheses
of some glycosylated sequences of the tau protein were per-
formed, and these results are listed in Table 2.

Three different sequences of different lengths, polarities and
glycosylation sites with GlcNAcβ were synthesized. The first
case study is glycopeptide His388 to His407 (11) containing 20
amino acid residues. The glycosylation site is located at the mid-
point of the peptide. The Ser(GlcNAcβ) is incorporated after the
cumbersome sequence Pro-Val-Val. Attachment to this fragment
is thought to be difficult due to the presence of two consecutive
β-branched amino acids and direct incorporation onto a second-
ary amino group. However, this strategy yielded the desired gly-
copeptide in a high purity. Similarly, a larger fragment 12
(Leu408 to Ala429) was also successfully prepared with 22 resi-
dues and a sugar moiety after incorporation of seven residues
and consecutively to a Pro.

As a further example, the third chosen fragment includes
Ser191 to Ser210 (13), containing two glycosylated serine resi-
dues. The two glycosides are both located after the Pro residues
and are only two residues apart. Characterization by RP-HPLC
and MALDI-TOF MS confirmed the desired product in 74%
purity. Judging from the result that a conventional protocol pro-
vided the same 13 only in 29% purity with another byproduct

due to Pro200-Ser210. This truncated fragment corresponded to
the peptide before the incorporation of the second glycosylated
amino acid, with the impossibility of coupling the bulky residue
by the conventional method. This comparative result demon-
strates the high efficiency of the present approach to long pep-
tides with sugars.

Further, some studies revealed racemization via azalactone on
common amino acids when an excess of coupling reagents is
employed. For the incorporation of glycosylated amino acids,
racemization was not detected. This observation will be
described in future studies.

Conclusions

We developed a novel method for the attachment of glycosylated
amino acids in solid-phase based on the synergy of different
approaches. Whereas other methods are tedious and time con-
suming, the protocol described herein is fast, efficient and uses a
minimal quantity of the sugar amino acids. It is a generally suit-
able approach, since it can be used on the simplest and the most
hindered sugar moieties, i.e. the complex architecture sugar core
2. The validity of this approach for longer tau glycosylated pep-
tides was also demonstrated. We opened the possibility to
employ “double activation” reactions to any hindered related
amino acids in a low excess. This novel method accelerates a
new path for interested glycopeptides in several biology and
therapeutic areas whereas these intermediates can be subjected to
further modification procedures on the basis of enzyme-assisted
automated synthesis.

Experimental

General remarks

Commercially available reagents and compounds were used
without further purification. The Tentagel resins were obtained
from Rapp Polymere and all the PEG resins are NovaPEG from
Novabiochem. The 1H NMR and 13C NMR spectra were
recorded at an operating frequency of 500 or 600 MHz and a
temperature of 300 K. Chemical shifts are reported in parts per
million (δ) relative to TMS or to solvent as the internal standard.
Thin layer chromatography was performed on silica gel. Detec-
tion was accomplished by irradiation using a UV lamp or stain-
ing with ninhydrin or anis. The chromatographic separations
were achieved on silica gel columns.

Table 2 Obtaining glycosylated fragments of tau protein

Glycopeptide sequencea Purityb MS exact/found [M+H]+, [M+Na]+

HGAEIVYKS ̲PVVSGDTSPRH (11)c 81% 2338.1/2338.4, 2360.4
LSNVSSTGSIDMVDs ̲PQLATLA (12)c 73% 2406.2/2407.8, 2429.8
SGDRSGYSS ̲PGS̲PGTPGSRS (13)c 74% 2301.0/2302.4, 2324.4
SGDRSGYSS ̲PGS̲PGTPGSRS (13)d 29% 2301.0/2300.1, 2322.1

aAn underline indicates the glycosylated amino acid residue, Ser(GlcNAcβ). b Purity calculated by RP-HPLC peak area percentage. cCoupling under
the present double activation method (PyBOP/totally PEG resin/MW irradiation, 2 × 10 min). dResult obtained by using a conventional protocol
(HBTU/totally PEG resin/MW irradiation, 20 min).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 1612–1617 | 1615
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Synthesis

Microwave-assisted synthesis. Reactions with assisted micro-
wave energy were performed in a closed reaction vessel. The
manufacturer of the microwave system is IDX Corporation. The
system was fixed to a maximum of 50 °C, and wattage rating
was 0–50 W.10,11

Glycosylated amino acids. Compounds 3–6, and 8 were syn-
thesized according to the methods reported previously10,21 and
characterized by 1H NMR as follows:

Fmoc-Thr(Tn)-OH 3: 1H NMR (500 MHz, DMSO-d6) δ 7.91
(2H, d, J = 7.5 Hz), 7.73 (2H, m), 7.44 (2H, t, J = 7.5 Hz), 7.34
(2H, t, J = 7.5 Hz), 5.30 (1H, d, J = 3.0 Hz), 5.03 (1H, dd, J =
11.5 Hz), 4.80 (1H, d, J = 3.5 Hz), 4.46 (2H, m), 4.30 (2H, t,
J = 6.0 Hz), 4.17 (3H, m), 4.01 (2H, m), 3.48 (1H, m), 2.11
(3H, s), 2.01 (3H, s), 1.90 (3H, s), 1.82 (3H, s), 1.16 (3H, d,
J = 6.5 Hz).

Fmoc-Ser(Tn)-OH 4: 1H NMR (500 MHz, DMSO-d6): δ 7.89
(2H, d, J = 7.0 Hz), 7.70 (2H, t, J = 7.0 Hz), 7.43 (2H, t, J = 7.0
Hz), 7.35 (2H, J = 7.0 Hz), 5.27 (1H, s), 5.01 (1H, dd, J = 11.5,
2.5 Hz), 4.79 (1H, d, J = 2.5 Hz), 4.23 (5H, m), 3.95 (2H, m),
3.86 (1H, s), 3.80 (1H, m), 3.74 (1H, m), 2.10 (3H, s), 1.89 (6H,
s), 1.83 (3H, s).

Fmoc-Thr(core2)-OH 5: 1H NMR (500 MHz, DMSO-d6): δ
7.90 (2H, m), 7.75 (2H, t, J = 7.5 Hz), 7.43 (2H, ddd, J = 15.0,
7.5, 3.0 Hz), 7.33 (2H, dt, J = 12.5, 7.5 Hz), 5.24 (2H, dd, J =
8.0, 4.0 Hz), 5.03 (2H, m), 4.82 (2H, m), 4.72 (1H, d, J = 8.0
Hz), 4.63 (1H, d, J = 4.0 Hz), 4.57 (1H, d, J = 8.5 Hz), 4.53
(1H, m), 4.44 (1H, m), 4.31 (1H, m), 4.19 (2H, m), 4.11–3.95
(7H, m), 3.91 (1H, m), 3.83 (2H, m), 3.75 (2H, m), 2.09 (3H, s),
2.02–1.95 (15H, m), 1.91 (3H, s), 1.90 (3H, s), 1.82 (3H, s),
1.76 (3H, s), 1.10 (3H, d, J = 6.5 Hz).

Fmoc-Ser(core 2)-OH 6: 1H NMR (500 MHz, DMSO-d6) δ
7.90 (2H, d, J = 7.0 Hz), 7.73 (2H, d, J = 7.0 Hz), 7.43 (2H, t, J
= 7.0 Hz), 7.34 (2H, m), 5.23 (2H, br), 5.05 (2H, m), 4.82 (4H,
m), 4.64 (1H, s), 4.60 (1H, d, J = 8.0 Hz), 4.40 (2H, br), 4.23
(4H, m), 4.11–3.92 (8H, m), 3.74–3.47 (4H, m), 2.10 (3H, s),
2.01 (6H, s), 1.99–1.96 (9H, s), 1.91 (6H, s), 1.81 (3H, s), 1.74
(3H, s).

Fmoc-Thr(core 1)-OH 8: 1H NMR (500 MHz, CDCl3) δ 7.76
(2 H, d, J = 7.4 Hz), 7.49 (2 H, t, J = 7.3 Hz), 7.41 (2 H, td, J =
3.7 Hz and 7.4), 7.29–7.36 (2 H, m), 7.05 (1 H, d, J2,NH = 9.7
Hz, NH), 6.85 (1 H, d, JNH,CHa = 7.4 Hz, Thr-NH), 5.45 (1H, d,
J1,2 = 2.9 Hz, 1-H), 5.39 (1 H, d, J3′,4′ = 3.2 Hz, 4′-H), 5.10 (1
H, br. s, 4-H), 5.08 (1 H, m, 2′-H), 4.94 (1 H, dd, J3′,4′ = 3.4 Hz
and J2′,3′ = 10.5 Hz, 3′-H), 4.68 (2 H, m, Fmoc CH2), 4.55 (1 H,
d, J1′,2′ = 7.7 Hz, 1′-H), 4.35 (1H, q, JCHα,CHβ = 6.3 Hz, Thr-
CHβ), 4.29–4.18 (4H, m, 3-H, 6- and 6′-Ha, Thr-CHα),
4.17–3.99 (4 H, m, Fmoc CH, 6- and 6′-Hβ), 3.90 (1 H, dd, J2,3
= 11.0 Hz, 2-H), 3.79–3.88 (2 H, m), 2.18, 2.17, 2.11, 2.09,
2.04, 2.01 and 2.01 (21 H, 7 s, 7 COCH3) and 1.08 (3 H, d, Thr-
CHγ).

Synthesis of glycopeptides

Manual solid-phase peptide elongation and other solid-phase
manipulations were carried out in polypropylene syringes, each

fitted with a porous disk. Solvents and soluble reagents were
removed by suction. Previous washings of the Tentagel resin
were performed with CH2Cl2 (5 × 1 min) and DMF (5 × 1 min),
in the case of totally PEG resin a previous described washing
protocol was performed.16 Washings between deprotection,
coupling and subsequent deprotection steps were carried out at
room temperature with DMF (3 × 1 min), CH2Cl2 (3 × 1 min)
and DMF (3 × 1 min). Fmoc removal was carried out with pip–
DMF (1 : 5) (1 × 3 min, MWassisted). The coupling of non-gly-
cosylated amino acids (4 equiv.) was carried out with HBTU–
HOBt–DIEA (4 : 4 : 6) in DMF for 10 min assisted by MW
energy. The coupling and deprotection were analyzed by the nin-
hydrin test. Glycosyl amino acids were achieved following the
double activation protocol (Fig. 4) by employing 1.2 equiv. of
glycosylated amino acids. The system PyAOP–HOAt–DIEA or
PyBOP–HOBt–DIEA (1.2 : 1.2 : 1.8) was performed in DMF.
After 10 min reaction assisted by MW energy, without filtering,
more PyXOP–HOXt (1.2 equiv.) was added and reacted for
other 10 min.

The glycopeptides were cleaved from the resin with simul-
taneous removal of side-chain protecting groups by treatment
with TFA–H2O–TIS (95 : 2.5 : 2.5) for 1 h or 2 h at room temp-
erature. A ratio of 100 μL of cleavage cocktail per mg of resin
was performed. After cleavage reaction, peptides were precipi-
tated by adding cold tert-buthylmethyl ether. Following centrifu-
gation, the solution was decanted and this process was repeated
twice. Finally, peptides were dissolved in H2O–CH3CN (1 : 1)
and lyophilized. For the removal of the acetyl protecting groups
of the glycosyl moieties, glycopeptides were dissolved in MeOH
(5 mL). To the solution was added 1 N NaOH, keeping the sol-
ution at pH 13. Deacetylation reaction was followed by MS spec-
troscopy. After completion, the reaction mixture was neutralized
by addition of AcOH. The solvents were evaporated in vacuo.
The deprotected glycopeptides were dissolved in H2O and
characterized by RP-HPLC. Reverse phase analytical high per-
formance liquid chromatography (RP-HPLC) was carried out
with a Hitachi instrument [detector L-2400 (220 nm) and pump
L-2130]. The conditions are described for each compound. For
the NMR spectra, peptides were purified to a >95% purity by
RP-HPLC using a semi-preparative column [Inertsil ODS-3
(ϕ 20 × 250 mm) (GL Science Inc.)], flow rate 5 mL min−1.
Gradient conditions depending on each peptide (see ESI†). Mass
spectra were obtained on an Ultraflex MALDI-TOF instrument.
The matrix used is a solution of DHB in a 1 : 1 mixture of
H2O–CH3CN in 0.1% TFA. NMR characterization of peptides is
performed on Bruker 600 MHz or Varian 500 MHz spec-
trometer. The peptide was concentrated to 2mM on H2O–D2O
(9 : 1), and pH was adjusted to 4–6, unless other is indicated.
Product 1 after cleavage from resin was characterized by
RP-HPLC and main peak corresponds to desired compound
(RP-HPLC, linear gradient from 0.3 : 9.7 to 2.5 : 7.5 of CH3CN
(0.1% TFA) in H2O (0.1% TFA) for 40 min, 1.0 mL min−1).
After the deacetylation step, MALDI-TOFMS confirms the main
product as the desired compound (m/z calcd for C54H92N8O35,
1412.57; found, 1435.51 [M + Na]+). Product 2 (H-Ser(Ac3-
α-GalNAc)-Thr(Ac3-α-GalNAc)-Ala-NH2) after cleavage from
resin was characterized by RP-HPLC and main peak corresponds
to desired compound (RP-HPLC, linear gradient from 0.3 : 9.7 to
2.5 : 7.5 of CH3CN (0.1% TFA) in H2O (0.1% TFA) for 40 min,
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1.0 mL min−1). MALDI-TOFMS confirms the product as the
desired compound (m/z calcd for C38H58N6O21, 934.37; found,
957.21 [M + Na]+, 973.19 [M + K]+) (NMR spectra and assign-
ments. Spectra and chromatograms are available in the ESI†).

Abbreviations

“× 2” “double-activation”
Ac acetyl
ACN,
CH3CN

acetonitrile

AcOH acetic acid
core-2 Galβ1,3(GlcNAcβ1,6)GalNAcα1
DCM CH2Cl2, dichloromethane
DIEA N,N-diisopropylethylamine
DHB dihydroxybenzoic acid
DMF N,N-dimethylformamide
equiv. equivalent/s
Fmoc 9-fluorenyl-methyloxycarbonyl
HOBt 1-hydroxybenzotriazole
HOAt 7-aza-1-hydroxybenzotriazole
HATU N-[(dimethylamino)-1H-1,2,3- triazolo[4,5-b]

pyridin-1-yl-methylene)-N–methylmethanaminium
hexafluorophosphate N–oxide

HBTU N-[(1H-benzotriazol-1-yl)-(dimethylamino)
methylene]-N-methylmethanaminium hexafluoro-
phosphate N–oxide

MALDI matrix-assisted laser desorption ionization
MeOH methanol
MUC1 mucine-1
MS mass
MW microwave
NMR nuclear magnetic resonance
PEG polyethylene glycol
pip piperidine
PS polystyrene
PyAOP azabenzotriazol-1-yl-N-oxy-tris(pyrrolidino)phos-

phonium hexafluorophosphate
PyBOP benzotriazol-1-yl-N-oxy-tris(pyrrolidino)phos-

phonium hexafluorophosphate
RP-HPLC reverse phase high pressure liquid chromatography
TIS triisopropylsilane
TFA trifluoroacetic acid
Tn GalNAcα
TOF time-of-flight
UV ultraviolet
Amino acids and peptides are abbreviated and designated fol-
lowing the rules of the IUPAC-IUB Commission of Biochemi-
cal Nomenclature [J. Biol. Chem., 1972, 247, 977–983].

Acknowledgements

This work was partly supported by a grant for “Innovation COE
program for future drug discovery and medical care” from the
Ministry of Education, Culture, Science, and Technology, Japan.
We appreciate to Ms. Y. Oguri for the technical supports in the
preparation of glycosylated amino acid derivatives. We gratefully

acknowledge “Japan Society Promotion of Science” Foundation
for a short-term fellowship to FGM.

References

1 D. Kahne, C. Leimkuhler, W. Lu and C. Walsh, Chem. Rev., 2005, 105,
425–448; R. J. Solá, J. A. Rodriguez-Martinez and K. Griebenow, Cell.
Mol. Life Sci., 2007, 64, 2133–2152; P. Niederhafner, J. Sevestik and
J. Jezek, J. Pept. Sci., 2008, 14, 44–65.

2 D. F. Wyss and G. Wagner, Curr. Opin. Biotechnol., 1996, 7, 409–416;
L. Galli-Stampino, E. Meinjohanns, K. Frische, M. Meldal, T. Jensen,
O. Werdelin and S. Mouritsen, Cancer Res, 1997, 57, 3214–3222.

3 For reviews about synthesis of glycoproteins see: B. G. Davis, Chem.
Rev., 2002, 102, 579–601; R. J. Payne and C-H Wong, Chem. Commun.,
2010, 46, 21–23.

4 I. Brockhausen, T. Dowler and H. Paulsen, Biochim. Biophys. Acta, Gen.
Subj., 2009, 790, 1244–1257.

5 N. Ohyabu, N. H. Hinou, T. Matsushita, R. Izumi, H. Shimizu,
K. Kawamoto, Y. Numata, H. Togame, H. Takemoto, H. Kondo and
S.-I. Nishimura, J. Am. Chem. Soc., 2009, 131, 17102–17109.

6 For a review until 2000 see: H. Herzner, T. Reipen, M. Schultz and
H. Kunz, Chem. Rev., 2000, 100, 4495–4537; O. Seitz, ChemBioChem,
2000, 1, 214–246. For a review until 2007 see: H. Hojo and Y. Nakahara,
Biopolymers, 2007, 88, 308–324.

7 Z. W. Guo, Y. Nakahara, Y. Nakahara and T. Ogawa, Carbohydr. Res.,
1997, 303, 373–377; V. L. Campo, I. Carvalho, S. Allman, B. Davis and
R. A. Field, Org. Biomol. Chem., 2007, 5, 2645–2657.

8 C. Brocke and H. Kunz, Synlett, 2003, 13, 2052–2056; C. S. Bennett, S.
M. Dean, R. J. Payne, S. Ficht, A. Brick and C-H. Wong, J. Am. Chem.
Soc., 2008, 130, 11945–11952; A. Kaiser, N. Gaidzik, U. Westerlind,
D. Kowalczyk, A. Hobel, E. Schmitt and H. Kunz, Angew. Chem., Int.
Ed., 2009, 48, 7551–7555; T. Matsushita, R. Sadamoto, N. Ohyabu and
S.-I. Nishimura et al., Biochemistry, 2009, 48, 11117–11133.

9 E. Tanaka, Y. Nakahara, Y. Kuroda and Y. Takano, Biosci., Biotechnol.,
Biochem., 2006, 10, 2515–2522.

10 T. Matsushita, H. Hinou, M. Kurogochi, H. Shimizu and S. I. Nishimura,
Org. Lett., 2005, 7, 877–880.

11 T. Matsushita, H. Hinou, M. Fumoto, M. Kurogochi, N. Fujitani,
H. Shimizu and S.-I. Nishimura, J. Org. Chem., 2006, 71, 3051–3063.

12 E. Valeur and M. Bradley, Chem. Soc. Rev., 2009, 38, 606–631.
13 J. Alsina, G. Barany, F. Albericio and S. Kates, Lett. Pept. Sci., 1999, 6,

243–245.
14 For a review of the guanydilation secondary reaction, please check:

S. C. Story and J. V. Aldrich, Int. J. Pept. Protein Res., 1994, 43, 292–
296; F. Albericio, J. M. Bofill, A. El-Faham and S. A. Kates, J. Org.
Chem., 1998, 63, 9678–9683.

15 M. Meldal, in Methods in Enzymology, Solid-Phase peptide synthesis, ed.
G. B. Gields, Academic Press, Orlando, FL, 1997, 289, pp 83–104.

16 F. García-Martín, M. Quintanar-Audelo, Y. García-Ramos, L. J. Cruz,
C. Gravel, R. Furic, S. Côté, J. Tulla-Puche and F. Albericio, J. Comb.
Chem., 2006, 8, 213–220.

17 M. Delgado and K. Janda, Curr. Org. Chem., 2002, 6, 1031–1043;
N. Zinieris, C. Zikos and N. Ferderigos, Tetrahedron Lett., 2006, 47,
6861–6864.

18 H. H. Wandall, O. Blixt, M. A. Tarp, J. W. Pedersen, E. P. Bennett,
U. Mandel, G. Ragupathi, P. O. Livingston, M. A. Hollingsworth,
J. Taylor-Papadimitriou, J. Burchell and H. Clausen, Cancer Res., 2010,
70, 1306–1313.

19 R. Hashimoto, N. Fujitani, Y. Takegawa, M. Kurogochi, T. Matsushita,
K. Naruchi, N. Ohyabu, H. Hinou, X. D. Gao, N. Manri, H. Satake,
A. Kaneko, T. Sakamoto and S.-I. Nishimura, Chem. Eur. J., 2011, 17,
2393–2404.

20 T. Lefebvre, S. Ferreira, L. Dupont-Wallois, T. Bussière, M.-J. Dupire,
A. Delacourte, J.-C. Michalski and M.-L. Caillet-Boudin, Biochim.
Biophys. Acta, Gen. Subj., 2003, 1619, 167–176; S. A. Yuzwa, M.
S. Macauley, J. E. Heinonen, X. Shan, R. J. Dennis, Y. He,
G. E. Whitworth, K. A. Stubbs, E. J. McEachern, G. J. Davies and
D. J. Vocadlo, Nat. Chem. Biol., 2008, 4, 483–490.

21 S. Peters, T. Bielfeldt, M. Meldal, K. Bock and H. Pauisen, Tetrahedron
Lett., 1991, 32, 5067–5070; Y. Tachibana, N. Matsubara, F. Nakajima,
T. Tsuda, S. Tsuda, K. Monde and S.-I. Nishimura, Tetrahedron, 2002,
58, 10213–10224.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 1612–1617 | 1617

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

ir
e 

d'
A

ng
er

s 
on

 0
9 

Fe
br

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 2

2 
N

ov
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2O
B

06
53

2K

View Online

http://dx.doi.org/10.1039/c2ob06532k

