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MUC1-type glycopeptides have already shown their potential as possible cancer vaccine candidates. In addition, first
examples of fluorinated antigen structures, especially containing the Thomsen–Friedenreich antigen, with similar
antibody recognition have been reported. Using microreactor techniques for improvement of the crucial step, the
complex glycosylation reactions, is an efficient way to find optimized reaction parameter as well as to circumvent
well-known scale-up drawbacks. Besides, this is the first report of continuous flow glycosylations of glycosyl amino
acids, in particular with fluorinated glycosyl building blocks.
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1. Introduction

The interest in the development of an active immunization
against human tumor cells for a new selective and efficient
cancer therapy has grown considerably in the last few years.
For example, vaccines based on the mucin MUC1 [1–4], a cell-
surface glycoprotein which is typically over-expressed on
malignant cells, have already shown their potential in immuno-
genic evaluation [5–12]. These tumor-associated glycoconju-
gates differ from the regular glycoprotein structure by shortened
glycan side chains, containing the TN, the Thomsen–Friedenreich
(T) antigens and their sialylated derivatives sialyl TN and sialyl T
(mediated by down-regulated glycosyltransferases), and thus by
exposed peptide epitopes [13–15]. Provoked by the weak immu-
nogenicity and the explicit lability in metabolism of the carbohy-
drate antigens, the exploration of structural variations has become
a promising issue [16–22]. In particular, the synthesis of hy-
drolytically more stable fluorinated analogues represents an
encouraging approach to minimize metabolic degradation and
at the same time to maintain or even to increase the elicited im-
mune response. The first examples of various fluorinated tumor-
associated antigens (TACA) [23–28], as well as correlative works
concerning the immunological comparison of natural and fluo-
rinated MUC1-type structures, have been recently published
[29]. The rising interest in fluorinated TACAs calls for appropri-
ate synthetic methods to guarantee an access to adequate amounts
of the desired glycosyl amino acids whereas the notoriously
complex glycosylation reactions represent the crucial step in syn-
thesis. It is commonly known that these conversions, especially
the stereoselective outcomes, are extremely sensitive to reaction
parameters such as temperature, reagents, substrates etc., and
therefore, a high consumption of starting material, normally pre-
pared by several synthetic steps, is indispensable for an optimi-
zation process. The intention of this work is the development of a
fast methodology to adjust the reaction conditions and, as a result,
to realize the required synthetic entry without further scale up
drawbacks. All these demands are met in continuous flow proce-
dures in microreactor systems. Inspired by already published
work concerning the use of microreactors for rapid screenings
of glycosylation reactions [30–36] followed by preparative appli-
cations in oligosaccharide syntheses [37], we present now the first
examples of glycosyl amino acids as well as fluorinated sugars
being glycosylated in a micro-structured reactor (Figure 1).

2. Results and Discussion

In the literature-known batch glycosylation of the 2 F-
trichloroacetimidate 2 with the 4,6-blocked TN antigen 1, trime-
thylsilyl trifluoromethanesulfonate (TMSOTf) was applied as
promotor and the reaction was carried out in dry dichloro-
methane starting at 0 °C whereas the temperature was allowed
to reach room temperature within 12 h. As best a total yield
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Figure 1. Microreactor-assisted screening of glycosylations allows an
easy insight into the influence of temperature and time on the total yield
and the stereochemical outcome of the reaction. In addition, only small
amounts of the complex starting materials are required* Author for correspondence: loewe@uni-mainz.de
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of 86 % with α:β of 1:10 was achieved, and hence 78 % β-
anomer was isolated [23].
Using the continuous flow procedure in a microreactor, wewere

able to achieve 72 % of a 1:6 mixture of α:β (60 % β-anomer) in
just 90-min reaction time. Caused by the missing participating
group in position 2 of the glycosyl donor, the main challenge is
theβ-selective coupling which can be addressed by kinetic control
at low temperatures. Unlikely, lower temperatures are directly
associated with an explicitly reduced reactivity, and vice versa,
increased reaction temperatures induce a significant loss of ste-
reoselectivity. Even at 25 °C, the slightly better total yields are
overcompensated by intensified formation of the thermodynami-
cally preferred α-anomer (see Figure 2).
A change of promoting agent to the milder Lewis acid BF3 ×

Et2O led only to a deceleration of the reaction without any
increase of selectivity (39 % at 0 °C [α:β 1:5], 38 % at room
temperature [α:β 1:2], within 90 min). Crucial to the stereo-
chemical outcome of a given glycosylation reaction is also
the choice of the solvent. Since Schmidt-type batch glycosyla-
tions have been performed in diethylether or tetrahydrofuran
and acetonitrile, we decided to test also the latter two solvents,
as well as 1,2-dichloroethane under the optimized conditions of
90-min reaction time at 0 °Cwith TMSOTf as promotor (Table 1).
Using 1,2-dichloroethane, slightly lower yields were observed
whereas a similar β-selectivity was achieved. In contrast, when
the reaction was carried out in tetrahydrofuran, only 15 % of the
disaccharide was formed, and additionally, the α-configuration
is favored. The attempt to profit from the nitrile-effect of ace-
tonitrile yielded in exclusive formation of the β-product, but
unfortunately, the stabilizing effect on the intermediately formed
oxocarbenium ion led to a slow conversion, and thereby, only
small amounts of the disaccharide were detected.
The synthesis of the second fluorinated T antigen analogue,

the 6′F-T 5, has been published using a galactosylbromide as
glycosyl donor in a Hg(CN)2-mediated Helferich glycosylation
(73 %, MW 100 W, 4 h) [23,25]. Since the heterogeneous
system is not suitable in a micro structured reactor, this is the
first report of the batch synthesis as well as the continuous flow
procedure applying the trichloroacetimidate method to obtain
the 6′F-T antigen analogue 5. In this case, the participating
acetyl group in 2-position determines the stereoselective out-
come of the glycosylation; thus, only the β-configured disac-
charide is formed. The batch synthesis, carried out in dry
dichloromethane with molecular sieve (4 Ǻ) and TMSOTf
as promoting agent, led in 3 h to 89 % of the disaccharide 5.
In a continuous flow synthesis, the best results were achieved
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Figure 2. Results of the microreactor-assisted screening of the forma-
tion of Bn32FGal-BznTN 4 using the described setup (compare Figure 4).
The determination of the yields for different temperatures and reac-
tion times was achieved by high-performance liquid chromatography
(HPLC). Longer reaction times, e.g., 200 min, were not beneficial for
the yield due to decomposition of the trichloroacetimidate donor 2

Figure 3. Results of the microreactor-assisted screening of the for-
mation of Ac36FGal-BznTN 5 and its corresponding orthoester as the
side-product using the described setup (compare Figure 4). The deter-
mination of the yields for different temperatures and reaction times was
achieved by HPLC

Figure 4. Setup for glycosylation parameter screening: the two solutions are pump by a syringe pump; mixed in a SIMM V2-mixing unit; and after
passing the sample loop (1/1″ PTFE capillary, volume: 3 mL), the reaction is quenched. The temperature of the thermostat and the flow rate were
varied to find an optimum

Table 1. Influence of solvents on achievable yield and α/β isomer ratio

Solvent α + β Yield (%) β Yield (%) α + β Ratio

1,2-Dichloroethane 33 28 1:6
Tetrahydrofuran 15 3 3.5:1
Acetonitrile 6 6 0:1
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at 30 °C and a reaction time of 90 min yielding in 48 % of
5. As a side reaction, the known formation of the correspond-
ing orthoester was observed in dependence of the reaction
temperature (see Figure 3).
At low temperature (0 °C) exclusively, the 6′F-T antigen

analogue 5 was formed, whereas in the range of 10 °C, a
maximum is passed through (the orthoester becomes the main
product). Increasing the temperature to 30 °C, the isomerisation
of the orthoester prevails, and similar to 0 °C, only the desired
product appeared. The attempt of applying higher temperatures
by replacing dichloromethane with 1,2-dichloroethane sadly
afforded only 19 % of the disaccharide without any esterificated
byproduct. Actually, the extension of the reaction time to
180 min resulted in a non-significant enhancement of the yield
to 49 %.

3. Conclusion

In conclusion, a continuous flow synthesis for two examples
of fluorinated T antigen analogues has been elaborated, and the
first examples of glycosyl amino acids generally synthesized in
a micro-structured reactor have been reported. Albeit the yields
of the batch syntheses are slightly higher, a fast and reprodu-
cible method has been afforded. This allows the circumven-
tion of the notoriously problematic and unpredictable scale-up
of complex glycosylation reactions. In addition, the screening
of the glycosylation reactions allowed a deeper insight to the
influence of temperature on the stereoselectivity in glycosyla-
tions without a participating group as well as to the dimension
of the formation of an orthoester. The prepared fluorinated
glycoconjugates are valuable building blocks for solid phase
peptide synthesis of MUC1-based anti-cancer vaccine candi-
dates with potentially increased metabolic stability and im-
proved immunogenicity.

4. Experimental

The microreactor-assisted glycosylations were carried out
according to the well-established Schmidt procedure using the
highly reactive trichloroacetimidates as glycosyl donors and
Lewis acids as promoting agents [38]. The glycosyl acceptor
and the promoting Lewis acid were injected by the same syringe,
the trichloroacetimidate by the other one, both as a solution in
dry dichloromethane. The solutions were pumped with a Harvard
Apparatus PHD 2000 syringe pump, tempered in the thermostat,
mixed in a SIMM V2-mixing unit, and after passing the sample

loop (1/16″ PTFE capillary, volume: 3 mL) quenched in satu-
rated NaCl solution (see Figure 4). The residence time was set up
by adjusting the flow rates.
The yields of the microreactor-assisted screening were deter-

mined by HPLC via calibration of the concentration-dependent
UV-signal of educts and products. The glycosyl acceptor, the
benzylidene-blocked TN antigen 1, was build up by an approved
biomimetic strategy via Königs–Knorr glycosylation of a gal-
actosyl azidobromide with an orthogonally blocked L-threonine
[39–41]. As glycosyl donors, two fluorinated galactosyl tri-
chloroacetimidates, a 2-desoxy-2-fluoro 2 and a 6-desoxy-6-
fluoro 3 derivative, were synthesized starting from D-galactose
(Figure 5).
To synthesize the 2-desoxy-2-fluoro donor 2, D-galactose

was first converted to the peracetylated anomeric bromide by
acid catalyzed peracetylation with Ac2O and bromination with
hydrogen bromide in a one-pot reaction in 81 % yield. Zinc-
mediated reductive elimination led to the tri-O-acetylgalactal
6 (87 %) which was deacetylated according to Zemplén con-
ditions at pH 10.5 and subsequently benzylated to 7 in 98 %
yield over two steps. Fluorination in position 2 was achieved
by reaction with Selectfluor® (1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis[tetrafluoroborate]), an easy to
handle N-F fluorinating reagent [42]. Following treatment with
trichloroacetonitrile and catalytic amounts of 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) gave the αBn32FGal-TCI 2.
To fluorinate position 6, it is reasonable to block the re-

maining hydroxyl groups with isopropylidene acetals. A clean
conversion in the following deoxyfluorination with DAST®
(N,N-diethylaminosulfur trifluoride) in the presence of sym-
collidine was realized by microwave irradiation [23]. Ensuing
acidolysis of the acetals and peracetylation with pyridine/
acetic anhydride (2:1) led to the fluorinated precursor 11 in
80 % yield over two steps. Finally, the anomeric center was
deprotected with ethylenediamine acetate and treatment with
trichloroacetonitrile gave the αAc36FGal-TCI 3.
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