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Carbohydrates constitute the most abundant class of biomole-

cules on Earth. They are “global players” and indeed play many

roles. They store energy and water. They serve as metabolic

intermediates. They function as stable, raw materials or as intel-

ligent, bioengineered products. They are even active in “social

media”, that is, they mediate communication between cells and

they store information by molecular shaping. They adopt more

forms and shapes than one can conceive in 24 hours. They exist

as small mono- or oligo-saccharides, as large and highly com-

plex polysaccharides, and in conjugation with, for example,

proteins and lipids, forming a kingdom of glycoconjugates that

are found on every cell surface.

Hence, carbohydrates are like Alice’s Wonderland—they can

assume any role. They can be big or small, sweet or sour, silent

or explicit, crucial or, less often, irrelevant. What we do under-

stand, however, is that carbohydrates are essential to life, both

in a state of health and in the case of disease. Consequently, the

glycosciences have gained great respect in chemistry and

biology. It is now generally considered important to be able to

synthesize carbohydrates and glycoconjugates, to purify and

analyze their structures, and to advance our understanding of

the biology of carbohydrates in living systems. The two

Thematic Series “Synthesis in the glycosciences” I [1] and II

[2-35] that precede this Thematic Series have impressively

documented the state of the art in this field of research.

Now, a third “sweet” Thematic Series is presented in which the

borderline between Alice’s Wonderland and real-life applica-

tions of carbohydrates has been deliberately crossed. The struc-

tural world of natural sugars has been extended towards artifi-

cial carbohydrate architectures to achieve potential innovations

offered by glycoconjugates. Since 2011, approximately 70

group leaders from 21 countries have gathered in an interna-

tional COST (European Cooperation in Science and Tech-

nology) Action, funded by the European Union (EU) to address

the challenges and opportunities in the field of glycosciences.

This enterprise has focused its research on the potential applica-

tions and social benefits that lie in the field. For instance, multi-

valent glycoconjugates can be used as anti-adhesive drugs

against microbial infections. They could be developed into

bioimaging agents that can target specific tissues. Indeed, they

will certainly find applications in materials science and in medi-

cine, for example, in drug delivery or diagnostics [36]. Conse-

quently, this COST Action (CM1102) [37] was called

“MultiGlycoNano” to illustrate that multivalent glycostructures
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now enter the era of nanoscience. Some of the achievements of

this team of researchers are collected within the presented

volume.

I am very grateful to the five colleagues of our international

network who have dealt with the manuscripts submitted for this

Thematic Series entitled, “Multivalent glycosystems for

nanoscience”. Bruce Turnbull (United Kingdom) has amassed

contributions dedicated to “Synthetic methods to make multiva-

lent glycosystems”, Alessandro Casnati (Italy) has delivered

manuscripts regarding “Glycoconjugates for the delivery of

drugs and diagnostic probes” for review, Roland Pieters (The

Netherlands) has taken care of manuscripts related to “Glyco-

conjugates as anti-pathogenic agents”, Vladimir Křen (Czech

Republic) has supervised the area of “Glycoconjugates as

modulators of the immune system”, and finally, Jean-Louis

Reymond (Switzerland) has received contributions regarding

“Glycosystems in nanotechnology”. As a result, 27 excellent

publications are presented in this fine collection. I would like to

sincerely congratulate all contributors for their research and

results. We can be proud of what has been achieved. We should

be inspired by what has been suggested. And we have defi-

nitely been encouraged by the delightful experiences we shared

in an international network of colleagues and friends. In our

community, we have been obliged to diversity and equality, to

liberty and freedom, and to truth and reason. Therefore, in the

name of all glycoscientists who have contributed to this

Thematic Series, I finally express the hope that the ethical stan-

dards that we have applied in our work will provide guidance

and confidence, if our healthy world will once have to face the

challenges of distrust, fanaticism and hate, as it is currently the

case in many areas of this planet.

Thisbe K. Lindhorst

Kiel, October 2014
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Abstract
The reaction of appropriately functionalized sucrose phosphonate with sucrose aldehyde afforded a dimer composed of two sucrose

units connected via their C6-positions (‘the glucose ends’). The carbonyl group in this product (enone) was stereoselectively

reduced with zinc borohydride and the double bond (after protection of the allylic alcohol formed after reduction) was oxidized

with osmium tetroxide to a diol. Absolute configurations of the allylic alcohol as well as the diol were determined by circular

dichroism (CD) spectroscopy using the in situ dimolybdenum methodology.

1246

Introduction
Molecular recognition is one of the most important phenomena

in stereoselective processes. Chiral crown ethers (or analogs)

are particularly useful in enantioselective reactions [1,2] as well

as differentiation of chiral guests [3,4]. From all of the chiral

platforms designed for such receptors, sugars are the most

promising due to their availability and biocompatibility. Up to

date only monosaccharides have found a wide application in the

synthesis of crown ether analogs [5,6]. The disaccharide scaf-

fold is much less pronounced [7].

During the past decade we have become engaged in the prepar-

ation of the analogs of crown and aza-crown ethers with sucrose

scaffold. It is based on a selective protection of 1’,2,3,3’,4,4’-

hexa-O-benzylsucrose (1) either at the glucose (C-6) [8] or fruc-

tose (C-6’) [9] end and further transformations to a variety of

macrocycles (2–4; Figure 1). Such receptors exhibit interesting

complexing properties towards chiral ammonium salts including

amino acids [10-14]. More complex sucrose macrocycles, such

as 5, are available, although in rather low yield [15].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Synthesis of higher sugar enone 10.

Figure 1: Examples of sucrose-based macrocycles.

In this paper we present an approach to other derivatives

containing two sucrose units. This type of dimers may be even-

tually used for the construction of macrocycles by (simple)

connecting their C-6’ (fructose) ends.

Results and Discussion
Coupling of two sugar units can be performed by a number of

methods. The best one in our hands was the Wittig-type

methodology shown in Figure 2. The properly activated sugar is

converted into phosphorane or phosphonate which – upon reac-

tion with an aldehyde derived from another monosaccharide –

provides higher carbon sugar (HCS) enone [16-18].

Figure 2: Synthesis of higher sugar precursors by a Wittig-type
methodology.

Application of this methodology to selectively protected

2,3,3’,4,4’-penta-O-benzylsucrose allowed us to elongate the

parent disaccharide at either terminal position (1’,6’, and 6’) by

relatively small (C2 or C7) unit and prepare so-called higher

sucroses in good yields [19,20]. A similar approach is used now

for a more convenient hexa-O-benzyl derivative which is easily

silylated at the ‘fructose end’ providing alcohol 6 [8]. This

alcohol was converted into aldehyde 7 [21] (route a in

Scheme 1) and separately into phosphonate 9 (route b). Reac-

tion of both synthons under the mild PTC conditions [22-24]

afforded the respective enone 10 in good yield (Scheme 1).
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Functionalization of the three-carbon atom unit connecting the

C5-positions of both sucrose units required reduction of the car-

bonyl group of the enone system and oxidation of the double

bond.

We have already reported that reduction of higher carbon sugar

enones of the D series with zinc borohydride is highly selective

and provides the corresponding allylic alcohols with the R con-

figuration at the newly created stereogenic center, as the only

products. This can be rationalized assuming the cyclic model of

such reduction [25] shown in Scheme 2. We expected, there-

fore, also very high selectivity in the reduction of 10.

Scheme 2: Synthesis of the diol 13 containing two sucrose units.

Indeed, treatment of enone 10 with Zn(BH4)2 under the stan-

dard conditions afforded allylic alcohol 11 as single

stereoisomer in 65% yield. Based on our model, the R-configur-

ation might be safely assigned to the new stereogenic center.

This assignment was further verified independently by circular

dichroism spectroscopy (CD) using the in situ dimolybdenum

methodology (see next chapter).

Next steps of the synthesis consisted of the protection of the

C6–OH as benzyl ether (to 12) and osmylation of the double

bond. The cis-dihydroxylation provided, as single stereoisomer,

a diol to which structure 13 could be assigned on the basis of

the Kishi rule [26] (Scheme 2). It postulates that the attack of

OsO4 occurs from the side opposite to hydroxy (alkoxy)

substituent(s) flanking the double bond. Since in 12, both

alkoxy units act in the same direction, very high diastereoselect-

ivity is not surprising. The assignment of the configuration of

this diol was further confirmed also by the CD methodology;

this is discussed in the next chapter.

Determination of the absolute configuration of
11 and 13
It is widely acceptable that the circular dichroism (CD) spec-

troscopy utilizing the in situ dimolybdenum methodology offers

the hard proof of the absolute configuration of the vic-diols [27-

29]. In this methodology, dimolybdenum tetraacetate acts as

auxiliary chromophore allowing the application of electronic

circular dichroism (ECD) to (otherwise in ECD non-observable)

vic-diols. Mo2(OAc)4 when mixed with a chiral diol ligand

forms complexes active in ECD in which a transfer of ligand

chirality to the in situ-formed complex occurs in solution. Thus,

stereochemistry of vic-diols can be easily assigned based on the

helicity rule developed for this class of compounds. This rule

correlates the positive/negative signs of Cotton effects (CE)

occurring in the 300–400 nm spectral range in the ECD spectra

with the positive/negative sign of the O–C–C–O torsion angle

of the diol unit of resultant complexes with the Mo2-core. The

basic assumption leading to the assignment of the absolute con-

figuration (AC) based only on the ECD spectra with the Mo2-

core preferring the gauche conformation of the diol units with

both O–C–C–C fragments in an antiperiplanar arrangement

(Figure 3). This arrangement is favored, for steric reasons, i.e.,

to avoid any interaction with the carboxylate ligands remaining

in the stock complex. As a result of the structure–ECD spectra

relationship, it is possible to assign the AC of the diol moiety

unambiguously on the basis of the ECD spectra alone.

In the past few years, this simple but, above all, efficient and

effective method is becoming more and more recognized as evi-

denced by the steadily increasing number of reports in the

literature about its successful application in the determination of

the AC of 1,2-diols [30-32].

Therefore, in assignment of the AC of compounds under the

present study (13, 14 and 16), we decided just to take advan-

tage of the in situ methodology.
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Figure 3: CD spectra of in situ formed chiral complexes of 13 (green line), 14 (purple line) and 16 (blue line) with dimolybdenum tetraacetate recorded
in DMSO; right: preferred gauche conformation of the diols 13, 14 and 16 in the complex with Mo2-core.

This method was used to prove indirectly the 6R configuration

at the newly created stereogenic center in allylic alcohol 11. The

double bond in 11 was cleaved with ozone and the resulting

ozonide was reduced with NaBH4; this sequence afforded

sucrose vic-diol 14 and (as a byproduct) sucrose alcohol 6

(Scheme 3).

The positive sign of the Cotton effect at around 307.0 nm

recorded for the complex of the diol 14 with Mo2(OAc)4 unam-

biguously pointed at the 6R configuration (Figure 3). However,

to exclude any errors we have also prepared 14 and epimeric

alcohol 16; its synthesis is shown in Scheme 3.

First, aldehyde 7 was converted into olefin 15 by treatment with

the simplest Wittig reagent: Ph3P=CH2. Subsequent osmylation

of the double bond in 15 provided two stereoisomeric diols in a

1:1 ratio; the first one was identical in all respects with the diol

obtained from degradation of 11.

The resultant ECD spectra of the Mo2-core with compounds 13

and 16 are shown in Figure 3. Based on the positive CE’s at

308.5 nm for 13 and negative at 310 nm for 16, respectively, the

positive (negative) sign of the O–C–C–O torsion angle has been

attributed to these diols. In the next step, based on the preferred

gauche conformation of the diol unit with both O–C–C–C frag-

ments in an antiperiplanar arrangement as shown in Figure 3,

we were able to assign unambiguously the (7R,8R) AC to diol

13 and (6S) to 16.
Scheme 3: Synthesis of model sucrose diols.
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Conclusion
Coupling of two properly activated sucrose sub-units afforded

the dimer in which both glucose-rings were connected via an

enone linker. The dimer was then converted into a (partially

protected) triol via a stereoselective reduction of the carbonyl

group and highly selective cis-dihydroxylation of the double

bond. The configuration at each new stereogenic center was

determined by CD spectroscopy using the so-called dimolyb-

denum methodology which allows for fast, easy, and effective

assignment of the absolute configuration of vic-diols. We have

confirmed the usefulness of this simple methodology which can

be applied even in cases when other spectroscopic methods fail.

It is worthy to point out that this methodology, which is used in

the synthesis of more simple derivatives such as higher carbon

sugars, was also applicable for the preparation of the sucrose

dimer.

Experimental
General methods
All reported NMR spectra were recorded with a Varian-Vnmrs-

600 MHz spectrometer (at 600 and 150 MHz for 1H and
13C NMR spectra, respectively) for solutions in CDCl3 at room

temperature. Chemical shifts (δ, ppm) were determined relative

to TMS as the internal standard. Most of the resonances were

assigned by COSY (1H–1H) and gradient selected HSQC and

HMBC correlations. Mass spectra were recorded with an ESI/

MS Mariner (PerSeptive Biosystem) mass spectrometer.

Elemental analyses were obtained using a Perkin-Elmer 2400

CHN analyzer. Optical rotations were measured with a Jasco

P-2000 digital polarimeter for solutions in CHCl3 (c = 0.3) at

room temperature. Flash and column chromatographic separa-

tions were performed on silica gel (Merck, 230–400 mesh).

Progress of the reactions was monitored by thin-layer chroma-

tography (TLC) performed on aluminum plates covered with

silica gel (60 F254, Merck).

The ECD spectra were acquired at room temperature in DMSO

(for UV-spectroscopy, Fluka) on a Jasco J-715 spectropo-

larimeter and were collected at 0.5 nm/step with an integration

time of 0.25 s over the range 235–800 nm with 200 nm/min

scan speed, 5 scans. For the ECD standard measurements the

chiral diols (~3.6 mg, ca. 0.003 M) was mixed with stock com-

plex [Mo2(O2CCH3)4] (Mo1) (~0.9 mg, ca. 0.002 M) and

dissolved in DMSO (1 mL) so that the molar ratio of the stock

complex to ligand was about 1:1.5 in general. Quantitative

values could not be obtained with the in situ dimolybdenum

method since the concentration of the chiral complex formed in

solution and its actual structure were unknown. So the ECD

data are given as the Δε' values, which are calculated in the

usual manner by means of the equation Δε' = ΔA/c × d, A being

the absorption, c the molar concentration of the chiral

ligand, assuming 100% complexation, and d the path length of

the cell.

The numbering of the atoms in sucrose dimers is as followed.

The bottom part (green) is marked A and the top marked as B.

The original numbering of the sucrose skeleton in both parts is

retained (i.e., the glucose part is numbered C1–C6 and fructose

C1'–C6').

Synthesis of phosphonate 9. To a cooled −78 °C solution of

dimethyl methylphosphonate (110 μL, 1.0 mmol) in THF

(7 mL) a 2.5 M solution of butyllithium in hexane (0.4 mL,

1.0 mmol) was added and the mixture was stirred for 15 min.

Then, a solution of 8 (325 mg, 0.28 mmol) in THF (5 mL) was

slowly added and the mixture was stirred for additional 30 min.

Reaction was quenched by addition of a saturated solution of

NaCl (5 drops). The mixture was concentrated, and the residue

was purified by column chromatography (hexane–ethyl acetate,

10:1 → 1:1) to afford title compound 9 (227 mg, 65%) as a

foam. [α]D
20 16.2.; 1H NMR δ 7.64–7.61 (m, 4H, Ar),

7.35–7.18 (m, 36H, aryl-H), 6.08 (d, 1H, J1,2 = 3.6 Hz, H-1),

4.86–4.38 (m, 12H, PhCH2), 4.54 (d, 1H, J5,4 = 9.9 Hz, H-5),

4.48 (d, 1H, J3,4 = 7.5 Hz, H-3'), 4.45 (dd, 1H, J4,3 = 7.5, J4,5 =

15.0 Hz, H-4'), 4.03 (dd, 1H, J6,5 = 3.8, J6,6’ 11.5 Hz, H-6'),

3.94 (m, 2H, H-3, H-5'), 3.85 (dd, 1H, J6,5 = 4.1 Hz, J6,6’ = 11.5

Hz, H-6'), 3.71 (dd, 1H, J4,3 = 9.1 Hz, J4,5 = 9.9 Hz, H-4), 3.67

(d, 1H, Jgem = 10.8 Hz, H-1'), 3.62 (d, 3H, JH,P = 11.1 Hz,

OCH3), 3.61 (d, 3H, JH,P = 11.2 Hz, OCH3), 3.56 (d, 1H, Jgem

= 10.8 Hz, H-1'), 3.43 (dd, 1H, J2,1 = 3.6, J2,3 = 9.7 Hz, H-2),

3.26 (dd, 1H, J7,7' = 15.7 Hz, JH,P = 20.3 Hz, H-7), 2.97 (dd,

1H, J7,7' = 15.7 Hz, JH,P = 20.8 Hz, H-7), 1.06 (s, 9H, t-Bu);
13C NMR δ 198.5 (d, J 7.4 Hz, C=O), 138.7, 138.5, 138.2,

138.1, 137.8, 137.7, 135.6, 135.4, 133.1, 132.7, 129.8, 129.8,

128.6–127.5 (Ar), 104.5 (C-2'), 89.2 (C-1), 83.3 (C-3'), 81.5

(C-3), 80.8 (C-4'), 80.5 (C-5'), 79.5 (C-2), 77.9 (C-4), 75.7

(PhCH2), 74.9 (d, J 5.0 Hz, C-5), 74.8 (PhCH2), 73.5 (PhCH2),

73.4 (PhCH2), 72.9 (PhCH2), 72.0 (PhCH2), 72.0 (C-1'), 63.5
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(C-6'), 52.8 (d, J = 6.3 Hz, OCH3), 52.6 (d, J = 6.4 Hz, OCH3),

37.9 (d, J = 136.9 Hz, C-7), 26.9 (t-Bu-CH3), 19.2 (t-Bu-C); 31P

NMR (CDCl3) δ 23.5; anal. calcd for C73H81O14PSi (1241.51):

C, 70.62; H, 6.58; found: C, 70.44; H, 6.79.

Synthesis of ketone 10. To a solution of aldehyde 7 (200 mg,

0.18 mmol), phosphonate 9 (220 mg, 0.18 mmol), and

18-crown-6 (70 mg) in toluene (25 mL) potassium carbonate

(300 mg) was added and the suspension was stirred at rt for

4 days. The solvents were evaporated and the residue was puri-

fied by column chromatography (hexane–ethyl acetate, 40:1 →

5:1) to afford title compound 10 as a foam (287 mg; 73%).

[α]D
20 41.8; 1H NMR δ 7.62–7.61 (m, 8H, Ar), 7.28–7.06 (m,

73H, Ar, =CH-CO), 6.75 (dd, 1H, J = 1.8 Hz, 15.7 Hz, =CH),

5.90 (d, 1H, J = 3.5 Hz, H-1A), 5.82 (d, 1H, J = 3.5 Hz, H-1B),

4.74–4.26 (m, 24H, 12 × PhCH2), 4.67 (d, 1H, J = 10.2 Hz,

H-5A), 4.58 (d, 1H, J = 12.3 Hz, H-5B), 4.37–4.26 (m, 4H,

furanose), 4.00–3.80 (m, 8H, H-3A, H-3B, 4 × H-6', 2 × fura-

nose), 3.77 (d, 1H, J = 11.0 Hz, H-1'B), 3.68 (d, 1H, J = 10.9

Hz, H-1'A), 3.50 (dd, 1H, J = 9.1 Hz, 10.0 Hz, H-4A), 3.46 (d,

1H, J = 10.9 Hz, H-1'A), 3.42–3.38 (m, 2H, H-1'B, H-2A), 3.25

(dd, 1H, J = 3.5 Hz, 9.6 Hz, H-2A), 2.97 (dd, 1H, J = 9.1 Hz,

9.9 Hz, H-4B), 1.03 (s, 9H, t-Bu), 1.02 (s, 9H, t-Bu); 13C NMR

δ 195.2 (C=O), 144.7 (=CH-CO), 138.9, 138.8, 138.4, 138.3,

138.2, 138.1, 138.1, 138.0, 137.9, 137.9, 137.8, 137.7, 135.6,

135.6, 135.5, 133.4, 133.3, 133.2, 133.1, 129.7, 129.7, 129.7,

129.6, 128.4–127.4 (Ar), 124.8 (=CH) 105.1 (C-2'A), 104.8

(C-2'B), 90.3 (C-1A), 90.2 (C-1B), 84.4, 83.9, 83.3, 83.2, 81.8

(C-4B), 81.7, 81.7, 81.5 (C-3A), 81.4 (C-3B), 79.8 (C-2A,

C-2B), 79.6 (C-4A), 75.7 (PhCH2), 75.4 (PhCH2), 74.9 (C-5A,

PhCH2), 74.4 (PhCH2), 73.5 (PhCH2), 73.4 (PhCH2), 73.1

(PhCH2), 73.0 (PhCH2), 72.6 (PhCH2), 72.4 (PhCH2), 72.1

(PhCH2),71.8 (PhCH2), 70.6 (C-1'), 70.4 (C-1'), 69.8 (C-5B),

65.3 (C-6'), 65.0 (C-6'), 27.0 (t-Bu), 27.0 (t-Bu), 19.3 (CH3),

19.3 (CH3); anal. calcd for C141H148O21Si2 (2234.91): C,

75.78; H, 6.68; found: C, 75.59; H, 6.80.

Stereoselective reduction of ketone 10. To an ice-cooled solu-

tion of ketone 10 (270 mg, 0.12 mmol) in Et2O (15 mL), an

etheral solution of zinc borohydride (0.6 mmol) was added and

the mixture was stirred at 0 °C for 1 h. Water (10 drops) was

added to decompose excess of hydride, the solvents were evap-

orated, and the residue was purified by column chromatog-

raphy (hexane–ethyl acetate, 10:1 → 5:1) to afford title com-

pound 11 (176 mg, 65%) as a foam. [α]D
20 40.4; 1H NMR δ

7.63–7.61 (m, 8H, Ar), 7.30–7.05 (m, 72H, Ar), 5.97 (dd, 1H, J

= 7.9 Hz, 15.6 Hz, =CH-CHOH), 5.83 (d, 2H, J = 3.6 Hz,

H-1A, H-1B), 5.76 (dd, 1H, J = 5.5 Hz, 15.6 Hz, =CH),

4.80–4.73 (m, 5H, PhCH2), 4.63–4.41 (m, 17H, PhCH2, H-3',

H-5B), 4.39–4.34 (m, 6H, PhCH2, H-3', H-3', H-4', H-6A),

4.32–4.28 (m, 1H, H-4'), 4.25 (dd, 1H, J = 2.2 Hz, 10.3 Hz,

H-5A), 4.13 (d, 1H, J = 10.9 Hz, PhCH2), 4.06–4.04 (m, 1H,

H-5'), 3.99–3.95 (m, 2H, 2 × H-6'), 3.92–3.89 (m, 2H, H-5',

H-6'), 3.86–3.79 (m, 3H, H-3A, H-1', H-3B), 3.65 (d, 1H, J =

11.0 Hz, H-1'), 3.52 (d, 1H, J = 11.0 Hz, H-1'), 3.49 (d, 1H,

H-1'), 3.35 (dd, 1H, J = 3.5 Hz, 9.6 Hz, H-2B), 3.27–3.24 (m,

1H, H-4A), 3.21–3.16 (m, 2H, H-2A, H-4B), 1.03 (s, 9H, t-Bu),

1.02 (s, 9H, t-Bu); 13C NMR δ 139.0, 138.9, 138.6, 138.6,

138.5, 138.4, 138.3, 138.1, 138.0, 137.9, 137.8, 137.7, 135.7,

135.6, 135.5, 135.5, 133.5, 133.3, 133.3, 132.8, 131.3 (=CH),

130.4 (=CH-CHOH), 129.8, 129.7, 129.7, 129.6, 128.5–127.3

(Ar), 105.0 (C-2'), 104.5 (C-2'), 90.2 (C-1B), 89.0 (C-1A), 84.5

(C-3'), 83.6 (C-4'), 83.1 (C-4'), 82.3 (C-3A), 82.2 (C-4B), 81.8

(C-5'), 81.6 (C-3'), 81.5 (C-3B), 81.0 (C-5'), 80.4 (C-2A), 80.0

(C-2B), 78.4 (C-4A), 75.5 (PhCH2), 75.4 (PhCH2), 74.6

(PhCH2), 74.4 (PhCH2), 73.6 (PhCH2), 73.4 (PhCH2), 73.4

(C-5A), 73.1 (PhCH2), 73.0 (PhCH2), 72.7 (PhCH2), 72.6

(PhCH2), 71.8 (PhCH2), 71.7 (PhCH2), 71.5 (C-6A), 71.4

(C-1'), 70.5 (C-1'), 70.0 (C-5B), 65.8 (C-6'), 63.7 (C-6'), 27.0

(t-Bu), 27.0 (t-Bu), 19.3 (CH3), 19.3 (CH3); anal. calcd for

C141H150O21Si2 (2236.92): C, 75.71; H, 6.76; found: C, 75.51;

H, 6.63.

Benzylation of 11. To a solution of alcohol 11 (82 mg,

0.037 mmol) in DMF (1 mL), sodium hydride (60% suspension

in mineral oil, 7 mg) was added and the mixture was stirred for

30 min at rt. Benzyl bromide (11 μL, 0.092 mmol) was added,

and stirring was continued overnight. Excess of sodium hydride

was decomposed with methanol (0.5 mL). The product was

isolated by column chromatography (hexane–ethyl acetate, 10:1

→ 5:1) to afford 12 (34 mg, 40%) as a foam. [α]D
20 21.8 (c 0.9,

CH2Cl2); 1H NMR δ 7.67–7.63 (m, 8H, Ar), 7.28–7.00 (m,

77H, Ar), 5.93–5.89 (m, 2H, H-1B, =CH-CHOH), 5.63–5.59

(m, 2H, H-1A, =CH), 4.79–4.50 (m, 13H, H-5B, PhCH2),

4.47–4.16 (m, 18H, H-5A, PhCH2), 4.10–3.75 (m, 12H, H-6A,

4 × H-6', H-3B, 2 × H-1', H-3A, 2 × furanose, PhCH),

3.56–3.52 (m, 2H, 2 × H-1'), 3.41 (dd, 1H, J = 3.6, 9.7 Hz,

H-2B), 3.19–3.14 (m, 2H, H-4A, H-4B), 2.92 (dd, 1H, J = 3.5,

9.6 Hz, H-2A), 1.03 (s, 9H, t-Bu), 1.03 (s, 9H, t-Bu); 13C NMR

δ: 139.0, 138.8, 138.7, 138.6, 138.5, 138.4, 138.3, 138.3, 138.3,

138.3, 138.2, 138.0, 137.8, 135.6, 135.5, 135.5, 135.5, 134.4

(=CH), 133.7, 133.6, 133.4, 133.2, 129.7, 129.6, 129.6, 129.6,

128.3–127.0 (Ar), 104.4 (C-2'), 104.4 (C-2'), 90.1 (C-1A), 89.9

(C-1B), 84.5, 84.1, 83.2, 82.2, 82.0 (C-3A), 82.0 (C-4B), 81.6

(C-3B, C-6A), 80.4 (C-2A), 79.9 (C-2B), 78.6, 78.2 (C-4A),

75.6 (PhCH2), 75.2 (PhCH2), 74.6 (PhCH2), 74.2 (PhCH2),

73.6 (PhCH2), 73.2 (PhCH2), 73.1 (PhCH2), 73.0 (PhCH2),

72.7 (PhCH2), 72.6 (C-5A), 72.5 (PhCH2), 71.9 (PhCH2), 71.8

(PhCH2), 71.0 (C-1'), 70.3, 70.2 (C-1'), 69.9, 66.7 (C-6'), 65.6

(C-6'), 27.0 (t-Bu), 26.9 (t-Bu), 19.3 (CH3), 19.3 (CH3); anal.

calcd for C148H156O21Si2 (2327.05): C, 76.39; H, 6.76; found:

C, 76.44; H, 6.73.
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Dihydroxylation of the double bond of 12. Olefin 12 (60 mg,

0.026 mmol) and OsO4 (30 mg, 0.120 mmol) were dissolved in

pyridine (4 mL), and stirred for 48 h. The solvent was evapo-

rated, the residue was dissolved in ethyl acetate (10 mL), to

which sat. aq Na2S2O3 (1 mL) was added, and the suspension

was stirred for 2 days. The organic layer was separated, solvents

were evaporated to dryness and the residue was purified by

column chromatography (hexane–ethyl acetate, 5:1) to afford

13 (44 mg, 73%) as colorless glass. [α]D
20 22.8; 1H NMR δ

7.64–7.59 (m, 8H, Ar), 7.27–6.98 (m, 77H, Ar), 5.83 (bs, 1H,

H-1A), 5.80 (d, 1H, J1,2 = 3.5 Hz, H-1B), 4.82–4.69 (m, 5H,

PhCH2), 4.65–4.49 (m, 11H, PhCH2, sugar-H), 4.45–4.34 (m,

10H, PhCH2, 2 × sugar-H), 4.29–4.23 (m, 7H, PhCH2, 5 ×

sugar-H), 4.08–4.05 (m, 2H, PhCH2, sugar-H), 4.01–3.95 (m,

6H, 3 × H-6', 3 × sugar-H), 3.89–3.78 (m, 4H, H-1', H-3A,

H-3B, H-6'), 3.67 (d, 1H, J = 11.1 Hz, H-1'), 3.58–3.55 (m, 2H,

H-1', H-1'), 3.37 (dd, 1H, J = 3.6 Hz, 9.6 Hz, H-2B), 3.36–3.32

(m, 2H, H-2A, sugar-H), 1.02 (s, 9H, t-Bu), 1.01 (s, 9H, t-Bu);
13C NMR δ 139.1, 139.0, 138.9, 138.8, 138.6, 138.3, 138.2,

138.2, 138.0, 137.9, 137.7, 137.6, 135.6, 135.6, 135.5, 135.5,

133.6, 133.4, 133.3, 132.9, 129.7, 129.7, 129.6, 129.5, 128.4-

127.1 (Ar), 105.1 (C-2'), 104.7 (C-2'), 90.7 (C-1B), 89.4

(C-1A), 84.4, 83.5, 82.5 (C-3B), 82.0, 81.9, 81.6 (C-3A), 81.2,

80.4 (C-2B), 79.7 (C-2A), 79.3, 78.6, 75.5 (PhCH2), 75.3

(PhCH2), 74.6 (PhCH2), 74.3, 74.3 (PhCH2), 73.5 (PhCH2),

73.2 (PhCH2), 73.1 (PhCH2), 73.1 (PhCH2), 72.7 (PhCH2),

72.5 (PhCH2), 71.9 (PhCH2), 71.8 (PhCH2), 70.9 (C-1'), 70.7,

70.1 (C-1'), 69.7, 68.2, 66.4 (C-6'), 64.2 (C-6'), 27.0 (t-Bu), 19.3

(CH3), 19.2 (CH3); MS (ESI): 2383.08 [M + Na]+; anal. calcd

for C148H158O23Si2 (2361.06): C, 75.29; H, 6.75; found: C,

75.29; H, 6.79.

Synthesis of olefin 15. To a suspension of methyltriph-

enylphosphonium bromide (895 mg, 2.50 mmol) in benzene

(20 mL) a 2.5 M solution of BuLi in hexane (0.95 mL,

2.30 mmol) was added and the mixture was stirred at rt for

90 min. A solution of aldehyde 7 (298 mg, 0.27 mmol) in

benzene (5 mL) was added, the mixture was stirred for another

45 min, quenched with water (100 μL), concentrated, and the

residue was purified by column chromatography (hexane–ethyl

acetate, 15:1 → 10:1) to afford 15 (172 mg, 58%) as a foam.

[α]D
20 24.0; 1H NMR δ 7.67–7.64 (m, 4H, Ar), 7.35–7.18 (m,

36H, Ar), 5.77–5.72 (m, 2H, H-1,6), 5.12–5.09 (m, 1H, H-7),

5.02–5.00 (m, 1H, H-7), 4.82–4.50 (m, 11H, PhCH2), 4.45–4.43

(m, 3H, H-3',5,PhCH), 4.30 (t, 1H, J4,3 = J4,5 = 7.4 Hz, H-4'),

4.05–4.02 (m, 1H, H-5'), 3.94 (dd, 1H, J6,5 = 4.8 Hz, J6,6’ =

11.1 Hz, H-6'), 3.90–3.87 (m, 2H, H-3,6'), 3.69 (d, 1H, Jgem =

11.0 Hz, H-1'), 3.50 (d, 1H, Jgem = 11.0 Hz, H-1'), 3.44 (dd, 1H,

J2,1 = 3.7 Hz, J2,3 = 9.7 Hz, H-2), 3.16 (dd, 1H, J4,3 = 9.4 Hz,

J4,5 = 9.5 Hz, H-4), 1.06 (s, 9H, t-Bu); 13C NMR δ 138.9,

138.6, 138.4, 138.3, 138.0, 135.7, 135.6, 135.6, 133.5, 133.3,

129.6, 129.6, 128.3–127.5 (Ar), 117.0 (C-7), 104.3 (C-2'), 89.2

(C-1), 83.8 (C-3'), 82.5 (C-4), 82.3 (C-4'), 81.6 (C-3), 81.2

(C-5'), 80.0 (C-2), 75.6 (PhCH2), 74.8 (PhCH2), 73.4 (PhCH2),

72.9 (PhCH2), 72.6 (PhCH2), 72.3 (PhCH2), 71.4 (C-1',5), 64.9

(C-6'), 26.9 (t-Bu-CH3), 19.3 (t-Bu-C); anal. calcd for

C71H76O10Si (1117.47): C, 76.31; H, 6.86; found: C, 76.42; H,

6.99.

Ozonolytic cleavage of the double bond in sucrose dimer 11.

Determination of the configuration at the carbinol center.

Ozone was passed through a cooled solution of 11 (51 mg,

0.023 mmol) in CH2Cl2 (10 mL) until the blue color persisted

(10 min). Dimethyl disulfide (210 μL) was added, the mixture

was stirred for 10 min, concentrated, and the residue was

dissolved in methanol (10 mL). Sodium borohydride (40 mg)

was added, the mixture was stirred for 1 h, concentrated, and

the crude product was purified by column chromatography

(hexane–ethyl acetate, 7:3) to afford sucrose 6 (16 mg, 63%)

and diol 14 (18 mg, 69%), both as foam.

Synthesis of diols 14 and 16. To a solution of 15 (145 mg,

0.13 mmol) in THF (10 mL), tert-butyl alcohol (500 μL), water

(50 μL), NMO (80 mg, 0.68 mmol), and OsO4 (8 wt % in

t-BuOH, 150 μL, 0.035 mmol) were added, and the mixture was

stirred at rt for 18 h. Saturated aq Na2S2O3 (0.2 mL) was added,

the mixture was stirred for 1 h at rt, concentrated, and the prod-

ucts were isolated by column chromatography (hexane–ethyl

acetate, 5:1 → 3:1) to afford of 14 (60 mg; 40%) and 16 (58 mg

39%), both as foam.

Data for 14: [α]D
20 32.6; 1H NMR δ 7.64–7.62 (m, 4H, aryl-H),

7.36–7.14 (m, 36H, Ar), 6.04 (d, 1H, J1,2 = 3.8 Hz, H-1),

4.95–4.39 (m, 10H, PhCH2), 4.47–4.45 (m, 4H, H-3',4',PhCH2),

4.14 (dd, 1H, J5,4 = 10.2, J5,6 = 4.1 Hz, H-5), 4.03 (dd, 1H, J6,5

= 3.4, J6,6’ = 11.6 Hz, H-6'), 3.93–3.89 (m, 2H, H-3,5'),

3.84–3.79 (m, 2H, H-6,6'), 3.65–3.62 (m, 2H, H-1',7), 3.55 (d,

1H, Jgem = 10.8 Hz, H-1'), 3.49–3.43 (m, 3H, H-2,4,7), 1.07 (s,

9H, t-Bu); 13C NMR δ 138.6, 138.2, 138.0, 137.9, 137.8, 137.3,

135.7, 135.4, 133.0, 132.6, 129.8, 129.7, 128.7–127.6 (Ar),

104.3 (C-2'), 88.2 (C-1), 82.9 (C-3'), 82.0 (C-3), 80.3 (C-5'),

80.1 (C-2,4'), 79.0 (C-4), 75.5 (PhCH2), 74.7 (PhCH2),73.4

(PhCH2), 73.1 (PhCH2), 72.8 (PhCH2), 72.3 (C-1'), 72.2 (C-6),

71.9 (PhCH2), 71.3 (C-5), 63.0 (C-6'), 62.9 (C-7), 26.9 (t-Bu-

CH3), 19.2 (t-Bu-C); anal. calcd for C71H78O12Si (1151.49): C,

74.06; H, 6.83; found: C, 74.00; H, 6.79.

Data for 16: [α]D
20 21.6; 1H NMR δ 7.64–7.62 (m, 4H, Ar),

7.37–7.16 (m, 36H, aryl-H), 6.04 (d, 1H, J1,2 = 3.6 Hz, H-1),

4.93–4.40 (m, 12H, PhCH2), 4.40 (d, 1H, J = 6.5 Hz, H-3'),

4.32 (t, 1H, J4,3 = J4,5 = 6.7 Hz, H-4'), 4.03–3.99 (m, 2H,

H-5,6'), 3.95 (t, 1H, J3,2 = J3,4 = 9.4 Hz, H-3), 3.92–3.91 (m,
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1H, H-5'), 3.81 (dd, 1H, J6,5 = 4.0 Hz, J6,6’ = 11.4 Hz, H-6'),

3.74–3.72 (m, 1H, H-6), 3.70–3.66 (m, 2H, H-1',4), 3.55 (d, 1H,

Jgem = 10.9 Hz, H-1'), 3.48–3.42 (m, 3H, H-2,7,7), 1.07 (s, 9H,

t-Bu); 13C NMR δ 138.8, 138.5, 138.3, 137.9, 137.7, 137.5,

135.7, 135.5, 132.9, 132.7, 129.8, 129.8, 128.4–127.5 (Ar),

104.8 (C-2'), 89.3 (C-1), 83.2 (C-3'), 81.4 (C-3), 81.1 (C-4'),

80.8 (C-5'), 79.9 (C-2), 77.3 (C-4), 75.5 (PhCH2), 75.1

(PhCH2), 73.5 (PhCH2), 73.2 (PhCH2), 72.5 (PhCH2), 72.0

(PhCH2), 71.9 (C-5), 71.6 (C-1'), 68.9 (C-6), 64.5 (C-7), 63.1

(C-6'), 26.9 (t-Bu-CH3), 19.2 (t-Bu-C); anal. calcd for

C71H78O12Si (1151.49): C, 74.06; H, 6.83; found: C, 73.94; H,

6.66.

Both compounds were further characterized as diacetates:

14-Ac and 16-Ac.

Data for 14-Ac: [α]D
20 33.3; 1H NMR δ 7.66–7.64 (m, 4H, Ar),

7.34–7.21 (m, 36H, aryl-H), 5.82 (d, 1H, J1,2 = 3.6 Hz, H-1),

5.48 (m, 1H, H-6), 4.93–4.55 (m, 10H, PhCH2), 4.46–4.42 (m,

3H, H-3', PhCH2), 4.15 (dd, 1H, J5,4 = 10.3 Hz, J5,6 = 1.4 Hz,

H-5), 4.03–3.96 (m, 3H, H-5', H-6', H-7), 3.91 (dd, 1H, J6,5 =

4.7, J6,6’ = 10.9 Hz, H-6'), 3.88 (t, 1H, J3,2 = J3,4 = 9.2 Hz,

H-3), 3.67 (d, 1H, J1,1 = 11.0 Hz, H-1'), 3.51 (d, 1H, J1,1 = 11.0

Hz, H-1'), 3.49 (dd, 1H, J4,3 = 9.2 Hz, J4,5 = 10.3 Hz, H-4),

3.39 (dd, 1H, J2,1 = 3.6 Hz, J2,3 = 9.7 Hz, H-2), 1.96 (s, 3H,

CH3), 1.84 (s, 3H, CH3), 1.05 (s, 9H, t-Bu); 13C NMR δ 170.5

(C=O), 169.8 (C=O), 138.6, 138.4, 138.2, 138.1, 138.0, 137.9,

135.7, 135.5, 133.3, 133.0, 129.7, 129.6, 128.3-127.5 (Ar),

104.2 (C-2'), 89.0 (C-1), 83.7 (C-3'), 82.0 (C-3), 81.9 (C-4'),

81.0 (C-5'), 79.8 (C-2), 77.6 (C-4), 75.6 (PhCH2), 74.6

(PhCH2), 73.3 (PhCH2), 73.1 (PhCH2), 72.8 (PhCH2), 72.1

(PhCH2), 71.4 (C-1'), 71.1 (C-6), 70.9 (C-5), 64.6 (C-6'), 63.2

(C-7), 26.9, 20.9, 20.8, 19.2; anal. calcd for C75H82O14Si ×

½H2O (1253.57): C, 72.38; H, 6.72; found: C, 72.51; H, 6.36.

HRMS (ESI) calc. for C75H86NO14Si [M + NH4]+: 1252.5818;

found: 1252.5825.

Data for 16-Ac: [α]D
20 13.1; 1H NMR (CDCl3) δ 7.65–7.63 (m,

4H, Ar), 7.34–7.20 (m, 36H, Ar), 6.09 (d, 1H, J1,2 = 3.5 Hz,

H-1), 5.48 (ddd, 1H, J = 1.5 Hz, 2.9 Hz, 9.2 Hz, H-6),

4.88–4.42 (m, 12H, PhCH2), 4.42–4.38 (m, 2H, H-3', H-4'),

4.28 (dd, 1H, J7,6 = 9.1 Hz, J7,7 = 12.0 Hz, H-7), 4.11 (dd, 1H,

J5,4 = 10.1 Hz, J5,6 = 1.3 Hz, H-5), 4.06 (dd, 1H, J7,6 = 3.1 Hz,

J7,7 = 12.0 Hz, H-7), 4.02 (dd, 1H, J6,5 = 4.2 Hz, J6,6’ = 11.4

Hz, H-6'), 3.97–3.93 (m, 2H, H-3, H-5'), 3.85 (dd, 1H, J6,5 = 4.1

Hz, J6,6’ = 11.4 Hz, H-6'), 3.74 (d, 1H, J1,1 = 10.8 Hz, H-1'),

3.53 (d, 1H, J1,1 = 10.8 Hz, H-1'), 3.48 (dd, 1H, J2,1 = 3.5 Hz,

J2,3 = 9.7 Hz, H-2), 3.33 (dd, 1H, J4,3 = 8.9 Hz, J4,5 = 10.1 Hz,

H-4), 2.08 (s, 3H, CH3), 1.95 (s, 3H, CH3), 1.06 (s, 9H, t-Bu);
13C NMR (CDCl3) δ 170.3 (C=O), 170.2 (C=O), 138.5, 138.3,

138.3, 138.2, 137.8, 137.7, 135.6, 135.5, 133.2, 132.7, 129.7,

129.6, 128.5–127.5 (Ar), 104.6 (C-2'), 89.1 (C-1), 83.7 (C-3'),

81.6 (C-3), 81.3 (C-4'), 80.8 (C-5'), 79.8 (C-2), 76.9 (C-4), 75.6

(PhCH2), 75.0 (PhCH2), 73.5 (PhCH2), 73.3 (PhCH2), 72.8

(PhCH2), 71.8 (PhCH2), 71.4 (C-1'), 70.2 (C-5), 69.0 (C-6),

64.8 (C-7), 63.7 (C-6'), 26.9, 21.0, 20.8, 19.2; anal. calcd for

C75H82O14Si × ½H2O (1253.57): C, 72.38; H, 6.72; found: C,

72.34; H, 6.29. HRMS (ESI) calc. for C75H86NO14Si [M +

NH4]+: 1252.5818; found: 1252.5819.
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Abstract
Vaccination strategies based on dendritic cells (DCs) armed with specific tumor antigens have been widely exploited due the prop-

erties of these immune cells in coordinating an innate and adaptive response. Here, we describe the convergent synthesis of the

bifunctional multivalent glycodendron 5, which contains nine residues of mannose for DC targeting and one residue of an immuno-

genic mimetic of a carbohydrate melanoma associated antigen. The immunological assays demonstrated that the glycodendron 5 is

able to induce human immature DC activation in terms of a phenotype expression of co-stimulatory molecules expression and

MHCII. Furthermore, DCs activated by the glycodendron 5 stimulate T lymphocytes to proliferate in a mixed lymphocytes reaction

(MLR).
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Introduction
Cancer immunotherapy [1] attempts to induce a long-lasting

antitumor immunity and boost the immune response over-

coming the tumor induced immunosuppression. The immune

system, apart from very few exceptions, fails to taking an

adequate course of action against tumors. Tumor cells are

indeed poor antigen-presenting cells (APCs). Additionally, in
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neoplastic diseases the so-called “escape mechanisms” [2-4]

enable tumor cells to elude tumor-bearing immunosurveillance

of the host. A better understanding of the interactions between

cancer and immune cells may lead to more efficient

immunotherapy strategies [5,6].

In this context, the discovery of human cancer-specific antigens

[7,8] has represented a challenge for the design of tailored

cancer vaccines and it has allowed the development of antigen-

specific immunotherapy strategies. This approach offers the

advantage that the immune response induced by such antigens

should presumably be limited to tumor cells bearing antigenic

epitopes. To induce a persistent and efficient tumor immune

response and generate a pool of tumor antigen specific acti-

vated immune cells, a complex cross-talk between the innate

and the adaptive immune system is a prerequisite. In this

context, during the last two decades, dendritic cells (DCs) have

clearly been identified as essential candidates to generate thera-

peutic immunity against tumors [9-12].

DCs are the principal antigen-presenting cells (APCs) in the

immune system where they play a central role because they are

able to control self-tolerance as well as induce an effective

immune response [13,14]. They provide an essential link

between innate and adaptive immune responses [13]. They

survey the environment and, based on the typical non-clonal

recognition receptors of the innate immune system, they take up

the non-self agents and transmit the resulting information to

both B and T cells of the adaptive immune system. DCs

contribute to the peripheral tolerance and this might be deter-

mined by their functional status. Therefore, DC activation is

crucial to their function. During activation, DCs up-regulate

MHCII molecules and co-stimulatory factors, both of which are

mandatory to achieve a complete immunostimulatory function.

Since the discovery of their key role in immunogenicity in 1973

by R. Steinman [15], DCs have been identified as “nature’s

adjuvants”. Today, they are considered natural targets for

antigen delivery and therapeutic vaccination against cancer

[9,10].

Several approaches have been investigated to pulse DCs with

target antigens with the aim to induce robust and long-lasting

CD4+ and CD8+ T cell responses against tumors [9,10]. In

general, the first step of DC vaccination strategies is to arm DCs

with tumor-specific antigens. This issue has successfully been

achieved by either culturing ex vivo DCs [16,17] from bone

marrow precursors or more recently by targeting in vivo DC

receptors with specific mAbs conjugated to tumor antigens

[18,19]. In both cases, the development of a powerful DCs-

based vaccination protocol requires a careful evaluation of the

exact conditions necessary for their optimal maturation into

potent immunostimulatory APCs. In particular, a strict control

must be exercised over the form of the antigen loaded onto

DCs, the antigen quantity, the persistence, the timing and the

pathways essential for enhancing DC maturation and for

licensing the antigen-loaded DCs in the T cell zone of lymph

nodes [10].

Concerning the DCs maturation step, triggering C-type lectin

receptors (CLRs) is crucial to enhance the antitumor immunity

[10,20]. In particular, dendritic cell-specific ICAM-3 grabbing

non-integrin (DC-SIGN), which belongs to the class of CLRs, is

expressed mainly on the surface of immature DCs and plays a

crucial role in the uptake of specific pathogens. DC-SIGN is

able to bind in a Ca2+-dependent manner mannose and fucose

residues on highly glycosylated proteins expressed on

pathogens by means of its carbohydrate recognition domain

(CRD) [21]. CLRs are antigen-uptake receptors. Moreover, the

signaling pathways downstream induced by these receptors play

a pivotal role in tailoring the immune response to break tumor-

induced immunosuppression [22]. Therefore, a combination of

DC-SIGN ligands and specific tumor-associated antigens could

successfully target DCs and trigger an efficient antitumor

response.

Melanoma has long been considered a promising target for

immunotherapeutic approaches and has been a major focus of

clinical development efforts in the realm of immunotherapy

[23-25]. GM3-ganglioside 1 (Figure 1), the major glycosphin-

golipid in normal melanocytes, is overexpressed in melanoma

cells with metastatic potential [26,27]. It has been considered a

carbohydrate melanoma-associated antigen and widely investi-

gated as a key component of a potential vaccine against

melanoma disease [28].

The GM3 metabolite, named GM3-lactone 2 (Figure 1) has also

been found in melanoma cells as a minor component [29,30].

Although more immunogenic than GM3-ganglioside 1, GM3-

lactone 2 failed as an immunostimulant because under physio-

logical conditions the available amount of lactone is below the

recognition threshold and therefore scarcely effective as an

immunostimulant.

Several years ago [31], we reported on the conformational

analysis and the synthesis of thioether 3 (Figure 1), a hydrolyti-

cally stable mimetic of the GM3-lactone 2. Structurally simpler

than the native antigen, the mimetic 3 presents the folded shape

characteristics of the GM3-lactone and in addition it is stable

under physiological conditions [31]. We conjugated the mimetic

3 to the immunogenic protein KLH and demonstrated that the

corresponding KLH-glycoconjugated 4 (Figure 1) was able to

elicit in vivo antimelanoma antibodies [32].
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Figure 1: Structure of GM3-ganglioside 1, GM3-lactone 2, GM3-lactone mimetic 3, and GM3-lactone mimetic conjugated to KLH protein (4).

More recently [33], we established that the multivalent presen-

tation of this synthetic mimetic positively interferes with human

melanoma cell (A375) adhesion, migration and resistance to

apoptosis, showing a clear amplification of the biological prop-

erties of the monovalent synthetic antigen as an immunomodu-

lator as well as an anti-adhesive agent in melanoma progression.

Taking into account all these data and relying on recent results

on the use of mannose-based glycodendrons as vectors for

antigen delivery to DCs [34], we report here on the convergent

synthesis of the bifunctional multivalent glycodendron 5

(Scheme 1) and on human DC activation and related mixed-

lymphocyte reaction (MLR) induced by the antigenic glycoden-

dron 5.

Results and Discussion
Glycodendron 5 (Scheme 1) is a bifunctional compound

containing nine residues of mannose for DC targeting and one

residue of the mimetic 3 as a carbohydrate melanoma-asso-

ciated antigen. We have previously demonstrated that a glyco-

dendron bearing nine copies of the monosaccharide mannose

can be taken up by DCs in a receptor-dependent manner by

means of the lectin DC-SIGN [34]. This dendron has the

adequate size and valency to efficiently interact with this

receptor. Dendron 7 (Scheme 1), presenting an azido group at

the focal position, was synthesized as previously described [35].

This functionalization permits, in a further step, the conjuga-

tion of any molecule conveniently functionalized with an alkyne

group by a Cu(I) azide–alkyne cycloaddition (CuAAC) reac-

tion. Then, the mimetic 6 with a butyne group at the anomeric

position, which is required for the conjugation to the glycoden-

dron 7 (Scheme 1), was also prepared as already reported [33].

The synthesis of the tricyclic spiro unit of 6 was efficiently

performed relying on a totally diastereoselective inverse elec-

tron-demand [4 + 2] hetero-Diels–Alder reaction , as described

in [31].

The synthesis of compound 5 is depicted in Scheme 1. The

mimetic 6 was deprotected with sodium carbonate at room

temperature. Without further purification the resulting syrup

was conjugated with the glycodendron 7 by a CuAAC reaction

with CuSO4 as a copper source, sodium ascorbate to reduce

Cu(II) to Cu(I) in situ, and tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA) to stabilize Cu(I). The solution was

treated with a resin (Quadrasil MP) to remove any trace of

copper that could cause interferences in the biological assays.

After purification by size exclusion chromatography by using a

LH-20 column, the bifunctional glycodendron 5  was

obtained in 86% yield and characterized by NMR and MS (elec-

trospray).

We tested in vitro human myeloid DCs (see methods) for an ac-

tivation with LPS (positive control, 1 µg/mL), the bifunctional

multivalent glycodendron 5 and 7 (negative control). Two doses

(10 µg and 50 µg) of each compound were used. Our data

showed that 5, but not 7, induces DC activation in terms of

phenotype expression of MHC class II molecules, CD80 and

CD86 co-stimulatory molecules and CD83 activation marker, as

observed with positive control (Figure 2, upper panels, one

experiment representative of three independent ones). To test

the functional activity of the differently treated DCs, we

performed on the same cells mixed lymphocytes reactions

(MLR) (see Experimental) and checked the proliferative T

lymphocyte response after allo-stimulation. As depicted in

Figure 2, DCs treated with LPS or glycodendron 5 fully stimu-

late T lymphocytes, whereas 7 does not stimulate T lympho-

cytes (Figure 2, lower panel, one experiment representative of

three independent experiments).

In the development of immunotherapy as an emerging strategy

to treat tumours, DCs are an object of great interest because

they can be used as APCs to stimulate the immune system

against a specific tumor antigen. For this purpose, DCs can be
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Scheme 1: Synthesis of the bifunctional multivalent glycodendron 5.

pulsed ex vivo with the corresponding tumor antigen. However,

this strategy is complicated and expensive, requiring the isola-

tion of patients’ DCs, the pulsing of DCs with the antigen, and

their reinsertion. Another approach envisages the targeting of

DCs in vivo by using a selective vector combined with a cargo

tumor antigen. This second strategy requires a system which

should be able to selectively target DCs in vivo. In this work,

we have shown how to combine in a single entity a manno-

sylated dendron able to selectively interact with DCs through

DC-SIGN armed with a synthetic antigen. This ditopic glyco-
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Figure 2: Upper panels: percentage of expression of dendritic cell markers (HLA-DR ECD, CD80 FITC, CD86 PE and CD83 PC5). Cell phenotypes,
expressed as the percentage of positive cells for CD80, CD86 and HLA-DR, did not change when activation took place in the presence of compound
5 (left) at 10 or 50 µg/mL compared to LPS. CD83, an activation marker, was fully expressed at the higher dose of treatment. Compound 7 did not
activate DCs when compared to LPS (right), differences between CD83 and CD86 expression are statistically significant at the two doses tested
(*p < 0.05). One experiment is representative of three independent ones. Lower panels: mixed lymphocytes reaction (MLR). Compound 5 (left) at the
dose of 10 or 50 µg/mL did not affect T lymphocyte proliferative response. As expected from the phenotype, scaffold (right) treated DCs at the dose of
10 or 50 µg/mL, significantly reduces the proliferative response (*p < 0.05). One experiment is representative of three independent ones. The analysis
was performed by an unpaired t-test indicating that the mean is statistically significant at p < 0.05.

dendron 5 demonstrated to be correctly designed to activate

dendritic cells and stimulate T cells. Biological data clearly

showed that the multivalent glycodendron 5 activates human

immature DCs, induces the expression of all co-stimulatory

molecules and MHCII, whereas the negative control 7 does not.

Indeed, DCs need both MHC II and co-stimulation properly

expressed on their surface to correctly integrate signals and acti-

vate T lymphocytes. If DCs do not sufficiently express one or

more activation factors, their function may be impaired [36].

From a functional point of view, DCs activated by 5 stimulate T

lymphocytes so that they proliferate in a classical MLR assay as

LPS-activated cells (golden standard). When we tested the scaf-

fold molecule alone (blank 7 in Figure 2) the phenotypic

expression of DCs of co-stimulatory molecules and their T cell

allo-stimulation ability was significantly impaired. Based on the

data gathered in the experiments outlined here we conclude that

the maturation/stimulation of DCs is specifically linked to the

presence of the mimetic antigen residue and not determined by

the scaffold alone.

Conclusion
Here, we reported on the convergent synthesis of the ditopic

multivalent glycodendron 5, which contains an immunogenic

mimetic of a carbohydrate melanoma associated antigen. We

demonstrated that the immunogenic carbohydrate-based

mimetic is able to induce human DCs activation if properly

presented to DCs. Moreover, we showed that this activation is

mediated by a permannosylated dendron interacting with the

surface receptor DC-SIGN. These promising and preliminary

biological results pave the way to the design of glycodendritic

structures bearing antigen cargos as a selective vector to target

APCs for stimulating immune responses. Further experiments

must be performed to verify that the DCs activated by the multi-

valent ditopic glycodendron 5 are able to induce a strong pro-

inflammatory response in vivo, thereby breaking the tolerance

toward self antigens as melanoma and bypassing the tolero-

genic environment normally established by the tumor activity.

We envisage that this kind of compounds based on multivalent

ditopic glycodendrons might be used to address the preparation
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of a synthetic vaccine against melanoma. In addition, this

strategy might be applied to other diseases in immunotherapy.

Experimental
Reagents were purchased from Sigma–Aldrich and Fluka and

were used without purification. Synthetic compounds were puri-

fied by Sephadex (LH20). Thin-layer chromatography (TLC)

was carried out with pre-coated Merck F254 silica gel plates.

Reaction completion was observed by TLC with phospho-

molibdic acid, 10% sulfuric acid in methanol or anisaldehyde as

development reagents. 1H NMR and 13C NMR spectra were

recorded on a Bruker Avance DRX 500 MHz spectrometer.

Chemical shifts (δ) for 1H NMR and 13C NMR spectra are

expressed in ppm relative to the residual solvent signal

according to the indirect referencing method of the manufac-

turer. Signals are abbreviated as s, singlet; bs, broad singlet; d,

doublet; t, triplet; q, quartet; m, multiplet. Mass spectra were

obtained with a Bruker ion-trap Esquire 6000 apparatus (ESI).

Synthesis
The preparation of compounds 6 [33] and 7 [35] was realized as

previously described.

Synthesis of Glycodendron 5
To a solution of mimetic 6 (0.006 g, 0.009 mmol) in a mixture

of methanol/THF/water (1:1:1, 1.2 mL), sodium carbonate

(46 mg, 0.40 mmol) was added. The solution was stirred at

room temperature for 2 h. After that, resin IRA-120 H+ was

added to reach pH 5. The reaction mixture was filtrated, and the

solvent evaporated. The resulting syrup, glycodendron 7

(30 mg, 0.008 mmol), CuSO4·5H2O (0.4 mg, 0.001 mmol),

TBTA (2.5 mg, 0.004 mmol) and sodium ascorbate (1 mg,

0.004 mmol) were dissolved in 0.8 mL of THF/H2O 1:1. After

2.5 h, a small amount of metal scavenger resin (Quadrasil MP)

was added, and after further 5 minutes under stirring at room

temperature the mixture was filtered on a cotton pad and the

solution was purified by size exclusion chromatography (LH-

20, MeOH 100%), furnishing 28.4 mg (86% yield, calculated

over two steps) of the glycondendron 5 as a white foam. [α]25
D

+23.9 (c 1, H2O/MeOH 1:1)

1H NMR (500 MHz, D2O) δ 8.01 (s, 9H, Htriazol), 7.96 (s, 3H,

Htriazol), 7.89 (s. 1H, Htriazol), 5.09 (s, 1H, H-1gal), 4.85 (s, 9H,

H-1mann), 4.65–4.55 (m, 18H, OmannCH2CH2N), 4.56–4.45 (m,

32H, OCH2Ctriazol, OlinkerCH2CH2N, OCH2Ctriazol), 4.25–4.21

(m, 1H, H-3sial.ac), 4.08–4.04 (m, 9H, OmannCH2CH2N),

3.91–3.86 (m, 15H, OmannCH2CH2N, OlinkerCH2CH2N),

3.85–3.83 (m, 9H, H-2mann), 3.75–3.43 (m, 79H, H-6mann,

H - 3 m a n n ,  H - 5 m a n n ,  O p e n t a e r y t h r i t o l C H 2 C H 2 ,

OpentaerythritolCH2CH2, OCH2linker, CH2O1gal, H-4gal, H-5gal,

H-6gal, H-4sial.ac, H-5sial.ac, H-6sial.ac, H-7sial.ac), 3.39–3.33 (m,

24H, CH2pentaerythritol), 3.30–3.27 (m, 8H, CH2pentaerythritol),

3.09–3.04 (m, 9H, H-4mann), 2.99–2.95 (m, 4H, SCH2, Ctria-

zolCH2CH2O), 2.04–1.97 (m, 1H, H-2sial ac), 1.91–1.84 (m, 1H,

H-2sial ac); 
13C NMR (125 MHz, D2O) δ 144.3 (Ctriazol), 142.4

(O-C=C-S), 125.3 (Ctriazol), 105.3 (O-C=C-S), 99.6 (C-1mann),

95.8 (C-1gal), 92.7 (C-1sial.ac.), 72.8 (C-4mann), 70.4 (C-3mann),

69.91 (C-2mann), 69.7 (CH2pentaerythritolOlinker), 68.9 (CH2O),

68 .8  (CH 2 O) ,  68 .7  (CH 2 O) ,  68 .7  (CH 2 O) ,  68 .4

(CH2pentaerythritol), 66.4 (C-5mann), 65.8 (CHO), 65.5

(OmannCH2CH2N, OCH2CH2N), 63.6 (OCH2Ctriazol), 60.7

(C-6mann), 50.0 (OmannCH2CH2N, OCH2CH2N, OCH2CH2N),

44.8 (Cpentaerythritol), 35.4 (C-2sial.ac.), 32.9 (SCH2), 35.3

(CtriazolCH2CH2); ESIMS (m/z): calcd for C166H269N39O86S,

4217; found, 2142.1 [M + 2Cl)2−, 1440.4 [M + 3Cl]3−.

Dendritic cell activation assay
Cells
DCs were generated from human monocytes of healthy donors

as previously described [37]. Briefly, anti-CD14+ monocytes

were positively sorted by magnetic microbeads (Miltenyi

Biotec). Monocytes (at the density of 1 × 106 cells/mL) were

cultured for 6 days in medium (complete RPMI, 10% FCS)

supplemented with GM-CSF (1000 U/mL, Labogen) and IL-4

(1000 U/mL, Labogen), At day 7, DCs were activated by

24 hours of incubation with LPS (1 µg/mL, Sigma–Aldrich),

compound 5 and scaffold 7 (two doses, 50 and 10 µg/mL).

DC phenotype
The DC phenotype was analyzed by flow cytometry with a

4 color EpicsXL cytometer (Beckman–Coulter), equipped with

Expo 32 software. Cell surface markers were labelled with

monoclonal antibodies (Immunotech) directed against the

following antigens (the tags are given in parentheses): CD80

(FITC), CD86 (PE), HLA-DR (ECD), CD83 (PC5). Cell vitality

was tested with propidium iodide (PI, molecular probes). The

cells were labelled in PBS with 1% FCS for 15 min at room

temperature (rt), washed twice and immediately analyzed. For

each test at least 10000 events were acquired.

Mixed lymphocyte reaction (MLR)
CD4+ T cells were negatively selected from peripheral blood

mononuclear cells (PBMCs) by using the T cell isolation kit II

from Miltenyi Biotec. Mixed lymphocyte reaction (MLR) was

performed in 96-well U bottom plates (Nunc). 1 × 105 CD4+ T

cells were incubated for 5 days in RPMI with 10% FCS

together with 1 × 104 to 1 × 103 allogeneic DCs. Experiments

were conducted in quadruplicate. At day 5, the proliferative

response was measured by the [3H]-thymidine ([3H]-Thy,

1 µCi/mL, Amersham) incorporation test. [3H]-Thy was added

for the last 8 h of incubation. Plates were then harvested

(TomtecMacIII) on glass fiber filters (Perkin Elmer), and [3H]-
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Thy uptake was measured by liquid scintillation in a Microbeta

1450 Trimux counter (Wallac). The proliferative response is

reported as a stimulation index (SI, mean cpm response/mean

cpm background).

Statistics
Data were expressed as mean + SD values. Statistical analysis

was performed by using Student’s t-test where appropriate.
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Abstract
A highly stereoselective BF3∙OEt2-promoted tandem hydroamination/glycosylation on glycal scaffolds has been developed to form

propargyl 3-tosylamino-2,3-dideoxysugars in a one-pot manner. Subsequent construction of multivalent 3-tosylamino-2,3-dideoxy-

neoglycoconjugates with potential biochemical applications was presented herein involving click conjugations as the key reaction

step. The copper-catalyzed regioselective click reaction was tremendously accelerated with assistance of microwave irradiation.

1325

Introduction
Oligosaccharides and glycopeptides are the key constituents of

the cellular membrane and extracellular matrix, and play a

pivotal role in various key cellular events such as cell–cell

recognition, host–pathogen or host–symbiont interactions,

molecular recognition of antibodies and metastasis [1-5]. The

construction of a 1,4-disubstituted-1,2,3-triazole unit via a

copper(I)-catalyzed modern version of the Huisgen-type

azide–alkyne cycloaddition [6-10] has been considered to be a

powerful ligation method for glycoconjugation [11-16]. In addi-

tion to the simplicity of this reaction and the ease of purifica-

tion, 1,4-disubstituted-1,2,3-triazoles, the regiospecific product

of this reaction, exhibit similarities to the ubiquitous amide

moiety found in nature. However, unlike amides, the triazole

moiety proved to be robust and resistant to chemical and enzy-

matic cleavage [17-20]. Moreover, the inertness of both azide

and alkyne groups towards a majority of functional groups

connected to the core of a variety of biomolecules also renders

the click reaction particularly suitable for covalently linking

bioactive molecular entities [21,22]. For example, the click

strategy is especially versatile for the effective construction of

complex glycosylated structures such as clusters, dendrimers,

polymers, peptides and macrocycles. In all the cases the tria-

zole ring plays a crucial role in combining divergent units

together to establish a complex molecular architecture [23-31].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 2: Synthetic modification of α-GalNAc linked glycopeptides to 3-tosylamino-2,3-dideoxyneoglycoconjugates via click conjugation.

Figure 3: Our proposal for access to 3-tosylamino-2,3-dideoxyneoglycoconjugates via tandem hydroamination/glycosylation of glycals followed by
click conjugations.

Scheme 1: Synthesis of propargyl 3-tosylamino-2,3-dideoxy-α-D-allohexopyranoside (2a).

The α-GalNAc-linked glycopeptides, α-N-glycosidically linked

to the polypeptide chain through the amido nitrogen of an

asparagine residue at the N-terminal [32], were found to be the

most important semi-synthetic glycoconjugates, usually modi-

fied from their naturally occurring parent precursors [33-39].

Over the years, many structural analogues of this class of anti-

biotics have been synthesized. In addition, triazoles are consid-

ered as peptidic linkage surrogates. Surprisingly, despite the

enormous research interests associated with their synthesis, only

a few examples of oligosaccharides and glycopeptides mimics

have so far been prepared by a click chemistry strategy [40-48].

Most recently, we developed a strategy for the synthesis of

3-amino-2,3-dideoxysugars using a regio- and stereoselective

tandem hydroamination/glycosylation of the glycal shown in

Figure 1 [49-53]. Extending the synthetic utility of this

protocol, herein, we wish to report the synthetic modification of

α-GalNAc-linked glycopeptides to 3-tosylamino-2,3-dideoxy-

neoglycoconjugates via click conjugations (Figure 2).

Given the success in using “click chemistry” in the glycosyl-

ation reactions, we aspired to apply the highly efficient triazole

formation employing an azide 3 and a suitable alkyne appended

to the 3-amino-2,3-dideoxysugars moiety 2 (Figure 3). In

Figure 1: Our reported strategy for quick access to 3-amino-2,3-
dideoxysugars via regio- and stereoselective tandem hydroamination/
glycosylation of glycals.

continuation of our previous work, herein we report a direct and

reliable synthetic approach to multivalent 3-tosylamino-2,3-

dideoxyneoglyco conjugates 4 with potential biochemical appli-

cations involving click conjugations as the key reaction step

(Figure 3).

Results and Discussion
Primarily, we successfully synthesized propargyl 3-p-toluene-

sulfonamido-4,6-di-O-acetyl-2,3-dideoxy-α-D-allohexopyra-

noside (2a) in gram scale via BF3∙OEt2-promoted one-pot three-

component α-selective tandem hydroamination/glycosylation

reaction (Scheme 1). In fact, when 3,4,6-tri-O-acetyl-D-glucal

(1a), propargyl alcohol and p-toluenesulfonamide were
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Table 1: Optimization for synthesis of 3-tosylamino-2,3-dideoxyneoglycoconjugate 4a.

Entry Catalyst (mol %) Solvent Temperature (°C) Time (h) Yield (mol %)a

1 none DMF 100 20 NRb

2 none MeCN/H2O 100 20 NRb

3 none MeOH 100 20 NRb

4 CuI (10) THF 60 12 trace
5 CuSO4·5H2O (1) t-BuOH/H2O 70 20 46
6 CuSO4·5H2O (1) DMF 70 12 97
7 CuSO4·5H2O (1) DMF 70c 0.25 98

aIsolated yield after purification. bNR = no reaction. cAssisted by microwave irradiation, 200 W.

subjected to a one-pot reaction in the presence of 2.2 equiv of

BF3∙OEt2 in DCE at room temperature for 20 min, the desired

aminoglycoside 2a was obtained in good yield with exclusive

α-stereoselectivity [50]. Later, a systematic screening was

executed using 3-tosylamino-2,3-dideoxysugar 2a and benzyl

azide (3a) as our model system under varied conditions of cata-

lysts, additives, solvents and reaction temperatures (Table 1).

The initial evaluation involved no catalyst and additives at

100 °C and DMF, MeCN/H2O 3:1 or MeOH as the solvent

system, which resulted in unsuccessful reactions (Table 1,

entries 1–3). However, a trace amount of the desired product

was detected in the presence of 10 mol % of copper(I) iodide

(Table 1, entry 4). The combination of CuSO4·5H2O

(10 mol %) and sodium ascorbate (10 mol %) was found to be a

suitable catalyst leading regiospecifically to the 1,4-disubsti-

tuted-1,2,3-triazole 4a with moderate yield of 46% in t-BuOH/

H2O 1:1 after 20 hours at 70 °C (Table 1, entry 5). The yield

was further improved to 97% by employing DMF as solvent in

a shorter period of 12 hours (Table 1, entry 6). Encouraged by

these results, we attempted to improve the assemblies and to

shorten the reaction times further; reactions were subjected to

microwave irradiation, which is best known to accelerate tran-

sition metal-catalyzed homogeneous reactions [54]. Microwave-

assisted organic reactions are rapidly becoming recognized as a

valuable tool for facilitating a wide variety of organic transfor-

mations [55,56]. Finally, we found that the rate of conversion

accelerated dramatically when microwave irradiation was used

under 70 °C. To our delight under microwave conditions and in

DMF with addition of 1 mol % of CuSO4·5H2O and 10 mol %

of sodium ascorbate, a quantative yield of desired 3-tosylamino-

2,3-dideoxyneoglycoconjugate 4a was obtained in 15 min

(Table 1, entry 7).

Next, the required α-propargyl 3-tosylamino-2,3-dideoxyglyco-

sides 2 were synthesized by BF3∙OEt2-promoted one-pot three-

component tandem hydroamination/glycosylation reaction on a

glycal scaffold including tri-O-acetyl-D-glucal (1a), tri-O-

acetyl-D-allal (1b), tri-O-acetyl-D-galactal (1c), di-O-acetyl-D-

rhamnal (1d), hexa-O-acetyl-D-maltal (1e). Accordingly, a

series of α-propargyl 3-tosylamino-2,3-dideoxyglycosides

2a–2d were obtained exclusively with α-stereoselectivity in

good yields (Table 2, entries 1–5).

With pure α-propargyl 3-tosylamino-2,3-dideoxyglycosides and

the optimized conditions in hand, we focused on performing a

Huisgen cycloaddition reaction. The scope and generality of

this method to prepare 3-tosylamino-2,3-dideoxyneoglycocon-

jugates 4 with the assistance of copper sulfate and sodium

ascorbate was examined extensively. A range of α-alkyne-3-

tosylamino-2,3-dideoxysugars and azides with various

substituent groups (R2) were screened and the summarized

results are shown in Table 3. Overall, the yields obtained were

from good to excellent while preserving the anomeric selec-

tivity and regioselectivity. In general, the analogous reaction of

a set of azides with different substituent groups (3a–3e) with

α-propargyl 3-tosylamino-2,3-dideoxy glycosides 2 afforded the

corresponding 3-tosylamino-2,3-dideoxyneoglycoconjugates

(4a–4h) in good to excellent yields with exclusive anomeric

selectivity (Table 3, entries 1–8). This encouraging result

prompted us to apply these conditions to alkyne 2a and a series

of azido-linked monosaccharides 3f, 3g and 3h as well as the

propargyl disaccharide 2d with α-GlaNAc azido 3g which were

also obtained in good yields and selectivities (Table 3, entries

9–13). Subsequently, to shorten the reaction times, we subjected

all the click conjugations to microwave irradiation. All the reac-
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Table 2: One-pot synthesis of α-propargyl 3-tosylamino-2,3-dideoxyglycosides 2.

Entry 1 2 Yield (%)a

1 86

1a 2a

2 84

1b 2a

3 81

1c 2b

4 74

1d 2c

5 67

1e 2d
aIsolated yields after purification.

tions were completed in considerably shorter reaction times of

less than 30 min for the Huisgen cycloaddition of alkenes and

azides catalyzed by copper sulfate and sodium ascorbate,

affording the corresponding products in good to excellent yields

in each case (Table 3, method B). This result showed that the

synthesis of 3-tosylamino-2,3-dideoxyneoglycoconjugates via

copper-catalyzed Huisgen cycloaddition is highly efficient

under microwave irradiation.

In carbohydrate recognition events, higher multivalent interac-

tions are absolutely essential as the monovalent affinities of

carbohydrate monosaccharides are comparatively low and

weak. To enhance this multivalent effect, thereby increasing the

binding efficiencies of carbohydrates with the coupling counter-

parts, there has been a constant development of new glycocon-

jugates such as glycodendrimers [57]. Hence, as continuation of

previous encouraging results, we have further designed the use

of noncarbohydrate diazide 5a in the cycloaddition reaction

with the α-propargyl 3-tosylamino-2,3-dideoxyalloside 2a and

α-propargyl 3-tosylamino-2,3,6-trideoxy-α-L-ribohexopyra-

noside 2c (Scheme 2) to obtain divalent 3-tosylamino-2,3-

dideoxyneoglycoconjugates 6a and 6b in 83% and 61% yield

respectively. The synthesis of trivalent 3-tosylamino-2,3-

dideoxyneoglycoconjugates 6c was also feasible by using

triazide 5b in 66% yield (Scheme 3). Interestingly, for all the

reactions under microwave irradiation, reaction times were

reduced to 15 minutes. As such, this novel synthetic protocol

provides a straightforward access to a wide range of 3-tosyl-



Beilstein J. Org. Chem. 2014, 10, 1325–1332.

1329

Table 3: Scope for synthesis of 3-tosylamino-2,3-dideoxyneoglycoconjugates.

Entry 2 3 4
Yield (%)a

Ab Bc

1 2a 3a 97 98

4a

2 2b 3a 89 93

4b

3 2c 3a 74 81

4c

4 2d 3a 71 78

4d

5 2a 82 85

3b 4e

6 2a 91 92

3c 4f

7 2a 86 89

3d 4g

8 2a 87 92

3e 4h
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Table 3: Scope for synthesis of 3-tosylamino-2,3-dideoxyneoglycoconjugates. (continued)

9 2a 76 80

3f 4i

10 2a 93 95

3g 4j

11 2d 3g 80 82

4k

12 2a 72 78

3h 4l
aIsolated yields after purification. b70 °C under conventional heating, 12 hours. c70 °C under microwave irradiation, 200 W, 15 minutes.

Scheme 2: Synthesis of divalent 3-tosylamino-2,3-dideoxyneoglycoconjugates 6a and 6b.

amino-2,3-dideoxyneoglycoconjugate derivatives which may

find numerous biochemical applications [40-48].

Conclusion
In conclusion, it has been established that the construction of

well-defined multivalent, anomerically pure 3-amino-2,3-

dideoxyneoglycoconjugate architectures was successfully

achieved by using cycloaddition reactions of alkynes and

azides. It is expected that this strategy will find extensive appli-

cations in glycoscience, because triazole-linked glycoconju-

gates can exhibit very interesting biological properties, offering

a convenient access toward oligosaccharides, glycopeptide
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Scheme 3: Synthesis of trivalent 3-tosylamino-2,3-dideoxyneoglycoconjugate 6c.

mimics, or multivalent carbohydrate systems [40-48]. Their

further application in molcecular biosystems is currently

underway and the results will be reported in due course.

Supporting Information
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Abstract
The therapeutic approach for the treatment of HIV infection is based on the highly active antiretroviral therapy (HAART), a cock-

tail of antiretroviral drugs. Notwithstanding HAART has shown different drawbacks like toxic side effects and the emergence of

viral multidrug resistance. Nanotechnology offers new tools to improve HIV drug treatment and prevention. In this scenario, gold

nanoparticles are an interesting chemical tool to design and prepare smart and efficient drug-delivery systems. Here we describe the

preparation and antiviral activity of carbohydrate-coated gold nanoparticles loaded with anti-HIV prodrug candidates. The nucleo-

side reverse transcriptase inhibitors abacavir and lamivudine have been converted to the corresponding thiol-ending ester deriva-

tives and then conjugated to ~3 nm glucose-coated gold nanoparticles by means of “thiol-for-thiol” ligand place exchange reactions.

The drugs-containing glyconanoparticles were characterized and the pH-mediated release of the drug from the nanoparticle has

been determined. The antiviral activity was tested by evaluating the replication of NL4-3 HIV in TZM-bl infected cells. The proof-

of-principle presented in this work aims to introduce gold glyconanoparticles as a new multifunctional drug-delivery system in the

therapy against HIV.
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Introduction
Acquired immune deficiency syndrome (AIDS), caused by

human immunodeficiency virus type-1 (HIV-1) [1] continues to

be a major leading pandemic disease worldwide with approxi-

mately 34 million people living with HIV [2]. Due to its incred-

ible genetic variance and the specificity for CD4+ T cells, this

virus is responsible for 800.000 deaths per year. In addition to

sexual preventions, the strategies used to inhibit viral replica-

tion in human CD4+ T cells consist in the highly active anti-

retroviral therapy (HAART) [3] and the design of a vaccine that

should protect people among all the different HIV strains [4,5].

Although great results have been obtained by the use of the

HAART regimes since 1996, there are still several problems to

solve, such as toxic side-effects of the HAART drugs and the

emergence of multidrug resistance. Nowadays the safest

prevention against sexual infection relies on physical barriers,

but recently a new type of protection based on microbicides has

started to be developed. Microbicides are a new class of chem-

ical–physical barrier in clinical development that can be directly

applied to the vagina or rectum before sexual intercourses in

order to prevent the transmission of HIV [6]. Recently, a

conventional anti-HIV drug used for HAART was explored as

potential microbicide. A gel formulation containing 1% of the

reverse transcriptase inhibitor tenofovir has shown good results

in the prevention of HIV infections of women in South Africa

[7].

One of the greatest challenges of antiretroviral and microbicide

therapy is to develop drug-delivery systems (DDSs) with high

efficacy and therapeutic selectivity [8] to overcome the draw-

backs of HAART. Nanotechnology allows the construction of

novel systems that could bring changes in this scenario. Over

the last years, different nano-constructions have been designed

as prophylactic agents against HIV. Some of these nanomate-

rials like polymeric nanoparticles, lipid nanoparticles and

nanofibers have shown the ability to improve solubility,

stability and permeability of anti-HIV drugs [9,10], but also to

reduce the viral load by the activation of latently infected CD4+

T-cells [11].

Gold nanoparticles have been explored in biomedicine as multi-

valent and multifunctional scaffolds [12,13]. Thanks to their

relative inertness and low toxicity gold nanoparticles have been

widely explored to conjugate biomolecules on their surface,

because the chemistry of their surface is easy to control [12].

The application of gold nanoparticles as a DDS is an expanding

field due to the inert properties of the gold core, their controlled

fabrication, and multifunctionality [14]. This last property

allows the design of particles simultaneously containing

multiple chemotherapeutics and targeting moieties. Few studies

have described the application of gold nanoparticles for HIV

treatment. In 2008 gold nanoparticles were used as carrier for

an anti-HIV drug [15]. An inactive derivative of the inhibitor

TAK-779 (the active part of the drug was modified to link it to

the gold surface) was multimerized on gold nanoparticles that

showed surprisingly anti-HIV activity, probably due to the

high-local concentration of the drug derivative on the gold

surface. Other inorganic nanomaterials have also been explored

as carriers for therapeutic drugs against HIV. For example,

silver nanoparticles coated with poly(vinyl)pyrrolidone were

found to be effective against different HIV-strains [16].

Aptamer-conjugated gold nanoparticles were also exploited as

effective inhibitors of viral enzymes [17].

We have previously described the usefulness of carbohydrate-

coated gold nanoparticles (GNPs) as a carrier for different

structures related to HIV envelope [18]. GNPs coated with

oligomannosides of the gp120 (manno-GNPs) were able to

inhibit the DC-SIGN-mediated HIV-1 trans-infection of human

T-cells [19] and gold glyconanoparticles coated with sulfated

ligands showed to interfere with the adhesion/fusion of HIV

during its entry [20]. Our methodology for preparing GNPs

allows the construction of particles simultaneously containing

carbohydrates, peptides and targeting molecules in a controled

way [21]. The use of biocompatible gold glyconanoparticles as

scaffolds for the antiviral drugs could bring some important

benefits such as the improvement of the solubility in water and

biological media of the drugs and the improvement of cellular

uptake due to the presence of carbohydrates on the GNPs. In

addition a local increase of the drug concentration on the gold

surface could also improve their antiviral activity. We reasoned

that the presence of multiple antiretroviral molecules on carbo-

hydrate-coated gold nanoparticles could lead to a drug-delivery

system and/or microbicides able to inhibit viral replication or to

prevent sexual infection. We have previously demonstrated that

glucose-coated gold nanoparticles are water-soluble and non-

cytotoxic to different cell lines at the tested concentrations [22].

Glucose-coated nanomaterials have been proposed as good

intracellular delivery tool and the internalization and uptake of

glucose-coated nanoparticles have been described on different

cell lines [23-26]. In addition glucose-coated gold nanoparti-

cles did not elicit any immune response in animal models

[27,28]. We thus decided to use them as a scaffold to insert anti-

retroviral drugs to construct new multivalent anti-HIV systems.

Here we describe the preparation of anti-HIV prodrug candi-

dates and their assembly on ~3 nm glucose-coated gold

nanoparticles as a potential drug-delivery system. As antiviral

drugs, the nucleoside analog reverse transcriptase inhibitors
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Figure 1: The prepared lamivudine (3TC) and abacavir (ABC) potential prodrugs and the corresponding 3TC- and ABC-GNPs prepared by ligand
place exchange (LPE) reactions. Glucose-GNPs were incubated for 22 h with 0.1 equiv of ABC or 3TC thiol-ending drug derivatives. The reaction
conditions allowed the “thiol-for-thiol” ligand exchange on the gold surface by replacing some glucose ligands on the glucose-GNPs with the prodrug
candidates.

(NRTIs) abacavir (ABC) and lamivudine (3TC) were selected.

NRTIs are drugs that compete in the cytoplasm as triphos-

phates with endogenous nucleoside substrates acting as chain

terminators in the DNA polymerisation reaction catalyzed by

HIV-1 RT [3]. Both drugs were transformed in ester deriva-

tives to prepare the GNPs. The pH-mediated release of the

drugs from the GNPs surface was evaluated and cellular experi-

ments demonstrated that abacavir and lamivudine ester deriva-

tives tailored onto the gold gluconanoparticles have an antiviral

activity similar to the free drugs.

Results and Discussion
Preparation of anti-HIV prodrug-GNPs
As a proof-of-principle for a further exploration of gold glyco-

nanoparticles as drug-delivery system, we prepared glucose-

coated gold nanoparticles and functionalized them with in clin-

ical use antiviral drugs abacavir (ABC) and lamivudine (3TC).

The drugs were functionalized at the primary hydroxy groups

with 11-mercaptoundecanoic acid to obtain the prodrug candi-

date with an easy hydrolysable ester group that allows the

release of the drug from the GNPs by enzymatic or pH medi-

ated hydrolysis. 11-Mercaptoundecanoic acid was chosen as

bifunctional aliphatic linker between the drugs and the gold

nanoparticles. Aliphatic ester prodrugs of the anti-HIV drug

zidovudine have previously shown to promote intestinal lymph

transport (a major reservoir for HIV) [29] and some alkyl and

alkyloxyalkyl esters of nucleotides or acyclic nucleoside phos-

phonates have been explored in clinical studies [30]. In order to

obtain the ester derivatives, 11-(acetylthio)undecanoic acid,

obtained from 11-bromoundecanoic acid and potassium thio-

acetate [31], was reacted with ABC and 3TC in DMF in the

presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC) and 4-dimethylaminopyridine (DMAP) to obtain the

ester derivative in ~75% yield. After purification, the protecting

group of the thiol was removed with hydrazine acetate to give

the corresponding ester prodrug candidates with a free thiol-

ending group fundamental for their gold chemo-adsorption

(Figure 1 and Supporting Information File 1).
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Figure 2: Time course release of free 3TC and ABC from the corresponding GNPs in 1 N HCl, detected by HPLC–MS measurements. Left: Release
of 3TC from 2 µg/mL 3TC-GNPs for ~150 h. Right: release of ABC from 2 µg/mL ABC–GNPs for 170 h until a stable drug concentration in the release
medium is reached. Both experiments were performed in triplicate.

Abacavir (ABC) and lamivudine (3TC) were functionalized at

the primary hydroxy groups through an ester bond that will be

cleaved by cellular esterase activity or acid conditions in the

cellular medium (or vaginal acidic pH). The primary hydroxy

group of these NRTIs is fundamental for their antiviral activity:

its intracellular enzymatic phosphorylation will form triphos-

phate derivatives that are the real chain terminators of HIV

reverse transcriptase [3].

Due to the presence of an ester group in the prepared drug

derivatives, NaBH4 could not be used as reducing agent for the

in situ preparation of these gold nanoparticles [32,33]. The

ABC- and 3TC-GNPs were then prepared by the so-called

“thiol-for-thiol” ligand place exchange (LPE) reaction [34]. The

LPE reaction methodology allows the insertion of thiol ending

ligands (the thiol-ending prodrug candidates) on pre-formed

GNPs (GNPs fully covered by a glucose conjugate [35]) by a

“thiol-for-thiol” exchange on the gold surface (Figure 1)

following a reported methodology [24]. Preformed glucose-

GNPs were incubated with 0.1 equivalents of ABC or 3TC

conjugate with respect to the glucose conjugates on the GNP.

This amount allowed the insertion of ~10% of the thiol-ending

drugs. After precipitation and washings with EtOH, the GNPs

were dissolved in a 90:10 mixture of water/DMSO to ensure a

better GNPs water-dispersion that was also used for the cellular

experiments. The GNPs dimension was evaluated by electron

microscopy (Supporting Information File 1) showing an

average gold diameter of ~3 nm. The GNPs contain around 10%

of ABC or 3TC were analysed by HPLC and mass spectrom-

etry (see next paragraph). The ester derivatives were not

detected in the EtOH washings after the GNPs precipitation (by

MALDI–MS and 1H NMR) indicating that practically all the

drug conjugates were linked on the gold surface.

Drug quantification and release of the drug
from GNPs
We studied the stability of the GNPs containing ABC or 3TC

(around 10%) in 1 N HCl at different times by liquid chroma-

tography–mass spectrometry (LC–MS, Figure 2). A solution of

drugs-GNPs (2 mg/mL) in water was treated with 1 N HCl and

1:1000 dilution aliquots (10 μL) of the GNP solutions were

injected into the chromatograph. The free drugs were quanti-

fied by mass spectrometry with an internal standard (for

detailed ion chromatograms and mass spectra see Supporting

Information File 1). In the absence of HCl, the GNPs did not

release the drugs showing no peaks in the LC–MS spectra. The

pH-mediated delivery of the drugs from the GNPs was fol-

lowed for 2–3 days until a plateau in the kinetic curve of the

drug release was reached (Figure 2). Calibration curves of the

free drugs were performed in triplicate by LC–MS (Supporting

Information File 1). The release of the drug from a 2 µg/mL

GNP dilution after 150–170 h was estimated to be around

150–200 nM from the LC–MS quantification. These experi-

ments were performed in triplicate and repeated with two

different GNP batches showing similar results. The pH-medi-

ated release confirmed the estimation of ~10% of the drug on

the gold surface and from these results the estimated amount of

drug per 1 mg of GNPs was calculated to be ~0.1 μmol (the

detailed calculation is given in Supporting Information File 1).

Cellular experiments with lamivudine (3TC)
and abacavir (ABC)-GNPs
TZM-bl cells (derived HeLa-cell immortalized cell line that

expresses high levels of CD4 and co-receptors CXCR4 and

CCR5) were incubated for 30 min with different amounts of

drug-GNPs (expressed as drug concentration, from 0.1 to

10 μM), followed by the addition of NL4-3 HIV virus encoding
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Figure 3: Cellular experiments: The two graphs show the percentage of luciferase activity decrease in the presence of increasing amounts of GNPs.
ABC-GNPs (left) show an antiviral activity with an IC50 of 8 µM. 3TC–GNPs (right) show an antiviral activity with an IC50 of 1 µM.

for luciferase used as reporter gene. The free drugs and prodrug

candidates were also tested in the same experiment. The viral

replication was followed by the luciferase activity setting 100%

of viral replication (luciferase activity) for untreated TZM-bl

cells. Figure 3 shows the decrease of viral replication (corre-

lated with the percentage of luciferase activity) of the abacavir

and lamivudine-GNPs. Free abacavir and the corresponding

ABC-GNPs showed similar IC50 values of 5 μM and 8 μM, res-

pectively (Figure 3 left and Table 1). Surprisingly, the abacavir

derivative seems to induce viral replication. With the presented

data we are not able to explain this result, but it may be due to

the amphiphilic properties of the drug derivative. Notwith-

standing, the inactive abacavir-derivative showed antiviral

activity when coupled on GNPs; a similar effect was previously

observed for an inactive derivative of TAK-779 [15]. Free

lamivudine and the corresponding GNPs showed IC50 values of

0.35 μM and 1 μM, respectively (Figure 3 right and Table 1),

while the lamivudine derivative showed an IC50 value of

0.2 μM. The antiviral activity of the free drugs and the drugs-

GNPs were in the same order of magnitude, while the control

glucose-GNPs were not able to exhibit any antiviral activity at

the tested concentrations (data not shown). In spite of the fact

that no improvement of viral replication inhibition was obtained

with respect to the free drug (probably due to the low loading of

the drugs on the GNPs) these data indicate that the antiviral

activity after conjugation is maintained and that gold glyco-

nanoparticles can be considered as a promising drug delivery

system.

After 30 min of pre-incubation with TZM-bl cells, the drug-

loaded glyconanoparticles showed an NRTi activity as the free

Table 1: Antiviral activity of tested molecules calculated as IC50 from
the cellular experiments.

Molecule tested IC50

abacavir 5 µM
abacavir derivative –a

abacavir-GNP 8 µM
lamivudine 0.35 µM
lamivudine derivative 0.2 µM
lamivudine-GNP 1 µM

aThe abacavir derivative showed the ability to induce viral replication.

drugs at similar concentration. This activity suggests that the

drug is delivered from the GNPs into the TZM-bl cells and has

been triphosphorylated to active metabolites that can compete

with the natural substrate of RT avoiding the RNA retrotran-

scription, e.g., the viral replication. Abacavir and lamivudine

(being NRTi) inhibit the HIV reverse transcriptase enzyme

competitively and act as a chain terminator in DNA synthesis.

The lack of a 3'-OH group in the nucleoside analogue (NRTi)

inhibits the formation of the 5' to 3' phosphodiester linkage

(essential for the elongation of the DNA chain) terminating the

growth of viral DNA [3].

Conclusion
The preparation and characterization of ~3 nm glucose-coated

gold nanoparticles loaded with anti-HIV abacavir and lamivu-

dine ester prodrug candidates is described. The effects of multi-

merization of the HIV drug derivatives on biocompatible and

water-dispersible glyconanomaterials have been tested. The
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drugs were released from the glyconanoparticles in acidic

conditions and were able to inhibit viral replication in cellular

assays with IC50 values (in terms of drug concentration) similar

to the free drugs (less than 10 µM). These data support the

strategy of developing a drug delivery system based on the

coupling of ester derivatives onto gold glyconanoparticles and

open the way to re-design more complex GNPs with improved

activity carrying different antiviral inhibitors at the same time.

In addition, other types of molecules able to block different

steps of the viral replication can be introduced on the GNPs

surface as previously shown with the microbicide candidates

sulfate and manno-GNPs [19,20]. The combination of the gold

glyconanoparticle properties with the advantage of multiple

presentations of drugs, opens-up the possibility for generating

multivalent nano delivery systems against HIV, combining on

the same nanoparticle scaffold different antiviral inhibitors.

Further experiments need to be performed to investigate the

molecular mechanisms of the described antiviral activity. A

cellular tracking of the GNPs could give a molecular explan-

ation of their behavior in the intracellular milieu. The described

proof-of-principle aims to a further exploration of gold glyco-

nanoparticles as a new multifunctional tool in the world of

drug-delivery system against HIV.

Experimental
General methods: All chemicals were purchased as reagent

grade from Sigma-Aldrich, except chloroauric acid (Strem

Chemicals), and were used without further purification. NMR

analyses were performed with a Bruker DRX 500 MHz spec-

trometer with a broad band inverse (BBI) probe at 25 °C.

Chemical shifts (δ) are given in ppm relative to the residual

signal of the solvent used. Coupling constants (J) are reported

in Hz. Splitting patterns are described by using the following

abbreviations: br, broad; s, singlet; d, doublet; t, triplet; q,

quartet; m, multiplet. For transmission electron microscopy

(TEM) examinations, a single drop (10 µL) of an aqueous solu-

tion (ca. 0.1 mg/mL in milli-Q water) of drugs-GNPs was

placed onto an ultrathin carbon film (<3 nm thickness)

supported by a lacey carbon film on a 400 mesh copper grid

(Ted Pella). The solution on the grid was left to dry in air for

14 hours at room temperature. TEM analysis was carried out in

a JEOL JEM-2100F-UHR, operated at 200 kV. UV–vis spectra

were carried out with a Beckman Coulter DU 800 spectrometer.

The mass spectrometry detection was carried out in positive ion

mode with electrospray ionization. The capillary and the cove

voltages were set to 100 and 30 V, respectively. The desolva-

tion gas was set to 600 L/h at 120 °C. The cone gas was set to

50 L/h and the ion source temperature at 120 °C. The instru-

ment was operated in W mode with a resolution higher than

10.000. Data were obtained in centroid mode from m/z 50 to

1000 using a acquisition rate of 1 s/scan. The extracted-ion

chromatograms for each compound were obtained with a mass

tolerance window of ±0.1 Da (m/z 230.06 for 3TC, m/z 287.16

for ABC, 244.09 for cytidine, m/z 205.1 for tryptophan). An

Acquity UPLC coupled to LCT Premier XE mass spectrometer

(Waters, Mildford, MA) was employed for the drug quantifica-

tion. The chromatographic separations were performed on a

100 × 2.1 mm Acquity BEH 1.7 µm C18 column (Waters,

Mildford, MA). The gradient elution buffers were A (water and

0.1% formic acid) and B (methanol). The column temperature

was set to 35 °C and eluted with a linear gradient consisted of

95% A over 0.5 min, 95–5% over 0.5–7 min, 5% over 7–8 min,

returned to 95% for 0.5 min and kept for a further 1.5 min

before next injection. Total run was 10 min, volume injection

5 µL and the flow rate 300 µL/mL.

Synthesis and characterization of thiol-ending prodrugs and

GNPs: The preparation and characterization of the abacavir and

lamivudine prodrug candidates and the corresponding GNPs is

described in the Supporting Information File 1.

LC–MS analysis: GNPs and calibration curve samples were

spiked with 10 µL of the appropriate internal standard solution

before the LC–MS analysis (tryptophan and cytidine at 1 µM

were used for quantification of 3TC and ABC, respectively).

Calibration curves were designed over the range of 1–200 nM

in triplicate. All the standard solutions were above the lower

limit of quantification and within a linear range of quantifica-

tion (R2 > 0.998). Peak ratios of the drug and the internal stan-

dard were calculated and the calibration curves adjusted by

fitting these ratios to the concentrations by a linear regression

method.

Cellular viral inhibition assay: The ability of lamivudine and

abacavir-GNPs to block HIV-1 infection was tested using a

luciferase reporter cell line (TZM-bl) as described in [36].

TZM-bl is a Hela cell line that stably expresses CD4, CCR5 and

CXCR4 (viral receptor and co-receptors). These cells also

contain separate integrated copies of the luciferase and β-galac-

tosidase genes under the control of the HIV-1 promoter [37-40].

Drugs, ester derivatives and GNPs were incubated with HIV-1

virus (NL4-3 strain) in triplicate for 30 min at 37 °C. The

virus–drug mixture was added (1:1 by volume) to 10,000 TZM-

bl cells per well. The plate was then placed into a humidified

chamber within a CO2 incubator at 37 °C. The luciferase

activity was measured from cell lysates when the levels were

sufficiently over the background to give reliable measurements

(at least 10 fold) using Luciferase Assay System (Promega) and

following the manufacturer’s recommendations. A virus equiva-

lent to 4 ng of p24 capsid protein (quantified by an antigen-

capture assay; Innogenetics, Belgium) of the NL4-3 strain of

HIV-1 was chosen as the lowest level of viral input sufficient to
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give a clear luciferase signal within the linear range at day 3

post-infection. Infectivity was measured in triplicate and

reported as the percentage of luciferase activity compared to the

luciferase activity corresponding to the wells with virus and no

drug. The concentration of drug required to inhibit 50% of the

viral infectivity (IC50) was determined.

Supporting Information
Supporting Information File 1
Synthesis and characterization of thiol-ending prodrugs and

GNPs; HPLC–MS chromatograms, mass spectra and drugs

calibration curves; calculation of drug-loading on GNPs.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-136-S1.pdf]
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Abstract
The molecular recognition of carbohydrates and proteins mediates a wide range of physiological processes and the development of

synthetic carbohydrate receptors (“synthetic lectins”) constitutes a key advance in biomedical technology. In this article we report a

synthetic lectin that selectively binds to carbohydrates immobilized in a molecular monolayer. Inspired by our previous work, we

prepared a fluorescently labeled synthetic lectin consisting of a cyclic dimer of the tripeptide Cys-His-Cys, which forms spontan-

eously by air oxidation of the monomer. Amine-tethered derivatives of N-acetylneuraminic acid (NANA), β-D-galactose, β-D-

glucose and α-D-mannose were microcontact printed on epoxide-terminated self-assembled monolayers. Successive prints resulted

in simple microarrays of two carbohydrates. The selectivity of the synthetic lectin was investigated by incubation on the immobi-

lized carbohydrates. Selective binding of the synthetic lectin to immobilized NANA and β-D-galactose was observed by fluores-

cence microscopy. The selectivity and affinity of the synthetic lectin was screened in competition experiments. In addition, the

carbohydrate binding of the synthetic lectin was compared with the carbohydrate binding of the lectins concanavalin A and peanut

agglutinin. It was found that the printed carbohydrates retain their characteristic selectivity towards the synthetic and natural lectins

and that the recognition of synthetic and natural lectins is strictly orthogonal.

1354

Introduction
In comparison to proteins and nucleic acids, carbohydrates have

traditionally received less attention in the scientific community.

However, it is increasingly apparent that carbohydrates and

glycoconjugates are involved in a multitude of physiological

and pathological processes and offer an enormous potential to

encrypt biological information [1-4]. In contrast to the linear

nucleic acids and proteins, carbohydrates usually form branched

oligomers or polymers which are joined together by a variety of
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linkages. The vast amount of resulting carbohydrate oligomers

and polymers offers a virtually unlimited number of encodings.

In nature, carbohydrates are often linked to lipids, peptides or

proteins. These conjugates are found inside cells, on cell

membranes as well as in extracellular fluids and matrices.

Surprisingly, the general understanding of the function of

carbohydrates in cell biology is still lagging far behind our

knowledge of proteins and nucleic acids. This backlog is mainly

due to the complexity of biological carbohydrates. Additionally,

established analytical and synthetic methods in protein and

nucleic acid research such as automated sequencing, automated

synthesis and high-throughput microarray screening are lacking

in glycobiology [5]. However, during the last decade, these

methods have also been adapted to carbohydrates [6-8].

Carbohydrate microarrays on chips proved to be a particularly

useful tool in glycomics [9-11] since their description in 2002

by several groups [12-17]. Microarrays normally consist of

carbohydrates immobilized in an ordered and well defined

format on a flat surface. The arrays can be considered as

minimal models of cell surfaces that are compatible with high-

throughput analysis techniques and can be used to study carbo-

hydrate–protein/antibody interactions, to detect enzymes

cleaving glycosidic bonds, to study cell–cell adhesions medi-

ated by carbohydrates as well as to screen for selective inhibi-

tors of carbohydrate–protein interactions [18]. The immobiliz-

ation of carbohydrates can be divided into noncovalent and

covalent attachment routes. While carbohydrates simply adhere

to the surface when using the noncovalent strategy, the cova-

lent attachment leads to the fabrication of highly stable arrays

because a chemical bond is formed between the substrate and

the carbohydrates. Fabrication of carbohydrate microarrays can

be achieved either by microspotting of carbohydrates on acti-

vated surfaces or by using printing techniques on activated

substrates. The first approach can be realized by robotic printers

[19,20] generating high density chips with a large number of

different spots. Read out is performed with an array scanner

using fluorescence microscopy or surface plasmon resonance.

In recent years, microcontact printing (μCP) [21-24] has gained

importance as a replication method for biological microarrays

such as protein [25,26] and DNA microarrays [27-30]. Our

group has shown that also simple carbohydrate microarrays can

be conveniently prepared by μCP if reactive glycosides are

printed on a suitable target self-assembled monolayer (SAM)

[31,32]. Amongst others, we reported carbohydrate microarrays

fabricated by cycloaddition of alkynes on azide-terminated

SAMs [33], by Diels–Alder reaction of cyclopentadienes and

furans on maleimide-terminated SAMs [34], by thiol–ene click

reaction of functionalized thiols on alkene-terminated SAMs

[35] as well as by strain promoted cycloadditions on azide- and

nitriloxide-terminated SAMs [36] using μCP. Homogenous

spots, high-edge resolution, good reproducibility and short reac-

tion times can be easily achieved by using µCP. These advan-

tages render this method a versatile tool for the fabrication of

simple carbohydrate microarrays.

“Synthetic lectins” as artificial carbohydrate receptors would be

highly valuable as drugs in various therapies and as recognition

units in diagnostics and sensing. However, the development of

synthetic lectins poses a phenomenal challenge for supra-

molecular chemistry [37] because a carbohydrate receptor in

order to be useful must not only compete with the strong hydra-

tion of carbohydrates in water but also discriminate closely

related isomers. It is obvious that the de-novo design of a “syn-

thetic lectin” is very difficult. The most remarkable synthetic

lectins to date have been prepared by Davis and co-workers,

who recently synthesized a cage-like receptor that binds glucose

in water with excellent selectivity versus other simple carbohy-

drates (for example, ~50:1 versus galactose) which also has

sufficient affinity for glucose sensing at the concentrations

found in blood [38]. On the other hand, we have described a

dynamic combinatorial approach to the identification of

biomimetic carbohydrate receptors [39]. To this end, we

explored a dynamic combinatorial library of cyclic peptides to

select receptors that are assembled from tripeptides under ther-

modynamic equilibrium. Amongst others, we identified a syn-

thetic lectin (HisHis) that binds N-acetylneuraminic acid

(NANA) [18]. HisHis is a cyclic hexapeptide which is easily

obtained from the air oxidation of the tripeptide Cys-His-Cys

(see Figure 1). It should be noted that in this case HisHis is

obtained as a mixture of two isomers, in which the tripeptides

are either oriented in parallel or antiparallel direction. The

parallel isomer is shown in Figure 1. We have recently synthe-

sized and isolated the parallel and antiparallel isomers of HisHis

and found that both isomers can bind NANA in a cooperative

1:2 complex (1 molecule of HisHis and 2 molecules of NANA)

[40]. The binding constants are K1  = 143 M−1  and

K2 = 5.08 × 103 M−1 for the parallel isomer and K1 = 94 M−1

and K2 = 990 M−1 for the antiparallel isomer at neutral pH in

water [40]. We also found that the parallel isomer of HisHis

(but not the antiparallel isomer) binds β-D-galactose in a 1:1

complex with K = 7.96 × 103 M−1 [40]. NMR spectroscopy and

DFT calculations indicate that the interaction of the peptide

with the carbohydrates is based primarily on hydrogen bonding

[40]. It should be emphasized that NANA is a particularly

interesting carbohydrate since it belongs to the class of sialic

acids which are often the terminal carbohydrates in glyco-

proteins and glycolipids on the cell surface. Sialic acids are

involved in the communication of cells with their environment

[41] and selective detection, binding and blocking of sialic acids

on the cell surface is of significant biomedical interest.
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Figure 1: Molecular structures of carbohydrates (NANA, Glc, Gal, Man) immobilized on epoxide SAMs, NANA-binding synthetic lectin (HisHis), and
the FITC-labeled synthetic lectin (FITC HisHis). For simplicity, only the parallel isomer of HisHis is shown.

It is the aim of this report to investigate whether the synthetic

lectin HisHis is able to selectively bind to NANA immobilized

on a substrate which serves as a model for a cell surface. To this

end, we prepared a set of simple carbohydrate microarrays as

well as fluorescein-isothiocyanate labeled HisHis (FITC-

HisHis) and studied the selectivity and affinity of HisHis

towards immobilized NANA in comparison with the glycosides

of glucose (Glc), galactose (Gal) and mannose (Man)

(Figure 1). In this study, we exploit the epoxide ring opening

reaction of amine-tethered carbohydrates on epoxide-termi-

nated SAMs [42] to print carbohydrate microarrays on silicon

and glass substrates. Epoxide-terminated SAMs are particularly

versatile for the fabrication of biological arrays [43,44] and we

have recently demonstrated that epoxide-terminated substrates

are easily modified using µCP [45]. The incubation of the syn-

thetic lectin FITC-HisHis as well as two natural lectins on the

immobilized carbohydrates provides insight into the affinity and

selectivity of lectin–carbohydrate interaction.

Results and Discussion
The synthetic lectin HisHis was prepared by air oxidation of the

tripeptide Cys-Hys-Cys (synthesized by solid phase peptide

synthesis) as described previously [39]. Fluorescein-labeled

FITC-HisHis was obtained by labeling of Cys-His-Cys with

fluorescein isothiocyanate, which was achieved by using an

Fmoc-protected oligo(ethylene glycol) spacer synthesized in

four steps from commercially available ethylenediamine (see

Supporting Information File 1). The introduction of this water

soluble spacer should ensure the unhindered formation of the

cyclic synthetic lectin FITC-HisHis from the FITC-labeled Cys-
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His-Cys by air oxidation. The spectroscopic and analytical data

obtained for FITC-HisHis are fully consistent with the molec-

ular structure (see Supporting Information File 1). Successful

incorporation of the fluorophore was also evident in the UV–vis

spectrum of the precursor FITC-labeled Cys-His-Cys (see

Figure S1 in the Supporting Information File 1). We note that if

prepared directly by air oxidation from Cys-His-Cys, HisHis as

well as FITC-HisHis consist of a mixture of two isomers, in

which the two tripeptides are arranged in parallel or antiparallel

direction, respectively. We have recently synthesized and

isolated the parallel and antiparallel HisHis isomers and found

that both isomers can bind NANA in a 1:2 complex with

slightly stronger binding by the parallel HisHis compared to the

antiparallel HisHis [40]. Isothermal titration calorimetry (ITC)

confirmed that the interaction of FITC-HisHis (mixture of

isomers) and NANA is characterized by the same stoichio-

metry (1:2) and nearly the same binding constants (K1 = 163

M−1 and K2 = 5.36 × 103 M−1) were obtained. ITC data are

provided in Supporting Information File 1. These findings indi-

cate that the introduction of the FITC label does not affect the

formation of the synthetic lectin HisHis and its interaction with

NANA. Since the mixture of isomers is much more easily

synthesized than the individual isomers and since both isomers

are potent binders of NANA, all experiments described in this

report where performed with the mixture of parallel and antipar-

allel isomers of FITC-HisHis.

In order to study the affinity of the synthetic lectin HisHis on

the surface, four carbohydrates (NANA, Glc, Gal, Man, see

Figure 1) were selected for the fabrication of carbohydrate

arrays. To provide carbohydrate inks suitable for microcontact

printing (µCP), NANA was conjugated via its C1 carboxylic

acid moiety, whereas the other carbohydrates were conjugates

as β-glycosides (Glc, Gal) and α-glycosides (Man), respective-

ly. In order to flexibly attach the carbohydrates on the substrate

and to ensure unhindered carbohydrate–lectin interactions,

oligo(ethylene glycol) spacers were introduced. Oligo(ethylene

glycol) chains are flexible, water-soluble and do not interact

with lectins [46]. A nucleophilic primary amine function was

introduced on the terminus of the spacer in order to ensure reac-

tion with the epoxide-functionalized substrate upon µCP. The

NANA ink was prepared by solution phase peptide coupling

using the DIPCDI/Oxyma pure® coupling protocol. The glucose

(Glc), galactose (Gal) and mannose (Man) inks were synthe-

sized as described in Supporting Information File 1.

The effective immobilization of the amine-terminated carbohy-

drate inks requires a surface functionalized with epoxides.

Epoxides are stable under ambient conditions yet highly reac-

tive towards amines at elevated temperatures and epoxide

SAMs on silicon oxide surfaces can be obtained in only one

step from an epoxy-terminated trimethoxysilane. The most

common approaches to fabricate epoxide SAMs is by dip-

coating or vapor condensation. However, this leads to the for-

mation of thick films of aggregated molecular layers with

undefined surface morphology [47-50]. Therefore, the

epoxide SAMs were prepared by the method of Julthongpiput

et al. because well-defined monolayers of epoxides on glass

and silicon substrates can be obtained by using (3-glycidoxy-

propyl)trimethoxysilane in toluene [42]. The successful surface

modification was verified by contact angle and XPS measure-

ments (see Supporting Information File 1) which are in accor-

dance with literature data [42].

The µCP protocol to fabricate carbohydrate microarrays was

optimized to provide a highly effective combination of stamp,

ink and substrate. In view of the fact that the epoxide ring

opening reaction with amines is much faster at elevated

temperatures, the surface of oxidized, patterned PDMS stamps

was coated with 2-[methoxy(polyethyleneoxy)propyl]trimethyl-

silane (PEG silane) [51]. The PEG coated stamps provided

optimal wetting of the stamp by the carbohydrate ink solution,

while preventing contamination of the substrate by PDMS

residues. Moreover, it was observed that oxidized stamps

without such a PEG coating adhered irreversibly to the epoxide

substrates, possible due to reaction of the epoxide substrate with

the oxidized PDMS surface. In the optimized µCP protocol, the

PEG coated stamps were wetted with a 20 mM ethanolic solu-

tion of carbohydrate inks (NANA, Glc, Gal or Man) and triethy-

lamine, and dried after 1 min incubation time. After placing the

stamps on the epoxide-terminated SAMs on cleaned and acti-

vated glass or silicon substrates, the substrate and stamp were

placed in an oven at 60 °C for 4 h. Finally, the stamp was

removed from the substrate at room temperature. In order to

prepare microarrays with two carbohydrates, the printing step

was repeated with a second carbohydrate ink on a flat stamp to

functionalize the remaining epoxide surface (Figure 2). After

printing, the surfaces were rinsed extensively to remove any

residual physisorbed material.

Immobilization of carbohydrates on the epoxide-terminated

SAMs was investigated by several methods. Printing of a polar

carbohydrate on the epoxide surface should lead to increased

hydrophilicity exclusively in the printed areas which can be

detected by water condensation experiments. Figure 3 shows

optical microscopy pictures of epoxide SAMs onto which

NANA ink or Gal ink were printed with a structured stamp

(10 μm dots spaced by a 5 μm gap). It is obvious that the water

condensed on the surface is found exclusively in the areas

where the hydrophilic NANA or Gal were printed. Furthermore,

quantification of the surface hydrophilicity was performed by

water contact angle measurements. To this end, a flat PDMS
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Figure 2: Schematic representation of the preparation of a simple carbohydrate microarray by μCP of amine-functionalized carbohydrate inks on
epoxide-terminated SAM (“microcontact chemistry”). The first carbohydrate (red) is printed with a patterned PDMS stamp, the second carbohydrate
(green) is printed in the interspaces with a flat PDMS stamp.

Figure 3: Optical microscopy images of water droplets selectively condensed in the areas where (A) the NANA ink and (B) the Gal ink were patterned
by μCP on an epoxide-terminated SAM.

stamp was used to obtain a homogenous carbohydrate surface

after μCP for 4 h at 60 °C. After printing, the contact angles

decreased from 61°/33° (advancing/receding) for the epoxide-

terminated SAMs to ~30°/~12° for the carbohydrate-functional-

ized SAMs (with minor differences for the different carbohy-

drate inks). Data for all contact angle measurements can be

found in Table S1 in Supporting Information File 1.

Further information on the printing process was obtained from

X-ray photoelectron spectroscopy (XPS) of Si-wafers function-

alized with an epoxide-terminated SAM and printed with

NANA ink using a PEG coated flat stamp (see Figure S3 and

Figure S4 in Supporting Information File 1). While nearly no

N(1s) signal was detected in the epoxide-terminated SAM, a

clear N(1s) signal can be observed when the NANA ink is

printed. The C(1s) peak shows a splitting into the C–C

(285 eV), C–O (287 eV), C=C, C=O and residual epoxide C–O

signals (289 eV) as expected for the NANA-terminated SAM

[52].

In addition, atomic force microscopy (AFM) of patterned

epoxide SAMs was performed to verify the success of the

printing process. The AFM height profiles of a pattern of

NANA ink printed with a patterned stamp (10 μm stripes that

are spaced by a 5 μm gap) as well as a cross printed pattern

obtained by a successive print at 90° angle with two identically

patterned stamps (5 μm stripes that are spaced by a 10 μm gap)

using the Glc ink and the Gal ink are shown in Figure 4. A clear

pattern in accordance with the shape and dimensions of the used

stamps can be seen. If printing of the carbohydrate ink results in

a very dense layer of carbohydrates aligned mostly perpendic-

ular to the surface, the height difference of printed and

nonprinted areas should be around 1 nm. The observed height

differences are significantly less which indicates that the carbo-

hydrates are tilted relative to the surface normal and that the

printed layers exhibit a lower than maximal surface coverage.

This is most likely due to a combination of factors, i.e., quality

of the base epoxide SAM, reaction time with the amine inks,

and steric bulk of the carbohydrates compared to the triethylene

glycol linker. We note that these observations are consistent

with our earlier reports on the immobilization of glycosides on

SAMs by µCP [33-36].

Having established that one or more carbohydrate inks can be

patterned on epoxide-terminated SAMs by µCP, we turned our

attention to the investigation of the interaction of synthetic and

natural lectins with the immobilized carbohydrates. To this end,

bifunctional surfaces were fabricated by µCP of a the first ink in
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Figure 4: (A) AFM height image (zoom) of NANA ink in 10 μm stripes on an epoxide-terminated SAM; (B) Height profile of the black line shown in (A);
(C) AFM height image of Glc ink and Gal ink cross printed in 5 μm stripes on an epoxide-terminated SAM; (D) Height profile of the black line shown in
(C).

a dot pattern (10 μm dots spaced by a 5 μm gap) and filling up

the interspaces with the second ink by using µCP with a flat

stamp. In a first set of experiments, NANA ink was printed in a

dot pattern and the remaining area was functionalized by

printing Man ink with a flat stamp. In a reverse experiment,

Man ink was printed in dots and the remaining area was func-

tionalized with NANA ink. After incubation of these carbohy-

drate arrays with the synthetic lectin FITC-HisHis, fluores-

cence was observed exclusively in the areas where the NANA

ink had been printed. No significant fluorescence was observed

in the area where the Man ink had been printed (Figure 5). This

observation confirms – for the first time – that the synthetic

lectin HisHis binds selectively to NANA, and not to Man, also

when the carbohydrate is immobilized on a surface. We note

that no fluorescence was detected when the inks were printed

onto bare glass slides (instead of epoxide-functionalized glass

slides) or when printing was performed without inking the PEG

coated PDMS stamp. In a second set of experiments, NANA ink

was printed in dots and the remaining area was functionalized

with Glc ink, and vice versa. Again it was observed that HisHis

binds exclusively to NANA, and not to Glc (see Figure 8A). In

a third set of experiments, Gal ink was printed in dots and the

remaining area was functionalized with Man ink, and vice

versa. As expected, it was observed that FITC-HisHis binds to

Gal, and not to Man (Figure 5). In our preceding work, we had

observed that the parallel isomer of HisHis binds to β-galacto-

sides [40].

Figure 5: Fluorescence images of bifunctional carbohydrate microar-
rays incubated with FITC-HisHis. (A) NANA (dots 10 × 5 μm) and Man
(background); (B) Man (dots 10 × 5 μm) and NANA (background);
(C) Gal (dots 10 × 5 μm) and Man (background); (D) Man (dots
10 × 5 μm) and Gal (background).

In order to confirm the interaction between HisHis and NANA

with surface plasmon resonance (SPR) spectroscopy a commer-

cially available polycarboxylate hydrogel sensor surface was
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employed, which is known to be particularly advantageous for

low molecular weight compounds due to the signal amplifica-

tion caused by multiple binding events in the hydrogel on the

sensor. The functionalization of the polycarboxylate hydrogel

with amine terminated NANA was performed by N-hydroxy-

succinimide (NHS) activation and subsequent peptide coupling.

Indeed, using the hydrogel sensor a small but significant SPR

signal increase was observed upon the addition of HisHis (see

Figure S5 in Supporting Information File 1). The initial rate and

extent of surface binding correlated with the concentration of

HisHis (0.5–2.0 mM) applied to the sensor. However, it was not

possible to obtain sufficiently reproducible data to perform a

quantitative analysis of the peptide–carbohydrate interaction.

The poor quality of the SPR signal is certainly due to the low

molecular weight of HisHis which limits any further SPR

investigations.

Additionally, bifunctionalized carbohydrate surfaces were incu-

bated simultaneously with FITC-HisHis, TRITC-ConA, and

FITC-PNA to elucidate whether selective binding of the syn-

thetic lectin to glycosides is also observed in the presence of

natural lectins. In Figure 6, the overlays of fluorescence images

are shown. In each experiment, FITC-HisHis is detected exclu-

sively on the NANA and the Gal areas, whereas TRITC-ConA

binds to Man and FITC-PNA binds to Gal only. These observa-

tions demonstrate that selective recognition between HisHis and

NANA or Gal is not in any way disturbed by the presence of a

second lectin and that the synthetic lectin HisHis and the natural

lectins ConA and PNA operate orthogonally.

Figure 6: Overlay of fluorescence images of bifunctional carbohydrate
microarrays; (A) NANA (dots 10 × 5 μm) and Man (background) incu-
bated with FITC-HisHis and TRITC-ConA; (B) Man (dots 10 × 5 μm)
and NANA (background) incubated with FITC-HisHis and TRITC-
ConA; (C) Gal (dots 10 × 5 μm) and Man (background) incubated with
FITC-HisHis and TRITC-ConA; (D) Man (dots 10 × 5 μm) and Gal
(background) incubated with FITC-PNA and TRITC-ConA.

Additionally, the selectivity of the FITC-HisHis was tested with

a set of competition experiments on a microarray of NANA dots

with Man background (Figure 7). If the recognition process

between FITC-HisHis and NANA or Gal is selective, incuba-

tion with a large excess of the two carbohydrates should lead to

release of the surface-bound synthetic lectin from a microarray

displaying NANA or Gal. In this case, the detected fluores-

cence pattern should vanish after washing the microarrays with

concentrated solutions of NANA and Gal. As is shown in

Figure 7B,C, FITC-HisHis is indeed displaced from the

microarray when a solution of 250 mM NANA or a solution of

500 mM methyl β-D-galactoside solution is used to rinse the

microarray. The original fluorescence pattern can be restored by

incubation with FITC-HisHis (Figure 7D) and this process is re-

versible over several cycles. Upon simultaneous incubation of

the microarray with NANA or methyl β-D-galactoside and

FITC-HisHis ,  no f luorescent  pat tern was detected

(Figure 7E,F). This indicates that the synthetic lectin HisHis is

saturated by the excess of carbohydrate which is present in solu-

tion and can therefore no longer bind to the carbohydrates on

the microarray. Conversely, it would be expected that carbohy-

drates which do not show any interaction with HisHis should

not lead to a decrease in the fluorescence of FITC-HisHis on the

microarray and this is indeed observed for methyl α-D-manno-

side, methyl β-D-glucoside, methyl β-D-fucoside, trehalose,

sucrose as well as N-acetylglucosamine (see Figure 7G–L).

These experiments demonstrate two important points: firstly,

they attest the selectivity as well as the affinity of HisHis for

immobilized NANA and Gal, and secondly, these results show

that even a very simple microarray provides a versatile

screening tool.

Finally, in addition to the mono- and disaccharides described

above, the selectivity of the synthetic lectin HisHis was tested

by using two heparins. These polymers display a particularly

high carbohydrate epitope density. While one polymer (wild

type, WT, 6.61 µg µL−1) has a negatively charged sulfonate

group at the terminus, the second one (KO, 6.12 µg µL−1) does

not possess this group and is therefore charge neutral. After 5 h

incubation of a microarray of NANA (10 μm dots spaced by a

5 μm gap) and Glc (background) with three different dilutions

of WT and KO, the fluorescence images were recorded

(Figure 8). No significant effect is observed when the polysac-

charides are diluted by a factor of 1000 or a factor of 100, but a

10 times dilution of KO and WT (0.661 µg µL−1 and

0.612 µg µL−1) leads to a strong decrease of the FITC-HisHis

fluorescence on the microarray (Figure 8C,F). No loss in fluo-

rescence was detected when the wafer was incubated for 5 h

with the same amount of Milli-Q water. These data demon-

strate that heparin-type polysaccharides can compete with the

interaction of the synthetic lectin HisHis and the carbohydrate

NANA. The concentration dependence of displacement assay

indicates the high affinity of HisHis for NANA in the
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Figure 7: Fluorescence images of a microarray consisting of NANA (dots 5 × 3 μm) and Man (background). (A) Incubation with FITC-HisHis;
(B) washing of (A) with 250 mM NANA; (C) washing of (A) with 500 mM methyl β-D-galactoside; (D) incubation of (B) with FITC-HisHis; (E) simulta-
neous incubation with FITC-HisHis and NANA; (F) simultaneous incubation with FITC-HisHis and methyl β-D-galactoside; (G) washing of (A) with 500
mM methyl α-D-mannoside; (H) washing of (A) with 500 mM methyl β-D-glucoside; (I) washing of (A) with 500 mM methyl β-D-fucoside; (J) washing
of (A) with 500 mM trehalose; (K) washing of (A) with 500 mM sucrose; (L) washing of (A) with 500 mM N-acetylglucosamine.

Figure 8: Fluorescence images of a microarray of NANA (dots 5 × 3 μm) and Glc (background), first incubated with FITC-HisHis and subsequently in-
cubated for 5 h with (A) a 1000-fold dilution of KO (0.00612 µg µL−1); (B) a 100-fold dilution of KO (0.0612 µg µL−1); (C) a 10-fold dilution of KO
(0.612 µg µL−1); (D) a 1000-fold dilution of WT (0.00661 µg µL−1); (E) a 100-fold dilution of WT (0.0661 µg µL−1); (F) a 10-fold dilution of WT
(0.661 µg µL−1).

microarray. Thus, the results obtained from the microarray

support our earlier finding that the interaction of HisHis and

NANA is 1:2 [39], so that HisHis is likely to bind divalently to

the microarray surface.

Conclusion
In summary, we have investigated the molecular recognition of

surface immobilized carbohydrates by a synthetic lectin. To this

end, amine-tethered carbohydrates were printed on epoxide
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SAMs by μCP. Using tailor-made PDMS stamps and an opti-

mized printing protocol, simple carbohydrate microarrays could

readily be obtained by μCP. Consistent with measurements in

solution, the microarrays showed high selectivity of the syn-

thetic lectin HisHis for NANA and Gal versus Glc and Man.

Both the selectivity and the high affinity of the synthetic lectin

could be demonstrated in competition experiments with mono-

saccharides, disaccharides and heparin-type polysaccharides.

The results obtained here demonstrate – for the first time – the

high selectivity and affinity of a synthetic lectin for two

different carbohydrates immobilized in a simple microarray.

We contend that this is a significant development in the

search for synthetic lectins that operate under physiological

conditions.

Experimental
General: Chemicals were purchased from Sigma Aldrich,

Acros Organics, Iris Biotech and ABCR and used without

further purification. Silicon wafers (B-doped, 100-orientation,

resistivity 20–30 Ω) were kindly donated by Siltronic AG. The

heparins KO and WT were kindly donated by Prof. Dr. Rupert

Hallmann (Westfälische Wilhelms-Universität Münster). Milli-

Q water was prepared from distilled water using a PureLab

UHQ deionization system (Elga). Tetramethylrhodamine isoth-

iocyanate-labeled concanavalin A (TRITC-ConA) was

purchased from Sigma Aldrich. Fluorescein isothiocyanate-

labeled peanut agglutinin (FITC-PNA) was obtained from

Vector Laboratories. Detailed information concerning the syn-

thesis and analysis of carbohydrates and peptides is provided in

Supporting Information File 1.

SAM preparation: Epoxide-terminated SAMs were prepared

as reported in literature [42]. Glass slides as well as Si-wafers

were cut into small pieces of around 1.6 × 2.6 cm2, cleaned with

detergent and dried. After sonification in pentane, acetone and

Milli-Q water, the slides were put into a freshly prepared

piranha solution (H2O2/H2SO4 = 1:3) for 30 min. The wafers

were then thoroughly washed with water, dried and immersed in

a 0.3 vol % solution of (3-glycidoxypropyl)trimethoxysilane in

toluene for 24 h. Excess silane was removed by sonification in

abs. ethanol for 20 min. After washing the slides with abs.

ethanol, and drying, they were kept at least 24 h under ambient

conditions before printing.

Stamp preparation: Poly(dimethylsiloxane) (PDMS) stamps

were prepared by mixing PDMS with a curing agent (Sylgard

184, Dow Corning) in a 10:1 ratio and pouring the viscous mix-

ture on a patterned silicon master. After removing the air in

vacuum, the PDMS was cured at 80 °C overnight and peeled off

after cooling. The patterned areas were cut out with a knife and

oxidized in a UV-ozonizer (PSD-UV, Novascan Technologies

Inc.) for 55 min after which they were stored under water.

Coating of the stamps with 2-[methoxy(poly(ethylene-

oxy))propyl]trimethylsilane was done by incubating the

oxidized and dried stamps in a 1 vol % solution of the silane in

abs. ethanol for 2 h, after which they were washed with abs.

ethanol and dried [51]. Flat PDMS stamps were fabricated as

described above by using a flat silicon wafer as master.

Microcontact printing: The surface of the freshly oxidized or

coated PDMS stamp was covered with 2 to 3 drops of ethanolic

solutions of the ink (20 mM) and triethylamine (20 mM) and in-

cubated for 1 min. After blow-drying, they were placed on the

according SAM. Printing was performed by placing the

substrates together with the stamp in an oven which was

tempered to 60 °C for 4 h. After removing the stamp from the

substrate, with dichloromethane (DCM), abs. ethanol and Milli-

Q water and dried. Subsequent printing steps were

carried out as described above. After the last print, the

substrates were sonicated in DCM, abs. ethanol and Milli-Q

water, and dried.

Lectin carbohydrate interactions: As described in [34], in

order to reduce non-specific protein adsorption, the arrays were

incubated with a 3% bovine serum albumin (BSA) solution in

PBS buffer (pH 7.5, 0.1% Tween 20) for 30 min and washed

two times with PBS buffer prior to lectin screening. The

surfaces of the carbohydrate arrays were covered by a solution

of 1 mM FITC HisHis and 1 μg of labeled lectin (TRITC ConA

or FITC PNA) in 100 μL of HEPES buffer (20 mM HEPES, pH

7.5, 0.15 M NaCl, 1.0 mM CaCl2). In the case of ConA, MnCl2

was added to a concentration of 1 mM. After 90 min, the arrays

were washed with the same buffer, rinsed with Milli-Q water,

dried, and analyzed.

Selectivity studies: The carbohydrate chips were incubated

with a 1 mM solution of FITC HisHis for 1 min, washed with

phosphate buffer (100 mM, pH 7.4) to remove unbound

receptor, dried and analyzed. Afterwards, the wafer was washed

three times with 500 μL mono- or disaccharide solution, dried

and analyzed again. 100 μL of the heparin polymer (KO and

WT) solutions were put on glass slides which were afterwards

covered with a beaker. After 5 h at room temperature, the

glass slides were washed with Milli-Q water, dried and

analyzed.

Contact angle measurements: Water contact angles were

measured using the sessile drop method on a DSA 100

goniometer (Krüss GmbH Wissenschaftliche Laborgeräte,

Hamburg/Germany). The advancing and receding contact

angles were measured on glass and silicon substrates, and at

least three measurements were performed for every sample.
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Determination of the angles was done using the software Drop

Shape Analysis.

X-ray photoelectron spectroscopy (XPS): X-ray photoelec-

tron spectra were recorded on a Kratos Axis Ultra system

(Kratos Analytical, Manchester/UK). Monochromatized Al Ka

radiation (1486.6 eV) as the excitation source and a pass energy

of 20 meV for narrow scans were used. The obtained spectra

were analyzed using the Casa XPS (version 2.3.15, Casa soft-

ware Ltd, Teignmouth/UK) software and were referenced to the

C(1s)-peak of the saturated hydrocarbons by setting it to

285 eV. All measurements were carried out on silicon

substrates.

Atomic force microscopy (AFM): AFM images were

measured with a Nano Wizzard 3 system (JPK Instruments AG,

Berlin/Germany) in combination with processing software

Gwyddion (http://www.gwyddion.net, version 2.25). All

measurements were carried out on silicon substrates.

Fluorescence microscopy: Fluorescence microscopy images

were made by using an Olympus inverted research microscope

CKX41 (Olympus, Shinjuku, Tokyo/Japan) equipped with a

mercury burner U-RFL-T as light source and a DX 20 L-FW

camera (Kappa opto-electronics GmbH, Gleichen/Germany) for

image acquisition. The camera was controlled by the program

Kappa CameraControl (version 2.7.5.7032). All experiments

were carried out on glass substrates.

Supporting Information
Supporting Information File 1
Experimental procedures, characterization data and

additional spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-138-S1.pdf]
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Abstract
Oligoglycines designed in a star-like fashion, so-called tri- and tetraantennary molecules, were found to form highly ordered

supramers in aqueous medium. The formation of these supramers occurred either spontaneously or due to the assistance of a mica

surface. The driving force of the supramer formation is hydrogen bonding, the polypeptide chain conformation is related to the

folding of helical polyglycine II (PG II). Tri- and tetraantennary molecules are capable of association if the antenna length reach

7 glycine (Gly) residues. Properties of similar biantennary molecules have not been investigated yet, and we compared their self-

aggregating potency with similar tri- and tetraantennary analogs. Here, we synthesized oligoglycines of the general formula

R-Glyn-Х-Glyn-R (X = -HN-(СН2)m-NH-, m = 2, 4, 10; n = 1–7) without pendant ligands (R = H) and with two pendant sialo-

ligands (R = sialic acid or sialooligosaccharide). Biantennary oligoglycines formed PG II aggregates, their properties, however,

differ from those of the corresponding tri- and tetraantennary oligoglycines. In particular, the tendency to aggregate starts from

Gly4 motifs instead of Gly7. The antiviral activity of end-glycosylated peptides was studied, and all capable of assembling glyco-

peptides demonstrated an antiviral potency which was up to 50 times higher than the activity of peptide-free glycans.
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Introduction
Recently, we have synthesized and described tetraantennary [2]

and triantennary [3] oligoglycines capable of spontaneous or

surface-promoted formation of flat layers in aqueous medium.

These layers are one or two molecules thick. The stability was

attributed to the formation of a network of hydrogen bonds.

This class of supramers has been called tectomers. Tectomers in

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:bovin@carb.ibch.ru
http://dx.doi.org/10.3762%2Fbjoc.10.140
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Figure 1: The structure of biantennary oligoglycines and their glyco derivatives (sp = spacer group).

a layer are packed by polyglycine II type (PG II) [4,5]. Their

helical polypeptide chain fundamentally differs from the canon-

ical α-helix. The association of symmetrical tetra- and trianten-

nary (star-like) oligoglycines spontaneously proceeds only

when the number of glycine (Gly) residues in a chain (n) is

equal or greater to seven. Oligoglycines with an antennae size

less than seven do either not associate at all or require

extremely favorable conditions, in particular surface promotion.

Yet, the properties of similar biantennary molecules were not

investigated. Here, we synthesized biantennary oligoglycines

and studied them in order to determine the necessary and suffi-

cient conditions for self-association. More specifically, we

investigated the combination of structure elements, such as the

n value, the type of terminal substituents, and the type of struc-

tural motifs (core), where the antennae are connected to each

other. The knowledge of the rules found for the unsubstituted

assembly of oligoglycines may be suitable for us for the design

of corresponding sialo derivartives, which are candidate thera-

peutics for the blocking of the influenza virus [6].

Results and Discussion
Synthesis of biantennary oligoglycines and
their glyco derivatives
The synthesized biantennary oligoglycines and their glyco

derivatives are presented in Figure 1. Analogously to tri- and

tetraantennary molecules, oligoglycine antennas are connected

according to the ‘head-to-head’ principle, i.e., by their

C-termini, so that the two amino groups are terminal. The
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Scheme 1: Synthesis of biantennary oligoglycines and their glycoderivatives.

obtained compounds differ threefold. Firstly, they differ by core

X nature: hydrophilic oligoethylene glycol (OEG), hydrophobic

flexible decamethylene (C10), or short ethylene (C2). Secondly,

the length of oligoglycine antennas, i.e., the number of

glycine residues in a chain (n = 1–7) is different. Thirdly, the

substances differ by the presence or absence of carbohydrate

fragment (Sug), containing α-N-acetylneuraminic moiety

(Neu5Acα).

Diamines NH2–X–NH2 were the starting substances for the

synthesis, oligoethylene glycol diamine was obtained from di-

tosylate as described in [7,8]. The synthesis of biantennary

oligoglycines was carried out by means of the activated esters

method (Scheme 1) [9]. The glycine chains were elongated

stepwise by their N-terminus by using N-oxysuccinimidyl

esters (BocGlyONSu or BocGly2ONSu, Boc = tert-butyloxy-

carbonyl). Boc-peptides were isolated from the reaction mix-

ture by the removal of the solvent and the re-crystallization of

the reaction product from aqueous methanol (yields 75–95%).

In the case of poorly soluble products the impurities and starting

materials were washed off with methanol (yields 60–90%). In

the case of an oil-like substance (Х = ОEG, n = 2) chromatog-

raphy on silica gel was performed. The quantitative removal of

Boc groups was achieved by the treatment of the obtained

peptides with trifluoroacetic acid. Salt forms (trifluoroacetates

or hydrochlorides) of diamino derivatives were obtained by

sedimentation from an aqueous solution by methanol (yield

≥95%). At later stages of elongation the salts were converted to

the respective free bases by treatment with a slight excess of

triethylamine. The preparation of oligoglycines with a chain

length exceeding five glycine residues for the derivatives with

core C10 and six residues for core C2 failed due to their low

solubility and, consequently, the impossibility of separating

them from the intermediates of the synthesis.

Sialo conjugates of biantennary oligoglycines were obtained

from the corresponding diamines and derivatives of α-N-acetyl-

neuraminic acid (Sug-ONp), where the carboxyl group of the

spacer was activated with 4-nitrophenol (Np) (Scheme 1). The

synthesis of these compounds was described in [10,11]. Owing

to the poor solubility of the diamine form of oligoglycines with

cores C2 and C10 in DMSO, the reaction was carried out in a

saturated aqueous solution of lithium bromide, which prevented

the formation of hydrogen bonds and thus increased the solu-

bility of oligoglycines. Glycopeptides were isolated from the

reaction mixture by gel-permeation chromatography (yields

70–75%). The peptide modification by the amino group with

mono- or oligosaccharides dramatically increased their solu-

bility in water. This may support their antiviral action (see

below), because glycopeptides act topically, in the respiratory

tract, and are administered as a spray.

We then investigated the ability of synthesized biantennary

oligoglycines to assemble in aqueous media as well as the

antiviral activity of glycoderivatives.

Study of biantennary oligoglycines associ-
ation in solution by dynamic light scattering
The size of the particles formed by the biantennary oligo-

glycines in solution was measured with the dynamic light scat-

tering method (DLS). We found that the ability of association

depends on the number of the glycine units in the antennae, the

nature of the core, the pH, and the peptide concentration.

It is known that the charge of terminal amino groups of the

protonated form of oligoglycines hinders association. To over-

come this obstacle an equimolar quantity of NaHCO3 or

Nа2CO3 was added to aqueous solutions of oligoglycine salts.

In the absence of the base, pH values of oligoglycine salt solu-

tions varied from 3.5 to 4.5 (hereinafter denoted as рН < 5). In

the case of the addition of one base equivalent per one amino

group the solution becomes neutral (рН 6.5), in the case of two

Nа2CO3 equivalents the pH value is more than 8.5 (basic solu-

tion, denoted as pH > 8.5).
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Figure 2: Dynamics of associate formation by biantennary oligoglycines Н-Glyn-NH(СН2)10NH-Glyn-Н. a) n = 4–5, in aqueous solution at рН 6.5 and
a concentration of 0.1 mg/mL at t = 0 and рН < 5 before the addition of base and at t > 0 and рН 6.5 after the addition of base. The region of sedimen-
tation is marked with a dotted line. b) n = 4, in aqueous solution at рН 6.5 and 8.5.

At n < 4 peptides with an oligoethylene glycol core and the

cores С2 and С10 did not form associates in aqueous medium in

all the studied ranges of pH and concentration (0.1–1.0 mg/mL).

Biantennary oligoglycines, cores С2 and С10, n ≥ 4, are

capable of forming associates (700–900 nm) in acidic

solutions in the studied concentration range, except for

Н-Gly4NH(СН2)10NHGly4-Н·2HCl, which associates in

concentrations ≥0.5 mg/mL.

Molecules with the core С2 (n = 4–6) and C10 (n = 5) associate

so rapidly in neutral and basic media that a precipitate is formed

(data for peptide with n = 5 are given in Figure 2a). Only the

peptide Н-Gly4NH(СН2)10NHGly4-Н in concentration

≤0.1 mg/mL is capable of forming associates (800–1200 nm)

stable in aqueous media (Figure 2a,b).

Study of biantennary peptides association
using scanning force microscopy
Scanning force microscopy (SFM) elucidates information not

only about the association process both in solution and on a

surface, but also about fine details of the formed architectures.

Of particular interest are cases characterized by the active parti-

cipation of the surface in accelerating the self-assembly. To

discriminate the processes taking place on the surface from

similar processes in liquid volume, measurements were carried

out immediately after the deprotonation of oligoglycine salts at

incubation times insufficient for a spontaneous association in

solution (found out as ≤1 min). The solution was placed on a

freshly cleaved surface of mica or graphite, exposed for fixed

time intervals (denoted as texp), followed by the removal of the

liquid phase from the surface and the scanning of the sample in

tapping mode in air. The contact mode of scanning was used for

experiments in a liquid cell. Experiments in a liquid cell

allowed us to study the kinetics of the process without a

possible distortion of the nanostructures resulting from the

drying of the sample.

The Raman spectra (Figure 3) of biantennary oligoglycines

capable of association as well as the spectra of tri- and tetraan-

tennary peptides described earlier display bands at 884, 1261,

1382, 1424 and 1654 cm−1, which are characteristic and

specific for crystalline PG II. Based on the presence of these

bands we conclude that the structure organization of associates

formed in solution corresponds to PG II. The sensitivity of

routine Raman scattering method is insufficient for the work

with oligoglycine monolayers, so indirect methods were used in

order to attribute formed material to a PG II structure. More

specifically, geometrical parameters of the layers were deter-

mined by using SFM and compared with: 1) those for tectomers

(attributed to PG II, see above) formed in solution and 2) calcu-

lated values for different, not only PG II, models. As shown

below for particular examples, in most cases spontaneous and

surface-mediated assembly led to associates of PG II structure,

i.e., tectomers.

The formation of the PG II structure for oligoglycines with a

short rigid spacer С2 is only possible if the molecule is

extended, i.e., antennas are pointing in opposite directions (con-

formation “1 + 1”, Figure 4а). The presence of a flexible core

(C10, OEG) allows the molecule to adopt the conformation

”2 + 0”, which is characterized by unidirectional oligoglycine

antennas. The hydrophobic side of the tectomer should initiate

the formation of the second layer with the opposite orientation
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Figure 4: Model of the formation of tectomer layers by biantennary oligoglycines on a mica surface. The heights are given for
Н-Gly4NH(СН2)10NHGly4-Н.

Figure 3: Raman spectra of a) [H-Gly7-NHCH2]4C; b) H-Gly4-
NH(CH2)2NH-Gly4-H; c) H-Gly4-NH(CH2)10NH-Gly4-H. The spectra
contain characteristic bands at 884, 1261, 1382, 1424 and 1654 cm−1,
corresponding to the structure PG II [12]. Spectra were recorded for
the samples in solid phase.

of the monomer in aqueous solutions (Figure 4b) in order to

minimize the thermodynamically unfavorable contact with

water.

It was demonstrated for biantennary oligoglycines that a

concentration of 0.1 mg/mL is optimal for the study of the

dynamics of tectomer growth on a mica surface. At higher

concentrations the growth both in solution and on the surface

proceeded so rapidly that the dynamics study was considered

impossible. No tectomer structure was observed under

acidic conditions (рН < 5), whereas under neutral and

basic conditions the reaction proceeded similarly in terms

of both the velocity and the morphology of formed

tectomers. The oligoethylene glycol derivatives Н-Glyn-

NH(СН2СН2О)3СН2СН2NH-Glyn-Н (n = 2–7), non-associ-

ating in aqueous solutions as well as oligoglycines with cores

С2 and С10 (n < 4) did not form associates on a mica surface

under all studied ranges of pH (from 4.5 to 8.5).

According to dynamic light scattering data (see above) only

peptide Н-Gly4NH(СН2)10NHGly4-Н was capable of forming

tectomers in neutral and basic solutions which were unchanged

in an aqueous phase for a long time. Figure 5 demonstrates the

dynamics of layer growth on mica with the characteristic forma-

tion of islet structures (texp = 0.5 min, Figure 5а), growing later-

ally (texp = 1 min, Figure 5b), and covering the whole surface

with an even layer (texp = 2 min, Figure 5c). Presumably, longer

times (texp > 2 min) are characterized by the appearance of

multilayer tectomers resulting from the sorption of associates

formed in solution. The multilayer tectomers can be readily

removed by washing with buffer solution (рН 6.5 or 9.0). The

morphology of the first layer remains unchanged and the avail-

able defects (‘holes’) are preserved. The layer height is

3.7–4.0 nm, which may correspond to both mono- and bilayer

(conformations “1 + 1” and “2 + 0”, respectively, see Figure 4).
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Figure 5: Growth of the tectomer formed by the peptide Н-Gly4-NH(СН2)10-NHGly4-Н (concentration 0.1 mg/mL) on a mica surface at рН 6.5, with
tapping mode, SFM on air, and a tеxp of а) 0.5 min, b) 1 min, c) 2 min. Here, the shown field is completely covered with tectomer layer; its roughness
found to be ± 0.1 nm. Т indicates the tectomer layer, M the uncovered mica regions.

Figure 6: Growth of the tectomer formed by peptide Н-Gly4-NH(СН2)10NH-Gly4-Н (concentration 0.1 mg/mL) on a mica surface in a liquid cell at рН
6.5. Phase SFM images were taken with a) texp = 1 min, b) texp = 2 min and c) texp = 3 min where texp is the time after the experiment was started. Т
indicates the tectomer layer, M the uncovered mica regions.

The dynamics of Н-Gly4NH(СН2)10NHGly4-Н association was

studied in more detail in a liquid cell (Figure 6). After 3 min the

surface was virtually completely covered with a uniform defect-

free layer. It should be noted that the stepwise surface profile

(typical for bilayer structures) was not observed in a liquid cell.

The layer morphology was identical to the one observed in

experiments in air (Figure 5).

Dynamic light scattering data give evidence that in neutral

aqueous solutions the association of compounds Н-Gly5-NH-X-

NH-Gly5-Н (cores С2 and С10) leads to the formation of large

aggregates. By means of SFM it was demonstrated that the

peptide with core C2 formed islet-like tectomers on mica

surface (texp = 10 min) with a height of 3.3 nm and planar

dimensions of 500–700 nm (Figure 7a). The compound with

core C10 associated more rapidly (Figure 7b), though the

surface was not completely covered (texp = 10 min). This is in

contrast to the structure analog with four glycines in the

antenna, where a time period of only two minutes was suffi-

cient for complete covering. The measured heights fit the model

“1 + 1”.

The obtained data give evidence that mica promotes the forma-

tion of tectomers from biantennary oligoglycines in neutral and

basic solutions. Layer growth proceeds due to the surface

co-participation. In the case of the molecule Н-Gly4-

NH(СН2)10NH-Gly4-Н growth continues until the surface is

completely covered, whereas in the bulk of the liquid phase
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Figure 7: SFM images of associates formed by peptides а) Н-Gly5-NH(СН2)2NH-Gly5-Н and b) Н-Gly5-NH(СН2)10NH-Gly5-Н (concentration
0.1 mg/mL) on a mica surface at рН 6.5 with tеxp = 10 min SFM tapping mode in air, and an incubation time in solution of 1 min. Surface profiles,
schematic layer models, and their calculated heights are given on the right.

dimensions remain unchanged over time according to dynamic

light scattering data.

There are no direct data pointing at the particular conformation

(“1 + 1” or ”2 + 0”) the peptide monomer has in the layer

(Figure 4). The height value does not allow for the unam-

biguous assignment of one of the proposed models. Neverthe-

less, all intrinsic data supports the model ”1 + 1”: 1) the steps

typical for a bilayer profile are not present in the SFM images,

2) intense washing does not lead to the formation of half-height

structures, 3) the lack of any association on a graphite surface

where the formation of ”2 + 0” is expected to be preferable (see

below).

Mica promotes the assembling of amino-terminated chains due

to the negative charge of the surface. In contrast, graphite did

not participate in the association of biantennary oligoglycines,

we observed only irregular associates formed in solution. This

experimental result is unexpected, because the formation of a

monolayer with the monomer conformation ”2 + 0” is favor-

able according to molecular dynamics simulations [13].

Minimal size of Glyn fragment providing
association
In the case of biantennary molecules association formally starts

from the value n = 4, but, in fact, this value is supposedly equal

to 8 because biantennary peptides form a polyglycine structure

in the extended conformation ”1 + 1”. It is noteworthy that

related polymers, nylons with the formula -NH(CH2)xCO- are

known to form a PG II structure [14], i.e., additional methylene

groups (-(CH2)x- instead of -CH2-) have no significant influ-

ence on its ability to form PG II. The association of tri- and

tetraantennary peptides leads to structures with the monomer

conformations ”2 + 2” and ”3 + 0”, respectively. The associ-

ation starts from n = 7. Presumably, the first and closest to

forking Gly residue takes a distorted conformation and does not

take part in the formation of hydrogen bonds with neighboring

residues. In the case of tetraantennary oligoglycines the plane of

one pair of antennas is rotated by 90° [8] with respect to another

pair, so that the glycines cannot form a continuous chain. On

the other hand, in the biantennary analog the chain Gly4-Х-Gly4

has the ability to form a PG II structure despite the core frag-

ment -(CH2)n-.
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The nature of the core fragment Х in
H-Glyn-Х-Glyn-H
Biantennary molecules with core С10 form tectomers on a mica

surface more readily than the molecules with core C2 and an

equal number of glycines. The more flexible core C10 should

lead to a entropy driven destabilization. The opposite effect

observed in reality is most probably caused by van der Waals

interactions of hydrophobic fragments C10 closely situated in

the PG II structure. The oligoethylene glycol core abolishes the

formation of a PG II structure, presumably due to competitive

hydrogen bonding with spatially close oligoglycine fragments.

Spontaneous and surface-promoted
association
The formation of tectomers on mica proceeds considerably

more rapidly than association in solution (the formation of asso-

ciates in solutions just starts when assembling on the surface is

already finished), i.e., the mica surface obviously plays an

active role in the process. Tectomer growth starts from the for-

mation of islet structures that increase in lateral direction and

cover the whole surface in an even layer. This growth is limited

only by the dimensions of the support itself. It should be noted

that graphite, in contrast to mica, does not promote association.

Effect of рН value
Depending on the pH value, the free terminal group of the

oligoglycine chain can be heavily charged, weakly charged, or

neutral. In acidic solutions antennas are repulsed due to the

positive charge, which hinders tectomer assembly or even abol-

ishes it. The pH value effects not only the ability to assemble

but also the morphology of forming supramers. Thus, in neutral

solutions biantennary oligoglycines form multilayer tectomers.

The process is unstoppable at the stage of the monolayer forma-

tion. At the same time, monolayer tectomers are exclusively

formed in basic solutions.

Concentration range
Most parts of the experiments were carried out in the concentra-

tion range of 0.1–1.0 mg/mL. A concentration of 0.1 mg/mL

was used for the adequate comparison of association of all

investigated peptides. The association in the liquid phase

proceeds slower at low concentrations leading to an increased

size of the formed supramers.

In summary, based on our investigations related to unglycosy-

lated molecules we can conclude that the association of bianten-

nary oligoglycines is affected by several factors. 1) Mica but

not graphite promotes the formation of tectomers. 2) The spatial

organization of oligoglycine molecules in supramers corre-

sponds to PG II conformation. 3) Not less than four glycine

residues in each of two antennas are required for the assem-

bling of monomer layers into surface tectomer layers or into

long-living associates in solution. 4) Oligoethylene glycol core

‘inhibits’ the association both in the liquid phase and on a mica

surface.

Antiviral activity of glycoderivatives
The idea of antiadhesion influenza virus therapy is based on the

inhibition or the blocking of the binding of the influenza virus

with target cells [15]. Monovalent oligosaccharides are inca-

pable of an efficient competition for analogous glycans on the

cell surface due to the low binding constant with viral hem-

agglutinin. An attractive way of increasing the affinity of a

blocker (inhibitor) is the design of multivalent receptor analogs

such as the oligoglycine-based tectomers described above. A

first success for an application in this regard was achieved by

inhibiting the influenza virus by sialo derivatives of the associ-

ating tetraantennary peptides, which demonstrated an antiviral

activity three orders of magnitude higher than the activity of

non-associating analogs [2]. Similar triantennary molecules

with sialo-glycan located in the molecule “head”, however,

appear to display a low activity [16]. Thus, it was interesting to

study the antiviral activity of sialo derivatives of biantennary

oligoglycines in relation to their propensity to associate in

aqueous solutions.

The fact that a sialylated biantennary peptide is capable of

association in an aqueous solution similarly to glycan-free

peptides is confirmed by DLC data. The average size of the

sialoglycopeptide aggregates in aqueous solution was about

1 μm (data not shown).

The antiviral activity of biantennary glycopeptides was studied

by means of a fetuin binding inhibition test (FBI-test) [17] (the

glycoprotein fetuin contains several sialylated carbohydrate

chains). In this test, the glycopeptides inhibited the binding of a

fetuin peroxidase conjugate to a virus immobilized on a plastic

(related to the corresponding monomer). Results are given in

Table 1. The activity of associating sialooligoglycines with core

C2 was only 3–6 times higher than the activities of their non-

associated counterparts (n = 2–4) and the monomeric reference

sialoside, Neu5AcαBn. The compound with core С10 and n = 4

demonstrated the highest activity from the studied biantennary

glycopeptides, which was 50 times higher than the activity of

the monomer. The activity of bivalent derivatives with core

OEG and n = 2–5 did not exceed that of monovalent sialoside.

However, the activity increased dramatically when n = 6 (up to

50 times), although it was still orders of magnitude smaller

compared to the high activity of polymeric inhibitors [18]. As

sialooligoglycines of the OEG series did not associate in

aqueous solution, we suppose that the reason for the increased

activity is related to a critical distance, which facilitates the real-
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Table 1: Relative activity of biantennary glycopeptides in the influenza virus receptor binding inhibition assay [17].

Compounda Core, Х (n, number of glycine residues in
antenna) Virus Relative activity

Neu5AcαOBn

(A/Н3N2/29/90)

1(150)b

Neu5Acα-sp1-Glyn-Х-Glyn-sp1-Neu5Acα
С2 (2–4) 1
С2 (5) 3
С2 (6) 6

Neu5Acα-sp1-Glyn-Х-Glyn-sp1-Neu5Acα
C10 (1–3) 1
С10 (4) 50
С10 (5) 25

6’SLN

(A/H1N1/NIB23)

1(150)b

6’SLN-sp2-Glyn-Х-Glyn-sp2-6’SLN
OEG (2, 4) 1
ОEG (5) 1
ОEG (6) 40

3’SL

(A/H5N2)

1(150)b

3’SL-sp3-Glyn-Х-Glyn-sp3-3’SL
ОEG (2, 4) 1
ОEG (5) 1
ОEG (6) 50

aAbbreviations: sp1 = -OCH2(p-C6H4)NHCOCH2NH-CO(CH2)4CO; Bn – benzyl; sp2 = -O(CH2)3NHCO(CH2)4CO; 6’SLN = Neu5Acα2-6Galβ1-
4GlcNAcβ; sp3 = -NHCOCH2NHCO(CH2)4CO; 3’SL = Neu5Acα2-3Galβ1-4Glcβ. bValues of IC50, μM, for monomeric Neu5AcαOBn, 6'SLN and 3’SL
are given in parentheses.

ization of a divalent interaction of this bivalent molecule with a

viral hemagglutinin. Indeed, a simple calculation demonstrates

that this distance in a maximally extended molecule with n = 6

is about 100 Å. This distance value corresponds to the distance

between the carbohydrate binding sites in one molecule of a

hemagglutinin homotrimer and slightly exceeds the distance

between a couple of hemagglutinin trimmers, which are closely

situated on the virion surface.

Experimental
Reagents and solvents were bought from Merck and

Sigma–Aldrich.  Activated esters  BocGlyONSu and

BocGly2ONSu were prepared as described earlier [9] from

glycine or glycylglycine (Acros). Ethylenediamine and 1,10-

diaminodecane were supplied from Sigma-Aldrich, and di-

amine NH2(CH2CH2O)3CH2CH2NH2 (1) was synthesized from

ditosylate TosO(CH2CH2O)3CH2CH2OTos (Sigma–Aldrich)

according to the described methods [7,8].

Silica gel (Kieselgel 60, Merck, Germany) was used for low-

pressure column chromatography. Sephadex LH-20 (Pharmacia

Biotech, Austria) was employed for gel chromatography. Thin-

layer chromatography (TLC) was performed on foil plates

covered with silica gel (Kieselgel 60, Merck, Germany).

1Н NMR spectra were recorded on a Bruker spectrometer (600,

700, 800 MHz) at 303 K. Chemical shifts (δ) for characteristic

signals in 1Н NMR spectra are given in ppm and spin–spin

coupling constants (J) in Hz. The scale of the chemical shifts

was calibrated against the signals of residual protons of solvents

(CDCl3: δ 7.26 ppm; DMSO-d6: δ 2.50 ppm; D2O: δ 4.75 ppm).

Mass-spectra were recorded on the time-of-flight spectrometer

Vision-2000 (Thermo Bioanalysis, UK) with MALDI with 2,6-

dihydroxybenzoic acid as reference. Raman spectra were

recorded on a spectrometer Ramanor HG-2S (Jobin Yvon) with

the monochromator Anaspec 300S and argon (λ = 514.5 nm,

Spectra Physics, model 164-03).

Synthesis of biantennary oligoglycines
Protocol 1: Elongation of the oligoglycine chain (Boc-GlynNH-

X-NHGlyn-Boc; n = 1–7, X = С2, С10 and OEG). Et3N

(8 mmol) followed by BocGlyONSu or BocGly2ONSu

(3 mmol) were added to a solution of diamine (1 mmol) in

dimethyl sulfoxide (DMSO; 5 mL). The reaction mixture was

stirred until the disappearance of the starting diamine (1–24 h,

TLC control) and the solvent was removed under vacuum. The

dry residue was suspended in methanol, filtered, dissolved in

water, sedimentated with methanol, and dried in vacuo.

Protocol 2: Preparation of oligoglycines (HCl·GlynNH-X-

NHGlyn·HCl; n = 1–7, X = С2, С10 and OEG). The Boc-deriva-

tive (0.5 mmol) was dissolved in trifluoroacetic acid (5 mL), the

reaction mixture was kept for 2 h at room temperature, co-evap-

orated with toluene (2 × 10 mL) and 1 M HCl aqueous solution
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(1–2 mL), and finally with a mixture iPrOH/methanol 1:1

(2 × 10 mL). The obtained product was sedimentated from the

aqueous solution by the addition of methanol and dried in

vacuo.

Synthesis of associating glycopeptides
Protocol 3: Neu5Acα-sp1-ONp, 3'SL-sp3-ONp or 6'SLN-sp2-

ONp (4 μmol) were added to a solution of diamine (1 μmol) in

DMSO or saturated aqueous solution of LiBr (200 μL). NEt3

(4 μmol) was added until a рН of 8 was reached, and the mix-

ture was stirred for 24 h at room temperature. Exclusion chro-

matography on Sephadex LH-20 (eluent: 0.1 М solution of NH3

in the mixture acetonitrile/water, 1:1). Fractions containing pure

product were combined and evaporated. Dry residue was

dissolved in water and freeze-dryed.

Dynamic light scattering experiments
The light scattering of aqueous solutions of biantennary oligo-

glycines was studied with an analyzer of submicron particle size

“Malvern HPPS” (UK). After the preparation of aqueous

(Milli-Q) solutions of oigoglycine salts in a concentration of

0.01–0.1 mg/mL, the instrument reading was recorded (t = 0,

pH < 5). Then, 1–2 equiv of base (0.1 М aqueous solution of

NaHCO3 or Na2CO3) per amino group was added to the solu-

tion of the analyzed oligoglycine salt (t > 0, pH 6–8), and

instrument readings were recorded in fixed periods of time. In

the case of the formation of large associates (intense opales-

cence, sedimentation), whose dimensions exceeded the working

limit of the instrument, the experiment was stopped.

For experiments with biantennary sialooligoglycines their

aqueous (Milli-Q) solutions with a concentration of 0.1 mg/mL

were used.

Scanning force microscopy (SFM)
The samples were imaged with a Nanoscope IIIa instrument

(Digital Instruments, USA). Commercial silicon nitride

cantilevers with force constants of 0.06, 0.12, and 0.32 Nm−1

were used for the measurements in contact mode in liquid cell.

Cantilevers with a resonance frequency of about 300 kHz and a

force constant of 42 Nm−1 were used for the SFM tapping mode

in air. Software WSxM (Nanotec Electronica, Spain) was

employed for the image treatment. Pure water (Fluka) was used

for the preparation of solutions.

Scanning in air. 1–2 equiv of 0.1 M of aqueous solution of

NaHCO3 or Na2CO3 per amino group (pH ~ 6–8) was added for

the deprotonation to a freshly prepared solution of oligoglycine

salt (0.1–1.0 mg/mL; pH < 5), and incubated for a specified

time period in the range of 0 to 90 min. Then the solution was

applied on the freshly cleaved mica or graphite, and kept for a

specified period of time within the range of 0 to 10 min. Liquid

was removed from the surface by spin coating or in nitrogen

flow. Structures formed on the surface were visualized in

tapping mode SFM.

Scanning in liquid cell. A plate of freshly cleaved mica

(1 × 1 cm2) was placed in a liquid cell. The cell was filled with

water (25 μL) and the instrument was set up. Then, water was

changed with a freshly prepared solution of deprotonated

peptide (see scanning in air above) and the surface was scanned

in contact mode SFM in fixed time periods.

The influenza virus receptor-binding inhibition assay was

carried out as described in [17].

Supporting Information
Supporting Information File 1
Descriptions of the synthesis of individual compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-140-S1.pdf]
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Abstract
Cyclic N-propargyl α-peptoids of various sizes were prepared by way of macrocyclizations of linear N-substituted oligoglycines.

These compounds were used as molecular platforms to synthesize a series of iminosugar clusters with different valency and alkyl

spacer lengths by means of Cu(I)-catalysed azide–alkyne cycloadditions. Evaluation of these compounds as α-mannosidase inhibi-

tors led to significant multivalent effects and further demonstrated the decisive influence of scaffold rigidity on binding affinity

enhancements.
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Introduction
Within a few years, the field of multivalent glycosidase inhibi-

tors has witnessed tremendous advancement. Since the report in

2009 of the first quantifiable multivalent effect in glycosidase

inhibition [1,2], the pace of progress has been breath-taking

with the discovery of iminosugar clusters showing outstanding

affinity enhancements of up to four orders of magnitude over

the parent monovalent analogues [3-7]. The best results were

obtained with multivalent systems based on C60 [3],

β-cyclodextrin [4,5] and porphyrin [7] cores, and with nanopar-

ticles prepared by self-assembly of iminosugar-based

glycopolypetides [6]. So far, the largest multivalent effect (up to

610-fold relative inhibition potency increase on a valency-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:iizzo@unisa.it
mailto:philippe.compain@unistra.fr
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corrected basis) has been achieved on jack bean α-mannosidase

with β-cyclodextrin-based analogues displaying 14 copies of

1-deoxynojirimycin (DNJ) [4]. Applications of the inhibitory

multivalent effect to glycosidases of therapeutic interest were

promptly performed and promising results were obtained in the

field of Gaucher disease, the most common lysosomal storage

disorder [8,9]. In 2013, the first description of a multivalent

effect for correcting protein folding defects in cells was

reported with trivalent DNJ clusters [10]. These compounds

were found to overcome the processing defect of the mutant

CFTR protein involved in cystic fibrosis, and to be up to 2

orders of magnitude more efficient as CFTR correctors than the

clinical candidate miglustat (N-Bu-DNJ, 1, Figure 1).

Figure 1: N-Bu-DNJ (1), azide-armed DNJ derivatives 5 and cyclopep-
toid scaffolds 2–4.

The mechanisms underlying the inhibitory multivalent effect

were studied with different methods such as isothermal titration

calorimetry, competitive lectin-enzyme assays, X-ray crystal-

lography or atomic force spectroscopy [7,11-13]. At this stage

of research, one of the main challenges in the field is to design

optimal systems that not only display large multivalent effects

but also possess the desired properties for particular applica-

tions. In this context, the choice of the scaffold is crucial as it

defines the valency, the size and the shape of the multivalent

architectures. Due to their broad chemical diversity, rapid and

convenient synthetic access, improved proteolytic stability and

cell permeability over peptides, N-substituted glycine

oligomers, called peptoids [14-17], appear as promising scaf-

folds for the synthesis of glycoconjugates of biological interest

[14-18]. Combination of these advantages has led to many

examples of biologically active peptoids [19-21]. So far, some

syntheses of N-, O-, C- and S-linked glycopeptoids have been

reported [22-31] and few of them are related to cyclopeptoids

[32,33]. One of the most intriguing features of peptoids is their

capacity to generate cyclic structures, which can expand the

utility of this platform to multivalent chemical achitectures [34].

Conformation, size, charge and branching of these cyclic scaf-

folds influence the pharmacological profile of the products [35-

39]. Moreover, macrocyclization enforces the rigidity of the

more flexible linear peptoid skeleton and generally produces

enhancement in biological activities [21,37]. In this context

cyclopeptoids 2–4 appear as ideal building blocks because of

their simplicity of synthesis and easy functionalization by click

reaction (Figure 1). In the present paper, we report the syn-

thesis of the first examples of cyclopeptoid-based iminosugar

clusters. The influence of valency, size, linker and scaffold

structure on jack bean α-mannosidase inhibition was evaluated

with a series of 6- to 10-valent DNJ derivatives with two

different alkyl spacer lengths (C6 or C9).

Results and Discussion
Our synthetic strategy was based on a convergent approach

involving the attachment of azide-armed iminosugars 5 onto

polyalkyne “clickable” scaffolds 2–4 by Cu(I)-catalyzed

azide–alkyne cycloaddition (CuAAC) reactions [40,41]

(Figure 1). N-alkyl derivatives of DNJ were logically chosen as

the peripheral ligands because of the therapeutic relevance of

these compounds [42]. In addition, most of the glycosidase

inhibitor clusters published in the literature are based on these

binding motifs [1-7,11,43] providing thus the opportunity to

assess the relevance of cyclopeptoid cores by comparison with

the other platforms already described.

Scaffold synthesis
The linear precursors of cyclic scaffolds (2–4, Figure 1) were

prepared using the sub-monomer approach developed by Zuck-

erman et al. [44] through a two-step sequence, repeated itera-

tively, to obtain the desired oligomers (Scheme 1). Each mono-

mer is constructed on the 2-chlorotrityl resin from C- to

N-terminus using N,N’-diisopropylcarbodiimide (DIC)-medi-

ated acylation with bromoacetic acid, followed by amination

with the propargyl amine. After the completion of synthesis, the

oligomers were cleaved from the resin using a 4:1 solution of

CH2Cl2/hexafluoroisopropanol (HFIP). Macrocyclizations of

the linear N-substituted oligoglycines 6–8 proceeded smoothly
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Scheme 1: Sub-monomer approach for the synthesis of cyclopeptoids 2–4: DIPEA = N,N-diisopropylethylamine; DIC = N,N’-diisopropylcarbodiimide;
HATU O-(7-azabenzotriazole-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate. (a) bromoacetic acid, DIPEA, CH2Cl2; (b) propargylamine
(10 equiv), DMF; (c) bromoacetic acid, DIC, DMF; (d) CH2Cl2/HFIP (4:1); (e) HATU, DIPEA, DMF.

giving, under high dilution conditions (3.0 × 10−3 M) and in the

presence of the efficient coupling agent HATU, the desired

cyclic peptoids 2–4 (Scheme 1). After purification, compounds

2–4 were recovered in 31%, 32% and 12% overall yield res-

pectively.

DNJ cluster synthesis
The last stages of the DNJ cluster synthesis were based on a

robust two-step process, recently developed in our group for the

preparation of iminosugar click clusters [4,5,9-11]. The first

step of the process involved the attachment of peracetylated

azido iminosugars 5 [4] onto polyalkyne scaffolds 2–4 by

microwave-assisted CuAAC reaction (Scheme 2).

The multiconjugation reaction proceeded smoothly to afford the

six desired DNJ clusters 9 in 69–95% yields. With the excep-

tion of octavalent iminosugars 9c (n = 6) and 9d (n = 9), these

compounds showed complex 1H NMR spectra at room tempera-

ture as exemplified by compound 9a (Figure 2i). This phenom-

enon, already observed for N-substituted cyclic α-peptoid

derivatives [35-39], indicated the presence of more than one

conformer in slow exchange on the NMR time scale. It is well

known that the conformational heterogeneity is due to tertiary

amide bonds, which can isomerize more readily than secondary

amides, and to the absence of amide protons, which stabilize

secondary structure by backbone hydrogen bonding [15,16]. As

we have previousy demonstrated, this heterogeneity can be

reduced by metal chelation [35,38]. Addition of an excess of

sodium picrate to 9a indeed dramatically simplified the
1H NMR spectrum by inducing the formation of a sodium com-

plex with a 6-fold symmetry (Figure 2ii).

Subsequent O-deacetylation of compounds 9 using anion

exchange Amberlite IRA-400 (OH−) resin provided the final

Scheme 2: Synthesis of DNJ clusters 10: (a) CuSO4·5H2O cat.,
sodium ascorbate, DMF/H2O (5:1), MW, 80 °C; (b) Amberlite IRA 400
(OH–), MeOH/H2O (1:1), 40 °C. Overall yields from compounds 2, 3 or
4: 10a (n = 6, m = 1) 95%; 10b (n = 9, m = 1) 83%; 10c (n = 6, m = 3)
69%; 10d (n = 9, m = 3) 80%; 10e (n = 6, m = 5) 70%; 10f (n = 9,
m = 5) 80%.

deprotected iminosugar clusters 10 in high yields without

affecting the potentially labile amide bond.

As indicated in the introduction, the best multivalent effects in

glycosidase inhibition observed so far were obtained with jack
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Table 1: Relative inhibition potency of cyclopeptoid-based clusters 10 and inhibitory activity (Ki, μM) against jack bean α-mannosidase.

Compound Valency Linker length Ki (μM) rpa rp/nb

11a 1 C6 322 [3,4] – –
10a 6 C6 65 ± 24 4.9 0.8
10c 8 C6 21 ± 2 15 1.9
10e 10 C6 15 ± 10c 21 2.1
12a 7 C6 7.7 [4] 42 6.0
11b 1 C9 188 [3,4] – –
10b 6 C9 11 ± 1 17 2.8
10d 8 C9 8 ± 3 23 2.9
10f 10 C9 5 ± 1 38 3.8
12b 7 C9 0.36 [4] 522 75

aRelative inhibition potency = Ki (monovalent reference)/Ki (glycocluster). brp/n = Relative inhibition potency/number of iminosugar units. cSingle
determination of Ki without duplicate.

Figure 2: i) Partial 1H NMR spectrum (400 MHz, CD3CN/CDCl3 9:1) of
compound 9a; ii) Partial 1H NMR spectrum (400 MHz, CD3CN/CDCl3
9:1) of compound 9a with sodium picrate (11 equiv). * Residual solvent
peak for CDCl3. • and X are assigned to protons a or b.

bean α-mannosidase [1-7,11,12]. Accordingly, in order to

complete these compelling investigations, evaluation of the

inhibition potency of multivalent iminosugars 10 was

performed on this peculiar enzyme (Table 1). Related monova-

lent controls 11 [3,4] as well as 7-valent β-cyclodextrin-based

DNJ clusters 12 [4] have been included for comparative

purposes (Figure 3). Our results clearly point out that all

cyclopeptoid-based clusters 10 display a significant multivalent

effect (rp/n > 1), with 6-valent iminosugar 10a as a single

exception.

Increasing the valency (from 6 to 10) or the linker length (from

C6 to C9) resulted in increased inhibition potencies when

Figure 3: Monovalent models 11 and 7-valent DNJ derivatives 12.

compared to the corresponding monovalent models 11, the best

result being obtained with 10-valent DNJ cluster 10f with a C9

linker (rp/n ~ 4). However, the binding enhancements were

found to be 2- to 31-fold lower than the ones observed with the

related 7-valent DNJ clusters 12 with identical alkyl spacer

length but a different core (β-cyclodextrin). These results may

indicate that the ligand spatial presentation in cyclopeptoid-

based iminosugars 10 is not optimal to achieve a substantial

multivalent effect. It has been shown recently that the use of

rigid scaffolds such as porphyrin or C60 could lead to large

multivalent effects (up to 200-fold on a valency-corrected basis)

[3,7]. The modest inhibition enhancements observed with DNJ-

cyclopeptoid conjugates 10 could thus be due to the high flexi-

bility of their amide backbone [14-17].

Conclusion
In conclusion, we have reported the efficient synthesis of the

first examples of cyclopeptoid-based iminosugar clusters and
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their evaluation as α-mannosidase inhibitors. Modest but

significant inhibitory multivalent effects were observed for

most of the compounds evaluated. This study further highlights

the decisive impact of the scaffold rigidity on binding affinity

enhancements. In connection with our recent work in the field

of rare genetic diseases [8-10], further evaluation of neogly-

copeptoids in cell systems are currently underway in our labora-

tory. The intrinsic advantages of cylopeptoid scaffolds

including improved cell permeability and proteolytic stability

are indeed expected to be most beneficial for this exploratory

work.

Experimental
General information
NMR spectra were recorded on Bruker 300, 400 and 500 MHz

spectrometers with solvent peaks as reference. Carbon multi-

plicities were assigned by distortionless enhancement by

polarization transfer (DEPT) experiments. The 1H signals were

assigned by 2D experiments (COSY). ESI–HRMS mass spectra

were carried out on a Bruker MicroTOF spectrometer. Purifica-

tions were performed with silica gel 60 (230–400 mesh,

0.040–0.063 mm).

General procedure for the synthesis of cyclopeptoid-
based iminosugar click clusters 9a–f
To a solution of the cyclopeptoid 2, 3 or 4 (typically 5 to

15 mg) and ligand 5a or 5b (1.1 equiv/alkyne moiety) in DMF

(typically 0.5 to 1 mL) in a microwave vial was added a bright

yellow suspension of CuSO4·5H2O (10 mol %/alkyne moiety)

and sodium ascorbate (20 mol %/alkyne moiety) in water (typi-

cally 0.1 to 0.2 mL). The mixture was stirred and heated under

microwave irradiation for 3 h at 80 °C. The mixture was

concentrated, diluted in a 9:1:1 (v/v/v) mixture of MeCN/water/

30 wt %-NH4OH and filtrated with the same eluent (25 mL) on

a small pad of SiO2 (typically 1 cm thick), whose top surface

became blue after copper complexation with NH3. The filtrate

was concentrated and then filtrated on another pad of SiO2

(typically 1 cm wide and 2 cm thick), eluting it with AcOEt/PE

4:6 (25 mL) to recover clean unclicked ligand 5a or 5b, and

then with MeCN/water 8:2 (25 mL) to afford iminosugar click

clusters 9a–f as pale brown translucent wax after concentration.

General procedure for the synthesis of deprotected
cyclopeptoid-based iminosugar click clusters 10a–f
To a solution of acetate-protected iminosugar click clusters 9a–f

in a 1:1 mixture of water/MeOH (typically 600 µL/µmol) was

added Amberlite IRA400 (OH–) (5.5n g/mmol of substrate; n =

number of acetate groups). The suspension was softly stirred

overnight at 40 °C. Then the mixture was filtrated and the

filtrate was concentrated to afford deprotected iminosugar click

clusters 10a–f in quantitative yields.

Compound 9a
 +6.2 (c 1, CHCl3); 1H NMR (CD3CN/CDCl3 9:1 +

11 equiv sodium picrate, 400 MHz) δ 7.76 (s, 6H, H-1'), 4.97

(m, J = 10.3 Hz, 12H, H-3, H-4), 4.85 (d, J = 16.3 Hz, 6H, H-3'

or H-5'), 4.83 (td, J = 9.8, 5.3 Hz, 6H, H-2), 4.71 (d, J = 16.3

Hz, 6H; H-3' or H-5'), 4.45 (d, J = 16.3 Hz, 6H, H-3' or H-5'),

4.32 (t, J = 7.0 Hz, 12H, H-12), 4.10 (dd, J = 19.4, 13.0 Hz,

12H, H-6), 3.97 (d, J = 16.3 Hz, 6H, H-3' or H-5'), 3.11 (dd, J =

11.1, 5.3 Hz, 6H, H-1a), 2.70 (m, 6H, H-7a), 2.68 (d, J = 8.8

Hz, 6H, H-5), 2.51 (m, 6H, H-7b), 2.35 (dd, J = 12.7, 11.1 Hz,

6H, H-1b), 1.95 (s, 72H, AcO), 1.85 (m, 12H, H-11), 1.40 (m,

12H, H-8), 1.28 (m, 24H, H-9, H-10) ppm; 13C NMR (CD3CN/

CDCl3 9:1, 100 MHz) δ 171.4, 170.94, 170.88, 170.6,

170.6–168.9, 144.4–142.8, 124.7–123.8, 75.3, 70.5, 70.2, 62.1,

60.5, 53.4, 52.3, 50.8, 50.3–48.5, 44.9–42.6, 30.9, 27.3, 27.0,

25.2, 21.1 ppm; HRMS–ESI (m/z): [M + 2H]2+ calcd for

C150H224N30O54 1654.7847; found: 1654.7827.

Compound 10a
 −28.0 (c 0.1, H2O/DMSO 1:1 + 0.1% TFA); 1H NMR

(D2O + 0.1% TFA, 500 MHz) δ 8.21–7.60 (m, 6H, H-1’),

5.20–3.72 (br m, 12H, H-3’ and H-5’), 4.35 (s, 12H, H-12),

3.85 (s, 12H, H-6), 3.59 (s, 6H, H-2), 3.43 (s, 6H, H-4), 3.31 (s,

6H, H-3), 3.16 (s, 6H, H-1a), 2.91 (s, 6H, H-7a), 2.78 (s, 6H,

H-7b), 2.56 (s, 12H, H-1b and H-5), 1.84 (s, 12H, H-11), 1.51

(s, 12H, H-8), 1.25 (s, 24H, H-9 and H-10) ppm; 13C NMR

(D2O + 0.1% TFA, 125 MHz) δ 173.4–169.3, 145.6–142.8,

127.4–124.6, 78.9, 70.4, 69.3, 66.8, 57.5, 55.9, 53.9, 51.9,

51.5–49.3, 46.3–43.3, 30.9, 27.3, 26.8, 24.0 ppm; HRMS–ESI

(m/z): [M + 2H]2+ calcd for C102H174N30O30 1150.6579; found:

1150.6626.

Supporting Information
Supporting Information File 1
Mannosidase inhibition assay procedures, synthesis and

NMR spectra of all new compounds.
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Abstract
Conjugation with polyethylene glycol (PEG), known as PEGylation, has been widely used to improve the bioavailability of proteins

and low molecular weight drugs. The covalent conjugation of PEG to the carbohydrate moiety of a protein has been mainly used to

enhance the pharmacokinetic properties of the attached protein while yielding a more defined product. Thus, glycoPEGylation was

successfully applied to the introduction of a PEGylated sialic acid to a preexisting or enzymatically linked glycan in a protein.

Carbohydrates are now recognized as playing an important role in host–pathogen interactions in protozoal, bacterial and viral infec-

tions and are consequently candidates for chemotherapy. The short in vivo half-life of low molecular weight glycans hampered their

use but methods for the covalent attachment of PEG have been less exploited. In this review, information on the preparation and

application of PEG-carbohydrates, in particular multiarm PEGylation, is presented.
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Introduction
In recent years, the modification of biotherapeutics by covalent

conjugation with polyethyleneglycol (PEG) known as PEGyla-

tion has emerged as an effective strategy to improve the thera-

peutic potential of drugs through less frequent dosing [1-3].

PEG is a biologically inert, non-immnunogenic linear polyether

diol that confers proteins greater solubility in aqueous and

organic media. It is being used in pharmaceutical areas not only

to enhance water solubility and reduce immunogenicity but also

to increase in vivo circulation half-life by preventing enzymatic

degradation and renal clearance [4]. Numerous examples of

bioconjugation with PEG have been reported including, among

others, proteins located in adenovirus coat for vaccine develop-

ment [5], antibodies or antibody fragments to prolong their

circulating half-lives in vivo [6] and selective alkylation and

acylation of amino groups in a somatostatin analog using two

different PEG reagents [7]. Also, PEGylation of low molecular

weight drugs in order to increase solubility [8], prolong the in

vivo action [9] or for targeting drug delivery [10] has been

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:lederk@qo.fcen.uba.ar
http://dx.doi.org/10.3762%2Fbjoc.10.147
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Figure 1: Types of PEG utilized for derivatization of drugs and peptides.

described. The potent anti-inflammatory drug dexamethasone

was coupled to a multifunctional PEG, prepared by a click reac-

tion, for treatment of rheumatoid arthritis [11]. A heterobifunc-

tional PEG has been conjugated with both paclitaxel, a potent

anticancer drug, and alendronate, a bone-targeting biphospho-

nate, in order to obtain strong bone tropism and fast drug

release [12]. An enzymatic method using a microbial transgluta-

minase was described for PEGylation of human growth

hormone [13].

Glycans have been recognized as immunodominant epitopes in

antigenic glycoconjugates [14]. Carbohydrates participate

in molecular recognition events such as host–pathogen

interactions, responsible for mammal infections, and are

candidates for chemotherapy [15]. Moreover, synthesis of

multivalent carbohydrate ligands provide higher affinity for

receptors as described for Shiga-like toxins [16] and other

systems [17].

Several excellent reviews have been published on PEGylation

of proteins, including PEG-drugs in the market [2,18-21].

However, PEGylation of carbohydrate molecules has been less

exploited and studies have been focused on polysaccharides or

on carbohydrates linked to proteins. A review dedicated to

PEGylated chitosan derivatives has been published [22].

In the present review we present different approaches used for

modification of glycans by covalent conjugation with PEG

reagents, in particular with multiarm PEGs, with the aim to

increase the loading of the active sugar. Multivalent glycomole-

cules have proven to mediate or inhibit a variety of biological or

pathological processes [17,23].

Review
Polyethylene glycol (PEG) derivatives
Polyethyleneglycol is an amphiphilic polymer consisting of

repeating units of ethylene oxide which may be assembled in

linear or branched structures to give a range of PEGs with

different shapes and molecular weights (Figure 1). PEG must be

activated for further conjugation by substitution of terminal OH

by a functional group that could react with an appropriate site in

the molecule to be conjugated, maintaining its biological

activity. Examples of activated PEGs are shown in Figure 2.

Multiarm PEGs have the advantage of presenting several sites

for conjugation and, in the higher MW conjugates, the arms are

far away enough from each other to allow independent inter-

action with the target site.

GlycoPEGylation of proteins
PEGylation of proteins is usually performed on the ε-amine

group of lysine or on the unprotected α-amino of the N-terminal



Beilstein J. Org. Chem. 2014, 10, 1433–1444.

1435

Figure 2: Activated PEG derivatives for conjugation.

amino acid using N-hydroxysuccinimidyl (NHS) activated

PEGs or aldehyde PEGs. This conjugation leads to heteroge-

neous products, depending on the number of lysine residues in

the molecule. Random PEGylation may have undesired steric

effects, shielding active sites in the protein or disrupting its

tertiary structure [24].

PEGylation may be also directed to the side-chain amide

nitrogen of Asn. In order to improve the pharmacokinetic prop-

erties of a protein, N-PEGylation may be used additively to

N-glycosylation since both modifications stabilize the protein

by different mechanisms [25]. Also, glutamine residues on

intact or chimeric proteins can be combined with alkylamino-

PEG derivatives by the use of a transglutaminase [26].

Several methods have been developed for site-directed PEGyla-

tion. One of the most popular involves the reaction of the thiol

group in one or two cysteine residues with appropriate PEG

derivatives. The cysteine could be originally present in the

protein or introduced by mutagenesis [27,28]. The C-terminus

of the human growth hormone was PEGylated using a two-step

strategy in which a linker was first incorporated by a

carboxypeptidase-catalyzed transpeptidation and then used for

the ligation of the PEG moiety [29]. A more specific and irre-

versible attachment of a single PEG molecule has been

achieved by the use of a [3 + 2] cycloaddition reaction of an

alkyne-bearing PEG reagent and an azide-functionalized tyro-

sine residue genetically incorporated on human superoxide

dismutase-1 [30].

GlycoPEGylation, targeting carbohydrate sites, was conceived

to produce a more homogeneous product with lower steric

effects [31]. The strategy is based on the finding that certain

PEGylated nucleotide-sugars are effectively transferred to a

glycan acceptor by the corresponding glycosyltransferase.

A modified sialic acid PEGylated at the 5’-amino position in the

CMP nucleotide (CMP-SA-5-NHCOCH2NHPEG) can be trans-

ferred to a glycan acceptor in a glycoprotein by a sialyltrans-

ferase [32,33]. A chemoenzymatic method for its preparation is

shown in Scheme 1. It is based on the coupling of Fmoc-glycyl-

mannosamine with pyruvate catalized by SA-aldolase to afford

the N-protected sialic acid. After reaction with CTP catalyzed

by CMP-sialic acid synthetase, the nucleotide is deprotected

and the free amine is utilized as a locus to PEG attachment.

The introduction of the PEGylated sialic acid into the glycopro-

tein takes place in two steps. First, an O-glycan is introduced

enzymatically and second, PEGylated sialic acid is transferred

to the glycan by a sialyltransferase. The serine or threonine

residues in the O-glycosylation sites serve as acceptors for

GalNAc using a convenient GalNAc transferase. This unit can
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Scheme 1: Chemoenzymatic method for the preparation of PEG-CMP-SA, adapted from [32,33].

Scheme 2: GlycoPEGylation by sequential in vitro, enzyme mediated, O-glycosylation followed by transfer of PEGylated sialic acid, adapted from
[31].

be galactosylated by a galactosyltransferase and both, the

monosaccharide and the disaccharide, may be acceptors for

PEG-sialic acid (Scheme 2). This technique was applied to

polypeptides used clinically and has the advantage that it is

easier to produce a recombinant protein using E. coli than to

obtain the glycosylated forms in eukaryotic cells [31].
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Scheme 3: Chemical glycation of a protein and PEGylation after periodate oxidation, adapted from [34].

Chemical glycation of a protein and PEGyla-
tion after periodate oxidation
A small glycan may be also introduced by chemical ligation to

an inaccessible aminoacid in a natural protein, like Cys34 in

human serum albumin. The glycan may be oxidized by perio-

date to afford aldehyde groups for selective multiple coupling

with a PEG hydrazide (PEG-Hz), as shown in Scheme 3 [34].

Analysis of the PEGylated species showed more than 90%

conversion, whereas less than 30% of the protein was

PEGylated by direct conjugation of the albumin with commer-

cial PEG-maleimide. The PEG-Hz may undergo pH controlled

hydrolysis which also depends on the number of units in the

linked sugar. Therefore release of the active protein may be

controlled by the structure of the sugar linker.

PEGylation of native glycosylated proteins
PEGylation of native glycoproteins may be performed by enzy-

matic or chemical modification of the glycan.

a) Enzymatic modification of the glycan
Enzymatic PEGylation of a glycoprotein can be performed in

three steps. First, the sialic acid is removed from the native

protein with a sialidase and subsequently Sia-PEG is transfered

to the uncovered terminal Gal units of the linked glycan taking
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advantage of the substrate promiscuity of the sialyltransferase

ST3GalIII [35,36]. The reaction is kinetically controlled and the

number of PEGs added depends on the reaction time. Finally,

the unreacted galactose residues should be blocked with sialic

acid to avoid hepatic clearance by the asialoglycoprotein

receptor. More recently, the same group modified genetically

the coagulation factor VIII used to treat Hemophilia A, in order

to obtain a unique O-linked glycan for selective modification

with PEGylated sialic acid [37].

Alternatively, a terminal galactose may be oxidized at C-6 with

galactose oxidase to create the reactive site in the glycan that

could react with an activated PEG (Scheme 4A). As galactose is

usually substituted with sialic acid, the latter procedure was

applied before or after sialidase treatment [38].

Scheme 4: PEGylation of native glycosylated proteins after modifica-
tion of the glycan. (A) Enzymatic modification of the glycan; (B) Chem-
ical modification of the glycan, adapted from [38].

b) PEGylation after chemical modification of the
sugar chain of a glycoprotein
In this approach, a reactive group is created in the sugar of an

O- or N-linked glycan by a chemical modification. The terminal

residue of the N-linked carbohydrate in ricin A-chain has been

PEGylated by mild oxidation with periodate followed by reac-

tion with hydrazide-derivatized PEG [39]. The carbohydrate-

specifically modified ricin showed better pharmacokinetic prop-

erties than the peptide amino-PEGylated or the unmodified

ricin. The same technique was applied to glucose oxidase

(GOx), a glycosylated dimeric protein. In this case the hydra-

zone was further stabilized by reduction with cyanoborohy-

dride to afford a bioconjugate with retention of its activity as a

biosensor of glucose [40]. A similar strategy was applied to the

recombinant human thyroid-stimulating hormone (rhTSH,

Thyrogen). Terminal sialic acids were oxidized with sodium

periodate to generate aldehydes, which reacted with aminoxi-

PEGs (Scheme 4B). The use of this PEGylating agent, instead

of hydrazide-PEGs, generated a more stable oxime linkage with

the carbohydrate aldehydes. Similar to the other gonadotropins,

TSH is a glycosylated protein, and the role of the N-linked

oligosaccharides is well established. The effect of PEG size and

mono- vs multi-PEGylation was compared both in vitro and in

vivo. The best performing of the products, a 40-kDa mono-

PEGylated sialic acid-mediated conjugate, exhibited a 5-fold

lower affinity which was however compensated by a 23-fold

increase of circulation half-life [38].

PEGylation of low-molecular weight carbohydrates: Enzy-

matic esterification of two hydroxy methylene groups present in

pentofuranose derivatives with a PEG dimethyl ester yielded

sugar-PEG copolymers used for drug encapsulation. The carbo-

hydrate monomer was obtained by a multistep synthesis starting

from the easily available diacetone glucose (Scheme 5) [41].

Scheme 5: PEGylation of a pentofuranose derivative, adapted from
[41].
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Scheme 6: Galactosyl PEGylation of polystyrene nanoparticles, adapted from [42].

Figure 3: Mannosyl PEGylated polyethylenimine for delivery systems. (A) Mannose and PEG are independently linked to the PEI backbone;
(B) Mannose is attached to PEI via a PEG chain, adapted from [44].

Galactose has been PEGylated and introduced in the surface of

polystyrene nanoparticles in order to increase the interaction

with galactose receptors. p-Aminophenyl β-D-galactopyrano-

side was coupled with a bifunctional PEG activated on one end

with NHS for the combination with the aniline and a FMOC-

protected amino group on the other end. After deprotection,

the amine reacted with the carboxylic groups on the surface of

the nanoparticles (Scheme 6) [42]. A similar approach was

developed recently using poly(amidoamine) dendrimers for

selective delivery of chemotherapeutic agents into hepatic

cancer cells [43].

Mannose was also PEGylated in order to target drugs specifi-

cally to mannose receptors present in liver endothelial cells.

Mannosyl PEGylated polyethylenimine (PEI) conjugates were

synthesized either by direct coupling the mannose and the PEG

chain to the PEI backbone (Figure 3A) or by attaching the

mannose to PEI via a PEG chain spacer (Figure 3B). This

system was used to deliver small interfering RNA (siRNA) into

a murine macrophage cell line [44].

Mannose residues as their 2-aminoethyl glycosides were at-

tached by reductive amination to the surface of copolymer
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Figure 4: PEGylated mannose derivatives, adapted from [45].

Scheme 7: PEGylation of lactose analogs [53].

micelles of PEG with poly-ε-caprolactone for targeting

dendritic cells and macrophages (Figure 4) [45]

Both mannose and galactose were attached to PEGylated

nanoparticles by click-chemistry between their propargyl glyco-

sides and a gold nanoparticles derivatized with an azide-func-

tionalized PEG [46]. Also, several unprotected carbohydrate

units of mannose, fucose or lactose, have been incorporated into

the surface of PEGylated dendritic polymers by means of click

chemistry. The larger dendrimer generations have demon-

strated an increased capacity to aggregate lectins [47].

Analogs of lactose have been reported as inhibitors of the

enzyme trans-sialidase (TcTS) [48], a virulence factor of

Trypanosoma cruzi [49-51]. It was shown that lactitol prevented

apoptosis caused by TcTS although it is rapidly eliminated from

the circulatory system [52]. With the aim to improve bioavail-

ability, PEGylation of lactose analogs was performed using two

approaches, both depending on the formation of an amide bond.

In one case the amino group was provided by the sugar and the

carboxylic acid by a NHS-activated PEG and in the other ap-

proach an amino-functionalized PEG reacted with lactobiono-

lactone (Scheme 7) [53].

Using linear PEGs of MW 5000 Da, no enhancement in the

permanence in blood was observed. However, improved

biovailability with retention of inhibition of TcTS was achieved

by PEGylation with multiarm PEGs of MW 40000 (Scheme 8)

[54]. In these complex conjugates, the degree of substitution is

determined by 1H NMR spectroscopy. The identification of

signals that disappear or are shifted when conjugation takes

place, together with the appearance of new signals due to the

sugar in well-separated regions of the spectrum are used to

confirm the extent of derivatization of the multiarm PEGs.
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Scheme 8: Conjugation of lactose analogs with dendritic PEGs [54].

PEGylation of polysaccharides: PEGylation of chitosan and

chitosan derivatives for pharmaceutical applications was

described [22]. Chitosan is the polysaccharide obtained from

the abundant chitin by alkali or enzymatic degradation. It

consists of a backbone of β-(1→4)-linked D-glucosamine units

with a variable degree of N-acetylation. The protonated amino
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groups of chitosan favor interaction with negatively charged

cellular surfaces. The amino groups of chitosan may be deriva-

tized with PEG chains, thus modifying the physicochemical

properties. Chitosan was first modified in the amino group of

the glucosamine units with a PEG-aldehyde to yield an imine

(Schiff base), which was subsequently reduced to PEG-g-

chitosan with sodium cyanoborohydride [55], allowing reten-

tion of net charge. PEGylation can also be accomplished by

condensation of the free amino groups with activated PEGs,

such as PEG-NHS or PEG-p-nitrophenyl carbonate, converting

the protonable amines into neutral amide or carbamate linkers.

Even though PEGylation of chitosan via the amino group is the

most commonly used method a number of examples of polysac-

charide derivatisation on the hydroxy groups have been

reported. Chitosan-O-poly(ethylene glycol) graft copolymers

were synthesized from N-phthaloylchitosan by etherification

with poly(ethylene glycol) monomethyl ether (mPEG) iodide

obtaining different degrees of O-substitution [56]. Several

strategies were designed to obtain regioselective PEGylation at

C-6 of the glucosamine unit [57]. Other methods of PEGylation

included, among others, free radical polymerization of C-6 of

the glucosamine residues with poly(ethylenglycol) acrylate

[58]; free-radical polymerization of C-1 of glucosamine with

mPEG [59] and 1,3-dipolar cycloaddition between the azide of

an N-azidated chitosan and mPEG derivatives containing a

triazolyl moiety [60].

Chitosan, partially substituted with lactobionic acid, bearing a

galactose, provides a ligand for the asialoglycoprotein receptor

of liver cells. Lactobionic acid formed an amide bond with the

glucosamine residue, and the non-substituded amino groups of

the galactosylated chitosan (GC) were further coupled with acti-

vated hydrophilic PEG to enhance its stability (Figure 5) [61].

Figure 5: PEGylated chitosan derivative, adapted from [61].

Bifunctional PEGs were used to introduce a bioactive molecule,

for instance biotine, coumarin, cholesterol or mannose into the

distal end of a PEG-chitosan complex (Figure 6) [62].

Figure 6: Chitosan/PEG functionalized with a mannose at the distal
end, adapted from [62].

Fructans have been PEGylated by reaction of hydroxy-acti-

vated polysaccharides with amino-terminated methoxy PEGs.

The reaction was applied to inulin [63] and to a polysaccharide

from Radix Ophiopogonis [64] for improving their pharmacoki-

netic properties. A similar activation of the sugar has been

previously applied to a dextran for further PEGylation. Hydro-

gels with supramolecular structures have been obtained by

inclusion complexation of the PEG grafted dextrans with

α-cyclodextrins. The unique thermoreversible sol-transition

properties of the gels were considered interesting for drug

delivery applications [65].

Conclusion
The advantage of PEGylation of glycan structures attached to

proteins is the possibility to restrict the reaction to the glyco-

sylated site affording a product with the benefits that PEGyla-

tion can impart without the loss of activity due to random multi-

step PEGylation of proteins. The examples presented in this

review on the PEGylation of carbohydrates show improvement

of some properties such as bioavailability of drugs, in particu-

lar enzyme inhibitors, or creation of polymers with encapsu-

lating properties for drugs. Apparently, the benefits of PEGyla-

tion were yet not extended to carbohydrate based drugs in the

market. In particular, multiarm PEGylation with more available

sites for glycan linking can be exploited for improvement of

interaction of carbohydrates with cell receptors. We hope that

this review on sugar PEGylation will provoke further studies on

the subject.
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Abstract
A multichromophoric glucopyranoside 2 bearing three dicyanomethylenepyran (DCM) fluorophores and one diarylethene (DAE)

photochrome has been prepared by Cu(I)-catalyzed alkyne–azide cycloaddition reaction. The fluorescence of 2 was switched off

upon UV irradiation, in proportion with the open to closed form (OF to CF) conversion extent of the DAE moiety. A nearly 100%

Förster-type resonance energy transfer (FRET) from all three DCM moieties to a single DAE (in its CF) moiety was achieved.

Upon visible irradiation, the initial fluorescence intensity was recovered. The observed photoswiching is reversible, with excellent

photo resistance.

1471

Introduction
The development of functional nanomaterials is nowadays a

very attractive field of fundamental and applied research. The

chemical functions at the molecular level yield properties,

which are translated in terms of specific electronic or optical

functions to the materials and device level. One of the chal-

lenges is to synthesize organic nano-architectures with a high

degree of structural order and well-defined properties yielding

high-performance functions, for both economic and environ-

mental saving reasons. Saccharides are polyfunctional mole-

cules with well-defined stereogenic centres in one molecular

unit, and constitute “platforms” on which multiple functional

moieties can be attached. Among many applications, the use of

photochemical devices based on sugar derivatives is particu-

larly appealing for the development of supramolecular systems

for optical data storage media. Photochromic molecules are

particularly efficient photo-driven switches, as they can

commute upon light excitation between two distinct molecular

species (states A and B, Figure 1) with the possibility to cycle

up to one million “round trips”, showing different physical and

chemical properties, the most noticeable one being the absorp-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:metivier@ppsm.ens-cachan.fr
mailto:joanne.xie@ens-cachan.fr
http://dx.doi.org/10.3762%2Fbjoc.10.151


Beilstein J. Org. Chem. 2014, 10, 1471–1481.

1472

Figure 1: Requirements on absorption and emission spectral features of the photochromic and fluorescent units of the platform to induce efficient
fluorescence photoswitching by energy transfer process (FRET).

Figure 2: Bifunctional fluorescent-photochromic molecules 1 and 2.

tion change [1]. Indeed, they usually shuttle between a color-

less and a colored form. Combining them with fluorescent com-

pounds provides an added value to their photophysical function.

Actually, fluorescence allows the possibility to reach high

sensitivity and very low detection levels, down to the single

molecule limit, whereas absorption spectroscopy requires a high

number of active molecules [2]. If structural and spectral

features of the fluorophore and the photochromic compound fit

well together, the fluorescence can be switched ON and OFF:

quenching of the fluorescence through a Förster-type resonance

energy transfer (FRET) process from the former to the latter

would occur, when the photochromic moiety is in the colored

form (state B, Figure 1). At the opposite, in the colorless form

(state A), the absence of FRET would keep the fluorescence

alive, showing that the combination of these two functional

molecules leads to a photon-driven fluorescence switch.

Previously, we have synthesized a fluorescent-photochromic

dyad (1 ,  Figure 2)  combining a DCM fluorophore

(4-dicyanomethylene-2-tert-butyl-6-(p-dialkylaminostyryl)-4H-
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pyran) [3] with a photochromic diarylethene (DAE) which

showed a photoreversible two-way FRET controlled by the state

of the photochromic moiety, and 49% quenching of the fluores-

cence upon UV irradiation [4]. Bifunctional molecules built on

two distinct (photochrome and fluorophore) moieties have also

been reported by other groups [5-9]. The fluorophore vs

photochrome ratio in reported bifunctional systems is 1:1 [4-7]

or 2:1 [8,9]. Other strategies to assemble interacting fluoro-

phores and photochromes (supramolecular systems, nanoparti-

cles, polymer materials) are also reported [10-13]. FRET oper-

ates at distances of a few nanometers around the photochromic

moiety (in its state B, Figure 1), which is related to the Förster

radius. It means that in a suitably designed molecular system,

one single photochromic unit can quench several fluorophores

present within this distance. In a situation where one photo-

chromic unit is surrounded by several fluorophores, we can take

advantage of this phenomenon both to increase the brightness of

the fluorescent molecular system and to turn “ON” and “OFF”

several fluorophores with one given photochromic molecule.

This is valuable in terms of photon (thus energy) saving, since

“switching a few photochromes leads to quenching many

fluorophores”. In this perspective, we decided to design a multi-

chromophoric glycopyranoside bearing three DCM fluoro-

phores and one photochromic bis(dithiazole)ethane [14-16]

(compound 2, Figure 2) so as to take advantage of this sugar-

based “platform” to get a specific molecular architecture and to

study the energy transfer and photo-switching efficiency. To the

best of our knowledge, readily available monosaccharides have

been rarely used to develop multichromophoric supramolecular

systems. Only one artificial light-harvesting antenna system

grafted on the α-D-glucopyranoside has been reported [17].

Results and Discussion
Synthesis of multichromophoric sugars
Synthesis of organic nano-architectures with a high degree of

structural order and defined properties is challenging because

sophisticated multistep experimental procedures are often impli-

cated. Recently, the Cu(I)-catalyzed alkyne–azide cycloaddi-

tion reaction (CuAAC, an excellent example of click chemistry)

has been demonstrated as a robust and highly efficient ligation

tool to conjugate various azido- and alkyne-functionalized

moieties [18-20]. Monosaccharides can be readily functional-

ized with several propargyl groups to synthesize, using click

chemistry, multivalent neoglycoconjugates for recognition

studies with carbohydrate-binding proteins (lectins) [21-24] or

to develop light-harvesting antenna systems [17]. In order to

introduce three DCM fluorophores and one photochromic

species into the glycopyranoside scaffold, methyl 6-O-trityl-α-

D-glucopyranoside 3 was chosen as starting material

(Scheme 1). O-Propargylation followed by microwave-assisted

CuAAC with azido-functionalized DCM fluorophore 5 [25] in

the presence of copper sulfate and sodium ascorbate led to the

fluorescent glucoside 6. The trityl group was then removed by a

catalytic amount of acetyl chloride in a mixture of MeOH and

CH2Cl2. Subsequent activation as mesylated followed by

“microwave-assisted” nucleophilic substitution with sodium

azide afforded the corresponding 6-azido sugar 8 which was

treated with alkyne-functionalized photochromic diarylethene 9

[26] to furnish the target compound 2 in 68% yield. The struc-

ture of this compound has been confirmed by NMR and HRMS

spectra.

Photophysical studies
The fluorescent glucoside derivative 6, bearing three DCM

fluorophores, is used as a model fluorescent compound. Its

absorption spectrum in acetonitrile, plotted in Figure 3a, shows

a main large band peaking at 455 nm. It exhibits a wide fluores-

cence spectrum between 550 nm and 700 nm, with a maximum

located at 610 nm (Figure 3b), associated with a fluorescence

quantum yield ΦF = 0.12. These spectroscopic characteristics

are rather comparable to the absorption and fluorescence

features of the fluorophore 5 [4]. The photophysical properties

of the photochromic model compound 9 have been described in

a previous report [4]. Briefly, the diarylethene 9 is originally in

its colorless open form (9-OF), with an absorption spectrum in

acetonitrile located in the UV range (λmax = 317 nm, Figure 3c,

full black line). In this state, 9-OF is moderately fluorescent in

the blue region (λmax = 440 nm, ΦF = 0.016, Figure 3d). Under

irradiation at 335 nm, 9-OF undergoes a cyclisation photoreac-

tion yielding the molecule in its colored and non-fluorescent

closed form (9-CF), as revealed by the appearance of a large

absorption band peaking in the 500–700 nm range (Figure 3c,

full blue line). The photostationary state (PSS) reached under

335 nm illumination is composed of 91% of 9-CF and 9% of

9-OF (Figure 3c, dashed line). The target compound 2 can be

considered as the assembly of the fluorescent model derivative

6 and the photochromic model compound 9. Indeed, before any

UV irradiation, the absorption spectrum of 2 in its open form

(2-OF) represents the overlay of the absorption feature of 6 and

9-OF: as displayed in Figure 3e (full line), the absorption band

at 455 nm matches to the three fluorophores, whereas the

absorption bands at 286 nm and 325 nm correspond mostly to

the photochromic diarylethene moiety. The fluorescence spec-

trum of 2-OF shows a very weak blue emission band between

400 nm and 500 nm from the diarylethene unit, and a rather

strong red emission band peaking at 610 nm from the three

DCM dyes (Figure 3f). This dual emission will be discussed

further, by a careful analysis of excitation spectra (vide infra).

Figure 4a and b show that upon increasing irradiation times at

335 nm, an absorption band at 600 nm emerges, corresponding

to the photochromic moiety in its thermally stable closed form,

and the fluorescence emission is concomitantly quenched by
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Scheme 1: Synthesis of multichromophoric glucopyranoside 2.



Beilstein J. Org. Chem. 2014, 10, 1471–1481.

1475

Figure 3: Absorption and fluorescence spectra of compounds 6, 9, and 2 in CH3CN: (a) absorption spectrum of 6; (b) emission spectrum of 6
(λexc = 450 nm); (c) absorption spectra of 9-OF, 9 at the photostationary state (PSS) under 335 nm illumination, isolated 9-CF; (d) emission spectrum
of 9-OF (λexc = 325 nm); (e) absorption spectra of 2-OF, 2 at the photostationary state (PSS) under 335 nm illumination (no noticeable change has
been observed over 5 days, indicating the thermal stability of 2), 2-CF (obtained by extrapolation of the 1H NMR vs UV–visible absorption experiment,
see text for details); (f) emission spectra of 2-OF and 2 at the photostationary state (PSS) under 335 nm illumination (λexc = 325 nm).

51%. As displayed in Figure 3, the emission band of the fluoro-

phores in the 550–700 nm range overlaps well the absorption

band of the photochromic derivative in its closed form, in the

same spectral region. Therefore, the fluorescence quenching

observed for the compound 2 under UV irradiation can be easily

interpreted as the consequence of a FRET process from the

DCM fluorophores (donors) to the diarylethene derivative in its

colored closed form (acceptor), which plays the role of the

quencher. The multichromophoric system 2 is completely re-

versible: under irradiation at 575 nm, the cycloreversion reac-

tion 2-CF → 2-OF occurs, the absorption band centered at

610 nm drops back to zero and the fluorescence of the sample is

fully recovered (Figure 4c and d). As shown in Figure 4e and f,

several UV–visible irradiation cycles were applied to the system

without any degradation of its photophysical properties,

revealing its excellent fatigue resistance.

1H NMR spectra were recorded under increasing irradiation

times at 335 nm in order to follow the photoisomerisation of

compound 2 (Figure 5), and corresponding UV–visible absorp-

tion spectra were measured, in order to correlate the absorption

changes with the OF → CF conversion yield. Under 335 nm

illumination, new signals appear near 5.2 ppm (for OCH2

group) and 6.5 to 8.0 ppm which are induced by the photocycli-

sation of the photochromic moiety from the open to the closed

form. Due to higher concentration of NMR sample, the

maximum conversion reached was about 39%. Such combined
1H NMR vs UV–visible absorption data allowed us to extrapo-

late the absorption spectrum of the dyad molecule in its pure

closed form 2-CF, as plotted in Figure 3e (dotted line). It

appears that the PSS obtained for the compound 2 with a light-

irradiation at 335 nm corresponds to a mixture of 53% of 2-CF

and 47% of 2-OF. Such a conversion yield has to be compared

to the fluorescence quenching of 2 observed after irradiation at

335 nm (51% fluorescence quenching, vide supra). Therefore,

the incomplete fluorescence quenching is due to a limited

photochromic conversion yield under UV light. Furthermore,

since the photochromic conversion yield (53%) corresponds

almost to the fluorescence quenching (51%), the FRET process

appears to be extremely efficient: under irradiation at 335 nm,

half of the multichromophoric system is still in its initial open

form 2-OF, associated with a strong fluorescence emission, and

another half are promoted in their closed form 2-CF, whose

fluorescence is almost totally quenched by FRET.

This phenomenon is well-supported by time-resolved fluores-

cence measurements. Fluorescence decay curves of 6, 2-OF,

and 2 after irradiation at 335 nm were recorded in acetonitrile

by the time-correlated single photon counting method (TCSPC)

at λexc = 475 nm, and analyzed by a sum of three exponential

components (Table 1). The model fluorescent glucoside deriva-

tive 6 shows a main time-constant at τ1 = 1.00 ns, a second
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Figure 4: Absorption and fluorescence changes of compound 2 (1.0 μM in CH3CN) upon UV–visible irradiation: (a) absorption and (b) emission
spectra (λexc = 450 nm) under increasing irradiation times at 335 nm; (c) time-evolution profile of absorption and (d) emission upon irradiation at
335 nm and 575 nm; (e) fatigue resistance followed by the absorption band at 610 nm and (f) the emission band at 610 nm under alternate 355 nm/
575 nm irradiation cycles. Irradiation conditions at 335 nm: (a–d) 2.7 mW cm−2 and (e,f) 40 s at 7.2 mW cm−2. Irradiation conditions at 575 nm:
(a–d) 3.1 mW cm−2 and (e,f) 120 s at 9.5 mW cm−2.

component at τ2 = 0.35 ns, and a minor time-constant at

τ3 = 0.04 ns. The latter one has been neglected in the following

discussion, since it is very close to the time-resolution of our

instrument, and associated with a very low fraction of intensity

(0.02). The two other time-constants are attributed to the

E-isomer (τ1) and the Z-isomer (τ2) of the fluorophores, which

is consistent with our previous studies [4]. The fluorescence

decays of 2-OF and 2 after irradiation at 335 nm are plotted in

Figure 6a, and the result of a global three-exponential fitting

procedure is displayed on Table 1. The three time-constants

obtained by this method are in the same range as the ones deter-

mined for 6: τ1 = 1.26 ns, τ2 = 0.47 ns, τ3 = 0.05 ns, associated

with the fraction of the intensities comparable to 6. In a similar

manner, the two significant contributions correspond to the E

and Z-isomers of the fluorophores, respectively. Interestingly,

the fluorescence decay curves of 2 before and after UV irradi-

ation are overlapping, and the results of the fitting are identical

in both cases, despite the fact that the fluorescence intensity is

decreased by a factor of two (51% fluorescence quenching, vide

supra). Such an observation is compatible with a static FRET

quenching process. Indeed, when the PSS is reached under

335 nm irradiation, the population of 2-OF molecules repre-

sents 47% of the whole system, behaves as the initial non-irra-

diated molecules and contributes to the fluorescence decay,
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Figure 5: Partial 1H NMR spectra of compound 2 (11 μM in CD3CN/DMSO-d6 4:1) before and after increasing irradiation times at 335 nm (from
bottom to top). The conversion yield at each irradiation time is deduced from the integration of signals around 5.2–5.3 and 7.0–7.1 ppm.

Table 1: Fluorescence decay parameters of compounds 6 and 2 in CH3CN.

τ1/ns (a1, f1a) τ2/ns (a2, f2a) τ3/ns (a3, f3a) χ2
R

6 1.00 (0.43, 0.79) 0.35 (0.29, 0.19) 0.04 (0.28, 0.02) 1.08
2-OFb 1.26 (0.40, 0.75) 0.47 (0.33, 0.23) 0.05 (0.27, 0.02) 1.16
2 (PSS under irradiation at 335 nm)b 1.26 (0.35, 0.74) 0.47 (0.30, 0.23) 0.05 (0.35, 0.03) 1.12

aThe fraction of intensities fi is defined as follows: fi = aiτi/Σajτj. bResults obtained by means of a global fitting procedure.

whereas the population of 2-CF molecules (53% of the system)

is fully quenched through a very efficient FRET process, its

contribution to the emission signal is negligible, and its decay-

time is obviously below the time-resolution of our instrument.

As a conclusion, the FRET process from the fluorophores to the

closed form of the photochromic diarylethene is close to 100%

in the molecule 2.

Fluorescence excitation spectra provide another evidence of

FRET intramolecular phenomenon within the compound 2.

Indeed, the excitation spectrum of the model fluorescent gluco-

side 6, displayed in Figure 6b (red curve), resembles to the

shape of its absorption spectrum, with a large band centered at

455 nm. However, the excitation spectrum of the molecule

2-OF recorded at λem = 620 nm (corresponding to the fluoro-

phore emission) shows an additional contribution in the

250–350 nm range, which corresponds to the open form of the

photochromic moiety, revealing a FRET process from the open

form of the diarylethene unit (donor) to the DCM fluorophores

(acceptors). This energy transfer pathway is actually allowed by

the favorable spectral overlap in the 400–500 nm range between

the blue emission of the photochromic moiety in its open form

(see Figure 3d) and the absorption of the fluorophores (see

Figure 3a). As evidenced previously on 1 [4], this "reverse"
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Figure 6: (a) Fluorescence decays (λexc = 475 nm, λem = 610 nm) of compound 2-OF, and 2 after irradiation at 335 nm in CH3CN (7 mW cm−2).
(b) Normalized excitation spectra (λem = 620 nm) of 6 (red line) and 2-OF (green line) in CH3CN.

FRET explains why the emission of the photochromic moiety is

almost absent in the fluorescence spectrum of the dyad 2-OF

(Figure 3f).

Finally, the limited conversion yield of the molecule 2 under ir-

radiation in the UV (53%), compared to the model photo-

chromic compound 9 (conversion yield = 91%) can be

explained by this efficient double FRET effect: (i) the energy

transfer from the open form of the photochromic unit to the

fluorophores tends to deactivate the photochromic activity of

2-OF, and (ii) the energy transfer from the fluorophores to the

closed form of the photochromic unit contributes to favor the

CF → OF cycloreversion reaction. Consequently, the PSS of 2

when irradiated at 335 nm is much lower than the photo-

chromic moiety 9 alone, because of the highly efficient FRET

processes.

Conclusion
Through click chemistry, we have successfully introduced three

DCM fluorophores and a DAE photochrome on the methyl α-D-

glucopyranoside in good yield. The multichromophoric com-

pound 2 can be reversibly switched upon UV and visible irradi-

ation, and showed an excellent fatigue resistance. Under UV ir-

radiation at 335 nm, the fluorescence was decreased by 51%.

This value corresponds to the photochromic conversion yield at

this photostationary state, with 53% of the DAE molecules

promoted to their closed form. We therefore demonstrated that,

at the molecular level, one single DAE moiety in the closed

form induces the full fluorescence quenching of all three DCM

moieties, by a FRET yield close to unity. This study is

supported by time-resolved fluorescence experiments. This

result represents a step forward, compared to our previous

report on the 1/1 system 1. The increase of the OF to CF

conversion extent of the photochromic unit is among our future

perspectives, since this could lead to a better ON vs OFF fluo-

rescence contrast. By a careful molecular engineering,

combining photophysical analysis and synthetic work, we are

endeavoring to tune optimally the fluorophore/photochrome

ratio. Glycosides, and more generally sugar molecules, may

further provide appropriate "platforms".

Experimental
General details
Commercially available solvents and reagents were used

without further purification. Compounds 3 [27], 5 [25] and 9

[26] were prepared according to the literature. Melting points

were measured on a Kofler bench. Optical rotations were

measured using a JASCO P-2000 polarimeter. Column chroma-

tography was performed on Carlo Erba Silica Gel 60A

(40–63 µm). Analytical thin-layer chromatography was

performed on E. Merck aluminum percolated plates of Silica

Gel 60F-254 with detection by UV. 1H and 13C NMR spectra

were recorded on a Jeol ECS-400 spectrometer. HRMS–ESI

spectra were recorded on a Bruker microTOF-Q II spectrom-

eter or Bruker maXis using standard conditions.

Absorption spectra were recorded on a Cary-5000 spectropho-

tometer from Agilent Technologies. Corrected emission spectra
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were performed on a Fluorolog FL3-221 spectrofluorometer

from Horiba Jobin-Yvon. The fluorescence quantum yields

were determined by using quinine sulfate dihydrate in sulfuric

acid (0.5 N) as a standard at λexc = 325 nm (ΦF = 0.546) and

coumarin 540A in ethanol as a standard at λexc = 450 nm

(ΦF = 0.544). Photochromic reactions were induced in situ by a

continuous irradiation Hg–Xe lamp (Hamamatsu, LC6 Light-

ningcure, 200 W) equipped with narrow band interference

filters of appropriate wavelengths (Semrock FF01-335/7-25 for

λirr = 335 nm; FF01-575/25-25 for λirr = 575 nm). The irradi-

ation power was measured using a photodiode from Ophir

(PD300-UV). The photoconversion was followed by a combina-

tion of 1H NMR and UV–visible absorption spectra, realized by

successive irradiation at 335 nm for a total time of 20 min.

Fluorescence intensity decays were obtained by the time-corre-

lated single-photon counting (TCSPC) method with femto-

second laser excitation using a set-up composed of a Ti:Sa laser

(Tsunami, Spectra-Physics) pumped by a doubled Nd:YAG

cw-laser (Millennia, Spectra-Physics), pumped itself by two

laser diode arrays. Light pulses at 950 nm were selected by

optoacoustic crystals at a repetition rate of 4 MHz, and then

doubled at 475 nm by non-linear crystals. Fluorescence photons

were detected through a band-pass filter 370–500 nm (a mono-

chromator set at 620 nm, respectively) by means of a Hama-

matsu MCP R3809U photomultiplier, connected to a constant-

fraction discriminator. The time-to-amplitude converter was

purchased from Tennelec. In the present investigation, the

channel width was set to 3.1 ps. The instrumental response

function was recorded before each decay measurement with a

fwhm (full width at half-maximum) of ~25 ps. The fluores-

cence data were analyzed using the Globals software package

developed at the Laboratory for Fluorescence Dynamics at the

University of Illinois at Urbana-Champaign, which includes

reconvolution analysis and non-linear least-squares minimiza-

tion method. The shortest fluorescence decay time accessible by

our instrumental set-up and our data analysis method was esti-

mated to be around 10 ps (time-resolution).

Methyl 2,3,4-tri-O-propargyl-6-O-trityl-α-D-
glucopyranoside (4)
To a stirred solution of methyl 6-O-trityl-α-D-glucopyranoside

(3, 3.08 g, 7.05 mmol) in distilled DMF (60 mL) under argon in

an ice bath, were added Bu4NI (3.07 g, 8.32 mmol) and

propargyl bromide (80% solution in toluene, 2.3 mL,

20.65 mmol). The NaH (60% in mineral oil, 1.02 g, 25.5 mmol)

was then added slowly by portions. After 15 min, the mixture

was heated at 50 °C over 2 to 3 h (brown to black color). After

evaporation under vacuum, the residue was partitioned in a mix-

ture of EtOAc/H2O (200:200 mL) and the aqueous layer was

extracted with EtOAc (2 × 100 mL). The organic layers were

combined, washed with brine, dried over MgSO4 and evapo-

rated under vacuum to give the crude product which was puri-

fied by column chromatogrphy using a mixture of petroleum

ether (PE):EtOAc (95:5, 9:1, 8:2) to give 87% of the desired

compound (3.36 g, 6.10 mmol) as white solid, mp 96–97 °C;

Rf = 0.64 (PE/EtOAc = 4:1); [α]D +51 (c 0.5, CHCl3); 1H NMR

(400 MHz, CDCl3) δ 2.23 (t, J = 2.3 Hz, 1H, CH≡), 2.45 (t, J =

2.3 Hz, 1H, CH≡), 2.50 (t, J = 2.3 Hz, 1H, CH≡), 3.12 (dd, J =

5.0, 10.1 Hz, 1H, H-6), 3.46 (s, 3H, OMe), 3.45–3.49 (m, 1H,

H-6’), 3.53 (t, J = 9.2 Hz, 1H, H-4), 3.68 (dd, J = 3.7, 9.6 Hz,

1H, H-2), 3.69–3.72 (m, 1H, H-5), 3.78 (t, J = 9.2 Hz, 1H, H-3),

4.08 (dd, J = 2.8, 15.1 Hz, 1H, OCH), 4.25 (dd, J = 2.8, 15.1

Hz, 1H, OCH), 4.40–4.45 (m, 4H, 2×OCH2), 4.97 (d,

J = 3.7 Hz, 1H, H-1), 7.21–7.32 (m, 9H, HAr), 7.47–7.49 (m,

6H, HAr) ppm; 13C NMR (100 MHz, CDCl3) δ 55.05 (OMe),

58.83, 59.94, 60.59 (OCH2), 62.83 (C-6), 69.80 (C-5), 74.31,

75.06 (Cq), 77.36 (C-4), 79.46 (C-2), 79.87, 79.99, 80.19

(CH≡), 81.75 (C-3), 86.49 (Cq), 97.79 (C-1), 127.11, 127.95,

128.86 (CHAr), 144.11 (Cq) ppm; HRMS–ESI (m/z): [M + Na]+

calcd for 573.2253; found: 573.2244.

DCM-functionalized methyl 6-O-trityl-α-D-
glucopyranoside 6
To a solution of 4 (1.01 g, 1.83 mmol) in distilled DMF

(15 mL), were added the azido-DCM 5 (2.23 g, 5.57 mmol),

CuSO4 (110.9 mg, 0.44 mmol) and Na ascorbate (188 mg,

0.95 mmol). The reaction mixture was stirred at 70 °C during

5 min then at 130 °C during 30 to 45 min under microwave ir-

radiation (700 rpm, monitoring by TLC), and poured into

distilled water after cooling to room temperature. The precipi-

tate was then filtred through a cellulose acetate filter (porosity

2 µm) under vacuum and washed with water, then purified

by column chromatography using pure EtOAc, then

EtOAc/acetone (gradient 9:1, 8:2, 5:5) then EtOAc/EtOH (7:3)

to give 65% of the desired compound (2.09 g, 1.19 mol) as a red

solid; mp 164–166 °C; Rf = 0.29 (EtOAc/acetone = 9:1); [α]D

+12 (c 0.5, CHCl3); 1H NMR (400 MHz, acetone-d6) δ 1.38 (s,

27H, Ht-Bu), 2.84 (s, 3H, NMe), 2.85 (s, 3H, NMe), 2.85 (s, 3H,

NMe), 3.10 (dd, J = 4.6, 10.1 Hz, 1H, H-6), 3.39–3.40 (m, 1H,

H-6’), 3.41 (s, 3H, OMe), 3.50 (t, J = 9.5 Hz, 1H, OCH), 3.55

(dd, J = 3.7, 9.6 Hz, H-2), 3.62–3.70 (m, 2H, 2×OCH),

3.82–3.99 (m, 6H, 3×NCH2), 4.34 (d, J = 11.4 Hz, 1H, NCH),

4.58–4.86 (m, 11H, NCH, 2×NCH2, 3×OCH2), 4.98 (d,

J = 3.7 Hz, 1H, H-1), 6.45–6.46 (m, 3H, 3×CH=), 6.56–6.73

(m, 9H, 9×CH=), 6.81 (d, J = 16.0 Hz, 1H, CH=), 6.86 (d,

J = 16.0 Hz, 1H, CH=), 6.87 (d, J = 16.0 Hz, 1H, CH=),

7.21–7.33 (m, 10H, 10×CH=), 7.39 (s, 1H, HTriazole), 7.41–7.53

(m, 14H, 14×CH=), 8.15 (s, 1H, HTriazole), 8.17 (s, 1H,

HTriazole) ppm; 13C NMR (100 MHz, acetone-d6) δ 28.14

(Met-Bu), 37.26 (Cq), 38.63, 38.78 (NMe), 47.99, 48.12, 48.18,

52.89 (NCH2), 55.14 (OMe), 57.61 (Cq), 63.50 (C-6), 64.41,

66.39, 66.98 (OCH2), 69.68 (Cq), 70.96 (C-5), 78.46, 80.40,
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81.91 (C-2,3,4), 87.03 (Cq), 98.37 (C-1), 102.62, 106.02,

106.07, 112.67, 112.75, 114.21, 114.33 (CH=), 116.13, 116.18,

123.98, 124.07 (Cq), 124.81, 125.29, 125.45 (CHTriazole),

127.86, 128.66, 129.56, 130.79, 130.84, 139.11, 139.22 (CH=),

145.00, 145.56, 145.91, 146.14, 151.13, 151.18, 157.49, 157.49,

161.50, 161.55, 173.02 (Cq) ppm; HRMS–ESI (m/z): [M + H]+

calcd for 1751.8463; found: 1751.8397.

DCM-functionalized methyl α-D-glucopyrano-
side 7
To a stirred solution of compound 6 (940 mg, 0.54 mmol) in a

mixture of CH2Cl2/MeOH (10/10 mL) cooled in an ice bath,

was added acetyl chloride (115 µL, 1.61 mmol). After 2.5 h, the

reaction was quenched by addition of a saturated NaHCO3 solu-

tion (5 mL). The mixture was extracted with CH2Cl2. The

organic layers were combined, washed with brine, dried over

MgSO4 and evaporated under vacuum. The product was puri-

fied by column chromatography using pure EtOAc followed by

a mixture of EtOAc/acetone (gradient 9:1, 8:2, 7:3, 6:4) to give

74% of the desired compound (600 mg, 0.40 mmol) as a red

solid; mp 156–158 °C; Rf = 0.22 (EtOAc/acetone = 4:1); [α]D

+25 (c 0.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.37 (s,

27H, Ht-Bu), 2.89 (s, 3H, NMe), 2.91 (s, 3H, NMe), 2.92 (s, 3H,

NMe), 3.37 (s, 3H, OMe), 3.47 (dd, J = 3.2, 9.6 Hz, 1H, H-2),

3.52–3.54 (m, 2H, H-3,4), 3.73 (s, 2H, H-6,6’), 3.80–3.83 (m,

1H, H-5), 3.92–3.94 (m, 6H, 3×NCH2), 4.58–4.60 (m, 6H,

3×NCH2), 4.74–4.97 (m, 7H, H-1, 3×OCH2), 6.45–6.65 (m,

16H, 16×CH=), 7.25–7.42 (m, 8H, 8×CH=), 7.63 (s, 1H,

HTriazole), 7.87 (s, 1H, HTriazole), 8.00 (s, 1H, HTriazole) ppm;
13C NMR (100 MHz, CDCl3) δ 28.18 (Met-Bu), 36.70 (Cq),

38.59, 38.66, 38.74 (NMe), 47.49, 47.57, 52.53 (NCH2), 55.22

(OMe), 57.89, 57.94 (Cq), 61.18 (C-6), 64.13, 65.75, 66.27

(OCH2), 69.60 (Cq), 70.71, 77.36 (C-3,4), 79.39 (C-2), 81.42

(C-5), 97.51 (C-1), 102.43, 105.81, 111.98, 112.03, 113.81

(CH=), 115.70, 115.81, 115.86, 123.30, 123.35, 123.41 (Cq),

123.86, 124.43, 124.74 (CHTriazole), 129.91, 137.95, 138.02

(CH=), 144.90, 145.32, 145.42, 149.84, 149.92, 149.98, 156.83,

160.01, 160.01, 160.05, 172.04 (Cq) ppm. HRMS–ESI (m/z):

[M + H]+ calcd for 1509.7367; found: 1509.7332; [M + 2H]2+

calcd for 755.3720; found: 755.3715.

DCM-functionalized methyl 6-azido-6-deoxy-
α-D-glucopyranoside 8
To a stirred solution of compound 7 (414 mg, 0.27 mmol) in

CH2Cl2 (2 mL) were added Et3N (125 µL, 0.90 mmol) and

MsCl (52 µL, 0.67 mmol). After stirring 3.5 h, the mixture was

treated with 10 mL of water and the aqueous layer was

extracted with CH2Cl2 (3 × 20 mL). The organic layers were

combined, washed with brine, dried over MgSO4 and evapo-

rated under vacuum to a crude mesylate which was used

without purification for the next step. To a solution of crude

mesylate in DMF (3 mL) was added sodium azide (29.9 mg,

0.46 mmol) and the mixture was stirred at 110 °C during 15 min

under microwave irradiation (700 rpm, monitoring by TLC).

After cooling to room temperature, the reaction mixture was

poured into 20 to 25 mL of distilled water. The precipitate was

then filtred through cellulose acetate filter (porosity 2 µm)

under vacuum and washed with water. The product was puri-

fied by column chromatography using EtOAc/acetone (gradient

1:0 to 9:1) to give 75% of the desired compound (328 mg,

0.21 mmol) as a red solid; mp 156–158 °C; Rf = 0.49

(EtOAc/acetone = 4:1); [α]D +9 (c 0.5, CHCl3); 1H NMR

(400 MHz, CDCl3) δ 1.37 (s, 27H, Ht-Bu), 2.91 (s, 3H, NMe),

2.92 (s, 3H, NMe), 2.92 (s, 3H, NMe), 3.31–3.51 (m, 3H,

H-4,6,6’), 3.39 (s, 3H, OMe), 3.49 (dd, J = 3.7, 9.6 Hz, 1H,

H-2), 3.64–3.69 (m, 1H, H-5), 3.79 (t, J = 9.6 Hz, 1H, H-3),

3.90–3.97 (m, 6H, 3×NCH2), 4.57–4.64 (m, 6H, 3×NCH2),

4.65–4.97 (m, 7H, 3×OCH2, H-1), 6.46–6.66 (m, 16H,

16×CH=), 7.26–7.42 (m, 8H, 8×CH=), 7.69 (s, 1H, HTriazole),

7.89 (s, 1H, HTriazole), 8.00 (s, 1H, HTriazole) ppm; 13C NMR

(100 MHz, CDCl3) δ 28.16 (Met-Bu), 36.68 (Cq), 38.54, 38.65,

38.71 (NMe), 47.51 (NCH2), 51.22 (C-6), 52.52 (NCH2), 55.39

(OMe), 57.84, 57.91, 57.91 (Cq), 64.26, 65.87, 66.28 (OCH2),

69.57 (Cq), 69.83 (C-5), 77.37 (Cq), 78.00 (C-4), 79.29 (C-2),

81.08 (C-3), 97.43 (C-1), 102.41, 105.80, 111.95, 112.01,

113.73, 113.78 (CH=), 115.70, 115.83, 123.31, 123.37 (Cq),

124.13, 124.43, 124.77 (CHTriazole), 129.89 (Cq), 137.89,

137.93, 138.02 (CH=), 144.81, 144.86, 145.27, 149.86, 149.96,

149.96, 156.80, 159.97, 160.03, 172.02 (Cq) ppm; HRMS–ESI

(m/z): [M + H]+ calcd for 1534.7432; found: 1534.7381; [M +

2H]2+ calcd for 767.8753; found: 767.8746.

DCM and DAE-functionalized methyl α-D-
glucopyranoside 2
To a solution of compound 8 (51.1 mg, 0.033 mmol) in DMF

(2 mL) were added the photochromic compound 9 (62.0 mg,

0.111 mmol), CuSO4 (2.5 mg, 0.010 mmol) and Na ascorbate

(6.8 mg, 0.034 mmol). The reaction mixture was stirred at

70 °C during 5 min then at 130 °C during 30 to 45 min under

microwave irradiation (700 rpm, monitoring by TLC), and

poured into distilled water after cooling to room temperature.

The precipitate was then filtred through a cellulose acetate filter

(porosity 2 µm) under vacuum and washed with water, then

purified by column chromatogrphy using EtOAc:ethanol (9:1)

to give 66% of the desired compound (45.8 mg, 0.022 mmol) as

a red solid; mp 181–183 °C; Rf = 0.53 (EtOAc/acetone = 4:1);

[α]D +45 (c 0.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.36 (s,

27H, Ht-Bu), 2.09 (s, 3H, Me), 2.54 (s, 3H, Me), 2.88 (s, 3H,

NMe), 2.90 (s, 3H, NMe), 2.92 (s, 3H, NMe), 2.97 (t,

J = 9.6 Hz, 1H, H-4), 3.21 (s, 3H, OMe), 3.35 (dd, J = 3.2,

9.6 Hz, 1H, H-2), 3.79–3.93 (m, 8H, H-3,5, 3×NCH2),

4.45–4.81 (m, 13H, H-1,6,6’, 3×NCH2, 2×OCH2), 4.93 (d,
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J = 11.4 Hz, 1H, OCH), 4.97 (d, J = 11.5 Hz, 1H, OCH), 5.26

(s, 2H, OCH2), 6.45–6.64 (m, 15H, 15×CH=), 7.02 (d,

J = 8.7 Hz, 2H, 2×CH=), 7.26–7.49 (m, 15H, 15×CH=),

7.77–7.79 (m, 4H, 4×CH=), 7.88 (d, 2H, J = 8.7 Hz, 2×CH=),

7.97 (s, 1H, HTriazole), 8.03–8.09 (m, 3H, 3×CH=) ppm;
13C NMR (100 MHz, CDCl3) δ 12.46, 12.94 (Me), 28.25

(Met-Bu), 36.77 (Cq), 38.79, 38.88 (NMe), 47.56, 47.68

(NCH2), 50.54 (C-6), 52.56, 52.62, 52.72 (NCH2), 55.56

(OMe), 58.20, 58.28 (Cq), 62.07, 64.23, 65.96, 66.27 (OCH2),

68.89 (CH), 69.65 (Cq), 77.36, 79.31, 81.05 (OCH), 97.56

(C-1), 102.54, 112.21, 113.95, 114.05, 114.09, 115.29 (CH=),

115.71, 115.87, 123.51, 123.55, 123.60, 123.66 (Cq), 124.57,

124.68, 124.94, 126.41, 126.72, 128.20, 128.89, 129.08, 129.95,

130.40 (CH=), 133.59, 133.68 (Cq), 137.89, 137.95, 138.02

(CH=), 143.90, 144.78, 144.99, 145.06, 149.85, 156.89, 160.02,

163.93, 164.13, 167.30, 172.08 (Cq) ppm; HRMS–ESI (m/z):

[M + 2H]2+ calcd for 1048.4254; found: 1048.4247; [M +

3H]3+ calcd for 699.2860; found: 699.2845.
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Abstract
Glycodendrons are multivalent glycoconjugates bearing an orthogonal functional group at the focal point of the molecule. This

allows for their postsynthetic elaboration to achieve amphiphilic glycolipid mimetics, for example, which eventually can be applied

in biology, biophysics, or material science. Here, postsynthetic modification of di- and tetravalent polyether glycodendrons has

been explored using etherification, thiol-ene reaction and in particular olefin cross metathesis.

1482

Introduction
In addition to nucleic acids and proteins, molecular life is based

on a third important class of compounds, the carbohydrates.

Carbohydrates are involved in numerous biological recognition

processes, where they are often displayed in the form of multi-

valent conjugates such as on the surface of cells [1]. To investi-

gate multivalency in carbohydrate recognition, multivalent

glycomimetics, for example the glycodendrimers, have become

valuable tools during the last two decades [2]. Typical glyco-

dendrimers consist of (hyper)branched dendritic core mole-

cules which are decorated with specific sugars in their periphery

[3-5]. In addition to dendrimers, also so-called dendrons have

been frequently applied for the synthesis of multivalent glyco-

conjugates [6]. Dendrons resemble a branched fragment of a

whole dendrimer with an orthogonal functional group (FG) at

the focal point of the molecular fragment (Figure 1a). This

molecular architecture comprises the possibility to anchor a

multivalent glycoconjugate to a scaffold or surface, respective-

ly, after suitable postsynthetic modification at the focal point of

the molecule. Moreover, such an approach opens the door to a

number of intriguing applications of multivalent glycoconju-

gates such as incorporation into a supramolecular assembly, for

example films, liposomes, or membranes.

Focal functionalization of dendrons can be performed prior to

modification of the multivalent dendron periphery, or as post-

synthetic modification. However, postsynthetic functionaliza-
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Figure 1: a) Dendrons (right) are branched fragments of dendrimers (left), featuring a functional group (FG) at their focal point which can be orthog-
onal to all other functionalities of the molecule; b) di- and tetravalent polyether glycodendrons equipped with protected α-D-mannosyl residues were
employed to test postsynthetic modification at the focal point; FG: double bond, OH.

Scheme 1: Synthesis of the starting material for postsynthetic focal point functionalization; published yields [7] were partly improved. Glycodendron 9
was obtained for the first time (cf. Experimental part).

tion of the focal point of a rather bulky molecule is not

necessarily facile owing to steric hindrance, and therefore has

been employed to a lesser extent until to date. Consequently, we

have commenced a study on postsynthetic modification

of di- and tetravalent polyether glycodendrons, functionalized

with a focal double bond or hydroxy group, respectively

(Figure 1b).

Results and Discussion
The principal synthesis of the employed polyether glycoden-

drons has been published earlier by us [7,8]. It is based on

Williamson etherification of methallyldichloride (MDC, 1,

3-chloro-2-chloromethyl-1-propene) [9] using the isopropyli-

dene-protected hydroxyethyl mannoside 2 to furnish the diva-

lent glycodendron 3 (Scheme 1). Then, ozonolysis yields the
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Scheme 2: Initial syntheses of amphiphilic glycodendrons.

alcohol 4 in a quantitative reaction, which can be further modi-

fied at the focal hydroxy group, leading to 5 after allylation and

to the primary alcohol 6 in the following ozonolysis step.

However, the alcohol 4 can also be employed in another etheri-

fication reaction with MDC to deliver glycodendron 7 of the

next dendron generation. This in turn, can be further elaborated

to give the alcohol 8 and the formerly unknown glycodendron

alkene 9.

Initially, postsynthetic focal point modification of glycoden-

drons was attempted by direct etherification employing long

chain alkyl bromides. Williamson etherification of 4 using

tetradecanyl bromide led to 10 in only 33% yield, and the same

reaction starting with the primary alcohol 6 led to 11 in a some-

what better yield of 44% (Scheme 2). When the tetravalent

glycodendron 3 was employed in the same experiment, yields

remained below 10%. The focal point apparently is disadvan-

taged in this reaction. Under those reaction conditions that

resulted in at least some yield, degradation of the starting ma-

terial concomitantly occurred. Also other standard reactions of

organic chemistry did not proceed as expected in case of the

glycodendrons 3–9. However, the so-called “thiol-ene” reac-

tion [10] gave reliable results with both bivalent and tetravalent

glycodendrons. The radical addition of mercaptododecane to

either 3 or 7, employing AIBN as radical starter, led to the

amphiphilic thioethers 12 and 13, respectively, in fair yields.

Deprotection conditions employing TFA in water left the

thioethers intact. These results were encouraging for further

postsynthetic modification of glycodendrons.

In a second part of our study we have investigated olefin cross

metathesis [11] of polyether di- and tetravalent glycodendrons 5

and 9 with terminal alkenes of different chain length

(Scheme 3). Indeed, reaction of 5 and 1-decene using Grubbs’

catalyst (5%) led to the alkene 14 in 81% and the analogous

reaction with 1-pentadecene and 10% Grubbs’ catalyst

furnished 15 in 64% yield. Interestingly, in both cases, the

trans-configured alkenes were the only cross-coupling products

obtained. This might be due to the specific structure of the used

substrates, as sterically hindered olefins are known to enhance

trans-selectivity in metathesis [12]. The same reactions were

successful with the tetravalent glycodendron 9 yielding the
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Scheme 3: Postsynthetic focal modification of glycodendrons (I) using using olefin cross metathesis.

cross coupling products 16 and 17 in 77% and 43% respective

yields. Again, only the trans-metathesis products were obtained.

The cross-coupled alkenes 14 and 16 were carried on in

catalytic hydrogenation reactions for reduction of the double

bond, followed by deprotection of the sugar isopropylidene

protecting groups. This supplied the di- and tetravalent

amphiphilic glycodendrons 19 and 21, which can eventually be

explored in glycoarray fabrication [13] or in another supra-

molecular context such as in glycomicelles [14].

To also achieve the synthesis of branched glycolipid mimetics

which are suitable for incorporation into lipid bilayers, the di-

and tetravalent glycodendrons 6 and 9 were then cross-coupled

with the mono-allylated glycerol triether 22 (Scheme 4). The

alkene 22 can be derived from commercially available glycerol-

monoallyl ether according to the literature [15]. Metathesis with

the divalent glycodendron 6 led to the desired product 23 as cis/

trans mixture in 38% yield, while the glycerol ether dimer was

obtained as the main product (not shown). The analogous result

was obtained with the tetravalent glycodendron 9 leading to the

hetero-cross coupling product 24 as the minor and the homo-

cross coupling product as the dominating product. Nevertheless,

metathesis allows to achieve these quite complex branched

glycolipid mimetics, 23 and 24, on a multi-100 mg scale. The

following hydrogenation of the double bond was carried out in

order to resolve the diastereomeric cis/trans mixtures leading to

the saturated products 25 and 26 in high yields. Then deprotec-

tion of the sugar isopropylidene protecting groups furnished the
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Scheme 4: Postsynthetic focal modification of glycodendrons (II) using olefin cross metathesis.

di- and tetravalent amphiphilic glycodendrons 27 and 28. Purifi-

cation of the unprotected products was facilitated by gel perme-

ation chromatography (GPC).

Conclusion
In conclusion, it was shown that readily available polyether

glycodendrons can be refined employing suitable postsynthetic

modification of the focal point. We have illustrated, that alkyl-

ation, thiol-ene reaction and in particular olefin cross metathesis

leads to di- and tetravalent glycolipid mimetics that are

amenable to a variety of applications, employing Langmuir

films [16], self-assembled monolayers (SAMs) [17-19] or lipid

bilayers [20], for example. We will eventually optimize some of

the described reactions where necessary and validate the

described procedures for modification of more complex glyco-

dendrons, including the use of alternative protecting groups.

Certainly, thiol-ene and metathesis reaction should be

particularly useful also for oligosaccharide glycodendrons,

which might be even more sensitive than the herein used mole-

cules.
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Abstract
The present work describes efficient avenues for the synthesis of the trisaccharide repeating unit [α-D-Rhap-(1→3)-α-D-Rhap-

(1→3)-α-D-Rhap] associated with the A-band polysaccharide of Pseudomonas aeruginosa. One of the key steps involved 6-O-

deoxygenation of either partially or fully acylated 4,6-O-benzylidene-1-thiomannopyranoside by radical-mediated redox rearrange-

ment in high yields and regioselectivity. The D-rhamno-thioglycosides so obtained allowed efficient access to the trisaccharide

target via stepwise glycosylation as well as a one-pot glycosylation protocol. In a different approach, a 4,6-O-benzylidene

D-manno-trisaccharide derivative was synthesized, which upon global 6-O-deoxygenation followed by deprotection generated the

target D-rhamno-trisaccharide. The application of the reported regioselective radical-mediated deoxygenation on 4,6-O-benzyli-

dene D-manno thioglycoside (hitherto unexplored) has potential for ramification in the field of synthesis of oligosaccharides based

on 6-deoxy hexoses.

1488

Introduction
With the firm establishment of the critical roles played by oligo-

saccharides in diverse biological processes [1-4], the field of

oligosaccharide synthesis has seen a rapid development over the

last two decades [5-7]. The D-rhamnoside motif is of particular

interest with its presence established in the LPS/EPS systems of

various bacterial strains which are pathogenic towards both

plants and animals. These species include the Burkholderia

cepacia complex [8], P. aeruginosa [9], Helicobacter pylori

[10], Citrobacter freundii [11], Campylobacter fetus [12],

Stenotrophonas maltophilia [13], Xanthomonas campestri [14]

and Brucella sp. [15].

P. aeruginosa has long been established as an opportunistic

pathogen which infects humans having compromised immunity
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with fatal consequences in a majority of cases. Its high persis-

tence against a wide variety of antibiotics is also well docu-

mented. It has also been observed how the colonized form of

this species in cystic fibrosis lungs, through non-expression of

O-antigens, offer high persistence often rendering O-antigen-

based vaccines ineffective. But the conservation of the A-band

polysaccharide even in the colonized form makes this repeating

unit a viable candidate for A-band polysaccharide-based

vaccines which can avoid the vulnerability applicable to their

O-antigen-based counterparts [16]. Hence, the A-band polysac-

charide [16] of P. aeruginosa which has been characterized

previously as a repeating combination of [→2)-α-D-Rhap-

(1→3)-α-D-Rhap-(1→3)-α-D-Rhap] (Figure 1) provides for a

synthetic target whose efficient synthesis is worth pursuing. It is

to be noted that synthesis of a tetrasaccharide, α-D-Rhap-

(1→2)-α-D-Rhap-(1→3)-α-D-Rhap-(1→3)-α-D-Rhap [17] and

a trisaccharide, α-D-Rhap-(1→3)-α-D-Rhap-(1→2)-α-D-Rhap

[18] related to the A-band polysaccharide of P. aeruginosa were

made with a view to develop glycoconjugate vaccines, but none

have ultimately materialized into valid vaccine candidates.

Figure 1: Repeating unit of the A-band polysaccharide of P. aerugi-
nosa.

Thus, we targeted the trisaccharide [α-D-Rhap-(1→3)-α-D-

Rhap-(1→3)-α-D-Rhap] as our synthetic goal toward construc-

tion of a probable vaccine candidate against P. aeruginosa.

The synthesis of the D-rhamnose-based oligosaccharide from

the D-mannose motif has received substantial attention over the

last decade. The problem of β-D-rhamnoside synthesis has been

greatly addressed by Crich et al. [19-23]. But, Crich’s global

deoxygenating strategy, despite its ultimate efficiency, still

requires synthetic modification on the conventional 4,6-O-

benzylidene framework involving reagents which are rather

expensive. Moreover, additional steps are required for the

preparation of these adequately derivatized mannose-based

systems from which the D-rhamnose motif may be accessed.

Other reports on the D-rhamnose-based synthesis have also

surfaced in recent times [24,25]. Apart from this, the synthesis

of monomeric D-rhamnose has been highly streamlined by Roy

et al. in 2007 [26], and further improvement on this method was

reported by Kiefel et al. in 2011 [27]. However, the deoxygena-

tion protocol involving halogenation under Mitsunobu condi-

tions was found to be inefficient when applied to thioglyco-

sides directly. Moreover, the use of stoichiometric amounts of

the toxic tin hydride for radical-based reductive dehalogenation

as required by the above method appeared undesirable espe-

cially in the preparative stages where reactions have to be set up

on a large scale. On the other hand, Kiefel’s method requires

four steps for the conversion of D-mannose to D-rhamnose on

which further manipulations are required to reach the

adequately designed derivatives. This makes the starting ma-

terial preparations rather long drawn.

Keeping these limitations in mind we selected the protocol

devised by Pedersen et al. [28] and subsequently studied by

Dang et al. [29-32] which seemed to address all the inadequa-

cies described above. However, the compatibility of the method

with thioglycosides had to be verified. Upon application, and

much to our delight, it was found that thioglycosides responded

equally well compared to their O-glycosidic counterparts. It

may be mentioned here that the response of thioglycosides

towards this method was not reported in the original observa-

tion [28]. To the best of our knowledge, this method has not yet

been applied directly on thioglycosides. So, having established

an easy means to access D-rhamno-thioglycosides from their

D-manno-counterparts, we set about devising efficient routes to

reach the target trisaccharide. The following section bears elab-

oration of our efforts.

Results and Discussion
Deoxygenation at the C-6 position of D-mannose derivatives

bearing conventional or Crich’s modified 4,6-O-benzylidene

protection [19-23] has been the principal philosophy behind the

synthesis of the D-rhamnose [19-23,30,33-39] motif. This is a

natural choice not only because it allows simultaneous selec-

tive blockage of the O-4 and O-6 positions but also sets up the

model on which various deoxygenation protocols may be tried.

The linkage pattern and stereochemistry at the glycosidic posi-

tions on the target dictate the presence of acyl protection on the

O-2 position as shown in Scheme 1.

We began our synthesis targeting two pivotal intermediates 1a

and 1b which were obtained using previously reported methods

[40,41] and then proceeding forward to the monomeric building

blocks required according to the retrosynthetic analysis

(Figure 2).

The procedures used and the results obtained to reach the inter-

mediate targets have been summarized in Scheme 1. Accord-

ingly, compounds 2 and 3b [42] were obtained uneventfully
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Scheme 1: Preparation of the monomeric building blocks; reagents and conditions: i) Pyr., BzCl, 0 °C–rt; ii) PhC(OMe)3, CSA, MeCN, 0 °C–rt, 80%
AcOH (aq), 25 °C; iii) DTBP, TIPST, octane, reflux; iv) TCCA, acetone–H2O, rt; v) CCl3CN, DBU, DCM; vi) MeC(OEt)3, CSA, MeCN, 0 °C–rt, 80%
AcOH (aq), 25 °C.

Figure 2: Retrosynthetic analysis.

from 1a in 92% and 75%, respectively (Scheme 1). All attempts

to place an acetyl protection at the O-2 position of 1b with high

yield failed. The poor yield was presumed to be due to the

migration of the 2-O-acetyl group to the O-3 position leading to

a mixture which was hard to separate. Hence we switched to

O-benzoyl protection which was found to be less susceptible to

migration [25]. The 2-O-benzoylated compound 4 was prepared

by conversion of 1b into its corresponding methyl 2,3-orthoben-

zoate derivative followed by the selective cleavage of the same

with 80% aq AcOH. Compound 3a which is the phenyl thiogly-

coside analogue of 4 was also accessed similarly. Both the com-

pounds were next converted to their rhamnoside counterparts 6

and 7 [44], respectively by treatment with di-tert-butyl peroxide

(DTBP) and triisopropylsilanethiol (TIPST) under reflux in

octane over 2–3 h [30] in overall 74% and 64% yields, respect-

ively, over two steps. It is worth noting here that during column

chromatographic purification after AcOH-mediated cleavage of

the orthobenzoate derivative some losses were incurred due to
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Scheme 2: Sequential stepwise synthesis of the trisaccharide; reagents and conditions: i) TMSOTf, DCM, molecular sieves 4 Å, N2, −50 °C; ii) NIS,
TMSOTf, DCM, molecular sieves 4 Å, N2, −10 °C; iii) NaOMe, MeOH, rt, 12 h.

the migration of the 2-O-benzoyl group to the O-3 position.

However the susceptibility of the benzoyl group to migration

was much lower than that of its acetate analogue.

The same problem persisted even in the rhamnosides 6 and 7.

Hence, to minimize the loss during purification, the chromato-

graphic purification was reserved until the end of the deoxy-

genation step. Thus, the intermediate compounds 3a and 4 were

used without purification by column chromatography. Com-

pound 2 was deoxygenated to its rhamnosyl counterpart 2a in a

high yield (88%). Next, the thioglycoside was hydrolyzed to the

hemiacetal 2b with trichloroisocyanuric acid (TCCA) in

acetone–H2O [43] in 85% yield and was further converted

almost quantitatively to the corresponding trichloroacetimidate

5 [44]. Having arrived at the monomeric building blocks 5, 6,

and 7 we carried forward to the rhamnose-based disaccharide 8

which being a thioglycoside would subsequently serve as the

glycosyl donor in the next step. Accordingly, 5 and 6 were

coupled almost quantitatively to give 8. The disaccharide so

obtained was then coupled with 7 to give the protected tri-

saccharide 9 in 90% yield using a N-iodosuccinimide-

trimethylsilyl trifluoromethanesulfonate (NIS-TMSOTf) combi-

nation as the activating reagent. The target trisaccharide was

then obtained via deprotection under the Zémplen conditions to

give 10 quantitatively, as is summarized in Scheme 2.

However, in the interest of time and economy of resources

consumed, a one-pot synthesis is always desirable. Accordingly,

further optimization of the glycosylation protocol was achieved

by carrying out the whole glycosylation process in one-pot

leading to the target trisaccharide 9 in 79% yield (Scheme 3). In

this case the disaccharide synthesis was set up as described

previously, and then the second acceptor 7 was introduced into

the reaction mixture at −50 °C after which NIS and TMSOTf

were added successively at the same temperature. The tempera-

ture was then raised upto −10 °C, and the reaction mixture was

stirred for another 1 h at that temperature to give the target tri-

saccharide as summarized in Scheme 3.

At this point, our search for overall synthetic efficiency was

greatly augmented by a change of approach. Since, multiple

deoxygenations had been observed by Dang et al. [30] on

trehalose derivatives previously, we figured that we could

access the rhamnose-based trisaccharide directly from a suit-

ably derivatized manno-trisaccharide bearing the three 4,6-O-

benzylidene protecting groups by a single global deoxygena-

tion step. Accordingly, we coupled the monomeric units 2, 3b

[45] and 4 to reach the mannose-based trisaccharide 12

(Scheme 4). The deoxygenation protocol, being incompatible

with the O-benzyl protecting group, required an acyl protection

profile on O-2 and O-3 positions. Such an arrangement was also

in agreement with the stereochemical requirements at the

anomeric positions of our target trisaccharide.

Since compounds 2 and 3b bear structural similarity with each

other it was expected that they would have similar reactivity

towards glycosylative activation. Hence, a preactivation-based

glycosylation protocol was devised for the first step leading to
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Scheme 3: Synthesis of the trisaccharide by sequential one-pot glycosylation reactions; reagents and conditions: i) (a) TMSOTf, DCM, molecular
sieves 4 Å, N2, −50 °C; (b) NIS, TMSOTf, −50 °C, DCM, molecular sieves 4 Å, N2, −10 °C.

Scheme 4: Synthesis of the target trisaccharide via global deoxygenation strategy; reagents and conditions: i) BSP, Tf2O, –60 °C, DCM, molecular
sieves 4 Å, N2, –78 °C; ii) NIS, TMSOTf, DCM, molecular sieves 4 Å, N2, −10 °C; iii) DTBP, TIPST, octane, reflux, 3 h; iv) NaOMe, MeOH, rt, 12 h.

the disaccharide 11 using 1-benzenesulfinyl piperidine–triflic

anhydride (BSP–Tf2O) [46]. The subsequent step was carried

out using NIS–TMSOTf to give the mannose-based tri-

saccharide 12. This trisaccharide was next deoxygenated glob-

ally to give the rhamnose-based trisaccharide 13 with high yield

(80%). This was then deprotected under the Zémplen condi-

tions to yield 10 quantitatively as is summarized in Scheme 4.

1H NMR in MeOH-d4 of the target trisaccharide 10 showed the

anomeric protons of the consecutive rhamnose residues from

the non-reducing end appearing at δ 5.09, 5.06 and 5.30 ppm,

respectively. 13C NMR in the same solvent revealed that the

chemical shifts of the anomeric carbons of the two consecutive

rhamnose units from the non-reducing end coincided at δ

102.3 ppm (as also evidenced from HSQC data) with the corres-

ponding 1JC1-H1 of 170.4 Hz and that of the anomeric carbon of

the reducing end monomer unit appeared at 98.9 ppm with the

corresponding 1JC1-H1 of 170.2 Hz. The value at δ 102.3 ppm

can be corroborated with the reported [16] C1-chemical shifts at

δ 103.19 and 103.43 with 1JC1-H1 of 173 Hz, exhibited in D2O

corresponding to the two [→3)-α-D-Rhap-(1→] units in the

A-band polysaccharide of P. aeruginosa. The small difference

in the chemical shifts and the corresponding 1JC1-H1 values may

be attributed to the difference in the solvents (MeOH-d4 and

D2O), chosen in these two cases for recording NMR.

Comparing and considering the NMR data in these two cases
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we surmised that all the three anomeric carbons are α-config-

ured [47].

Conclusion
In short, we have described three different efficient routes to

access the A-band trisaccharide associated with P. aeruginosa.

The radical-based 6-deoxygenation protocol on 4,6-O-benzyli-

dene (hitherto unexplored on thioglycosides) was utilized to

arrive at the D-rhamno-thioglycoside derivatives from their

D-manno-counterparts. This, along with a similar global

6-deoxygenation strategy on D-manno-trisaccharide derivative

(bearing 4,6-O-benzylidene protection on each mannose unit)

offer great potential in future oligosaccharide syntheses based

on 6-deoxy hexoses.
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Abstract
Glycosyl-[60]fullerenes were first used as decontaminants against ricin, a lactose recognition proteotoxin in the Ricinus communis

family. A fullerene glycoconjugate carrying two lactose units was synthesized by a [3 + 2] cycloaddition reaction between C60 and

the azide group in 6-azidohexyl β-lactoside per-O-acetate. A colloidal aqueous solution with brown color was prepared from depro-

tected bis(lactosyl)-C60 and was found stable for more than 6 months keeping its red color. Upon mixing with an aqueous solution

of Ricinus communis agglutinin (RCA120), the colloidal solution soon caused precipitations, while becoming colorless and trans-

parent. In contrast, a solution of concanavalin A (Con A) caused no apparent change, indicating that the precipitation was caused

specifically by carbohydrate–protein interactions. This notable phenomenon was quantified by means of sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE), and the results were discussed in terms of detection and decontamination of the

deadly biological toxin in the Ricinus communis family.
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Figure 1: Structure of bis(β-lactosyl)-[60]fullerene (bis-Lac-C60).

Introduction
Carbohydrate-binding proteins (lectins) and proteotoxins, e.g.,

verotoxins [1,2] and cholera toxins [3], can cause serious

damages to human cells. The carbohydrate binding proteins are

able to interact with cell-surface glycoconjugates such as glyco-

proteins and glycolipids to aggregate the cells. Proteotoxins

penetrate into the target cells after binding with glycoconju-

gates and disturb vital cell functions. Ricin, a proteotoxin

isolated from the castor bean of the Ricinus communis family, is

one of the strongest biological toxins and is registered as a

scheduled compound in the Chemical Weapon Convention [4].

Ricin consists of a subunit A with ribonuclease activity and a

subunit B possessing carbohydrate-binding domains specific to

β-lactosyl linkage [5,6]. In the past years, the development of

proteotoxin infection inhibitors based on carbohydrate mole-

cules has attracted great interest [7,8]. In particular, multivalent

biomaterials carrying more than two carbohydrate ligands have

been designed [9-15] and proven to enhance protein–carbohy-

drate interactions by means of glycocluster effects [16-18].

More recently, our research group has reported on attempts of

applying these glycomaterials for both the detection and the

decontamination of biological toxins in an assumed polluted

scene [19-21]. In the present study, we attempted to apply our

N-glycosyl-[60]fullerenes [22-25], which were designed as a

novel class of glycolipids with notable biological and physical

properties.  For example,  bis(α-D-mannopyranosyl)-

[60]fullerene is capable of forming a liposome-like supramole-

cule in aqueous media and exhibits a strong binding activity to

an α-mannose-binding lectin (concanavalin A, Con A) as the

result not only of carbohydrate cluster effects but also of a

unique spatial arrangement of the bis(mannosyl) linkage on the

[60]fullerene surface [25]. In this paper, we describe our first

synthesis of bis(β-lactosyl)-[60]fullerene and its potential as a

tool for detecting and decontaminating the deadly biological

toxin, ricin.

Results and Discussion
In our preceding studies [24,25], we have shown that bis(α-

mannosyl)-[60]fullerene can be obtained by a coupling reaction

between 1-azidoalkyl per-O-acetyl-glycoside and C60 together

with [5,6]- and [6,6]-junction isomers of mono(α-mannosyl)-

[60]fullerene. The bis(glycosyl)adduct is more polar than the

two monoadducts and can be easily separated by silica gel

column chromatography. Taking these preceding results into

account, we prepared the bis(β-lactosyl)-[60]fullerene (bis-Lac-

C60, Figure 1) in the present study.

Synthesis of bis(per-O-acetyl-β-lactosyl)-
[60]fullerene 4
The bis(lactosyl)-fullerene has been prepared from lactosyl

trichloroacetimidate 1 [26] following a pathway as shown in

Scheme 1 [25]. The coupling reaction between 1 and 6-chloro-

1-hexanol was conducted in the presence of trimethylsilyl triflu-

oromethanesulfonate (TMSOTf) to yield β-lactoside 2. The

nucleophilic substitution of the terminal chloride group in 2

with sodium azide afforded glycosyl azide 3. The thermal

cycloaddition of the azide group to C60 was conducted by

boiling in chlorobenzene to obtain a mixture of the three main

products, which were identified as a mixture of [5,6]- and [6,6]-

fused isomers of monoadducts and the targeted bisadduct 4 in

TLC analysis. 4 was purified with chromatography on silica gel

and identified with NMR and MS spectroscopy as the desired

bis(per-O-acetyl-β-lactosyl)-[60]fullerene (Experimental and

Supporting Information Information file 1).

Preparation of colloidal suspension of bis(β-
lactosyl)-[60]fullerene (bis-Lac-C60)
All acetyl groups in 4 were removed with sodium methoxide in

a mixture of dichloromethane and methanol. During this

process, the reaction mixture deposited aggregates of bis-Lac-

C60, which were collected by filtration and washed thoroughly
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Scheme 1: Synthesis of bis-Lac-C60. Reagents and conditions: (a) 6-chloro-1-hexanol, TMSOTf, CH2Cl2, −40 °C, 1 h, 48%; (b) NaN3, DMF, 60 °C,
16 h, 93%; (c) C60, chlorobenzene, reflux, 7 h, 14%; (d) NaOMe, CH2Cl2, MeOH, 5 h.

with methanol. The aggregates were diluted with dimethyl

sulfoxide (DMSO) and dialyzed against distilled water for

2 days to give a colloidal suspension of bis-Lac-C60 with a deep

brown color. The derived suspension was stable for at least

6 months when stored at 4 °C in the dark. Dynamic light scat-

tering (DLS) analysis indicated that the colloidal suspension

might involve spherical particles with two different sizes,

smaller particles with a diameter range of 30–50 nm (av

39.6 ± 6.7 nm) and larger particles with a diameter range of

150–170 nm (av 162 ± 29 nm). We observed analogous results

for colloidal suspensions of mono- and bis(α-D-mannopyra-

nosyl)-[60]fullerenes in both AFM (atomic force microscopy)

and DLS analyses. Probably, the smaller particles are bilayer

vesicles that are stable in DMSO and pyridine while they can be

destructed in parts by treatment with surfactants such as Triton-

X [25]. These nano-sized constructs tend to attract each other to

form the larger particles, and this tendency seems to be

pronounced in polar aqueous solvents.

Precipitation assay for the colloidal suspen-
sion of bis-Lac-C60 with proteins of the
Ricinus communis family
With the colloidal suspension of bis-Lac-C60 in hand, precipita-

tion tests were conducted with Ricinus communis agglutinin

(RCA120) [27], ricin and concanavalin A (Con A) [28]. RCA120

is a ricin-like lectin and able to bind β-galactose residues. Con

A is an α-mannose-specific lectin. When RCA120 (10 μL,

20 μg mL−1) was added to this suspension (0.1 mL, 300 μM),

the suspension soon gave rise to dark brown precipitate

(Figure 2a). The precipitate was collected by centrifugation,

washed thoroughly with water, and then applied to SDS-PAGE.

A clear band was observed at the region matching with RCA120,

supporting that this lectin was directly associated with the sedi-

mentation. Also upon the addition of ricin, a similar phenom-

enon could be observed, even though the precipitation took a

prolonged time (ca. 15 min) in comparison with the case of

RCA120 (ca. 2 min). Apparently, the proteotoxin possesses a

lower ability to crosslink the [60]fullerene vesicles into larger

sediments, though the reason is unknown. In contrast, no

precipitation could be found in the negative control, which were

composed of the same PBS buffer solution albeit free from

these proteins. In addition, Con A in the same PBS buffer solu-

tion could not induce any sedimentation (Figure 2b and

Figure 2c). These observations allowed us to expect that the

sedimentary phenomenon might arise from species-specific

interactions of the Ricinus communis proteins with the lactose

cluster arrayed on the surface of the [60]fullerene vesicles. In

nature, there are a lot of β-lactose-binding proteins. Not only to
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Figure 2: Precipitation assay of bis-Lac-C60 colloidal solution. The tubes were allowed to stand for 10 min after the addition of proteins or buffer.
(a) 10 μL of 20 μg mL−1 RCA120 solution; (b) 10 μL of 10 μg mL−1 Con A solution; (c) 10 μL of 100 mM PBS buffer.

Figure 3: Schematic image for the quantitative analysis of ricin protein in the colloidal suspension of bis-Lac-C60.

the Ricinus communis proteins but also to many other β-lactose

or β-D-galactose-binding proteins, the β-lactose cluster arrayed

on the surface of the [60]fullerene vesicles may become an ideal

ligand. In this context, the sedimentary reaction is not specific

to the proteins from the Ricinus communis family. Probably, in

an assumed polluted scene, the colloidal suspension of the

bis(β-lactosyl)-[60]fullerene will be useful to check the pres-

ence of ricin-like proteins.

Quantitative analysis of ricin protein in the
bis-Lac-C60 colloidal suspension by means of
SDS-PAGE
The above results have suggested that the Ricinus communis

toxins and probably also other lactose-binding proteins can

crosslink the vesicles of bis-Lac-C60 and then deposit aggre-

gates at the bottom. If this holds true, the vesicles of bis-Lac-

C60 can serve as decontaminants to remove ricin and related

proteins from dangerous areas contaminated with biological

toxins. In this section, we report on the examination of the

behavior of ricin protein in the bis-Lac-C60 suspension by esti-

mating its distribution (%) in both the supernatant and the

aggregate after the sedimentation. The test samples were

prepared in a manner as summarized in Figure 3. A ricin solu-

tion was added to the suspension of bis-Lac-C60 at different

concentrations in the range of 1–100 μM. The mixtures were

allowed to stand for 10 min and then centrifuged at 10 000g for

10 min. The amount of ricin remaining in the aqueous phase

was quantified from the intensity of the protein band in SDS-

PAGE. The amounts were calibrated with standard samples

with known concentrations.

Though Bradford and Lowry methods might be useful for this

kind of protein assays, the strong UV–vis absorbance of the C60

chromophore interfered with these established methodologies.
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Figure 4: A modified procedure for the rapid detection and the efficient decontamination of ricin and ricin-like proteins.

Therefore, we undertook an alternative way by means of the

SDS-PAGE.

The results summarized in Table 1 show that the ricin protein

was partitioned into two phases, i.e., solid phase (precipitates)

and liquid phase (supernatants), after the sedimentation. Its

distribution (%) in the solid phase increased with the concentra-

tion of bis-Lac-C60. At 100 μM, most of the protein (94%) was

deposited at the bottom as aggregates (run 4 in Table 1). These

results support our previous suggestion that the sedimentary

reaction in the colloidal suspension is based on toxin–lactose

interactions and thus is useful for a simple detection of the bio-

logical toxin.

Table 1: Distribution (%) of ricin protein (0.1 mg mL−1) after sedimen-
tation in the colloidal suspension of bis-Lac-C60 at different concentra-
tions.

run bis-Lac-C60 (μM) distribution of ricin (%)
precipitate supernatant

1 1 26 74
2 10 31 69
3 50 74 26
4 100 94 6

Glyco-nanotechnology for locking the deadly
toxin at the bottom
In an assumed situation of bioterrorism, the total time required

for the identification and the decontamination is one of the key

factors for minimizing possible damages from contaminated

biological toxins. Obviously, a simple and highly effective

method is required for this purpose. We have recognized in the

above study that the colloidal suspension of bis-Lac-C60 can

deposit ricin in more than 90% efficiency in a structural form of

“protein–lactose aggregates.” This means that the bis(β-

lactosyl)-[60]fullerene can provide us with a promising tool to

tackle the deadly toxin. At the end of this study, we attempted

Table 2: Efficiency (%) in the decontamination of ricin.

run bis-Lac-C60
(μM)

brine
(mM)

efficiencya

(%)

1 183 100 89.1
2 183 200 97.9
3 183 500 98.4
4 363 100 89.3
5 363 200 97.8
6 363 500 99.3

aThe efficiency (%) was determined from the distribution (%) of ricin
partitioned in the aqueous phase after sedimentation and centrifuga-
tion.

to establish our protocol for the rapid detection and the effi-

cient decontamination of ricin and ricin-like proteins. The

overall protocol examined here is schemed in Figure 4. Though

this is similar to that already shown in Figure 3, the total manip-

ulation time was shortened to 20 min and the decontamination

efficiency was improved by a brine-induced salting-out effect.

First, an aqueous ricin solution was added to the colloidal

suspension of bis-Lac-C60. For the first 2 minutes, the suspen-

sion gave no apparent sediment. Upon addition of brine, the

mixture soon generated precipitates. After standing for another

3 minutes, the mixture was centrifuged and analyzed with SDS-

PAGE in the same manner as described previously (see also

Experimental). By changing concentrations of both brine and

bis-Lac-C60 solutions, we optimized the conditions for locking

this toxin at the bottom effectively.

The results are summarized in Table 2. At a constant bis-Lac-

C60 concentration (183 μM or 363 μM), the decontamination

efficiency (%) increased with the concentration of brine. The

efficiency reached 99% at 500 mM brine concentration and

363 μM bis-Lac-C60 (run 6 in Table 2). Consequently, the

modified procedure enabled us to decontaminate ricin with

>99% efficiency within 20 min.
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Conclusion
A bis(β-lactosyl)-[60]fullerene was synthesized and evaluated

as a novel class of glycolipid in the form of a red-colored

colloidal suspension in aqueous medium. Its potency was

obvious in the precipitation assay by using Ricinus communis

proteins, which soon precipitated at the bottom while the red-

colored suspension changed to colorless transparent solution.

The observed phenomenon, which is based on multivalent

protein–lactose interactions, prompted us to apply this glyco-

lipid as a tool for the rapid detection and the decontamination of

ricin and other biological toxins. By using an SDS-PAGE

analysis, we successfully quantified distributions (%) of ricin in

the aqueous and the solid phase. With this analytical tool in

hands, we have also optimized the reaction conditions and

proposed two protocols. The first protocol facilitates the detec-

tion, the second protocol allows for both the detection and the

decontamination. The latter enabled us to deposit the toxin at

the bottom of polluted solutions with efficiency greater than

99%. Obviously, the lactosyl-[60]fullerene provides us with a

simple and powerful tool for tackling such dangerous toxins

that aggregate our cells and/or penetrate into cells by a common

way of protein–carbohydrate interactions.

Experimental
Safety consideration: Ricin is a highly toxic protein and was

used with permission from the Minister of Economy, Trade and

Industry of Japan. It should be handled using protective clothing

in a fume hood, and should be decontaminated with an auto-

clave apparatus after examination.

General: All reactions were conducted under a dry argon

atmosphere. All chemicals involved in the bis(lactosyl)-

fullerene synthesis were purchased from Wako Pure Chemical

Industries Co., Ltd., Tokyo Chemical Industry Co., Ltd. (Japan)

and Sigma-Aldrich Co. (USA) and used without further purifi-

cation. All reactions were monitored by thin-layer chromatog-

raphy (TLC) on an aluminum sheet silica gel (60 F254 Merck,

Sigma-Aldrich) by using UV-light detection and ethanolic

phosphomolybdic acid or a p-anisaldehyde solution and heat as

developing reagents. Flash column chromatography was

performed on a silica gel (Merck 60 Å, particle size:

0.040–0.063 mm) by using toluene/ethyl acetate, hexane/ethyl

acetate, cyclohexane/ethyl acetate, and chloroform/methanol

mixtures as eluents. 1H NMR (500 MHz), 13C NMR

(125 MHz), and 2D NMR spectra were recorded with a JNM-

LA-500s or JNM-ECA-500 spectrometer (JEOL, Japan). Unless

otherwise stated, NMR spectra were recorded at 22 °C in

CDCl3 with tetramethylsilane (TMS) as an internal standard and

a digital resolution of 0.30 Hz. The following abbreviations

correspond to spin multiplicities: s = singlet, d = doublet, t =

triplet, m = multiplet, br = broad, and bs = broad singlet.

FABMS spectra were recorded on a JEOL JMS-AX-500 spec-

trometer. HRMS–ESI spectra were recorded with a Thermo

Scientific Exactive mass spectrometer. FTIR spectra were

recorded on a JASCO FTIR-230 spectrometer (Japan) as KBr

films. Ricin (2.5 mg mL−1) was obtained from Honen Corpora-

tion (now J-Oil Mills, Inc., Tokyo, Japan) in a 10 mmol L−1

potassium phosphate buffer (pH 7.2) containing 0.8% (w/v)

sodium chloride and 0.02% (w/v) potassium chloride.

6-Chlorohexyl 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-β-lactoside

(2): A suspension of glycosyl imidate 1 (4.65 g, 5.96 mmol),

6-chloro-1-hexanol (2.37 mL, 17.9 mmol), and molecular sieves

4 Å (3.00 g) in dichloromethane (30 mL) was stirred for 1 h.

After cooling to −40 °C, TMSOTf (53.8 μL, 0.298 mmol) was

added to the suspension and the mixture was stirred for another

1 h. After quenching with triethylamine, the reaction mixture

was diluted with chloroform and filtered through a Celite pad.

The filtrate was washed with brine, the organic layer was dried

over MgSO4, filtered, and concentrated in vacuo. The residue

was chromatographed on silica gel by using cyclohexane/ethyl

acetate 3:2 to give glycoside 2 as a white solid (2.16 g, 48%):

[α]D −11.4 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.35

(dd, J3’,4’ = 3.4 Hz, J4’,5’ = 0.9 Hz, 1H, H-4’), 5.19 (t, J2,3 = J3,4

= 9.2 Hz, 1H, H-3), 5.11 (dd, J1’,2’ = 7.9 Hz, J2’,3’ = 10.7 Hz,

1H, H-2’), 4.97 (dd, J2’,3’ = 10.4 Hz, J3’,4’ = 3.4 Hz, 1H, H-3’),

4.88 (dd, J1,2 = 7.9 Hz, J2,3 = 9.5 Hz, 1H, H-2), 4.49 (d, J1’,2’ =

7.9 Hz, 1H, H-1’), 4.49 (m, 1H, H-6a), 4.45 (d, J1,2 = 7.9 Hz,

1H, H-1), 4.15–4.06 (m, 3H, H-6b, H-6’a and H-6’b), 3.89–3.82

(m, 2H, H-5’ and –CH2–), 3.79 (t, J3,4 = J4,5 = 9.7 Hz, 1H,

H-4), 3.60 (dq, J4,5 = 9.8 Hz, J5,6 = 2.1 and 4.9 Hz, 1H, H-5),

3.53 (t, J = 6.7 Hz, 2H, –CH2–Cl), 3.49–3.44 (dt, J = 6.4 and

9.5 Hz, 1H, –OCH2–), 2.15, 2.12, 2.06, 2.04, and 1.97 (s×5,

15H, –OCOCH3), 2.05 (s, 6H, –OCOCH3), 1.79–1.73 (m, 2H,

–CH2–), 1.61–1.54 (m, 2H, –CH2–), 1.46–1.41 (m, 2H,

–CH2–), 1.37–1.32 (m, 2H, –CH2–); 13C NMR (125 MHz,

CDCl3) δ 170.35, 170.31, 170.12, 170.04, 169.77, 169.56,

169.06, 101.05, 100.55, 76.29, 72.81, 72.58, 71.70, 70.97,

70.66, 69.85, 69.10, 66.59, 62.00, 60.77, 44.90, 32.44, 29.20,

26.46, 25.08, 20.82, 20.77, 20.66, 20.58, 20.46; HRMS–FAB

(m/z): [M + K − H]+ calcd for C32H47O18Cl, 793.2088; found,

793.2040.

6-Azidohexyl 2,3,6,2’,3’,4’,6’-hepta-O-acetyl-β-lactoside (3):

A suspension of compound 2 (2.16 g, 2.86 mmol) and sodium

azide (372 mg, 5.72 mmol) in N,N-dimethylformamide (10 mL)

was stirred at 60 °C for 16 h. The reaction mixture was diluted

with ethyl acetate and the organic layer was washed with brine

twice, dried over MgSO4, filtered, and concentrated in vacuo.

The residue was chromatographed on silica gel by using

toluene/ethyl acetate 1:1 to give azide 3 as a white solid (2.02 g,

93%). [α]D −11.1 (c 1.13, CHCl3); 1H NMR (500 MHz, CDCl3)
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δ 5.31 (dd, J3’,4’ = 3.4 Hz, J4’,5’ = 0.9 Hz, 1H, H-4’), 5.16 (t,

J2,3 = J3,4 = 9.5 Hz, 1H, H-3), 5.08 (dd, J1’,2’ = 8.0 Hz, J2’,3’ =

10.6 Hz, 1H, H-2’), 4.92 (dd, J2’,3’ = 10.3 Hz, J3’,4’ = 3.4 Hz,

1H, H-3’), 4.85 (dd, J1,2 = 7.7 Hz, J2,3 = 9.5 Hz, 1H, H-2), 4.46

(d, J1’,2’ = 8.0 Hz, 1H, H-1’), 4.46 (m, 1H, H-6a), 4.42 (d, J1,2 =

7.7 Hz, 1H, H-1), 4.12–4.03 (m, 3H, H-6b, H-6’a and H-6’b),

3.86–3.78 (m, 2H, H-5’ and –CH2–), 3.76 (t, J3,4 = J4,5 = 9.5

Hz, 1H, H-4), 3.56 (dq, J4,5 = 9.7 Hz, J5,6 = 2.0 and 5.2 Hz, 1H,

H-5), 3.53 (dt, J = 6.6 and 9.5 Hz, 2H, –CH2–N3), 3.23 (t, J =

6.9 Hz, 1H, –OCH2–), 2.12, 2.03, 2.00, 1.93, and 2.09 (s×5,

15H, –OCOCH3), 2.01 (s, 6H, –OCOCH3), 1.55 (m, 4H,

–CH2–), 1.33 (m, 4H, –CH2–); 13C NMR (125 MHz, CDCl3) δ

170.41, 170.21, 170.13, 169.86, 169.64, 169.14, 101.14, 100.64,

76.39, 72.88, 72.66, 71.78, 71.05, 70.73, 69.95, 69.17, 66.67,

62.09, 60.87, 51.39, 29.30, 28.83, 26.44, 25.47, 20.95, 20.89,

20.77, 20.71, 20.58; HRMS–ESI (m/z): [M + Na]+ calcd for

C32H47N3O18, 784.2752; found, 764.2747.

per-O-Acetyl bis-Lac-C60 4: A suspension of compound 3

(588 mg, 0.772 mmol) and C60 (278 mg, 0.386 mmol) in

chlorobenzene (117 mL) was stirred until complete dissolution

of C60. The mixture was freeze-deaerated and heated under

reflux for 7 h. After cooling to ambient temperature, the mix-

ture was concentrated in vacuo. The residue was purified by

silica gel column chromatography by using a toluene:ethyl

acetate gradient (1:0→3:1→2:1→1:1) to afford bisadduct 4 as a

black solid (243 mg, 14%) and compound 3 (179 mg, 30%): 1H

NMR (500 MHz, CDCl3) δ 5.35 (d, J = 3.1 Hz, 1H, H-4’), 5.21

(t, J2,3 = J3,4 = 9.3 Hz, 1H, H-3), 5.11 (dd, J1’,2’ = 7.9 Hz, J2’,3’

= 10.4 Hz, 1H, H-2’), 4.96 (dd, J2’,3’ = 10.4 Hz, J3’,4’ = 3.4 Hz,

1H, H-3’), 4.90 (dd, J1,2 = 8.3 Hz, J2,3 = 9.5 Hz, 1H, H-2),

4.50–4.48 (m, 3H, H-1, H-6, and H-1’), 4.16–4.00 (m, 4H, H-6,

H-6’×2, and –CH2– ), 3.91–3.77 (m, 3H, H-4, H-5’, and

–CH2–), 3.63–3.58 (m, 1H, H-5), 3.55–3.46 (m, 1H), 2.15, 2.13,

2.06, 2.05, and 1.97 (s×5, 21H, –OCOCH3 ), 1.49 (b, 1H,

–CH2–), 0.87 (b, 1H, –CH2–); 13C NMR (125 MHz, CDCl3) δ

170.32, 170.31, 170.11, 170.03, 169.77, 169.55, 169.05, 147.59,

146.81, 145.10, 144.97, 144.86, 144.60, 144.54, 144.17, 144.11,

144.09, 143.94, 143.72, 143.53, 143.33, 142.66, 142.00, 141.55,

141.23, 139.54, 139.32, 138.95, 138.79, 137.11, 135.18, 134.56,

132.86, 130.48, 129.01, 128.19, 125.27, 101.07, 100.62, 77.22,

76.31, 72.84, 72.62, 71.73, 70.97, 70.64, 70.02, 69.69, 69.10,

66.57, 62.01, 60.75, 51.60, 29.47, 29.41, 29.38, 27.09, 25.82,

20.92, 20.84, 20.78, 20.64, 20.51; HRMS–ESI (m/z): [M + Na]+

calcd for C124H94N2O36, 2209.5484; found, 2209.5467.

Bis−Lac C60: Sodium methoxide (5 mg, 93 μmol) was added to

a solution of 7 (7 mg, 3 μmol) in dichloromethane (2 mL) and

methanol (0.5 mL), and the mixture was stirred. The reaction

was monitored by TLC and FTIR visualization of the decrease

of the peak originating from the carboxyl group. After 5 h of

stirring, a black precipitate was collected by filtration and

washed with methanol to give bis-Lac-C60 as a black solid.

Preparation of the colloidal suspension of bis-Lac-C60: Bis-

Lac-C60 (7 mg, 3 μmol) was dissolved in dimethyl sulfoxide

(2 mL), and the solution was poured into a dialysis tube (Cellu-

lose Dialyzer Tubing VT351, molecular weight cut-off: 3500,

Nacalai Tesque, Inc., Japan) suffused with distilled water

(20 mL). After 2 days of dialysis, the solution was subjected to

ultrafiltration at 3,000g for 15 min by using an Amicon Ultra-15

device (molecular weight cut: off 5000, Millipore, Co., USA).

The concentrate was transferred into a measuring flask, and the

total volume was adjusted with distilled water to give a bis-Lac-

C60 dispersion colloidal suspension at the desired concentration.

Precipitation assay for the colloidal suspension of bis-Lac-

C60 with proteins of the Ricinus communis family: A solu-

tion of RCA120 in water (10 μL, 20 μg mL−1), Con A in water

(10 μL, 10 μg mL−1), or PBS buffer (10 μL, 100 mM) was

separately added to the 320 μM colloidal suspension of bis-Lac-

C60 (100 μL) in Eppendorf tubes. The mixtures were vigor-

ously shaken by means of a vortex mixer and allowed to stand

for 5 min before careful physical examination.

SDS-PAGE analysis of the precipitate generated by the ad-

dition of RCA120 solution to the colloidal suspension of bis-

Lac-C60: An RCA120 solution (60 μL, 1 mg mL−1) in water

was added to a bis-Lac-C60 colloidal suspension in water

(300 μM, 940 μL), and the mixture was vigorously shaken by

using a vortex mixer and allowed to stand for 10 min. The mix-

ture was centrifuged at 10,000g for 20 min, and the supernatant

was removed. Water (1 mL) was added to the residual black

pellet, which was vigorously dispersed. The black suspension

(10 μL) was mixed with a buffer containing SDS (10 μL), and

the mixture was heated to 90 °C for 10 min. An RCA120 solu-

tion (1 mg mL−1) was also denatured by the same procedure.

Each solution (10 μL) was applied to the polyacrylamide gel

(14%) and electrophoresed for 1 h. The gel was dyed with

Coomassie Brilliant Blue (CBB).

Quantitative analysis of ricin in the colloidal suspension of

bis-Lac-C60: A ricin solution (1.67 mg mL−1, 60 μL) was

added to each bis-Lac-C60 colloidal suspension (940 μL), and

the mixture was shaken vigorously and allowed to stand for

10 min. After centrifugation of the mixture at 10,000g for

10 min, the supernatant (100 μL) was collected and concen-

trated with a centrifugal vacuum concentrator. Ricin solutions

(100 μL) at concentrations of 50, 25, 10, 5, 1, and 0.5 μg mL−1

were also prepared to construct the calibration curve and

concentrated with a centrifugal vacuum concentrator. All

concentrated residues were denatured with SDS (20 μL) at
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90 °C for 10 min, and each solution (10 μL) was applied to the

polyacrylamide gel (14%). The gel was dyed with Flamingo

solution, and band intensities were estimated by using a laser

excitation imaging kit. The residual ricin concentration in the

bis-Lac-C60 colloidal suspension was determined by means of

the calibration curve, which shows the ricin intensities at each

concentration.

Estimation of decontamination efficiency by using a salting-

out agent: A ricin solution (2.5 mg mL−1, 60 μL) was added to

each bis-Lac-C60 solution (940 μL), and the mixture was shaken

and allowed to stand for 2 min. Brine (100 μL) was added to the

mixture, shaken vigorously, and allowed to stand for 3 min.

After centrifugation of the mixture at 20,000g for 10 min, the

supernatant (100 μL) was collected and concentrated with a

centrifugal vacuum concentrator. Ricin solutions (1 mL) at

concentrations of 50, 25, 10, 5, 1, and 0.5 μg mL−1 were

prepared and separately mixed with brine (100 μL) as control

solutions. These solutions (100 μL) were collected and concen-

trated with a centrifugal vacuum concentrator, respectively.

Subsequent procedures to determine the concentration of ricin

were carried out according to the protocol mentioned in the

previous section. The decontamination efficiency against ricin

(%) was calculated by the formula [ricin concentration of

centrifuged supernatant (μM)/concentration of initial ricin solu-

tion (μM)] × 100 (%).

Supporting Information
Supporting Information File 1
Copies of 1H and 13C NMR spectra for compounds 2, 3 and

4.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-155-S1.pdf]
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Abstract
Intermolecular interactions involving carbohydrates and their natural receptors play important roles in several biological processes.

The development of synthetic receptors is very useful to study these recognition processes. Recently, it was synthetized a diamino-

pyrrolic tripodal receptor that is selective for mannosides, which are obtained from mannose, a sugar with significant relevance in

living systems. However, this receptor is significantly more active in acetonitrile than in water. In this work, we performed several

molecular dynamics and constant-pH molecular dynamics simulations in acetonitrile and water to evaluate the conformational

space of the receptor and to understand the molecular detail of the receptor–mannoside interaction. The protonation states sampled

by the receptor show that the positive charges are always as distant as possible in order to avoid large intramolecular repulsions.

Moreover, the conformational space of the receptor is very similar in water above pH 4.0 and in acetonitrile. From the simulations

with the mannoside, we observe that the interactions are more specific in acetonitrile (mainly hydrogen bonds) than in water

(mainly hydrophobic). Our results suggest that the readiness of the receptor to bind mannoside is not significantly affected in water

(above pH 4.0). Probably, the hydrogen bond network that is formed in acetonitrile (which is weaker in water) is the main reason

for the higher activity in this solvent. This work also presents a new implementation of the stochastic titration constant-pH molec-

ular dynamics method to a synthetic receptor of sugars and attests its ability to describe the protonation/conformation coupling in

these molecules.

1513

Introduction
The recognition of specific carbohydrates is an important step

in several biological processes [1]. To better understand these

recognition processes, several synthetic receptors have been

developed over the years [1-6]. Most of these were developed

for glucose since it is one of the most common sugars in living

systems [7] and the preferred monosaccharide for energy

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:machuque@fc.ul.pt
http://dx.doi.org/10.3762%2Fbjoc.10.156
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Figure 1: Octyl α-D-mannoside (mannoside) and diaminopyrrolic tripodal receptor molecules. 2D and 3D representations are shown. In 3D, all
hydrogen atoms were omitted for clarity, and titrable amino groups are shown in spheres with first generation in dark blue and second in light blue.

storage [8]. However, mannose is essential for various bio-

logical functions, such as molecular recognition, being one of

the most abundant sugars in glycoconjugates [9,10].

In 2011, Roelens’ group [11-13] synthetized and tested a chiral

diaminopyrrolic tripodal receptor that showed high binding

affinities to mannosides (Figure 1). This particular receptor is

significantly more active in acetonitrile (ACN) than in water

[14]. In fact, this receptor family [11-13] could only be tested in

water at slightly acidic conditions, due to solubility reasons, and

proved to be very inefficient [14]. Unraveling the molecular

details of these host–guest interactions is crucial to understand

their different performances when changing the solvent and to

identify the molecular determinants behind the reported high

affinities.

Simulation methods, namely the so-called constant-pH molec-

ular dynamics (CpHMD) methods, have been used to under-

stand the molecular detail of several phenomena in the last

years [15-24]. Since MD simulations deal with pH in a limited

way, simply by setting a fixed protonation state in the begin-

ning of the simulation, the use of one of these methods is

mandatory. The stochastic titration constant-pH MD method

[15,21] takes advantage from the complementarity between

molecular mechanics/molecular dynamics (MM/MD) simula-

tions, that correctly samples the conformational space of a

system according to a classic potential energy function, and

Poisson–Boltzmann/Monte Carlo methods, that can efficiently

treat multiple protonation equilibria on rigid structures [25,26].

This way, it is possible to deal with pH as an external para-

meter that is fixed in our simulations since the protonation state

of the titrable groups is allowed to periodically change during

the simulation capturing the coupling between protonation and

conformation. This method was already successfully applied to

peptides and proteins in recent years [15,21,27-36].

The interaction of sugar molecules with receptors has been

studied and shown that the recognition process involves many

hydrogen bonds between the two molecules [1,37]. Aqvist et al,

using MM/MD simulations, showed that the major contribution

to the binding energy between both glucose and galactose to a

proteic receptor, came from hydrogen bonds [38]. Moreover,

Lerbret et al, suggested that hydrogen bonds are strongly related

with the influence of sugar molecules in lysozyme structure

[39,40].

In this work, we performed an exhaustive conformational study

of a chiral diaminopyrrolic tripodal receptor (Figure 1) in both

water and acetonitrile. We used MM/MD simulations in the

organic solvent and constant-pH MD to simulate the receptor in

water at several pH values. Moreover, the interaction between

the receptor and octyl α-D-mannoside (the receptor binds

strongly both α and β anomers [12]) was also studied in these

two solvents. These two approaches intend to address two

working hypothesis: the receptor is active in acetonitrile but not

in water due to the different conformational behavior in the two

environments or due to specific interactions that are (un)favored

when changing the solvent. This work also extends, for the first

time, the use of the stochastic titration constant-pH MD method

to artificial molecules, in particular to diaminopyrrolic recep-

tors.

Results and Discussion
Titration curve of the receptor
The titration curve of the receptor was obtained by averaging

the occupancy of all titrable amine groups at each pH value
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over 270 ns (last 90 ns of each replicate). The total titration

curve (Figure 2a) shows a clear plateau between pH 4.0 and 7.0,

approximately. In these range, the total protonation is ~3

meaning that half of the titrable groups are protonated and the

total charge of the receptor is 3. At an extremely high (low) pH

value the molecule is completely deprotonated (protonated)

which means that the protonation range is completely sampled.

From the total titration curve, we can also conclude that our

receptor is only close to neutrality at pH 10.0. From the indi-

vidual titration curves of the first and second generation

residues (Figure 1), we can determine which of these groups are

being protonated at each pH value (Figure 2b). We observe that,

in the plateau between pH 4.0 and 7.0, the second generation

has an average protonation of 75% and the first, 25%. The

higher charge in the second generation amine groups is

expected since these groups are more exposed to the solvent,

interacting less with each other, which means that they are

easier to ionize. In the case of the first generation amino groups,

they are much closer to each other, with limited conformational

freedom, resulting in much lower pKa values.

The small number of titrable sites in the receptor allows us to

analyze in detail the population of each possible microstate. In

particular, from the populations of all simulated pH values, it is

possible to draw a diagram to represent which states are more

populated at each number of titrable protons present in the

molecule (Figure 3). For example, when the molecule has one

proton, it can be in one amino group of the first generation or in

the second generation. However, if the molecule has two

protons, they can be both in the first generation, both in the

second generation, in different generations but in the same arm,

or in different arms of the molecule (by arms we consider the

diaminopyrrolic groups attached to the center phenyl group).

From Figure 3, we observe that, in general, the position of

protons (positive charges) is such that repulsion is minimized.

For example, with two protons, the preferred state is the one

with two second generation amino groups protonated which

allows the two charges to be more distant to each other. Inter-

estingly, there are many states that are almost not populated. In

particular, with five protons, the state with three protons in the

first generation is almost not populated since this state implies

the presence of three positive charges in a very small space.

With one proton, the preferred state is the one with the proton in

the second generation which is more exposed to the solvent.

However, since the global charge of the receptor is only one in

this state, both microstates are significantly populated. With two

and four protons, the observations are similar since in both

cases the microstates with the second generation amino groups

protonated are preferred and the ones with protons in different

arms are also significantly populated. In these states, there are

two microstates that are almost not populated due to the high

Figure 2: Full titration curve of the receptor (a) and the correspondent
percentage of protonation in each generation (b).

repulsion when protonating two groups in the same arm or in

the first generation. Finally, with three protons, only three (out

of six) microstates are significantly populated and these are the

ones that allow for smaller repulsion, as observed in the

previous cases. This analysis was also performed for each pH

value (see Supporting Information File 1) and the observations

are completely analogous to the described above. As expected,

geometrically constrained titrable sites show strong interactions

due to electrostatic repulsion which results in shifted pKa values

and in some forbidden (not sampled) protonation states. These

results illustrate the usefulness of the constant-pH MD method-

ologies and expose the strong limitations of classic MM/MD

simulations to deal with such systems.

Conformational analysis of the receptor
As expected, both in ACN and in water at all simulated pH

values, the receptor shows a large conformational variability.

The radius of gyration (Rg) indicates how “open” is the struc-
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Figure 3: Diagram representing the population of all microstates at each number of titrable protons (n) present in the molecule.

ture: a large Rg indicates that the receptor is in an extended con-

formation. Our results show that the receptor samples a large

interval of Rg (Figure 4 and Supporting Information File 1). In

fact, in most simulations, the molecule can sample “closed”

conformations with Rg around 0.50 nm or more “open” with Rg

larger than 0.65 nm. However, at lower pH values, in particular

at pH 1.0, the distribution of Rg is much narrower and deviated

to larger Rg values. As mentioned above, at pH 1.0, the residues

are almost completely charged and this generates significant

repulsion between the arms which increases the Rg. At pH 10.0,

the receptor is able to sample a very low Rg region (a shoulder

in the histogram) that is almost inaccessible in the ACN simula-

tions. These closed and packed conformations are favored when

the receptor is neutral and is potentiated by its hydrophobicity,

which does not happen in the organic solvent. Interestingly,

above pH 4.0, the distribution of Rg is very similar in all simula-

tions and comparable with the simulations in ACN. This obser-

vation suggest that the conformational space, in terms of Rg, is

similar in water (above pH 4.0) and in ACN. In other words, the

receptor is able to accommodate up to 3 protons without any

Figure 4: Radius of gyration (Rg) histograms for the receptor in water
at pH 1.0, 3.0, 6.0, 10.0 and in ACN. The Rg curves at the pH values
not shown are well behaved and respect the observed trend.



Beilstein J. Org. Chem. 2014, 10, 1513–1523.

1517

Figure 5: Free energy profiles for the receptor at pH 1.0 (a), 6.0 (b), 10.0 (c) and ACN (d) using RMSD and Rg as structural coordinates. The RMSD
was calculated using the NMR derived structure as reference.

major influence in the preferred positions of its arms. This

suggests that the reason hindering the receptor to bind sugars in

water should not be its conformational readiness to establish

specific intermolecular interactions.

To further characterize the conformational behavior of the

receptor in water and ACN, we combined two broadly used

properties, namely Rg and RMSD, to obtain 2D-energy land-

scapes for each pH value and ACN (Figure 5 and Supporting

Information File 1). In agreement with the Rg data, at low pH

values, all sampled structures have both high Rg and RMSD.

This means that, in more open conformations, the structure is

also very different to the reference. Hence, in all these land-

scapes, we observe a correlation between RMSD and Rg prop-

erties. As the pH increases, more closed and lower RMSD

structures are sampled. This is also in agreement with the Rg

data which shows that the conformational space of the receptor

at high pH values is similar to the one in ACN.

Both Rg and energy landscapes data identify the position of the

arms as a good descriptor of the receptor conformational space.

Hence, we represented the positions of pyrrolic nitrogen atoms

relative to the phenyl ring in 900 conformations (Figure 6 and

Supporting Information File 1). This result illustrates that, at

low pH values, the arms are very distant to each other since

they are positively charged and, as pH increases, more closed

structures are sampled. Moreover, as observed before, the

sampled positions at high pH values are very similar to the ones

in ACN.

The described conformational analyses of the receptor suggest

that the behavior in water, at low protonation, is similar to the
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Figure 6: Schematic representation of the receptor arms positions. Pyrrolic nitrogen atoms positions relative to the phenyl ring in 900 conformations
at pH 1.0, 6.0, 10.0 and in ACN.

observed in ACN. This suggests that, from a conformational

point of view, the receptor would be able to bind the manno-

side, both in water and ACN. However, as mentioned above, it

was observed that this interaction is favorable in ACN but not

in water. This may be explained by the different interactions

that occur in water and ACN.

Receptor/mannoside interactions
To understand the molecular detail of the interaction between

receptor and mannoside, several MM/MD simulations in water

and ACN were performed without restraints (data not shown).

In these simulations the residence time of the mannoside was

very short (in the sub ns timescale). In addition, the binding

event was never observed in our unrestrained simulations. Since

entropy plays a crucial role in binding events they can be too

slow and inaccessible in our computational timescale. Hence, to

gain better insights into the molecular detail of the interaction

between sugar and receptor, we performed the receptor +

mannoside simulations (see Experimental section) with a pos-

ition restraint between the phenyl group of the receptor and the

sugar ring in the mannoside. This way, we were able to sample

the interactions between the ligand and the receptor more effi-

ciently and draw conclusions regarding the specificity of this

event. In these simulations, we tested four protonation states

(see Experimental section) from which Wq3a and Wq3b refer to

the slightly acidic conditions analogous to experiments [14].

The histogram of the number of hydrogen bonds in ACN and

water (Figure 7) suggests that in ACN the interaction is

stronger. The number of conformations with more than 1

hydrogen bond is higher in ACN. Since donors and acceptors

for hydrogen bonds in the mannoside are all in the head group,

this result suggests that the interaction with the receptor is more

specific in ACN. In water, with increased ionization, the
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Figure 8: Distance histograms between the center of mass of the last
4 atoms of the carbon chain of the mannoside and the 6 atoms of the
phenyl ring in the receptor. Calculations were done in ACN and water
(at different protonation states).

receptor samples more open conformations favoring interac-

tions involving only one arm (1–2 hydrogen bonds) and

preventing structures with more hydrogen bonds.

Figure 7: Histogram of the hydrogen bonds between receptor and
mannoside in ACN and water (at different protonation states).

We also calculated the histogram of the distance between the

center of mass of the last 4 atoms of the carbon chain of the

mannoside and the 6 atoms of the phenyl ring (Figure 8). These

histograms show a clear preference for lower distances in water

for the fully deprotonated state (Wq0). In Wq0, the interaction

between the carbon chain and the phenyl ring is stronger and

stabilized by more close conformations. The protonation of the

1st generation amino groups (Wq3b and Wq4) induces a higher

solvent exposure which destabilizes the mentioned hydrophobic

interaction. As a result, these systems behave like ACN where

there is no significant interaction. These observations are illus-

trated with two typical conformations in Wq0 and ACN

(Figure 9). In ACN, a strong interaction between the sugar ring

and the arms of the receptor is observed and, in water, the

carbon chain lays close to the ring stabilized by the hydrophobic

effect.

Figure 9: Typical conformations in water and ACN. The selected
conformations have 6 hydrogen bonds in ACN and 1 in water.

Altogether, these results show that, in ACN, hydrogen bonds

are stronger and, probably, the main responsible for the inter-

molecular interaction. In water, hydrophobic effects may play

an important role, rendering the interactions between the carbon
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Table 1: Summary of the simulations used in this work. All replicates were run for 100 ns.

Solute Simulation
method

Solvent Protonation state pH Replicates

receptor

Constant-pH MD Water (1268
molecules)

NA 1, 2, 3, 4, 5, 6, 7, 8, 9
and 10

3 per pH

ACN (535 molecules) Fully deprotonated 3

receptor +
mannoside MD

Water (1926
molecules)

Fully deprotonated (Wq0)

NA 10

3 protons in 2nd generation
(Wq3a)

2 protons in 2nd generation and
1 in 1st (Wq3b)

3 protons in 2nd generation and
1 in 1st (Wq4)

ACN (612 molecules) Fully deprotonated

chain and the phenyl group a structural determinant when all 1st

generation amino groups are neutral.

Conclusion
In this work, we performed a full pH titration of the diamino-

pyrrolic tripodal receptor and a detailed analysis of the con-

formational dependence of this molecule with pH. We also

studied the interaction between the receptor and the mannoside.

Our results show that there is no significant difference in the

conformational space of the receptor in ACN and in water (at

pH > 4.0). Interestingly, in the presence of the mannoside, the

number of hydrogen bonds between the two molecules is

significantly larger in ACN than in water. This is probably the

reason that the receptor is able to be selective towards manno-

side in the organic solvent. There are several works, both theo-

retical [38-40] and experimental [1-6,37,41,42], showing that

the interaction between sugars and their receptors is mainly

driven by hydrogen bonds. In fact, there are several experi-

mental structures of mannosides similar to the one used in this

work in the protein data bank that also show a significant

hydrogen bond network stabilizing the interaction between the

sugar molecule and the protein (PDB IDs: 4avi [41], 1tr7 [42],

1uwf [42]). These observations indicate that the cause hindering

the receptor to be active in water lies in the incapacity to form

sufficient hydrogen bonds with the mannoside. Probably, the

high propensity to form hydrogen bonds with water and the

high flexibility of the arms of the receptor, are the main reasons

that explain its low binding affinity in aqueous solvent.

This work also presents a new application of the stochastic titra-

tion constant-pH molecular dynamics method to a synthetic

receptor for sugars. This method was able to describe the proto-

nation/conformation coupling by correctly sample the occupa-

tion of titrable residues at the desired pH value.

Experimental
Simulations setup
As indicated in the introduction, two sets of simulations were

performed (Table 1): A set of constant-pH MD simulations at

10 pH values (3 replicates of 100 ns each) and a set of MM/MD

simulations in both water (at different protonation states) and

acetonitrile (10 replicates of 100 ns each). The choice of proto-

nation states was based on the pH-dependent proton distribu-

tion in the receptor from the constant-pH MD simulations. The

fully deprotonated state (Wq0) is typical of a high pH value

(~10), the two states with 3 protons (Wq3a and Wq3b) are typical

of intermediate pH values (~4–7), and the 4 protons state (Wq4)

is representative of pH 3.0. This pH assignment to the protona-

tion states was done according to the population analysis

obtained in the constant-pH MD simulations (see Supporting

Information File 1).

Constant-pH MD settings
All constant-pH MD simulations were performed using the

stochastic titration constant-pH MD method implemented for

the GROMACS package, developed by Baptista et al. [15,21].

These simulations ran following a stop-and-go procedure that

alters between a protonation state calculation where the

new states are obtained from a Monte Carlo run using

Poisson–Boltzmann derived energy terms and two MM/MD

runs (one with the solute frozen to allow it to adapt to the new

protonation states – 0.2 ps and another of the unconstrained

system – 2.0 ps). All six amino groups were titrated at all simu-

lated pH values.
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MM/MD settings (MM/MD simulations and MM/MD
part of constant-pH MD simulations)
The MM/MD simulations were performed using GROMACS

4.0.7 [43,44] and adapted parameters from the GROMOS

56ACARBO [45,46] force field. In all the constant protonation

simulations, the neutral secondary amino groups were built in

the R configuration. In the constant-pH MD simulations, the

chirality of the amino groups is not important due to the contin-

uous exchange of protons. A time step of 2 fs was used in the

leap-frog algorithm. A rhombic dodecahedral simulation box

with periodic boundary conditions was used. The non-bonded

interactions were treated using a twin-range cutoff of

0.8/1.4 nm and the neighbor lists were updated every 5 steps

(10 fs). Electrostatic long range interactions were treated with a

generalized reaction field [47] with an ionic strength of 0.1 M

and a relative dielectric constant of 54 for systems with water

[48] and 35.84 for systems solvated with acetonitrile [49]. The

v-rescale temperature coupling was used (298.0 K) with a

coupling constant of 0.1 with solvent and solute separately

coupled to the bath. The Berendsen coupling bath [50]

was used to treat pressure (1 bar) with coupling constant 0.5.

Isothermal compressibility of 4.50 × 10−5  bar−1  for

water and 8.17 × 10−5 bar−1 for acetonitrile [51,52] were

used. All bonds were constrained using the P-LINCS algorithm

[53].

The energy minimization steps were performed using a combi-

nation of both steepest descent and limited-memory

Broyden–Fletcher–Goldfarb–Shanno methods. The initiation

was performed in 3 steps of 100 ps, 200 ps, and 200 ps with

different restraints.

In the receptor + mannoside simulations, a distance restraint of

100 kJ mol−1 nm−2 was used between all pairs of atoms in the

two rings (6 in substituted phenyl group in the receptor and 6 in

the sugar ring of the mannoside). Hence, a penalty was added

when the distance between any pair of atoms in the two rings

exceeded 1.0 nm. The used function for this energy penalty is

quadratic between 1.0 and 1.2 nm and linear above 1.2 nm. This

restraint creates a sphere around the receptor that maintains the

two molecules close to each other. It is important to mention

that within this sphere, no unphysical restrain forces are applied

to the interacting molecules.

PB/MC settings
The PB/MC calculations were done as previously described

[26]. The MEAD 2.2.9 [25] software package was used for PB

calculations performed with the atomic charges and radii taken

from the MM/MD force field. The model compound pKa value

used (10.64 for all equivalent amino groups) is the pKa of the

dimethylamine [54]. It was used a dielectric constant of 2 for

the solute and 80 for the solvent. Grid spacing of 0.1 nm, in the

coarser calculation, and 0.025 nm, in the focusing procedure,

were used in the finite difference method [55]. The molecular

surface was determined using a rolling probe of 0.14 nm and the

Stern layer was 0.2 nm. The temperature used was 298 K and

the ionic strength was 0.1 M.

The MC calculations were performed using the PETIT (version

1.5) [56] software with 105 steps for each calculation. Each step

consisted of a cycle of random choices of protonation state

(including tautomeric forms) for all individual sites and for

pairs of sites with a coupling above 2.0 pKa units [56,57], fol-

lowed by the acceptance/rejection step according to Metropolis

criterion [58]. The last protonation state is then used for the

MM/MD part.

Analyses
The last 90 ns of each simulation were used for analyses.

Several tools from the GROMACS software package [43,44]

were used and others were developed in-house. The RMSD

calculations followed a previously published procedure [59]

that takes into account the symmetry of the receptor. The

PyMOL 0.99RC6 software (http://www.pymol.org) was used to

obtain rendered conformational images.

Energy landscapes were obtained from different 2D spaces by

computing kernel estimates of the data probability densities [60]

on grids of 2 pm2 bins, using a Gaussian kernel. The proba-

bility density surface was then converted to an energy surface

according to:

where  is a coordinate in a 2D space and Pmax is the

maximum of the probability density function, .

The calculations of correlation-corrected errors for averages

were computed using standard methods based on the auto-corre-

lation function of the property measured to determine the

number of independent blocks in the simulations [61].

Supporting Information
Supporting Information File 1
Diagrams with the population of each microstate,

histograms of Rg, free energy profiles and schematic

representation of the position of the arms at all pH values.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-156-S1.pdf]

http://www.pymol.org
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-156-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-156-S1.pdf
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Abstract
This paper describes the synthesis of three closely related families of mannopyranoside-containing dendrimers for the purpose of

studying subtle structural parameters involved in the measurements of multivalent carbohydrate–protein binding interactions.

Toward this goal, two trimers 5 and 9, three 9-mers 12, 17, 21, and one 27-mer 23, varying by the number of atoms separating the

anomeric and the core carbons, were synthesized using azide–alkyne cycloaddition (CuAAc). Compound 23 was prepared by an

efficient convergent strategy. The sugar precursors consisted of either a 2-azidoethyl (3) or a prop-2-ynyl α-D-mannopyranoside (7)

derivative. The solvodynamic diameters of 9-mer 12, 17, and 21 were determined by pulsed-field-gradient-stimulated echo (PFG-

STE) NMR experiments and were found to be 3.0, 2.5, and 3.4 nm, respectively.
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Introduction
Multivalent carbohydrate–protein interactions are at the fore-

front of a wide range of biological events which have triggered

a plethora of versatile synthetic methods for the design of potent

inhibitors and glycomimetics [1-4]. Among the diverse strate-

gies leading to efficient ligands, glycopolymers [1,5-7], glyco-

dendrimers [7-14], and sugar rods [15,16] have retained most

attention. An additional approach that has gained keen interest

resides in the modifications of both the aglycon [17-19] and

substituent residues [20-22] of the targeted sugar moieties

through extensive studies of quantitative structure–activity rela-

tionships (QSARs). In most of the studies related to aglycon

modifications, it was concluded that aromatic glycosides

possessed improved binding properties due to the ubiquitous

presence of aromatic amino acids in the cognate binding sites

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:roy.rene@uqam.ca
http://dx.doi.org/10.3762%2Fbjoc.10.157
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Scheme 1: Synthesis of mannosylated trimers 5 and 9 using trimesic acid core transformed into propargylated (2) and azidopropylated (6) scaffolds
and then coupled by “click chemistry” with either 2-azidoethyl (3) or propargyl (7) mannopyranosides.

[23-25]. This is also supported by the recent findings that the

sugar backbones themselves also possess a hydrophobic side

that orients the sugars in appropriate aromatic amino acid rich

pockets [26-28].

Unfortunately, due to the inherent complexity of studying

multivalent binding interactions, researchers have used experi-

mental conditions that often biased the intrinsic phenomena

under investigations [29]. For instance, when evaluating ther-

modynamic parameters by isothermal calorimetry (ITC), scien-

tists used either truncated versions of for instance, tetrameric

lectins such as ConA, or diluted conditions to avoid precipita-

tion of the complexes [30,31]. Alternatively, the application of

surface plasmon resonance (SPR) also creates artificial situa-

tions not sufficiently related to the natural cellular events, thus

requiring complex mathematical algorithms [32]. Most solid-

phase immunoassays (ELLA, ELISA) also fall under the same

criticism by providing unusually high (or too close) sugar densi-

ties. Also important and in spite of the two decades of glyco-

dendrimer chemistry [7], there is still no general rule to allow

predicting which structural parameters would be optimal for the

binding interactions.

In order to gain more insight into this direction, we designed

herein three families of closely related mannopyranoside clus-

ters (glycodendrimers) aimed at evaluating their relative

binding abilities against the hometetrameric leguminous lectin

ConA from Canavalia ensiformis by inhibition of haemaggluti-

nation and by turbidimetry. The latter would allow us to

measure relative kinetic factors involved in the cross-linking

lattice formation using soluble partners.

Results and Discussion
In order to critically evaluate the subtle structural parameters

imparted by glycodendrimers in deciphering their relative ther-

modynamic and kinetic abilities towards multivalent lectins, we

designed three families of closely related mannopyranoside

dendrimers. Scheme 1 describes the preparation of trimers 5 and

9 built around benzene-1,3,5-tricarboxamide (BTA or trimes-

amide core) having respectively nine and ten atoms between the
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Scheme 2: Divergent CuAAc “click reaction” between propargylated core 10 and azide 3 to afford 9-mer 12.

anomeric and the benzene carbon, hence differing by a distance

of only ~1.5 Å. Schemes 2–4 illustrate the syntheses of 9-mers

12 and 21 using the same trimesic acid core, together with a

phloroglucinol template to initiate the synthesis of homologue

17, but incorporating 2-amino-2-hydroxymethylpropane-1,3-

diol as a branching unit (TRIS) at the G(1) level. Thus, com-

pounds 12, 17, and 21 differ by having nine atoms between the

anomeric carbon and the focal quaternary carbon of TRIS fol-

lowed by two, four, and nine atoms to reach the benzene

carbon, respectively (~4, 6, and 12 Å). Finally, the synthesis of

a 27-mer mannosylated dendrimer 23 is shown in Scheme 5.

The synthesis of 5 was accomplished starting from commercial

trimesic acid chloride 1 which was readily transformed into

known tripropargyl amide derivative 2 [33] using propargyl-

amine according to Scheme 1. Amide 2 was conjugated to

peracetylated 2-azidoethyl α-D-mannopyranoside 3 [34] under

classical copper-catalyzed dipolar cycloaddition (CuAAc) to

afford 4 in 56% yield. Structure 4 was readily characterized by

the absence of acetylenic protons at δ 3.16 ppm, the appearance

of identical triazole protons (3H) at δ 7.74 ppm relative to the

anomeric signal (3H) at δ 4.81 ppm and corresponding HRMS

data. Zemplén deprotection (NaOMe, MeOH) afforded 5 in
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Scheme 3: Divergent CuAAc synthesis of “extended” 9-mer 17 using phloroglucinol (13) as core, bromoacylated TRIS as linker and mannopyranosyl-
azide 3.

94% yield. Synthesis of the related homolog 9, prepared in 74%

overall yield from known 6 [17] by an analogous click chem-

istry, is also described in Scheme 1. To this end, trichloride 1

was treated as above with 3-azido-1-propanamine to provide 6

in 87% yield. Azide–alkyne cycloaddition of 6 with prop-2-ynyl

α-D-mannopyranoside 7 [35] gave 8 (79%) which was de-O-

acetylated under Zemplén conditions (NaOMe, MeOH, 95%) to

give 9.

The syntheses of 9-mers 12, 17 and 21 are illustrated in

Schemes 2–5 and follow a conceptually identical strategy to the

one described above for trimers 5 and 9. Toward this goal,

propargylated 9-mer scaffold 10 [17] was treated under the

same CuAAc conditions with azide 3 to provide peracetylated

11 in 83% yield which upon Zemplén de-O-acetylation gave 12

in essentially quantitative yield (Scheme 2). Complete spectral

characterization (1H, 13C NMR and HRMS) concluded for the
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Scheme 4: Convergent synthesis of further “extended” 9-mer 21 using mannosylated bromoacyl dendron 18 transformed into azide 19 followed by
CuAAc coupling to tripropargylated core 2.

aforementioned structure having twelve atoms in the linking

arm (see Supporting Information File 1).

Analogously, the extended 9-mer glycodendrimer 17,

possessing fourteen atoms between the anomeric carbon and the

benzene carbon, was prepared according to Scheme 3. Thus,

phloroglucinol (13) was carefully O-alkylated with the previ-

ously synthesized bromoacetylated TRIS derivative 14 [36]

using K2CO3 in DMF to provide 15 in 43% yield. Again, the

structural integrity of 15 was fully assessed by the simplicity of

its 1H NMR symmetrical patterns that showed the character-

istic singlets for the three amide protons at δ 6.85 ppm, relative

to the three benzene protons (δ 6.17 ppm) and the six O-acyl

protons at δ 4.36 ppm (core) compared with the peripheral

acetylenic methylenes (18H), inner methylene of TRIS (18H),

and the terminal alkyne protons (9H) at δ 4.16, 3.87, and

2.48 ppm, respectively.

Toward the last and further extended 9-mer 21, a convergent

strategy was rather adopted (Scheme 4). This strategy has the

clear advantages of providing an easier purification process

from partially substituted end-products together with a better

assessment of complete surface group modifications. Hence,

known 14 [36] was first cycloadded to mannosylazide 3 under

the above CuAAc conditions. The “click reaction” proceeded

exceptionally efficiently and provided bromoacylated dendron

precursor 18 in 94% yield. Substitution of the bromide by azide

also proceeded uneventfully (NaN3, DMF, rt, 16 h) to afford

intermediate glycodendron 19 in 93% yield. Finally, coupling of

the propargylated core 2 with azidodendron 19 under the typical

CuAAc conditions gave peracetylated intermediate 20 which

was readily deprotected to give 9-mer 21 in 84% overall yield.

All spectral characteristics concurred to the expected structural

integrity of 21 (see Supporting Information File 1).

Finally, a 27-mer mannosylated G(1)-dendrimer 23 was

similarly prepared using an accelerated convergent strategy

(Scheme 5). This time, the nonapropargylated scaffold 10 was

“clicked” under CuAAc with trimeric azidodendron 19 to give

22 in an acceptable yield of 63% after silica gel column chro-
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Scheme 5: Convergent assembly of 27-mer 23 using key propargylated scaffold precursors 10 and mannosylated azidodendron 19. Insert: Zoom
section of HRMS (+TOF) spectrum for deprotected G(1)-mannodendrimer 23 illustrating observed and theoretical isotopic distributions for [M + 7H]7+

adduct.

matography, corresponding to an excellent 95% yield per indi-

vidual dendron’s incorporation. The complete disappearance of

propargylic signals in the 1H NMR spectrum supported

complete conversion. Note that working with peracetylated

sugar precursors allows less tedious purification practices as

opposed to working with unprotected sugars which often neces-

sitate purification by cumbersome dialysis followed by HPLC

treatment. Here again, the complete structural integrity of the

final product can be readily confirmed from its characteristic

spectral identification. Ultimately, dendrimer 23 was depro-

tected under the usual Zemplén conditions in 82% yield. Once

again, all the relative integrations for each proton presented on

the surface were in perfect agreement with those of the middle

and internal regions. Interestingly, high resolution mass spec-

trometry (+TOF technique) resulted in the formation of multi-

charged adducts that matched the expected theoretical patterns,

especially the one corresponding to [M + 7H]7+, as illustrated in

Scheme 5 (insert).

NMR diffusion studies
To accurately estimate the various structural factors involved in

the intricate binding interactions between our synthetic multi-

meric mannosides and ConA, we determined their relative

diffusivity measurements by NMR spectroscopy. In fact, diffu-

sion NMR spectroscopy has recently become a method of

choice to access information about sizes and shapes of macro-

molecular species by measuring their diffusion coefficients in a

given solvent [17,37]. The size of nonavalent compounds 12,

17, and 21, and more particularly their solvodynamic radii, was

thus estimated with the help of pulsed-field-gradient stimulated

echo (PFG-STE) NMR experiments using bipolar pulse pairs-

longitudinal-eddy-current delay (BPP-LED) in D2O at 25 °C.

Stimulated echoes were used since they avoid signal attenua-

tion due to transverse relaxation while bipolar gradient pulses

reduce gradient artefacts [38]. The diffusion rates (D) were

calculated from the decay of the signal intensity of the common

H-5 proton (δ = 2.98 ppm) located on each epitope with

increasing field gradient strength (Figure 1a). In all cases,

monoexponential behavior was observed (Figure 1b), which

was manifested as a linear decay of the logarithm of the signal

intensity as a function of the gradient strength. This behavior is

consistent with a spherical and unimolecular character of the

glycodendrimers, confirming the absence of aggregation

phenomena in aqueous solution under the working concentra-
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Figure 1: a) Decay of 1H signal for the nonavalent mannosylated compound 12 in D2O during the PFGSTE experiment. The gradient strength is
increased linearly between 1.8 and 54.2 G·cm−1; b) characteristic echo decays of the H-5 resonances (δ = 2.98 ppm) as a function of squared
gradient strength located in 12 (full circles) and 21 (full triangles) with δ = 4 ms and Δ = 50 ms (Δ = 40 ms for 17 (circles)). Notably, such linear
behavior was also obtained for the decay of the signal intensities of other protons located either in internal regions of the conjugates on aromatic or
branching sections, or in the peripheral saccharidic belt (results not shown).

Table 1: Determination of diffusion data and solvodynamic diameters of nonavalent conjugates 12, 17, and 21 by diffusion NMR experiments.

Entry Compound D [× 10−10 m2s−1]a,b,c Solvodynamic diameter [ds, nm]d

1 12 1.33 3.0 (2.9)
2 17 1.62 2.5 (2.3)
3 21 1.17 3.4 (2.9)

aSee general procedures and Supporting Information File 1 for extraction of the diffusion rate and calibration of the gradient strength. D was deter-
mined from the decay of the H-5 resonance (δ = 2.98 ppm). bViscosity of D2O at 25 °C: ηD2O = 1.097 × 10−3 Pa s. cThe error associated with the
measurement was estimated from repeated calculations of the diffusion coefficients to be below 10%. dResults in parentheses correspond to the
average value calculated from the decays of 4 or 5 different proton signals.

tions. The corresponding solvodynamic diameters (ds = 2 × rs)

can be calculated using the Stokes–Einstein equation and the

viscosity of pure D2O (Table 1).

As expected, nonavalent conjugates 12, 17, and 21 presented

solvodynamic diameters in the range of roughly 3 nm when

considering the decay of distinctive and common H-5 signals.

These values remained consistent with similar congeners

described earlier and harboring different epitopes [17]. The

variation of the complexity of anchoring functionalities in the

middle region with the incorporation of amide functions and

triazole groups is responsible for a diameter enhancement for 21

when compared with 12, as expected. On the other hand, rather

counter-intuitive tendencies were observed since the apparently

slightly extended structure 17 was measured as the smallest

molecule of the family in water. A specific spatial arrangement

of the dendrons that emanate from 1,3,5-O-alkylations on the

aromatic core in 17, compared to the one generated in BTAs-

centered structures 12 and 21, could explain this observation.

Also, these discrepancies might result from the general

amphiphilic behavior of this kind of macromolecules [39]. In

fact, these glycoclusters shared common structural factors with

hydrophilic peripheral moieties and an aromatic central core but

the introduction of distinct functionalized linkers may change

the overall hydrophobic/hydrophilic balances of the structures.

As such, they could engage supplementary intramolecular

hydrogen bonding or hydrophobic interactions that could

mediate their three-dimensional arrangement in aqueous media.

Moreover, it is also reported that the relative spatial distribu-

tion of the branches around the C=O-centered BTAs strongly

depends on the nature of the substituents [40]. This hypothesis

can partly explain the discrepancy observed for the calculated
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diameter of 21 (Table 1, entry 3). In fact, diffusion data for 21

ranged from 1.61 × 10−10 m2s−1 for central CHar to

1.17 × 10−10 m2s−1 for H-5, indicating a heterogeneity in diffu-

sivity depending on the proton location within the same mole-

cule. As a consequence, the calculated ds value based on the

utilization of an average value of diffusion data (D) extracted

from signal decays of distinct protons located at different levels

in the molecule differ from that obtained with the decay of

peripheral H-5 signal only. This heterogeneity was less pro-

nounced for 17 and absent for 12 that presented consistent

values of D ranging from 1.51 to 1.33 × 10−10 m2s−1 for

protons in the core or the periphery. Interestingly, calculation of

the extended conformation (MM2, Chem3D) of the linkers in

12, 17, and 21 showed lengths of 14.8, 17.1, and 21.8 Å, res-

pectively.

Conclusion
The syntheses of three related families of mannosylated glyco-

clusters and glycodendrimers were efficiently accomplished

around a benzene core and using the CuAAc methods now

routinely used in this field [9,41,42]. The targeted compounds

were based on trimesic acid scaffold which is known to prop-

erly expose the surface sugar groups to tetrameric lectins such

as ConA [43] and the LecA lectin from Pseudomonas aerugi-

nosa [17]. With these closely related families of mannosylated

dendrimers in hand, together with their known relative size in

solution, we are now well positioned to evaluate their binding

behavior against their cognate proteins and this work will be

published in due course [44].

The study of subtle structural variations and the nature of

anchoring functions, as observed in diffusivity experiments,

could represent a first step towards rational interpretation to

explain the differential kinetic behavior within a closely related

family of glycoclusters.

Experimental
General remarks
All reactions in organic medium were performed in standard

oven-dried glassware under an inert atmosphere of nitrogen

using freshly distilled solvents. CH2Cl2 was distilled from CaH2

and DMF from ninhydrin, and kept over molecular sieves.

Solvents and reagents were deoxygenated when necessary by

purging with nitrogen. Water used for lyophilization of final

dendrimers was nanopure grade, purified through Barnstead

NANOPure II Filter with Barnstead MegOhm-CM Sybron

meter. All reagents were used as supplied without prior purifi-

cation unless otherwise stated, and obtained from Sigma-

Aldrich Chemical Co. Ltd. Reactions were monitored by analyt-

ical thin-layer chromatography using silica gel 60 F254

precoated plates (E. Merck) and compounds were visualized by

254 nm light, a mixture of iodine/silica gel and/or mixture of

ceric ammonium molybdate solution (100 mL H2SO4, 900 mL

H2O, 25 g (NH4)6Mo7O24H2O, 10 g Ce(SO4)2) and subsequent

development by gentle warming with a heat-gun. Purifications

were performed by flash column chromatography using

silica gel from Silicycle (60 Å, 40–63 µm) with the indicated

eluent.

NMR, IR, and MS spectroscopy
1H NMR and 13C NMR spectra were recorded at 300 or

600 MHz and 75 or 150 MHz, respectively, on a Bruker spec-

trometer (300 MHz) and Varian spectrometer (600 MHz). All

NMR spectra were measured at 25 °C in indicated deuterated

solvents. Proton and carbon chemical shifts (δ) are reported in

ppm and coupling constants (J) are reported in Hertz (Hz). The

resonance multiplicity in the 1H NMR spectra are described as

“s” (singlet), “d” (doublet), “t” (triplet), and “m” (multiplet) and

broad resonances are indicated by “br”. Residual protic solvent

of CDCl3 (1H, δ 7.27 ppm; 13C, δ 77.0 ppm (central resonance

of the triplet)), D2O (1H, δ 4.79 ppm and 30.89 ppm for CH3 of

acetone for 13C spectra of de-O-acetylated compounds), MeOD

(1H, δ 3.31 ppm and 13C, δ 49.0 ppm). 2D Homonuclear corre-

lation 1H-1H COSY together with 2D heteronuclear correlation
1H-13C HSQC experiments were used to confirm NMR peak

assignments.

Fourier transform infrared (FTIR) spectra were obtained with

Thermo-scientific, Nicolet model 6700 equipped with ATR.

The absorptions are given in wavenumbers (cm−1). The inten-

sity of the bands is described as s (strong), m (medium) or w

(weak). Melting points were measured on a Electrothermal

MEL-TEMP apparatus and are uncorrected.

Accurate mass measurements (HRMS) were performed on a

LC–MSD–ToF instrument from Agilent Technologies in posi-

tive electrospray mode. Low-resolution mass spectra were

performed on the same apparatus or on a LCQ Advantage ion

trap instrument from Thermo Fisher Scientific in positive elec-

trospray mode (Mass Spectrometry Laboratory (Université de

Montréal), or Plateforme analytique pour molécules organiques

(Université du Québec à Montréal), Québec, Canada). Either

protonated molecular ions [M + nH]n+ or adducts [M + nX]n+

(X = Na, K, NH4) were used for empirical formula confirma-

tion.

NMR diffusion measurements were performed at 25 °C on a

Varian Inova Unity 600 spectrometer (Varian, Walnut Creek,

CA, USA) operating at a frequency of 599.95 MHz for 1H using

a 5 mm broadband z-gradient temperature-regulated probe. The

temperature was calibrated with 1,2-ethanediol according to a

standard procedure [38]. The diffusion experiment employed a
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bipolar pulse-field gradients stimulated echo sequence as

proposed by Wu et al [45]. The gradient pulse duration δ was

4 ms and the diffusion times (Δ) were 40 to 50 ms to ensure that

the echo intensities were attenuated by at least 80%. A complete

attenuation curve was obtained by measuring 30 gradient

strengths, which were linearly incremented between 1.8 and

54.2 Gcm−1. Hard 90° 1H pulses of 15 μs were used and 36 k

data points were recorded with 16 scans acquired for each

gradient’s strength. A recycle delay of 3.0 s was used. The

gradient strength was calibrated by back calculation of the coil

constant from diffusion experiments on H2O traces in D2O

(D = 1.90 × 10−9 m2 s−1) [46].

Diffusion rates were extracted from the slope of the straight

lines obtained by plotting ln(I) against the gradient-pulse power

squared according to the following equation: ln(I) =

−Dγ2G2δ2(Δ − δ/3 − τ/2) + ln(I0) where I is the relative inten-

sity of a chosen resonance (I = I0exp−[Dγ2G2δ2(Δ − δ/3 −

τ/2)]), G = gradient strength (T/m), γ = proton gyromagnetic

ratio, D = diffusion rate (m2 s−1), δ = gradient duration, Δ =

diffusion delay, and τ = pulse length for bipolar pulses. All

diffusion spectra were processed in Mat NMR [47].

Glycodendrimer synthesis
Procedure A: multiple CuAAc couplings on
polypropargylated cores
To a solution of polypropargylated core (1.00 equiv) and

complementary azido synthon (1.25 equiv/propargyl) in a THF/

H2O mixture (1:1) were added sodium ascorbate (0.30 equiv/

propargyl) and CuSO4·5H2O (0.30 equiv/propargyl). The reac-

tion mixture was stirred at 50 °C for 3 h then at room tempera-

ture for an additional 16 h period. Ethyl acetate (10 mL) was

added and the resulting solution was poured in a separatory

funnel containing 25 mL of EtOAc and 30 mL of a saturated

aqueous solution of NH4Cl. Organics were washed with

(2 × 25 mL) of saturated NH4Claq, water (2 × 20 mL) and brine

(1 × 10 mL). The organic phase was then dried over MgSO4

and concentrated under reduced pressure. Column chromatog-

raphy on silica (DCM/MeOH 100:0 to 90:10) afforded the

desired glycocluster.

Procedure B: Zemplén de-O-acetylation procedure
for insoluble hydroxylated derivatives
The acetylated compound was dissolved in anhydrous MeOH

and a solution of sodium methoxide (1 M in MeOH, 5 µL every

20 min until precipitation) was added. An additional 100 µL

was then injected and the heterogeneous reaction mixture was

stirred at room temperature for 24 h. The solvent was then

removed with a Pasteur pipette and a mixture of anhydrous

MeOH/DCM (4:1, 5 mL) was added to the residual white foam.

A vigorous agitation is maintained for an additional 15 min

period. After removal of the solvents with a Pasteur pipette, the

residue was dissolved in H2O (3 mL), and the pH was adjusted

to 7 by the addition of ion-exchange resin (Amberlite IR 120

H+). After filtration, the solvent was removed under vacuum

with a rotary evaporator and lyophilized to yield the fully

deprotected glycocluster.

Synthesis of peracetylated trivalent derivative 8: To a solu-

tion of triazido core 6 (50.0 mg, 109 μmol, 1.00 equiv) and

mannoside 7 (158 mg, 409 μmol, 3.75 equiv) in a THF/H2O

mixture (1:1, 6 mL) were added sodium ascorbate (19.4 mg,

98.1 μmol, 0.90 equiv) and CuSO4·5H2O (24.5 mg, 98.1 μmol,

0.90 equiv). The reaction mixture was stirred at 50 °C for 3 h

then at room temperature for an additional 16 h period. Ethyl

acetate (10 mL) was added and the resulting solution was

poured in a separatory funnel containing 35 mL of EtOAc and

30 mL of a saturated aqueous solution of NH4Cl. Organics were

washed with (2 × 25 mL) of saturated NH4Claq, water

(2 × 20 mL) and brine (1 × 10 mL). The organic phase was then

dried over MgSO4 and concentrated under reduced pressure.

Column chromatography on silica (DCM/MeOH 98:2 to 94:6)

afforded the desired compound 8 (138 mg, 86.0 μmol, 79%) as

a viscous oil. Rf 0.34 (95:5 DCM/MeOH); 1H NMR (600 MHz,

CDCl3) δ (ppm) 8.27 (s, 3H, CHar), 7.79 (s, 3H, CHtriazole),

7.72 (t, J = 5.3 Hz, 3H, NH), 5.29–5.19 (m, 9H, H2, H3, H4),

4.92 (sapp, 3H, H1), 4.77–4.62 (2 × d, J = 12.4 Hz, 6H, OCH2),

4.54 (t, J = 6.4 Hz, 6H, NtriazoleCH2), 4.28 (dd, J = 12.4 Hz, J =

5.4 Hz, 3H, H6b), 4.11–4.03 (m, 6H, H5 + H6a), 3.55 (m, 6H,

NHCH2), 2.28 (m, 6H, CH2CH2CH2), 2.12, 2.10, 2.02, 1.96

(4s, 36H, COCH3); 13C{1H} NMR (150 MHz, CDCl3) δ (ppm)

170.8, 170.1, 170.0, 169.7 (COCH3), 166.1 (CONH), 143.5

(Ctriazole), 134.9 (Carom), 128.5 (CHarom), 123.9 (CHtriazole),

96.7 (C1), 69.3 (C2), 69.0 (C3), 68.7 (C5), 65.9 (C6), 62.3 (C4),

60.7 (OCH2), 48.3 (CH2Ntriazole), 37.5 (NHCH2), 29.9

(CH2CH2CH2), 20.9, 20.8, 20.7, 20.7 (COCH3); MS (+TOF-

MS, m/z): [M + H]+ calculated for C69H90N12O33, 1615.6;

found, 1615.6.

Synthesis of nonapropargylated core 15: To a solution of

phloroglucinol (13, 10.0 mg, 79.3 μmol, 1.00 equiv) in anhy-

drous DMF (3 mL) was added under nitrogen anhydrous

K2CO3 (previously heated at 250 °C under vaccum, 39.5 mg,

285 μmol, 3.60 equiv). After 10 min of vigorous stirring,

tripropargylated synthon 14 (93.0 mg, 285 μmol, 3.60 equiv)

was added into the solution under inert atmosphere and the

reaction mixture was allowed to stir at 65 °C for 39 h. In the

end, the dark-brown heterogeneous reaction was poured in

30 mL of EtOAc and organics were washed with a saturated

aqueous solution of NH4Cl (2 × 30 mL) then water (2 × 20 mL)

and brine (10 mL). The organic phase was then dried over

MgSO4 and concentrated under reduced pressure. Column chro-
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matography on silica (EtOAc/hexane 40:60 to 50:50) afforded

the desired compound 15 (32.0 mg, 33.8 μmol, 43%) as a color-

less oil. Rf 0.27 (1:1 EtOAc/hexane); 1H NMR (300 MHz,

CDCl3) δ (ppm) 6.85 (s, 3H, NH), 6.17 (s, 3H, CHar), 4.36 (s,

6H, OCH2CONH), 4.16 (m, 18H, OCH2C≡CH), 3.87 (br s,

18H, HNCqCH2O), 2.48 (m, 9H, OCH2C≡CH); 13C{1H} NMR

(75 MHz, CDCl3) δ (ppm) 167.3 (CONH), 159.0 (CarOCH2),

95.8 (CHar), 79.4 (OCH2C≡CH), 74.9 (OCH2C≡CH), 68.3

(HNCqCH2O), 67.5 (OCH2CONH), 59.2 (Cq) ,  58.6

(OCH2C≡CH); HRMS (+TOF-HRMS, m/z): [M + H]+ calcu-

lated for C51H57N3O15, 952.3862; found, 952.3843 (Δ = −2.10

ppm); [M + Na]+: calculated for 974.3682; found, 974.3662 (Δ

= −2.05 ppm).

Synthesis of bromoacylated dendron 18: To a solution of

tripropargylated synthon 14 (140.0 mg, 393.0 μmol, 1.00 equiv)

and mannoside 3 (616 mg, 1.48 mmol, 3.75 equiv) in a THF/

H2O mixture (1:1, 6 mL) were added sodium ascorbate

(70.0 mg, 354 μmol, 0.90 equiv) and CuSO4·5H2O (88.4 mg,

354 μmol, 0.90 equiv). The reaction mixture was stirred at

50 °C for 3 h then at room temperature for an additional 16 h

period. Ethyl acetate (20 mL) was added and the resulting solu-

tion was poured in a separatory funnel containing 40 mL of

EtOAc and 30 mL of a saturated aqueous solution of NH4Cl.

Organics were washed with 2 × 35 mL of saturated NH4Claq,

water (2 × 30 mL) and brine (20 mL). The organic phase was

then dried over MgSO4 and concentrated under reduced pres-

sure. Column chromatography on silica (DCM/MeOH 99:1 to

96:4) afforded the desired compound 18 (594 mg, 369.4 μmol,

94%) as a white solid. Rf 0.47 (94:6 DCM/MeOH); mp

68–72 °C (not corrected); 1H NMR (300 MHz, CDCl3) δ (ppm)

7.68 (br s, 3H, CHtriazole), 6.89 (br s, 1H, NH), 5.24–5.18 (m,

9H, H2, H3, H4), 4.80 (d, J = 1.3 Hz, 1H, H1), 4.61–4.58 (br s,

12H, OCH2Ctriazole + NtriazoleCH2), 4.17–4.00 (m, 11H,

OCH2CH2 + H6a + BrCH2CONH), 3.94–3.78 (m, 9H, H6b +

NHCqCH2O), 3.60 (m, 3H, H5), 2.12, 2.08, 2.03, 1.98 (4s, 36H,

COCH3); 13C{1H} NMR (75 MHz, CDCl3) δ (ppm) 170.5,

169.9, 169.9, 169.5, (COCH3), 165.6 (CONH), 145.0 (Ctriazole),

123.7 (CHtriazole), 97.4 (C1), 69.1 (C2), 68.9 (C3), 68.8 (C5),

68.4 (NHCqCH2O), 66.2 (C6), 65.6 (C4), 64.6 (OCH2Ctriazole),

62.1 (OCH2CH2), 60.2 (Cq), 49.6 (CH2Ntriazole), 29.7 (CH2Br),

20.8, 20.7, 20.6, 20.6 (COCH3); IR (cm−1): 2956, 2937, 2361,

2337, 1751, 1734, 1540, 1370, 1218, 1045, 759; HRMS (+TOF-

HRMS, m/z): [M + 2H]2+ calculated for C63H87BrN10O34,

804.2358; found, 804.2356 (Δ = −0.18 ppm); [M + H] + calcu-

lated for 1607.4642, found: 1607.4620 (Δ = −1.36 ppm); [M +

Na]+ calculated for 1629.4462; found, 1629.4448 (Δ = −0.84

ppm).

Synthesis of azidoacylated dendron 19: To a stirring solution

of brominated trivalent dendron 18 (121.0 mg, 75.2 μmol,

1.00 equiv) in dry DMF (1.5 mL) was added under a nitrogen

atmosphere sodium azide (7.3 mg, 112 μmol, 1.50 equiv). After

stirring overnight at room temperature, the solvent was removed

under vaccum. Ethyl acetate (20 mL) was added and the

resulting solution was poured in a separatory funnel containing

20 mL of EtOAc and 30 mL of a saturated aqueous solution of

NH4Cl. Organics were washed with 2 × 30 mL of saturated

NH4Claq, water (2 × 30 mL) and brine (20 mL). The organic

phase was then dried over MgSO4 and concentrated under

reduced pressure to furnish the desired compound 19 (110 mg,

69.9 μmol, 93%) as a white solid. Rf 0.47 (94:6 DCM/MeOH);

mp 62–65 °C (not corrected); 1H NMR (300 MHz, CDCl3) δ

(ppm) 7.68 (br s, 3H, CHtriazole), 6.69 (br s, 1H, NH), 5.27–5.18

(m, 9H, H2, H3, H4), 4.80 (d, J = 1.3 Hz, 1H, H1), 4.61–4.58 (br

s, 12H, OCH2Ctriazole + NtriazoleCH2), 4.23–4.00 (m, 11H,

OCH2CH2 + H6a + N3CH2CONH), 3.90–3.81 (m, 9H, H6b +

NHCqCH2O), 3.60 (m, 3H, H5), 2.12, 2.08, 2.03, 1.98 (4s, 36H,

COCH3); 13C{1H} NMR (75 MHz, CDCl3) δ (ppm) 170.4,

169.9, 169.8, 169.5, (COCH3), 166.7 (CONH), 144.9 (Ctriazole),

123.7 (CHtriazole), 97.4 (C1), 69.0 (C2), 68.8 (C3), 68.8 (C5),

68.4 (NHCqCH2O), 66.1 (C6), 65.6 (C4), 64.5 (OCH2Ctriazole),

62.1 (OCH2CH2), 59.9 (Cq), 52.5 (CH2N3), 49.5 (CH2Ntriazole),

20.7, 20.7, 20.6, 20.6 (COCH3); IR (cm−1): 2934, 2361, 2338,

2107 (N3), 1751, 1734, 1540, 1373, 1218, 1045, 761; HRMS

(+TOF-HRMS, m/z): [M + H]+ calculated for C63H87N13O34,

1570.5551; found, 1570.5543 (Δ = −0.51 ppm); [M + Na]+

calculated for 1592.5371; found, 1592.5366 (Δ = −0.31 ppm).

Synthesis of peracetylated 27-mer derivative 22: To a solu-

tion of nonapropargylated core 10 (4.6 mg, 5.38 μmol,

1.00 equiv) and trimannosylated dendron 19 (95.0 mg,

60.5 μmol, 11.25 equiv) in a THF/H2O mixture (1:1, 3 mL)

were added sodium ascorbate (2.9 mg, 15 μmol, 2.70 equiv) and

CuSO4·5H2O (3.6 mg, 15 μmol, 0.90 equiv). The reaction mix-

ture was stirred at 50 °C for 3 h then at room temperature for an

additional 16 h period. Ethyl acetate (10 mL) was added and the

resulting solution was poured in a separatory funnel containing

25 mL of EtOAc and 30 mL of a saturated aqueous solution of

NH4Cl. Organics were washed with 2 × 25 mL of saturated

NH4Claq, water (2 × 20 mL) and brine (10 mL). The organic

phase was then dried over MgSO4 and concentrated under

reduced pressure. Column chromatography on silica (DCM/

MeOH 98:2 to 90:10) afforded the desired compound 22

(50.0 mg, 3.33 μmol, 63%) as a yellowish oil. Rf 0.72 (90:10

DCM/MeOH); 1H NMR (600 MHz, CDCl3) δ (ppm) 8.27 (m,

3H, CHar), 7.79 (s, 9H, CH int- tr iazole), 7.75 (s, 27H,

CHext-triazole), 7.34–7.31 (m, 12H, NH), 5.23–5.18 (m, 81H, H2,

H3, H4), 5.05 (br s, 18H, NtriazoleCH2CONH), 4.81 (sapp, 27H,

H1), 4.62–4.53 (m, 126H, OCH2Ctriazole + NtriazoleCH2),

4.20–3.64 (m, 207H, OCH2 + H6 + NHCqCH2O + H5), 2.11,

2.08, 2.01, 1.96 (4s, 324H, COCH3); 13C{1H} NMR (150 MHz,
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CDCl3) δ (ppm) 170.6, 170.5, 170.0, 169.9, 169.9, 169.7, 169.6

(COCH3), 168.4 (CONH), 165.4 (CONH), 144.9 + 144.8

(Cext-triazole), 144.5 (Cint-triazole), 135.6 (Carom), 128.6 (CHarom),

124.9 (CHint-triazole), 124.0 (CHext-triazole), 97.5 (C1), 69.1 (C2),

69.0 (C3), 68.7 (C5), 68.4 (NHCqCH2O), 66.2 (C6), 65.6 (C4),

64.5 (OCH2Ctriazole), 62.1 (OCH2), 60.4 (Cq), 52.4 (Ntria-

zoleCH2CONH), 49.5 (CH2Ntriazole), 20.8, 20.8, 20.7, 20.7

(COCH3); MS (+TOF-MS, m/z): [M + H]+ calculated for

C615H834N120O318, 14995.8; found, 14995.9.

Synthesis of de-O-acetylated 27-mer derivative 23: Acetyla-

ted compound 22 (30.0 mg, 2.00 μmol) was dissolved in anhy-

drous MeOH (3 mL) and a solution of sodium methoxide (1 M

in MeOH, 5 µL every 20 min until precipitation) was added. An

additional 100 µL was then injected and the heterogeneous

reaction mixture was stirred at room temperature for 24 h. The

solvent was then removed with a Pasteur pipette and a mixture

of anhydrous MeOH/DCM (4:1, 5 mL) was added to the

residual white foam. A vigorous agitation is maintained for an

additional 15 min period. After removal of the solvent with a

Pasteur pipette, the residue was dissolved in 3 mL of H2O, and

the pH was adjusted to 7 with addition of ion-exchange resin

(Amberlite IR 120 H+). After filtration, the solvent was

removed under vacuum with a rotary evaporator and lyophilized

to yield the fully deprotected 27-mer 23 as a white solid

(17.0 mg, 1.63 μmol) in 82% yield. 1H NMR (600 MHz, D2O)

δ (ppm) 8.06 (m, 3H, CHar), 7.97 (s, 27H, CHext-triazole), 7.96

(s, 9H, CHint-triazole), 5.14 (br s, 18H, NtriazoleCH2CONH), 4.75

(s, 27H, H1),  4.59−4.51 (m, 126H, OCH2C t r iazole  +

NtriazoleCH2), 4.05–4.03 (m, 27H, OCHHCH2N), 3.83–3.80 (m,

72H, OCHHCH2N + H2 + NHCqCH2Oint), 3.71–3.57 (m,

162H, NHCqCH2Oext + H6 + H4 + H3), 3.01 (m, 27H, H5);
13C{1H} NMR (150 MHz, D2O) δ (ppm) 168.8 (CONHint),

167.5 (CONHext), 144.7 (Cext-triazole), 144.6 (Cint-triazole), 135.7

(Carom), 129.7 (CHarom), 127.0 (CH int-tr iazole), 126.1

(CHext-triazole), 100.2 (C1), 73.5 (C5), 71.1 (C3), 70.6 (C2), 68.2

(NHCqCH2O), 68.0 (NHCqCH2O), 67.0 (OCH2CH2Ntriazole),

66.1 (C4), 64.2 (OCH2Ctriazole), 61.3 (C6), 60.9 (Cq), 52.9

( N t r i a z o l e C H 2 C O N H ) ,  5 0 . 7  ( C H 2 N t r i a z o l e ) ,  3 5 . 7

(OCHNCH2Ctriazole); HRMS (+TOF-HRMS, m/z): [M + 7H]7+

calculated for C399H204N120O210, 1494.6002; found, 1494.5951

(Δ = −3.43 ppm).
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Abstract
A novel polyzwitterion possessing weak ionic groups could be efficiently synthesized from cellulose phenyl carbonate. Polyanion,

polycation, and polyzwitterion are accessible by orthogonal removal of protecting groups. The molecular structure was proofed by

FTIR- and NMR spectroscopy. Characteristic properties of the cellulose derivatives, e.g., acid dissociation constants, isoelectric

point and complexation, were investigated by potentiometric titration (pH), nephelometry, rheology and dynamic light-scattering.

The formation of pH-responsive interpolyelectrolyte complexes applying polydiallyldimethylammonium chloride was preliminary

studied.

1549

Introduction
Ionic polymers are important naturally occurring macromole-

cules and various synthetic polyelectrolytes play an important

role in commercial applications [1]. Naturally occurring

biopolymers are for example proteins, nucleotides, and polysac-

charides like alginates. Synthetic ionic polymers are widely

used in the field of water treatment [2], protein separation,

desalination, binding of metal ions, in the oil industry [3] and

nanotechnology [4]. In general, these polymers may be divided

into water-soluble polyelectrolytes, containing anionic or

cationic groups, and polyzwitterions that include both charges.

While the addition of low molecular weight electrolyte cause

the polyelectrolyte effect, i.e., the shrinking and precipitation of

the polyelectrolyte, polyzwitterions show chain expansion and

increased solubility (antipolyelectrolyte effect). Moreover, the

classification may result from weak and strong ionic groups,

and the location of the charges. Polyampholytes possess the

charged groups on different monomer units, while polybetaines

refer to polymers with opposite charges on one side chain at the

same monomer unit [1].

The first statistical, synthetic polyampholytes were obtained in

the 1950s by radical polymerization of acrylic- or methacrylic

acid and their derivatives [5-7]. 20 years later the first block

polyampholytes were synthesized via anionic polymerization of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:thomas.heinze@uni-jena.de
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2-vinylpyridine with trimethylsilyl methacrylate [8,9]. Polybe-

taines, for example sulfobetaines, could be prepared from the

reaction of a tertiary amine (monomer or polymer) and a sultone

[10]. Due to their biocompatibility and hemocompatibility poly-

betaines are attributed to be materials with biomimetic prop-

erties [11]. However, polybetaines are mostly not soluble in

pure water. Their solubility is often limited to concentrated

saline solutions or organic solvents with high hydrogen bond-

donating ability (e.g., trifluoroethanol) [12]. Therefore, the

processing to yield films or nanoparticles requires ecologically

harmful solvents. Thus, a broad variety of synthetic polyam-

pholytes and polybetaines were synthesized, however, they are

not soluble in pure water.

The chemical modification of polysaccharides allows the access

to novel polyzwitterions where the opposite charges may be

located in the same repeating unit, but not in the same side

chain. Moreover, regioselective functionalization is possible

[13]. In contrast to synthetic polybetaines an increased solu-

bility could be expected for polysaccharide derivatives and,

furthermore, biopolymers possess an inherent biocompatibility

and biodegradability. While polyzwitterions based on N-func-

tionalized chitosan [14,15] or 6-desoxy-6-aminocelluloses [16]

are composed like synthetic polybetaines, a few cellulose-based

zwitterions are described where the isoelectric point and the

properties in solution could be tuned by varying the substitu-

tion pattern [17-20]. However, the polymers contain mostly a

permanent cationic- or anionic charge, which may lead to limi-

tations in solubility. Thus, there is an increasing interest in

novel biobased, zwitterionic polysaccharide derivatives in

research and industry.

In the present work the structure design of novel polyzwitter-

ions based on cellulose carbamate with carboxylic- and prima-

ry amino groups is discussed. Starting from cellulose carbonate,

the fully protected zwitterion is efficiently synthesized that

could be converted into the polyanion, polycation, and

polyzwitterion via the orthogonal removal of the protecting

groups. The molecular structure of the products is investigated

by means of FTIR- and NMR spectroscopy in detail. Moreover,

important properties including the acid dissociation constants,

the isoelectric point and the aggregation behavior are deter-

mined by potentiometric titration (pH), nephelometry, rheology

and dynamic light-scattering. Moreover, preliminary studies

about stimuli-responsive interpolyelectrolyte complexes are

presented.

Results and Discussion
Synthesis
The synthesis of a novel polyzwitterion based on cellulose was

performed by activation of the polymer backbone by formation

of a carbonate moiety and subsequent introduction of amino-

and carboxylic groups using the protected diamine and amino

acid. As schematically shown in Figure 1, cellulose phenyl

carbonate (1, degree of substitution, DS 1.92), obtained by

homogeneous conversion of cellulose with phenyl chlorofor-

mate in N,N-dimethylacetamide (DMAc)/LiCl and pyridine

[21], was allowed to react with an equimolar mixture of

β-alanine ethyl ester (2) and N-tert-butoxycarbonyl-1,2-ethane-

diamine (3). The β-alanine ethyl ester was obtained from the

respective commercially available hydrochloride under triethyl-

amine deficiency conditions in order to avoid cross-linking of

the polymer chains via carbonate moieties resulting from the

strong basicity of the trialkylamine [22]. The aminolysis yields

the (3-ethoxy-3-oxopropyl)(N-Boc-2-aminoethyl)cellulose

carbamate 4 with a DSβ-alanine ester of 0.88 and a DSBoc-EDA of

0.95 that indicates a similar reactivity of the amines applied and

the conversion of 95% of the carbonate moieties into the carba-

mate. Moreover, a random distribution of the substituents

within the repeating unit and the polymer backbone can be

assumed.

From cellulose carbamate 4, the polyanion 5, the polycation 6,

and the polyzwitterion 7a,b may be obtained because of the

orthogonal protecting groups. The homogeneous alkaline

cleavage of the ethyl ester into (2-carboxyethyl)(N-Boc-2-

aminoethyl)cellulose carbamate 5 was carried in methanolic/

aqueous sodium hydroxide solution to mediate the solubility of

educt and product. The acidic cleavage of the Boc group

applying gaseous hydrogen chloride leads to the polycation 6.

Finally, the polyzwitterion (2-carboxyethyl)(2-aminoethyl)-

cellulose carbamate 7a could be obtained by acidic treatment of

polyanion 5. However, the solubility in aprotic organic solvents,

like dioxane and CH2Cl2, is decreased and the deprotection has

to be carried out in trifluoroacetic acid (TFA), followed by a

subsequent anion exchange by dialysis of the polymer solution

against aqueous sodium chloride and water. 7b was prepared

from the polycation 6 by alkaline treatment, but the acidifica-

tion of the reaction mixture is required for a convenient isola-

tion of the product 7b.

Structure characterization
The molecular structure of the products obtained could be

revealed by means of FTIR- and NMR spectroscopy. The C=O

stretching vibration of the ester- and the carbamate moiety

overlap in the IR spectrum to a broad signal at 1716 cm−1. The

carboxylate in polyanion 5 can be detected separately from the

carbamate linkage (1705 cm−1) at 1581 cm−1. While the C=O

peaks in the IR spectrum of the polyzwitterion, arising from the

carbamate and the carboxylic group, cannot be resolved, NMR

spectroscopy may be applied for detailed structure characteriza-
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Figure 1: Reaction scheme of the synthesis of anionic, cationic, and ampholytic cellulose carbamates (substituents randomly distributed).

tion. Figure 2 shows the 13C NMR spectra of the (3-ethoxy-3-

oxopropyl)(N-Boc-2-aminoethyl)- (4), the anionic- (5), the

cationic- (6), and the zwitterionic (7a) cellulose carbamate. The

C=O resonances at 172 and 157 ppm indicate the ester and the

carbamate moieties, respectively. Signals arising from the cellu-

lose backbone are visible at 103–101 (C-1), 83–74 (C-2-5) and

63 ppm (C-6). Moreover, the resonances of aliphatic carbon

nuclei of the substituents occur at 78.8 (CMe3), 60.4 (OCH2),

40.5–34.1 (CH2), 27.5 (C(CH3)3), and 13.2 ppm (CH3). The

cleavage of the ethyl ester to the corresponding carboxylate 5 is

indicated by a shift of the C=O resonance to lower field. More-

over, the signals belonging to the ethyl group disappear and the

peak of the methylene moiety next to the carboxylate is shifted

to low field of about 3 ppm. The removal of the Boc group

leads to the cation 6 clearly visible by the absence of the reso-

nances at 78 and 28 ppm. After the cleavage of both, the ethyl

ester and the Boc moiety, the polyzwitterion 7a is obtained indi-

cated by the missing resonances. Furthermore, the desired func-

tionalities are still linked to the polymer backbone, proofed by

C=O resonances, signals from position 1 to 6 of the repeating

unit, and the peaks of four CH2 groups.

Properties
Acid dissociation constants and isoelectric point
The acid dissociation constants could be determined by poten-

tiometric titration (pH). Moreover, the question arises how the

pKa value is influenced by further substituents. Therefore, the

acidity of the ammonium groups of ω-aminoethylcellulose

carbamate [23], (3-ethoxy-3-oxopropyl)(2-aminoethyl)cellu-

lose carbamate 6 and the polyzwitterion 7a were compared.

Polycation 6 was titrated forth and back in range from pH 4.3 to

10 (Figure 3). The rising point of inflection, representing the

pKa value of the amino group (9.0), was determined by the first

derivative of the curve (dpH/dV) that yields the minimum. To

obtain the pKa value of the amino group in the polyzwitterionic

molecule the titration curve of 7a could be considered. In
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Figure 2: 13C NMR spectra of (3-ethoxy-3-oxopropyl)(N-Boc-2-aminoethyl)- (4), (2-carboxyethyl)(N-Boc-2-aminoethyl)- (5), (3-ethoxy-3-oxopropyl)(2-
aminoethyl)- (6) and (2-carboxyethyl)(2-aminoethyl)cellulose carbamate (7a) recorded in MeOD (4) or D2O (5–7a).

Figure 3: Acid–base titration of (3-ethoxy-3-oxopropyl)(2-
aminoethyl)cellulose carbamate (6, 0.4%) in 0.2 M aqueous sodium
chloride solution: pH (V NaOH) ▲ and its first derivative dpH/dV ○.

Figure 4 the minimum of the first derivative at 340 μL indi-

cates a pKa value of 9.7. Thus, the pKa increases from 8.6 [23]

to 9.0 if the ester moiety is present within the polymer chain

and, moreover, the value increases to 9.7 for cellulose carba-

mate containing carboxylate. The higher affinity of the protons

to the polymer chain may be explained by hydrogen bonding to

the carboxylic functionalities. The pKa value of the carboxylic

group is 4.0 and could be obtained from the minimum at 230 μL

(Figure 4).

To determine the isoelectric point (IP) of the polyzwitterion, the

falling point of inflection between the pKa values has to be

considered. In Figure 4 the maximum of dpH/dV at 285 μL

indicates an IP of 7.3. Naturally, the summation of the charges

of the functional groups has to yield a neutral molecule at the IP

and a ratio of carboxylic groups to amino groups of 0.997 was

predicted from IP and pKa values. The consumption of sodium
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Figure 4: Acid–base titration of (2-carboxyethyl)(2-aminoethyl)cellu-
lose carbamate (7a, 0.4%) in 0.2 M aqueous sodium chloride solution:
pH (V NaOH) ▲ and its first derivative dpH/dV ○.

hydroxide solution leads to an equal partial DSβ-alanine and

DSEDA of 0.53. The decrease of the DS values compared to the

protected polyzwitterion 4 could be explained by a reduced

accessibility of the functional groups in aqueous solution or the

cleavage of carbamate moieties from the polymer backbone

during acidic and basic treatment. However, the ratio between

amino and carboxylic groups is balanced. In addition, the IP

was proofed by rheology. The IP is indicated by a minimum of

the relative viscosity of a polyzwitterion solution at pH value of

7.7 (Supporting Information File 1).

Precipitation and self-complexation
The pH value influences the solution state of polyanions, poly-

cations, or polyzwitterions. While the polycation 6 is soluble in

water at the whole pH range from 3 to 11, aqueous solutions of

polyanion 5 show precipitation below pH values of 5 due to the

protonation of the carboxylate and the hydrophobic Boc group.

Figure 5 reveals an increase of turbidity with decreasing pH

value. Moreover, dynamic light scattering (DLS) display details

about the aggregates formed. The measurements of dissolved

polymer and aggregates with the DLS equipment yield no

useful results, but from pH 4.5 to 3.5 nanoparticles with a

Z-average diameter of about 200 nm could be detected. During

the titration, the zeta potential of the particles increases from

−40 to −10 mV according to the protonation of the carboxylate

and thus, the compensation of the negative charge of the

boundary surface.

Polyzwitterion 7a shows self-complexation at neutral pH value

if no salt is added. Figure 6 illustrates the titration from acidic

and alkaline solution and the gap of solubility. In the border

from solubility to insolubility at pH value of 5 and 8.5, the

turbidity and the Z-average diameter increase significantly. In

Figure 5: Acid–base titration of (2-carboxyethyl)(N-Boc-2-aminoethyl)-
cellulose carbamate (5, 0.1%) from pH 6 to pH 3 (arrow): turbidity
(nephelometric turbidity units, NTU ), Z-average (d. nm ▲), zeta
potential (ZP, mV ○), and interpolation (line) determined by nephelom-
etry and dynamic light scattering (DLS).

the pH scale from 4.5 to 6, the zeta potential decreases from

+25 to +5 mV due to the deprotonation of the carboxylic

moiety. In alkaline solution the zeta potential increases with

decreasing pH and the amino groups become protonated. The

Z-average diameter seems to decrease with increasing protona-

tion. However, aggregates of widely distributed sizes (high

polydispersity) become regular particles due to the electrostatic

stabilization indicated by an increase of the absolute value of

the zeta potential at pH value of 9. At lower pH values, large

aggregates are formed induced by self-complexation.

Figure 6: Acid–base titration of (2-carboxyethyl)(2-aminoethyl)cellu-
lose carbamate (7a, 0.4% in water) from pH 3.5 to pH 6 and from pH
10 to pH 7 (arrows): turbidity (nephelometric turbidity units, NTU ),
Z-average (d. nm ▲), zeta potential (ZP, mV ○), and interpolation (line)
determined by nephelometry and dynamic light scattering (DLS).

Polyelectrolyte complex formation with poly-
DADMAC
A permanently charged polycation (polydiallyldimethylammo-

nium chloride, polyDADMAC) was applied to study the forma-
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Figure 7: Titration of (2-carboxyethyl)(2-aminoethyl)cellulose carba-
mate (7a, 0.1% in water) at pH 11.5 with polydiallyldimethylammonium
chloride (polyDADMAC); turbidity (nephelometric turbidity units, NTU)
in dependence on degree of titration (τ).

Figure 8: Titration of (2-carboxyethyl)(2-aminoethyl)cellulose carba-
mate (7a, 0.1% in water) and polyDADMAC (equimolar to carboxylic
groups) with sodium hydroxide solution; turbidity (nephelometric
turbidity units, NTU) in dependence on pH value.

tion of interpolyelectrolyte complexes. In the first experiment a

solution of the zwitterionic cellulose derivative 7a was adjusted

to pH 11.5 in order to yield the maximum of negative charges.

The addition of polycation causes the formation of particles

resulting in an increased turbidity, finally forming macroscopic

aggregates (Figure 7). The degree of titration (τ) is defined by

the ratio of the amount of polyDADMAC and the amount of

carboxylate in the cellulose derivative. Moreover, a solution of

7a and polyDADMAC (τ = 1) was titrated with aqueous sodium

hydroxide solution (Figure 8). In acidic medium, cationic

charges are predominant and repulsive interaction of the

polymer chains lead to a clear solution. At pH value from 4 to 5

an increase in turbidity indicates the attractive forces between

the molecules due to the deprotonation of the carboxylic groups.

Thus, the formation of interpolyelectrolyte complexes is switch-

able in a physiological relevant range of the pH value.

Conclusion
In this work a well soluble cellulose-based polyzwitterion with

weak ionic groups could be efficiently synthesized starting from

cellulose phenyl carbonate. It became possible to access the

polyanion, the polycation, and the polyzwitterion by the orthog-

onal removal of protecting groups. While IR spectroscopy could

not proof the presence of all functional groups, the molecular

structure was clearly described by NMR spectroscopy. Potentio-

metric titration (pH), nephelometry, rheology and dynamic

light-scattering revealed physicochemical characteristics of the

cellulose derivatives. Acid dissociation constants, isoelectric

point and complexation behavior are in good agreement and

thus, a well characterized zwitterionic cellulose carbamate with

excellent properties was discovered. Preliminary studies show

the formation of pH-responsive interpolyelectrolyte complexes

applying polydiallyldimethylammonium chloride. The particles

are switchable in a physiological relevant range of pH values

and are promising nanocarriers in the field of drug delivery that

will be a subject of further studies.

Experimental
Materials
Microcrystalline cellulose (Avicel PH-101) with a DPw of 330

was purchased from Sigma-Aldrich and dried at 60 °C in

vaccum. Polydiallyldimethylammonium chloride (Sigma-

Aldrich) with a very low molecular weight of Mw < 100000 g/

mol was used as received. Other chemicals and solvents were

purchased from Sigma-Aldrich, Acros Organics or TCI Europe

and were used without further treatment.

Cellulose phenyl carbonate was prepared by esterification of

cellulose, dissolved in N,N-dimethylacetamide (DMAc)/LiCl,

applying pyridine and phenyl chloroformate [21]. 1, DS 1.92

(determined by means of 1H NMR spectroscopy after peracety-

lation), FTIR (KBr): 1770 cm−1 (νC=O); 13C NMR (63 MHz,

DMSO-d6) δ 153.4, 153.1, 151.5 (C=O), 151.1 (C-Ph), 130.0

(CH-Ph), 126.6 (CH-Ph), 121.5 (CH-Ph), 103.0 (C-1) 99.2

(C-1'), 82-67 (C-2, C-3, C-4, C-5, C-6) ppm.

N-tert-Butoxycarbonyl-1,2-ethanediamine (3) was obtained

according to the procedure described by Krapcho and Kuell

[24] and purified by distillation in vaccum (7 mbar, 109 °C).

Yield: 67% 1H NMR (250 MHz, CDCl3) δ 5.17 (bs, NH), 3.07

(m, CH2), 2.71 (m, CH2), 1.35 (s, CH3), 1.12 (s, NH2) ppm;
13C NMR (63 MHz, CDCl3) δ 156.2 (C=O), 79.0 (CMe3), 43.4

(CH2), 41.8 (CH2), 28.3 (CH3) ppm.
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Measurements
NMR spectra were acquired on a Bruker Avance 400 MHz

(Bruker Biospin, Rheinstetten, Germany) with 16 scans and

25 mg sample per mL solvent for 1H NMR spectroscopy (room

temperature) and up to 200,000 scans for 13C NMR spec-

troscopy (70 °C) applying up to 100 mg sample per mL solvent.

FTIR spectra were recorded on a Nicolet AVATAR 370 DTGS

spectrometer (Thermo Scientific, Schwerte, Germany) with the

KBr technique. Elemental analyses were performed by a CHNS

932 Analyzer (Leco, Mönchengladbach, Germany). Nephelo-

metric measurements were carried out with a Turbiquant® 3000

IR from Merck (Darmstadt, Germany). The self complexation at

different pH values was investigated by potentiometric titration

with 0.25 M hydrochloric acid and 0.25 M sodium hydroxide

solution using the Zetasizer Nano ZS from Malvern Instru-

ments (Malvern, UK) equipped with a MPT-2 autotitrator.

Z-Average diameter and zeta potential were determined by

dynamic light scattering (DLS) and obtained by the cumulants

method assuming spherical shape. Each measurement was

repeated at least two times. Manual potentiometric titrations

were performed with a SevenMulti™ pH meter (Mettler

Toledo, Gießen, Germany). The viscosity of the polymer solu-

tions was measured with a Haake Mars II cone-plate rheometer

(Thermo Scientific, Schwerte, Germany) in controlled rate

mode at 20 °C. Shear rates were varied from 0.1 to 1000 s−1 in

a cycle of increasing and decreasing shear rate over 5 min. The

linear range was extrapolated to zero shear viscosity.

Syntheses
Synthesis of (3-ethoxy-3-oxopropyl)(N-Boc-2-
aminoethyl)cellulose carbamate 4
In a centrifuge tube β-alanine ethyl ester hydrochloride

(11.27 g, 73 mmol) dissolved in 70 mL N,N-dimethylfor-

mamide (DMF) and a solution of triethylamine (5.93 g,

59 mmol) in 20 mL DMF was added. The tube was shaken

immediately and allowed to stand for 1 h at room temperature.

The precipitate was removed by centrifugation and the clear

solution of β-alanine ethyl ester (2) was mixed with N-tert-

butoxycarbonyl-1,2-ethanediamine (3, 11.73 g, 73 mmol),

dissolved in 60 mL DMF.

The solution of the amines 2 and 3 was added rapidly under

vigorous stirring to cellulose phenyl carbonate 1 (10 g, DS 1.92,

49 mmol carbonate) dissolved in 150 mL DMF. The reaction

mixture was allowed to react for 24 h at 60 °C. After precipita-

tion into 2.5 L of water, the product was isolated by filtration.

The product was washed three times with 1 L of water and dried

in vacuum at 40 °C. Yield: 90%, DSβ-alanine ester 0.88,

DSBoc-EDA 0.95 (determined by elemental analysis from

nitrogen content assuming a total DS of 1.83 according to a

conversion of carbonate of 95% [21]), FTIR (KBr): 1716 cm−1

(νC=O, carbamate and ester); 13C NMR (100 MHz, MeOD) δ

172.0 (C=O, ester), 157.0 (C=O, carbamate), 103.0 (C-1), 101.4

(C-1'), 83–74 (C-2, C-3, C-4, C-5), 78.8 (CMe3), 63.0 (C-6),

60.4 (OCH2), 40.5 (CH2), 39.9 (CH2), 36.5 (CH2), 34.1 (CH2),

27.5 (C(CH3)3), 13.2 (CH3) ppm.

Synthesis of (2-carboxyethyl)(N-Boc-2-
aminoethyl)cellulose carbamate sodium salt (5)
A solution of 4 (1 g) in 15 mL methanol was mixed with 2 g

sodium hydroxide dissolved in 5 mL water under nitrogen

atmosphere and allowed to react for 1 h at room temperature

under stirring. The product was isolated by precipitation into

40 mL 2-propanol and subsequent filtration. The precipitate was

washed four times with 2-propanol, pre-dried in vacuum at

room temperature, dissolved in 10 mL water, dialyzed against

deionized water, and finally lyophilized. Yield: 873 mg (88%),

FTIR (KBr): 1705 cm−1 (νC=O, carbamate), 1581 cm−1 (νC=O,

carboxylate); 13C NMR (100 MHz, D2O) δ 180.2 (C=O,

carboxylate), 158.0 (C=O, carbamate), 103.0 (C-1), 101.1

(C-1'), 85–66 (C-2, C-3, C-4, C-5), 80.9 (CMe3), 63.0 (C-6),

40.3 (CH2), 39.8 (CH2), 37.9 (CH2), 37.3 (CH2), 27.8

(C(CH3)3) ppm.

Synthesis of (3-ethoxy-3-oxopropyl)(2-
aminoethyl)cellulose carbamate hydrochloride 6
4 (2 g) was dissolved in 60 mL 1,4-dioxane at 60 °C. After

cooling to room temperature, a flow of hydrogen chloride was

bubbled through the solution for 2 h under stirring. The precipi-

tate was isolated by centrifugation, washed one times with

50 mL dioxane, three times with 50 mL 2-propanol and pre-

dried in vacuum at room temperature. The half amount of the

product was dissolved in 10 mL water, dialyzed against deion-

ized water and finally lyophilized. Yield: 82%, DSβ-alanine ester

0.90, DSEDA 0.80 (determined by elemental analysis from

nitrogen- and chlorine content), FTIR (KBr): 1716 cm-1 (νC=O,

carbamate and ester); 13C NMR (100 MHz, D2O) δ 174.2

(C=O, ester), 157.5 (C=O, carbamate), 102.7 (C-1), 101.0

(C-1'), 82–66 (C-2, C-3, C-4, C-5), 63.0 (C-6), 61.8 (OCH2),

39.5 (CH2), 38.1 (CH2), 36.5 (CH2), 34.4 (CH2), 13.5 (CH3)

ppm.

Synthesis of (2-carboxyethyl)(2-aminoethyl)cellu-
lose carbamate hydrochloride
7a: 5 (0.5 g) was dissolved in 5 mL TFA under stirring for

15 min. After precipitation into 40 mL cold 2-propanol, the pro-

duct was immediately isolated by centrifugation, washed four

times with 25 mL 2-propanol and pre-dried in vacuum at room

temperature. The product dissolved in 5 mL water was dialyzed

against saturated sodium chloride solution and deionized water,

and finally lyophilized. Yield: 340 mg (82 %), DSβ-alanine 0.53,

DSEDA 0.53, FTIR (KBr): 1716 cm-1 (νC=O, carbamate and
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carboxylic acid); 13C NMR (100 MHz, D2O) δ 178.7 (C=O,

carboxylic acid), 157.6 (C=O, carbamate), 102.6 (C-1), 100.9

(C-1'), 83–67 (C-2, C-3, C-4, C-5), 63.0 (C-6), 39.4 (CH2), 38.0

(CH2), 37.3 (CH2), 36.1 (CH2) ppm.

7b: 10 mL sodium hydroxide solution (2 g NaOH/10 mL water)

was added to the half amount of the product 6 (see procedure

above) dissolved in 10 mL water under nitrogen atmosphere.

The reaction solution was allowed to react for 1 h at room

temperature under stirring. Subsequently, an equimolar amount

of hydrochloric acid (50 mmol, 4.2 mL 37%) diluted with 5 mL

water was added under cooling with ice and the mixture was

precipitated into 200 mL 2-propanol. The product was isolated

by centrifugation, washed three times with 50 mL 2-propanol,

dried in vacuum at room temperature, dissolved in 10 mL water,

dialyzed against deionized water, and finally lyophilized. Yield:

71%

Supporting Information
Supporting Information File 1
Relative viscosity of an aqueous solution of cellulose

carbamate 7a in dependence on pH value.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-159-S1.pdf]
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Abstract
We describe the first one-pot orthogonal strategy to prepare well-defined cyclopeptide-based heteroglycoclusters (hGCs) from

glycosyl thiols. Both thiol–chloroactetyl coupling (TCC) and thiol–ene coupling (TEC) have been used to decorate cyclopeptides

regioselectively with diverse combination of sugars. We demonstrate that the reaction sequence starting with TCC can be

performed one-pot whereas the reverse sequence requires a purification step after the TEC reaction. The versatility of this orthog-

onal strategy has been demonstrated through the synthesis of diverse hGCs displaying alternating binary combinations of α-D-Man

or β-D-GlcNAc, thus providing rapid access to attractive heteroglycosylated platforms for diverse biological applications.

1557

Introduction
Multivalent carbohydrate–protein interactions are complex

mechanisms that play key roles in biology [1]. To decipher,

exploit or inhibit these recognition processes, a large variety of

synthetic multivalent glycoconjugates have been developed

over the last decade [2-4]. For a long time, these structures have

capitalized on the utilization of a core scaffold decorated with

identical sugars which are covalently linked through various

spacers. While mimicking the multivalent sugar display of bio-

logical systems, these structures poorly reflect their inherent

heterogenicity which hampers progresses towards the detailed

elucidation of carbohydrate–protein interactions and the

discovery of more selective ligands. Heteromultivalent ligands,

namely heteroglycoclusters (hGCs), represent ideal structures to

achieve this purpose [5]. A few recent reports described the

construction of various hGCs based on the successive attach-

ment of sugar residues on a core scaffold such as sugar [6,7],

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:olivier.renaudet@ujf-grenoble.fr
http://dx.doi.org/10.3762%2Fbjoc.10.160
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Figure 1: Chemical strategy for the construction of heteroglycoclusters.

peptide [8-10], dendrimer [11,12], cyclodextrin [13-15] and

polymer [16]. The most common synthetic strategy to build

such hGCs relies on a fragment-coupling approach using

thiol–ene coupling [17], copper(I)-catalyzed alkyne–azide

cycloaddition (CuAAC) [18] or SN2 reaction [19]. In addition,

orthogonal chemoselective ligations were proved more attrac-

tive strategies to prepare hGCs in high yields, in part because

they require less synthetic and purification steps. For example,

oxime and CuAAC ligations have been used in our group to

prepare tetravalent structures displaying two sugars either in 2:2

or 3:1 relative proportions [20]. In the meanwhile, the group of

A. Dondoni has developed a sequential orthogonal TEC in

combination with CuAAC for grafting two different sugar

motifs on calix[4]arene scaffold [21].

Herein we report a new strategy based on both thiol–chloro-

actetyl coupling (TCC) and thiol–ene coupling (TEC) to prepare

hGCs from glycosyl thiols and cyclopeptide scaffolds

displaying chloroacetyl (ClAc) and allyloxycarbonyl (Alloc)

groups and vice versa. We demonstrate that cyclopeptides

regioselectively decorated with four sugars on one side, and two

other sugars on the other side can be obtained either by a step-

wise or a one-pot protocol depending on the reaction sequence

(Figure 1). It should be mentioned that during the course of this

study, the group of R. Roy has demonstrated the orthogonality

of these two reactions for the growth of multifuncional

dendrimers [22].

Results and Discussion
Owing to their straightforward access, their high nucleo-

philicity and the stability of thioether conjugates, glycosyl thiols

[23,24], α-D-ManSH 1 and β-D-GlcNAcSH 2 have been

selected for this study (Scheme 1). Such derivatives have

proved to be useful in bioconjugates chemistry [25] and for the

preparation of thioether-linked tetravalent glycocyclopeptides

which have shown highest inhibition against a model lectin in

comparison with analogues bearing oxime and triazole linkage

[26]. Glycosyl thiols α-D-ManSH 1 and β-D-GlcNAcSH 2 were

prepared from the corresponding bromo peracetyl and chloro

peracetyl sugars by treatment with potassium thioacetate fol-

lowed by de-O-acetylation under standard conditions [24].

Cyclopeptide 3 displaying two orthogonal functionalities, i.e.,

four lysine residues functionalized with Alloc groups [27]

pointing on the upper face, and two lysine residues protected

with chloroacetyl moiety at the lower face has been prepared.

To evaluate the importance of the reaction sequences, we first

performed the TEC reaction using α-D-ManSH 1. This reaction

was carried out in a mixture of DMF and H2O under UV irradi-

ation (λ = 365 nm) in the presence of 2,2-dimethoxy-2-phenyl-

acetophenone (DPAP) as a radical initiator (Scheme 1, route A).

In previous studies [26], we observed that the TEC reaction

requires the utilization of 3 equivalents of sugar per reaction site

to be complete. Disappearance of starting material was indeed

observed by reversed-phase HPLC after 45 minutes. The forma-

tion of the desired intermediate 4 having two chloroacetyl

groups on the other side was confirmed by ESI mass spectrom-

etry (see Supporting Information File 1 and Table 1). As

expected, the chloroacetyl groups remained unreactive under

these conditions as no partially glycosylated product was

observed. Even though the HPLC profile of the crude mixture

showed a clean reaction mixture, we were aware that the

remaining presence of 1 could lead to the formation of an

unwanted mixture of products. However we performed the next

TCC reaction without further purification. The reaction

occurred with a slight excess of 2 (1.2 equiv per reactive site) in

the presence of NaH in dry DMF. Expectedly, this route gave a

heterogeneous mixture of inseparable products, thus indicating

that removal of the unreacted excess of sugar 1 is mandatory to

avoid its addition during the TCC reaction. After purification,

compound 4 was obtained in 46% yield and subsequently

subjected to the TCC reaction with β-D-GlcNAcSH 2 under

conditions described above. Compound 5, wherein α-D-Man

and β-D-GlcNAc occupied at the upper and the lower domains
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Scheme 1: Stepwise (Route A) and sequential one-pot (Route B) synthesis of hGCs.

of the scaffold, respectively, was obtained after 1 hour as

confirmed by HPLC and MS analyses (Table 1).

We decided to investigate whether changing the reaction

sequence could allow the one-pot assembly. We thus coupled

β-D-GlcNAcSH 2 by TCC as the first step (Scheme 1, route B).

Contrary to the previous route, we expected that the presence of

unreacted sugar 2 (used in slight excess) might not interfere

during the thiol–ene coupling as it should form disulfide adduct

spontaneously. Therefore, the crude mixture was neutralized by

addition of hydrochloric acid and compound 6 was used without

further additional purification. α-D-ManSH 1 was then conju-

gated by TEC and compound 5 was obtained in 78% after

purification. Interestingly no side product corresponding to the

addition of 2 on the Alloc group was detected. We concluded

that performing reactions in this order (route B) makes the one-

pot assembly possible, faster and provides hGCs with higher

yields (Table 1).
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Table 1: Analytical data of the hGCs.

compound yield (%)a MS calcb MS foundc tR (min)d

4 46 (6.9 mg) 2351.9 2352.0 9.71
5 (route A) 33 (2.6 mg) 2753.1 2753.2 8.24
5 (route B) 78 (13.8 mg) 2753.1 2753.2 8.24
8 80 (10.2 mg) 2835.8 2836.0 8.35
11 77 (13.1 mg) 2666.1 2666.1 8.06
13 54 (14.4 mg) 2747.1 2747.2 8.06

aYields were calculated on isolated compounds after HPLC purification. bCalculated mass for [M + H]+. cMS analysis was performed by electrospray
ionization method in positive mode. dRP-HPLC retention time using a linear gradient A–B, 95:5 to 0:100 in 20 min, flow: 1.0 mL/min, λ = 214 nm and
250 nm (column: nucleosil 300-5 C18; solvent A: 0.09% TFA in H2O, solvent B: 0.09% TFA in 90% acetonitrile).

Scheme 2: Synthesis of hGCs 11 and 13.

To verify the efficiency and versatility of this protocol, we

decided to perform similar sequence of reactions with cyclo-

peptide 9  having reactive functionalities in reverse

orientation compared to 3, i.e., four chloroacetyl and two Alloc

moieties at the upper and the lower face, respectively

(Scheme 2).

α-D-ManSH was used for the TCC reaction and β-D-

GlcNAcSH for the subsequent TEC using a similar sequence of

reactions described in Scheme 1. The HPLC profile of the crude

mixture (Figure 2) showed that the successive TCC and TEC

reactions give clean reaction mixtures to provide the hGC 11

with 77% yield.

The same strategy was followed to prepare compound 13

featuring two α-D-Man and four β-D-GlcNAc. No difference of

reactivity was observed whatever the scaffold or the glycosyl

thiol used. All these products were obtained in good yield after
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Figure 2: RP-HPLC profile of the one-pot synthesis of hGC 11 (linear
A–B gradient: 5 to 100% B in 20 min, λ = 214 nm); (a, blue) cyclode-
capeptide precursor 9; (b, red) crude mixture of intermediate product
10; (c, green) corresponds to crude mixture after TCC and TEC (11).

HPLC purification and gave the expected multicharged ions by

electrospray mass spectrometry (Table 1).

Conclusion
In summary, we have developed the first synthesis of hGCs

using a one-pot orthogonal chemoselective route by using dual

thiol–chloroacetyl and thiol–ene couplings. The effectiveness of

this method was demonstrated through the coupling of multiple

copies of α-D-ManSH and β-D-GlcNAcSH residues onto both

addressable domains of cyclopeptide scaffolds displaying

chloroacetyl and allyloxycarbonyl groups. While the first

utilization of thiol–ene coupling in a stepwise approach requires

an intermediate purification, a sequential one-pot assembly can

be performed in good yields by starting with thiol–chloroacetyl

coupling. This process is currently used in our laboratory for the

construction of mutliantigenic synthetic vaccines against

cancers.

Experimental
General details. All chemical reagents were purchased from

Aldrich (Saint Quentin Fallavier, France) or Acros (Noisy-Le-

Grand, France) and were used without further purification.

PyBOP was obtained from Calbiochem-Novabiochem (Merck

Biosciences - VWR, Limonest, France). Analytical RP-HPLC

was performed on a Waters system equipped with a Waters 600

controller and a Waters 2487 Dual Absorbance Detector.

Analysis was carried out at 1.0 mL/min (EC 125/3 nucleosil

300-5 C18) with UV monitoring at 214 nm and 250 nm using a

linear A–B gradient (buffer A: 0.09% CF3CO2H in water;

buffer B: 0.09% CF3CO2H in 90% acetonitrile). Preparative

separation was carried out at 22 mL/min (VP 250/21 nucleosil

300-7 C18) with UV monitoring at 214 nm and 250 nm using a

linear A–B gradient (buffer A: 0.09% CF3CO2H in water;

buffer B: 0.09% CF3CO2H in 90% acetonitrile). Mass spec-

trometry was performed using electrospray ionization on an

Esquire 3000+ Bruker Daltonics in positive mode.

General procedure for solid-phase peptide synthesis.

Assembly of all protected peptides was carried out on a synthe-

sizer (Syro II, Biotage) using the Fmoc/t-Bu strategy and the

Fmoc-Gly-SasrinTM resin. Coupling reactions were performed

using, relative to the resin loading, 3 equiv of Fmoc-protected

amino acid activated in situ with 3 equiv of PyBOP and 6 equiv

of DIPEA in DMF (10 mL/g resin) for 30 min. Fmoc protecting

groups were removed by treatment with a piperidine/DMF solu-

tion 1:4 (10 mL/g resin) for 10 min. Synthetic linear peptides

were recovered directly upon acid cleavage (1% TFA in

CH2Cl2). The resins were treated for 3 min repeatedly until the

resin beads became dark purple. The combined washings were

concentrated under reduced pressure, and white solid peptides

were obtained by precipitation from diethyl ether.

General procedure for peptide cyclization. All linear peptides

were dissolved in CH2Cl2 (0.5 mM) and the pH was adjusted to

8 by addition of DIPEA. PyBOP (1.2 equiv) was added and the

solution was stirred at room temperature for 1 h. Evaporation of

the solvent and precipitation in diethyl ether afforded the cyclic

peptides as white solids.

General procedure for Boc deprotection. All cyclic peptides

were dissolved in CH2Cl2 and then a solution at 40% of trifluo-

roacetic acid in CH2Cl2 with 2.5% of water as scavenger was

added. The reaction was run until disappearance of stating ma-

terial (1 h). Evaporation of the solvent and precipitation in

diethyl ether afforded the cyclic peptides as white solids.

Cyclopeptide 3. To a solution of partial protected cyclopeptide

[Lys(Aloc)-Lys-Lys(Aloc)-Pro-Gly-Lys(Aloc)-Lys-Lys(Aloc)-

Pro-Gly] (200 mg, 0.142 mmol) in dry DMF (10 mL) was

added chloroacetic anhydride (100 mg, 0.304 mmol) and pH

adjusted to 8 by adding 100 μL of DIPEA. The brown solution

was left stirring for 2 h. The solvent was then evaporated, the

brown residue was dissolved in a minimum amount of CH2Cl2

and then precipitated in Et2O. The dark-yellow precipitate was

purified by HPLC obtaining 3 (157 mg, 70%) as white foam.

Analytical RP-HPLC: tR = 16.64 min (gradient: 5 to 100% B in

20 min); ESIMS+ (m/z): [M + H]+ calcd for C70Cl2H111N16O20,

1567.7; found, 1567.7.

Homoglycocluster 4. Route A: Compounds 1 (14 mg,

0.076 mmol) and 3 (10 mg, 0.0064 mmol) were dissolved in dry

DMF and DPAP (2.0 mg, 0.008 mmol) was added. The solu-

tion was irradiated at 365 nm for 45 min. Compound 4 (6.9 mg,

46%) was obtained as a white foam. Analytical RP-HPLC: tR =
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9.71 min (gradient: 5 to 100% B in 20 min); ESIMS+ (m/z): [M

+ H]+calcd for C94Cl2H158N16O40S4, 2351.9; found, 2352.0.

Heteroglycocluster 5. Route A: Compounds 4 (6.9 mg,

0.029 mmol) and 2 (1.7 mg, 0.0696 mmol) were dissolved in

dry DMF (300 µL) and NaH (0.28 mg, 0.0696 mmol) was

added. The heterogeneous solution was left stirring 2 h at rt.

The crude mixture was then purified at HPLC obtaining 5

(2.6 mg, 33%) as a white foam. Analytical RP-HPLC: tR =

8.24 min (gradient: 5 to 100% B in 20 min); ESIMS+ (m/z): [M

+ H]+ calcd for C110H187N18O60S6, 2753.1; found, 2753.2.

Heteroglycocluster 5. Route B (one-pot assembly). Com-

pounds 2 (3.6 mg, 0.015 mmol) and 3 (10 mg, 0.0064 mmol)

were dissolved in dry DMF (300 µL) and NaH (0.5 mg,

0.015 mmol) was added. After stirring 1 h at room temperature,

analytical HPLC indicated complete disappearance of 3 and the

appearance of a new product corresponding to compound 6.

Analytical HPLC: tR = 11.34 (gradient: 5 to 100% B in 20 min);

ESIMS+ (m/z): [M + H]+ calcd for C86H139N18O30S2, 1968.0;

found, 1969.3. The crude mixture was treated with 1% HCl

aqueous solution (150 µL) then compound 1 (14.52 mg,

0.0768 mmol) and DPAP (1.96 mg, 0.0077 mmol) were added.

The solution was irradiated at 365 nm for 45 min. Heteroglyco-

cluster 5 was obtained as a white foam after HPLC purification.

Yield: 78%; (13.8 mg); analytical HPLC: tR = 8.24 min

(gradient: 5 to 100% B in 20 min); ESIMS+ (m/z): [M + H]+

calcd for C110H187N18O60S6, 2753.1; found, 2753.2.

Heteroglycocluster 8. Heteroglycocluster 8 wad obtained from

1 (2.4 mg, 0.0122 mmol), 3 (8 mg, 0.0051 mmol) and 2

(14.2 mg, 0.06 mmol) as described for 5. Yield: 80% (10.2 mg);

analytical RP-HPLC: tR = 8.35 min (gradient: 5 to 100% B in

20 min); ESIMS+ (m/z): [M + H]+ calcd for C114H193N20O50S6,

2835.8; found, 2836.0.

Cyclopeptide 9. To a solution of the partial protected cyclo-

peptide [Lys-Lys(Aloc)-Lys-Pro-Gly-Lys-Lys(Aloc)-Lys-Pro-

Gly] (871 mg, 0.70 mmol) in dry DMF (40 mL) was added

chloroacetic anhydride (601.2 mg, 3.36 mmol) and the pH was

adjusted to 8 by adding 250 μL of DIPEA. The brown solution

was left stirring for 4 h. Solvent was then evaporated; the brown

residue was dissolved in a minimum amount of CH2Cl2 and

then precipitated in Et2O. The dark-brown precipitate was puri-

fied by HPLC obtaining 9 (459 mg, 42%) as white foam.

Analytical RP-HPLC: tR = 12.67 min (gradient: 5 to 100% B in

20 min); ESIMS+ (m/z): [M + H]+ calcd for C66Cl4H105N16O18,

1582.7; found, 1582.0.

Heteroglycocluster 11. Heteroglycocluster 11 was obtained

from 9 (13 mg, 0.0084 mmol), 1 (8 mg, 0.0402 mmol) and 2

(11.9 mg, 0.0504 mmol) as described for 5. Yield: 77%

(13.1 mg); analytical RP-HPLC: tR = 8.06 min (gradient: 5 to

100% B in 20 min); ESIMS+ (m/z): [M + H]+ calcd for

C106H180N18O48S6, 2666.1; found, 2666.1.

Heteroglycocluster 13. Heteroglycocluster 13 was obtained

from 9 (15 mg, 0.0097 mmol), 2 (11.0 mg, 0.0466 mmol) and 1

(11.4 mg, 0.058 mmol) as described for 5. Yield: 54%

(14.4 mg); analytical RP-HPLC: tR = 8.06 min (gradient: 5 to

100% B in 20 min); ESIMS+ (m/z): [M + H]+ calcd for

C110H184N20O48S6, 2747.1; found, 2747.2.

Supporting Information
Supporting Information File 1
HPLC chromatograms and mass spectra of all compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-160-S1.pdf]
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Abstract
Galectin-3 meditates cell surface glycoprotein clustering, cross linking, and lattice formation. In cancer biology, galectin-3 has been

reported to play a role in aggregation processes that lead to tumor embolization and survival. Here, we show that lactose-functional-

ized dendrimers interact with galectin-3 in a multivalent fashion to form aggregates. The glycodendrimer–galectin aggregates were

characterized by dynamic light scattering and fluorescence microscopy methodologies and were found to be discrete particles that

increased in size as the dendrimer generation was increased. These results show that nucleated aggregation of galectin-3 can be

regulated by the nucleating polymer and provide insights that improve the general understanding of the binding and function of

sugar-binding proteins.
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Introduction
The role of multivalency in biology is well established, and

examples of this phenomenon abound [1]. The ability of multi-

valency to enhance weak interactions has been shown in a

variety of protein:carbohydrate systems using a wide assort-

ment of scaffolds and carbohydrates [2]. As research with

multivalent glycosystems advances, one important target for

potential therapy and understanding is the galectin family of

proteins [3]. Members of the galectin family share a common

conserved sequence carbohydrate recognition domain (CRD)

made of ~130 amino acids that are arranged in a folded beta-

sheet structure and have an affinity for β-galactosides [4-7].

Galectin-3, one of the most studied members, is commonly up

or down regulated in different cancers and is implicated in

tumor formation and proliferation, apoptosis, angiogenesis, and

B cell activation [8-10]. Galectin-3 has been reported to be

involved in mechanisms that cluster cell surface glycoproteins

[10,11], cross-link receptors [12], and form lattices and larger

aggregates [13]. Structurally, galectin-3 is composed of one

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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carbohydrate recognition domain and a collagen-like

N-terminus tail [14].

The native quaternary structure of this unique galectin is a

current topic of debate. Brewer et al. found that galectin-3

pentamers can be formed at high concentrations of protein [15],

a noncovalent dimer and a monomer form of galectin-3 have

also been reported [16,17]. Recent anisotropy binding measure-

ments support two types of galectin-3 oligomerization, domin-

ated by either N- or C-terminal interactions [18], and both N-

and C-terminal domains are reported to be required for binding

to targets such as lipopolysaccharide [19,20]. Galectin-3 can

serve as a cellular docking site or a crosslinker for microorgan-

isms binding to pathogens directly [20,21], and galectin-3 can

act as a scaffold for the presentation of ligands such as

lipopolysaccharides into an aggregate that stimulates cellular

responses [19].

Binding affinities have been reported for a series of carbohy-

drate-based ligands to galectin-3, which binds to lactose signifi-

cantly better than to galactose or to N-acetylgalactosamine but

does not bind to mannose [22-24]. Both the glycan ligand and

the topological display on the cell surface are required for high

affinity, selective binding of galectins, as demonstrated in

galectin binding studies with neuroblastoma cells [25].

Here, we demonstrate that glycodendrimers bearing lactose can

be used to form large, discrete aggregates of galectin-3. Since,

as noted above, glycan clustering and galectin-3-mediated

aggregations have been demonstrated to be important for bio-

logical interactions ranging from bacterial invasion to cancer

cellular responses, the development of systems such as glyco-

dendrimers that can aggregate galectin-3 into nanoparticles in a

highly controlled fashion is an important area of research. The

study of galectin-3 binding and cluster formation by a series of

glycodendrimers is a central step in the development of a syn-

thetic multivalent antagonist that can intercept and influence

galectin-3-mediated cellular processes and may be of clinical

value as a non-cytotoxic drug and/or be developed for cancer

imaging.

Results and Discussion
Synthesis and characterization of glycoden-
drimers
Poly(amidoamine) (PAMAM) dendrimers are well-defined,

water-soluble, symmetric scaffolds that contain a controlled and

tuneable number of end groups. The number of end groups is

specified by the dendrimer generation and approximately

doubles for each subsequent generation [26]. These dendrimers

are commercially available for generations zero, denoted G(0),

to generation 10, denoted G(10). The amine termini can be

functionalized with a variety of molecules, making these scaf-

folds an excellent choice for systematic studies of chemical and

biological phenomena [27,28]. In this investigation, PAMAM

dendrimers were functionalized using a methodology similar to

previous literature [29]. Synthesis of β-lactoside derivative 1

was performed as shown in Scheme 1. Lewis acid facilitated

glycosylation, which was directed by neighboring group partici-

pation of the 2-O-acetyl protecting group, afforded the desired

anomers in good yields. The trichloroacetimidate intermediate

was formed to enhance coupling.

Scheme 1: Synthesis of isothiocyanato-functionalized lactoside 1.

Syntheses of the carbohydrate-functionalized dendrimers were

performed by addition of compound 1 as shown in Scheme 2.

The functionalized dendrimers were characterized by

MALDI–TOF–MS (matrix-assisted laser desorption time of

flight mass spectrometry). The average numbers of sugars that

were incorporated are shown in Scheme 2. The loadings were

determined by both the changes in weight average molecular

weight (Mw) upon addition of 1 and the changes in Mw upon

deacetylation, enabling characterization of the average number

of sugars per dendrimer [30]. Additional characterization details

(including 1H NMR spectra) are provided in Supporting Infor-

mation File 1.

Characterization of dendrimer/galectin-3
aggregates
Dynamic light scattering (DLS) was used to characterize the

size and polydispersity of aggregate formation between lactose-

functionalized dendrimers 2, 3, 4, and 5, with galectin-3. Three

concentrations of glycodendrimers (11.5, 3.3 and 0.14 μM)

were added to a constant concentration of galectin-3 (31 μM in

PBS) to obtain a ratio of galectin-3 to glycodendrimer of 220:1,

9:1, or 3:1. These ratios were chosen so that results obtained

from experiments using a large excess, a significant excess, and

a slight excess of galectin-3 could be compared.

Regardless of the amount of excess galectin-3 that was used, the

size and polydispersity of the aggregates was shown to increase



Beilstein J. Org. Chem. 2014, 10, 1570–1577.

1572

Table 1: Summary of aggregate characterization.

Compound No. of particles Mean diameter (FM, nm) Avg. effective diameter (DLS, nm)

2 59 240 ± 50 not detectable
3 221 700 ± 290 560 ± 40
4 137 1070 ± 350 1180 ± 80
5 146 1790 ± 650 1620 ± 110

Scheme 2: Synthesis of carbohydrate-functionalized PAMAM
dendrimers. (Values for m and for x equivalents added are given in
Supporting Information File 1.)

Figure 1: Effective diameter of galectin-3/glycodendrimer aggregates
(DLS). Final concentration of galectin-3 31 μM; final concentration of
glycodendrimers 0.14, 3.3, 11.5 μM for 220:1, 9:1, 3:1, respectively. 2
(blue), 3 (black), 4 (red) and 5 (green). Aggregate size was below the
detection limit for 2 at 0.14 μM.

with increasing dendrimer generation (Figure 1 and Table 1).

The largest aggregates were observed for the 9:1 ratio of

galectin-3 to glycodendrimer, and smaller aggregates were

formed when a large excess or a very small excess of galectin-3

was used. This trend is logical if the glycodendrimer is serving

as the nucleating agent for galectin-3 aggregation. For example,

when the concentration of galectin-3 is comparable to the

concentration of glycodendrimer, then galectin-3 is presented

with many different nucleating scaffolds, and smaller particles

are formed. On the other hand, when galectin-3 is present in

large excess, not as many nucleating sites can be incorporated

into each aggregate, which causes the aggregates to be smaller.

A schematic representation of glycodendrimer-mediated

galectin-3 aggregation is shown in Figure 2. This trend was also

observed in other systems. Ottaviani, et al. reported enhanced

aggregation of amyloid peptides at low concentrations of

maltose and maltotriose-functionalized poly(propylene imine)

dendrimers and inhibition at high glycodendrimer concentra-

tions [31]. Previous studies of asialofetuin/galectin-3 aggrega-

tion indicated that the glycoprotein ligand could serve to initiate

aggregation, but carbohydrate binding was not required for all

of the galectin-3 lectins that were involved in the interaction.

Some galectin-3/galectin-3 interactions, in addition to carbohy-

drate/galectin-3 interactions, were proposed [18].

Figure 2: Schematic representation of galectin-3/glycodendrimer
aggregates at varying stoichiometries.

A series of control experiments indicate that aggregation is

induced by the binding of galectin-3 to lactose on the

dendrimers. No observable particles were detected upon addi-

tion of a mannose-functionalized G(4) dendrimer (Table S3 in

Supporting Information File 1). Pre-incubation of galectin-3
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with 1 mM lactose solution completely inhibited aggregate for-

mation in the presence of glycodendrimers 3, 4, and 5 (Table S3

in Supporting Information File 1). Titration of a lactose solu-

tion into the solution of preformed aggregates did result in

disassembly, but titration of an equivalent volume of PBS also

resulted in disassembly (Table S3, Supporting Information

File 1). Analysis of concentration effects and kinetics of aggre-

gation and disaggregation are beyond the scope of this report

but are under investigation. Experiments using 5 and truncated

galectin-3, which has only the carbohydrate recognition domain

without the N-terminal domain, did not result in aggregate for-

mation (see Table S3, Supporting Information File 1). No

aggregates were observed for dendrimers 2–5 in solution

without addition of galectin-3, and no aggregates were observed

for galectin-3 when glycodendrimers were absent from the

solution. Taken together, these data support aggregate initiation

as a response to specific carbohydrate binding interactions

between lectin and glycodendrimer. They also reveal the signif-

icance of the N-terminal domain in formation of higher order

aggregates.

The presence of these aggregates was confirmed by epifluores-

cence microscopy using galectin-3 fluorescently labelled with

AlexaFluor 488 (A488gal-3, Figure 3). Following conjugation,

the labelled galectin-3 was dialyzed against PBS to maintain

identical conditions to DLS experiments. Size quantification

using image analysis software (Pixcavator 6.0) and fluorescent

microsphere standards (Dragon Green, Bangs Laboratories,

Inc.) provided similar diameters as those obtained in DLS

experiments (Figure 3, Table 1). The polydispersity calculated

from the micrographs (Figure 4) was higher than that calcu-

lated by DLS, but this is likely due to sampling bias of DLS

measurements as a result of attenuating the incident light

(smaller particles that remain undetected in DLS were observed

in microscopy images). For both methods, the trend of

increasing size and polydispersity with increasing dendrimer

generation was observed.

The aggregate size is remarkably large compared to galectin-3

and the dendrimers. The largest dendrimer used (generation 6)

has a reported unfunctionalized diameter of 6.8 nm [32,33], and

addition of the sugar adds about 4 nm to the overall diameter

according to our DLS results with 5 (Table S3, Supporting

Information File 1). The measured diameter of the CRD domain

from the crystal structure of galectin-3 is roughly 3 nm [34].

The N-terminal domain consists of slightly fewer amino acids

but is unstructured. Assuming the unstructured portion

contributes about the same size or slightly more to the diameter

of the protein as the CRD, the glycodendrimer complex would

be expected to have a much smaller diameter than the observed

values. Considering the large number of copies of dendrimer

Figure 3: Fluorescence microscopy images of labelled particles.
Microbead standards at similar exposure times are shown in (a)–(d);
(a) 190 nm, inset is a 4× enlargement of selected area, (b) 520 nm,
inset is a 4× enlargement of selected area, (c) 1020 nm and (d) 1900
nm. Aggregates formed after ca. 60 min incubation of Alexa 488
labelled galectin-3 (A488gal-3) with lactose-functionalized dendrimers
are shown in (e)–(h); (e) A488gal-3 and 2; (f) A488gal-3 and 3;
(g) A488gal-3 and 4; (h) A488gal-3 and 5. Exposure times of
lectin–glycodendrimer aggregates are provided in Table S6,
Supporting Information File 1.

and protein that are required to form nanoparticle aggregates of

the observed sizes, the aggregates are highly monodisperse.

Although it has been previously determined using turbidity and

precipitation assays that carbohydrate-functionalized

dendrimers induce lectin aggregation, the consistent formation

of large nanoparticles has to our knowledge not been previ-

ously identified and characterized.

The most likely explanation for the formation of large,

monodisperse nanoparticle aggregates from galectin-3/glyco-

dendrimer solutions is as follows. The glycodendrimer serves to

nucleate the aggregation process through the specific binding of

lactose into the carbohydrate binding site on galectin-3. Binding

of the carbohydrate into the galectin-3 binding site must then be

enabling protein–protein interactions. Some of these
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Figure 4: Aggregate diameter distribution of fluorescence microscopy
images; 31 μM galectin-3 and 0.14 μM (a) 2, (b) 3, (c) 4 and (d) 5.

protein–protein interactions may occur because of intertwining

of the N-terminal domains that are now in close proximity.

However, protein–protein interactions using the carbohydrate

recognition domains of galectin-3 after an initial carbohydrate

binding event is entirely consistent with a recently proposed

binding mechanism [18], and is also consistent with proposed

models for scaffold-mediated nucleation of protein signalling

complexes [35].

Conclusion
In summary, β-lactoside functionalized PAMAM dendrimers

2–5 were synthesized and characterized. The presence of com-

plex multivalent interactions between galectin-3 and lactose-

functionalized dendrimers is indicated by the observation of

large aggregates in DLS and epifluorescence experiments.

The large and relatively monodisperse nature of the glycoden-

drimer/galectin-3 aggregates that were formed (as determined

by DLS and fluorescence microscopy) was dependent on both

the dendrimer concentration and the generation. Third and

fourth generation glycodendrimers formed smaller, more

monodisperse aggregates, than sixth generation glycoden-

drimers.  Aggregates formed at  molar ratios of 9:1

galectin:glycodendrimer were largest while 220:1 and 3:1 ratios

produced smaller complexes. The difference in aggregate sizes

may relate to the size and shape complementarity between

dendrimer and lectin or to the interplay of enthalpic and

entropic contributions to aggregate formation as previously

postulated [18,31,36]. Ongoing studies on the aggregate stoi-

chiometry should provide valuable insight on this matter.

Overall, the results presented here indicate that clustering and

aggregation events should be considered in addition to carbohy-

drate binding affinity for galectin-3, and also for other bio-

logical processes that are mediated by multivalent carbohy-

drate–protein interactions.

Experimental
General experimental methods
General reagents were purchased from Acros and Aldrich

Chemical Companies. PAMAM dendrimers were purchased

from Dendritech. Fluorescent microbead standards were

purchased from Bangs Laboratories, Inc.. Dichloromethane was

purified on basic alumina; other solvents were used as received.

Silica gel (32–63 μm “40 micron flash”) for flash column chro-

matography purification was purchased from Scientific Adsor-

bants Incorporated.

5-Isothiocyanato-3-oxapentyl 2,3,4,6-tetra-O-acetyl-
β-D-galactopyranosyl-[1→4]-2,3,6-tri-O-acetyl-β-D-
glucopyranoside (1)
2,3,4,6-Tetra-O-acetyl-β-D-galactopyranose-[1→4]-1,2,3,6-

tetra-O-acetyl-β-D-glucopyranose (4.4 g, 6.4 mmol) was

dissolved in dry DMF (20 mL). Hydrazine acetate (0.77 g,

8.4 mmol) was added and the reaction mixture was heated to

55 °C for 1 h. The mixture was diluted into CH2Cl2 (20 mL)

and washed with brine (2 × 10 mL) and water (2 × 10 mL),

dried over MgSO4, filtered and the solvent was removed in

vacuo. The residual product was added to a solution of

trichloroacetonitrile (3.34 g, 23.1 mmol) in CH2Cl2 (20 mL).

After cooling the mixture in an ice bath, DBU (60 mg,

0.32 mmol) was added drop-wise and the mixture was stirred

for 3 h. The reaction mixture was dissolved in CH2Cl2 (30 mL),
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and the organic layer was washed with brine (2 × 10 mL) and

water (2 × 10 mL), dried over MgSO4, filtered and the solvent

was removed in vacuo. The residual product was taken up in

CH2Cl2 (50 mL) with 2-(2-isothiocyantoethoxy)ethanol (0.6 g,

4 mmol) and 4 Å molecular sieves. BF3OEt2 (0.6 g, 4 mmol)

was added to the mixture over 30 min at 0 °C, and the reaction

mixture was let stir and warmed to room temperature over 2 h.

The solvent was removed and the residue was taken up in ethyl

acetate (50 mL), washed with saturated aqueous NaHCO3 solu-

tion (2 × 20 mL), brine (2 × 20 mL), and water (1 × 20 mL),

dried over MgSO4, filtered and the solvent was removed in

vacuo. The oily residue was purified by silica gel column chro-

matography with a 60:40 ethyl acetate/hexanes eluent, fol-

lowed by a 20:1 ethyl acetate/MeOH eluent to yield 2.6 g of

product. 1H NMR (300 MHz, CDCl3) δ 5.33 (d, J = 3.1 Hz, 1H,

H4’), 5.20 (app t, J = 9.3 Hz, 1H, H3), 5.09 (dd, J = 8.1 and

10.1 Hz, 1H, H2’), 4.93 (m, 2H, H2 and H3’), 4.50 (m, 3H, H1,

H1’ and H6), 4.06 (m, 4H), 3.89 (m, 6H), 3.78 (m, 3H), 3.63

(m, 6H), 2.13 (s, 3H), 2.10 (s, 3H), 2.04 (s, 3H), 2.02 (m, 9H),

1.95 (s, 3H). As reported [37].

General procedure for the synthesis of acetyl-
protected lactose-functionalized dendrimers
An aqueous solution of amine terminated G(4)-PAMAM

dendrimer (2.48 g of a 17% w/w solution in water, 421 mg,

31.2 μmol) was lyophilized to leave a foamy residue. 7.02 mL

of DMSO was added to this residue to give a 60 mg/mL solu-

tion of the dendrimer. 0.47 mL of a 300 mM solution of 1

(184 mg, 141 μmol) was added to 0.5 mL of the 60 mg/mL

G(4) PAMAM dendrimer (30 mg, 2.20 μmol) solution. The

mixture was stirred for 8 h at which point a 75 μL aliquot was

collected and lyophilized for MALDI–TOF and NMR analysis.

The remainder of the reaction mixture was lyophilized and

subjected to the deacetylation procedure. This procedure for

carbohydrate functionalization of dendrimers was performed in

a manner similar to our previously described procedure [29].

Amounts used in the syntheses of 2–5 are provided in Table S1,

Supporting Information File 1. Characterization data for ace-

tylated precursors of 2–5 are provided in Supporting Informa-

tion File 1.

General procedure for deacetylation to afford
lactose-functionalized dendrimers
To the lyophilized solid per-O-acetylated dendrimers, 1 mL of

1:1 water/methanol was added, at which point the dendrimer

became a white precipitate. To this mixture was added 0.2 equiv

of NaOMe (0.8 M in MeOH) for each peripheral carbohydrate,

and let stir for 3 h. If, at this time, the mixture had not become a

clear solution a further 0.2 equiv of NaOMe (0.8 M in MeOH)

was added and this step was repeated until the mixture became

a clear and colourless solution. Aqueous HCl (0.1 M) was then

added slowly until the pH was ~7. This neutralized solution was

placed in a dialysis membrane (MW cutoff 3500 Da) and

dialyzed in 1 L of deionized water for 8 h. The water was

changed and let stand for a further 8 h twice more. The

remaining liquid in the membrane was frozen and lyophilized to

give a white fluffy solid. This procedure for deacetylation was

performed in a manner similar to our previously described

procedure [29]. Characterization data for dendrimers is

provided in Supporting Information File 1.

NMR spectroscopy
1H NMR spectra were recorded on Bruker DPX 300 (300 MHz)

and Bruker DPX-500 (500 MHz) spectrometers. Chemical

shifts are reported in ppm from tetramethylsilane with the

residual protic solvent resonance as the internal standard (chlo-

roform: δ 7.25 ppm; dimethyl sulfoxide: δ 2.50 ppm). Data are

reported as follows: chemical shift, multiplicity (s = singlet, bs

= broad singlet, d = doublet, t = triplet, q = quartet, p = pentet,

m = multiplet, app = apparent), integration, coupling constants

(in Hz) and assignments. Sample NMR spectra are provided in

Figures S2 through S6, Supporting Information File 1.

MALDI–TOF mass spectrometry
MALDI mass spectra were acquired using a Bruker Biflex-III

time-of-flight mass spectrometer. Spectra of all-functionalized

dendrimers were obtained using a trans-3-indolacrylic acid

matrix with a matrix:analyte ratio of 3000:1 or 1000:1. Bovine

serum albumin (Mw 66,431 g/mol), cytochrome C (Mw 12,361

g/mol), and trypsinogen (Mw 23,982 g/mol) were used as

external standards. An aliquot corresponding to 12–15 pmol of

the analyte was deposited on the laser target. Positive ion mass

spectra were acquired in linear mode and the ions were gener-

ated by using a nitrogen laser (337 nm) pulsed at 3 Hz with a

pulse width of 3 nanoseconds. Ions were accelerated at

19,000–20,000 volts and amplified using a discrete dynode

multiplier. Spectra (100 to 200) were summed into a LeCroy

LSA1000 high-speed signal digitizer. All data processing was

performed using Bruker XMass/XTOF V 5.0.2. Molecular mass

data and polydispersities (PDI) of the broad peaks were calcu-

lated by using the Polymer Module included in the software

package. The peaks were analysed using the continuous mode.

Mw values for 2–5 are provided in Table S2, Supporting Infor-

mation File 1.

Dynamic light scattering (DLS)
DLS measurements were acquired with the Brookhaven 90Plus

Particle Size Analyzer equipped with a 15 mW solid state,

633 nm laser and upgraded APD detector. Scattered light was

detected at 90° incidence and optimized to a count rate of

200–400 kilocounts per second (kcps) through adjustment of a

neutral density filter prior to the sample chamber. The intensity
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was maximized for samples producing less than 200 kcps.

Temperature control was stabilized at 25 °C, and each sample

was scanned for 5 min (3 min for control samples). Autocorre-

lation curves were analyzed via the provided software using the

method of cumulants (quadratic fit) unless otherwise noted.

This provided the effective diameter and relative variance

reported below. For dust-free, relatively monodispersed

samples, this analysis provided results similar to NNLS and

CONTIN algorithms. Protocols for preparation of solutions and

a brief discussion of the theory for DLS are provided in

Supporting Information File 1. Representative fitted data is

shown in Supporting Information Fle 1, Figure S7 for 4 and 5.

Fluorescence microscopy
Fluorescence images were captured on either a Nikon Eclipse

TE2000-U with a 60× oil immersion objective lens (2, 3, 4) or

Olympus BX-61 with a 100× oil immersion objective (3, 4, 5).

Exposure time was optimized for each sample and 20–30

images were taken. These images were combined using Gimp 2

image manipulation software. Fluorescent microsphere stan-

dards (190, 520, 1020, and 1900 nm, Bangs Laboratories, Inc.)

were used to calibrate the measured particle perimeter (pixels)

to particle diameter (nm) for each exposure setting (Supporting

Information File 1, Figure S8, equations in Table S4). Diame-

ters of standards were verified with DLS (Table S5, Supporting

Information File 1). The imaged particle perimeters were deter-

mined through Pixcavator Image Analysis software (Intelligent

Perception). The y-intercept of each calibration curve repre-

sents the lower detection limit for the given exposure time.

Protocols for preparation of samples for fluorescence

microscopy are provided in Supporting Information File 1.

Supporting Information
Supporting Information File 1
Amounts of reagents used in glycodendrimer syntheses;

characterization data for glycodendrimers; sample

calculations; detailed protocols for galectin-3 isolation and

solution and sample preparations; sample NMR spectra;

characterization data for glycodendrimer aggregates.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-162-S1.pdf]
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Abstract
The synthesis of photoswitchable glycooligomers is presented by applying solid-phase polymer synthesis and functional building

blocks. The obtained glycoligands are monodisperse and present azobenzene moieties as well as sugar ligands at defined positions

within the oligomeric backbone and side chains, respectively. We show that the combination of molecular precision together with

the photoswitchable properties of the azobenzene unit allows for the photosensitive control of glycoligand binding to protein recep-

tors. These stimuli-sensitive glycoligands promote the understanding of multivalent binding and will be further developed as novel

biosensors.
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Introduction
Carbohydrate ligand–receptor interactions underpin many

important processes in biology, for example in host-pathogen

interactions [1,2]. Although monosaccharides usually exhibit

only low binding affinities, nature is able to obtain high affinity

carbohydrate ligands by displaying several monosaccharides/

oligosaccharides on a protein scaffold or through a patch of

lipids. This is known as the glycocluster effect or the multiva-

lent presentation of sugar ligands [3,4]. This strategy can also

be employed for the synthesis of carbohydrate mimetics, where

several sugar ligands are attached to a non-natural scaffold.

Glycopolymers where natural sugar ligands are presented along

a synthetic polymer chain are an emerging class of carbohy-

drate mimetics [5]. Such glycopolymers offer great potential for

various biotechnological and biomedical applications, for

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:david.bleger@chemie.hu-berlin.de
mailto:laura.hartmann@mpikg.mpg.de
http://dx.doi.org/10.3762%2Fbjoc.10.166
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Figure 1: Synthesis of photoswitchable precision glycooligomers via stepwise addition of building blocks on solid support followed by on-resin func-
tionalization of alkyne side chains with sugar azide ligands and final cleavage from the support.

antiviral and antibacterial treatments [6]. However, most of

these systems are optimized empirically and very little is known

about the underlying structure–property relations of glycopoly-

mers. Due to their inherent polydisperse nature and the limita-

tion in controlling precise positioning of functionalities along

the backbone, polymer scaffolds make it particularly difficult to

correlate their chemical structure with the resulting binding

properties.

Recently, we introduced a novel synthetic approach towards

monodisperse, sequence-defined glycooligomers, so-called

precision glycomacromolecules, via the combination of solid

phase polymer synthesis and tailor-made building blocks [7-9].

Through a stepwise assembly of our functional building blocks,

we can now control the kind, number, and spacing of sugar

ligands along a monodisperse scaffold. Thus, our precision

glycomacromolecules allow for direct structure–property corre-

lations and a deeper insight into the multivalent binding of

glycomimetics. Through this knowledge we can predict the

resulting affinity of a glycomacromolecule based on the number

and spacing of sugar ligands attached to the scaffold [7,10,11].

Furthermore, it would be highly interesting to also modulate the

binding affinity of a single molecule through a structural change

as a response to an external stimulus, for example light.

In order to gain such control over the binding affinity of glyco-

oligomers towards specific lectins, a few studies have recently

been dedicated to the construction of photoactive glycoligand

incorporating a light-sensitive unit [12-15]. The possibility to

photomodulate the complexation of a ligand could lead to a

deeper understanding of the typically multivalent binding

processes of carbohydrates to proteins, in addition to offer

potential perspectives for the sensing and adhesion of bacterio-

logical targets on various substrates. The examples reported so

far make use of azobenzene [16], a well-known photochromic

compound offering robustness and straightforward preparation.

It is able to reversibly isomerize between an extended and

planar form (E-isomer, thermodynamically favored) and a more

compact and twisted state (Z-isomer). Monovalent [15] and

divalent [16] photoswitchable glycoconjugates described in the

literature showed a different binding behavior depending on the

configuration of the azobenzene (E or Z), although the effect

was rather modest.

We anticipated that the photomodulation of the binding activity

could be enhanced within more complex architectures, i.e.,

divalent and trivalent glycooligomers incorporating one or two

photoswicthes in the backbone, as a result of a large photoin-

duced geometrical change in the oligomer shape and concomi-

tantly in the sugar ligands accessibility. Indeed, dramatic

shrinking of rigid-rod polymers for example, occurs upon

photoirradiation when several azobenzenes are introduced in the

main-chain, the embedded photoswitches acting as hinges

[17,18].

In the present study, an azobenzene functionalized with an

Fmoc-protected aminomethyl group and a carboxylic acid both

para to the N=N bond was used as one building block during

solid-phase polymer synthesis of precision glycomacromole-

cules (see AZO, Figure 1) [19-22]. The benzylamine fragment

was favored over the phenylamine one for two reasons: first, its

higher nucleophilicity allows for a smoother synthesis and
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second, the resulting Z-azobenzene exhibits a high thermal

stability as compared to the fully conjugated push-pull azoben-

zene based on the phenylamine fragment. In total, five preci-

sion glycooligomers were synthesized containing up to two

azobenzene units in the oligomeric backbone and presenting

galactose residues in the side chains. As control structures,

glycooligomers containing either a hydrophilic flexible linker

unit instead of the azobenzene moiety, or mannose instead of

galactose ligands were synthesized. The photoswitchable

behavior of all azobenzene-containing glycooligomers was

evaluated along with their photoswitchable binding affinities

towards PA-IL (also called LecA) as targeted lectin receptor

[23].

Results and Discussion
Synthesis of photoswitchable precision glyco-
oligomers
The synthesis of photoswitchable precision glycooligomers is

based on the previously developed solid-phase assembly of

functional dimer building blocks [7,24,25]. The term dimer

building block refers to the coupling of diacid and diamine

building blocks in solution prior to solid phase coupling. The

obtained building blocks contain a free carboxy- and an Fmoc-

protected amino group and thus can be coupled via standard

peptide coupling protocols giving a polyamide backbone. Addi-

tionally, dimer building blocks can carry functional groups as

side groups or in the main chain, thereby allowing for the conju-

gation of sugar ligands and the control of the backbone prop-

erties. Three different dimer building blocks were employed for

the synthesis of the photoswitchable glycooligomers: the triple

bond-functionalized building block TDS [7], an ethylene glycol

spacer building block EDS [7], and the photoswitchable

building block AZO. TDS allows for the conjugation of sugar

azide ligands via the copper-catalyzed azide–alkyne cycloaddi-

tion (CuAAC). The synthesis and coupling on solid support of

TDS and EDS has been previously described [7,10]. AZO was

synthesized via Mills coupling adapting literature protocols [20-

22].

Five glycooligomers were synthesized – three photoswitchable

glycooligomers containing the AZO building-block and two

non-switchable control structures containing EDS instead of

AZO (Table 1). The synthesis proceeded following standard

peptide coupling protocols followed by introduction of the

sugar ligands (Figure 1): Starting from an ethylenediamine

functionalized trityl resin (0.0125 mmol), the first building

block, i.e., TDS (8 equiv) was attached via activation with

PyBOP/HOBt (8 equiv/4 equiv) and DIPEA (16 equiv) in DMF

and subsequent coupling for 1 hour. After a washing step, the

terminal Fmoc protecting group was cleaved by treatment with

25% piperidine in DMF three times for 5, 10 and 15 minutes.

After complete removal of the Fmoc protecting group, the

second building block (AZO or EDS) was coupled following

the same reaction conditions. After repetition of the coupling/

deprotection steps, the oligomeric backbone was formed on the

solid support. In the next step, the sugar ligands were intro-

duced to the oligomeric backbone via CuAAC. To this end, two

sugar azides (2-azidoethyl galactoside and 2-azidoethyl manno-

side) were previously synthesized following literature protocols

[26]. 8 equiv of sugar azide, 20 mol % sodium ascorbate and

20 mol % CuSO4 per alkyne group were dissolved in DMF/

H2O, added to the resin and shaken for 4 hours. Excess reagents

as well as the copper catalyst were removed by washing with a

23 mM solution of sodium diethyl dithiocarbamate in DMF as

well as water and DCM. The final precision glycooligomers

were obtained after cleavage from the resin using 30 vol % TFA

in DCM and isolated after precipitation from cold Et2O. Crude

products containing AZO building blocks were obtained with

~80% purity as determined by RP-HPLC (see Supporting Infor-

mation File 1) and further purified by preparative RP-HPLC.

Glycooligomers containing EDS building blocks were obtained

in high purity (>95%) directly after cleavage. After purification,

all final products were obtained in ~60% yield and >90% purity

as confirmed by ESIMS, HPLC and NMR (see Supporting

Information File 1).

Characterization of the photoswitchable prop-
erties
The photochromic behavior of the newly synthesized AZO-

glycooligomers was investigated by UV–vis absorption spec-

troscopy and ultraperformance liquid chromatography (UPLC).

Aqueous solutions of Azo-Gal(1,3)-3 and Azo-Gal(1,3,5)-5

(the compounds were dissolved in the buffer used for the SPR

measurements, see Supporting Information File 1 for the

details) were irradiated at λ = 360 nm to induce the E → Z

isomerization. The typical decrease of the π→π* band at

330 nm and increase of the n→π* band centered at 440 nm was

observed in the UV–vis absorbance spectra of both photo-

switchable glycooligomers (see Figure 2 for the spectrum of

Azo-Gal(1,3,5)-5). The presence of well-defined isosbestic

points at 290 nm and 395 nm indicates a clean photoisomeriza-

tion process. The composition at the photostationary state (PSS)

was analyzed by UPLC using integration of the UV signal at the

wavelengths of the isosbestic points. Starting from an Azo-

Gal(1,3,5)-5 aqueous solution containing mainly the E,E-

isomer, irradiation in the UV-region led to a majority of Z,Z-

isomer (70%), together with significant quantities of mixed

isomers (10% of E,Z and 10% of Z,E), whereas 10% of E,E-

isomer did not isomerize (see Supporting Information File 1 for

more details). This values correspond to a total amount of 80%

of Z-azobenzenes in the PSS mixture, in accordance to the 78%

of Z-azobenzene found in the PSS solution of Azo-Gal(1,3)-3
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Table 1: List of photoswitchable precision glycooligomers obtained via solid phase polymer synthesis.

Entry Sample name Chemical structure

1

Azo-Gal(1,3)-3

2

Azo-Gal(1,3,5)-5

3

Azo-Man(1,3,5)-5

4

EDS-Gal(1,3)-3

5

EDS-Gal(1,3,5)-5

upon irradiation at 360 nm, indicating that the two photo-

chromic units of Azo-Gal(1,3,5)-5 operate independently. The

Z → E back-isomerization was triggered upon illumination at λ

> 400 nm, leading to solutions containing 92% of E-isomers.

Further Z/E isomerization cycles could be performed similarly

without affecting the PSS ratio, demonstrating the reversibility

of the systems. Finally, the thermal stability of Z-Azo-Gal(1,3)-

3 in the buffer solution is quite high. Indeed, after 48 h at 25 °C

only 12% of the Z-isomers converted back to the E-isomer (see

Supporting Information File 1). The thermal stability of the

trivalent Azo-Gal(1,3,5)-5 Z-isomers is anticipated to be very

similar since their two azo units were found to operate indepen-
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dently. The long-lived Z-forms of these glycoconjugates allows

for a convenient handling of the PSS mixtures and a precise

measurement of their binding affinities.

Figure 2: Characterization of the E → Z photoisomerization (λ =
360 nm) of Azo-Gal(1,3,5)-5 in buffer solution at 25 °C via UV–vis
absorption spectroscopy measurements.

Lectin binding studies
Competition binding assay
After the photophysical characterization of the new glyco-

oligomers containing photoswitchable azobenzene moieties in

the backbone, their ability to bind to a protein receptor via their

sugar ligands was investigated. Depending on the properties of

the backbone (EDS vs AZO moieties and E- vs Z-configur-

ation), we can expect differences in the glycooligomer-receptor

binding mode and thus in the resulting glycooligomer ligand

affinity.

As targeted receptor, we chose PA-IL, a tetrameric, calcium

dependent lectin specifically binding to α-galactoside and

β-galactoside structures [27]. It is composed of 121 amino acids

(51 kDa) associated as homotetramers [28]. The crystal struc-

ture reveals a tetrameric arrangement with a general rectangular

shape with the smaller distance of binding sites being 2.6 nm

and the longer one being 7.9 nm [27]. Thus, in the E-configur-

ation, the distance between two neighboring sugar ligands on

the di- and trivalent glycooligomers can span the distance of

two neighboring binding sites and potentially allow for chelate

binding (see Figure 3). Upon switching to the Z-configuration

this distance will decrease and therefore can be expected to

strongly impact the ligand–receptor binding and thus the

resulting binding affinity.

In order to determine the binding affinity of the precision glyco-

oligomers to PA-IL, surface plasmon resonance (SPR) experi-

ments were performed. At first, an inhibition/competition assay

was carried out. The SPR chip was modified with a β-D-galac-

tose-polymer and α-D-mannose-polymer as negative control

(see Supporting Information File 1). In a first experiment,

binding of PA-IL (1 µM) to the chip was determined and set as

100%. In a second set of experiments, binding of preincubated

mixtures of PA-IL (1 µM) and glycooligomers at serial dilu-

tions (400 µM to 0.1 µM) were measured. Binding of

glycooligomer to PA-IL resulted in a decrease of PA-IL binding

on the chip. Plotting this concentration dependent decrease in

binding against time, sigmoidal curves were obtained and fitted

with the Hill equation. The inhibitory concentration at 50%

binding (IC50) was derived for the different glycooligomers

(Table 2).

Table 2: IC50 values obtained by SPR inhibition/competition assays of
the photoswitchable glycooligomers and control structures.

# Compound name IC50 [µM]

1 AZO-Gal(1,3)-3 E 5.7 ± 1.7
PSSa 9.4 ± 0.1

2 AZO-Gal(1,3,5)-5 E 3.4 ± 0.4
PSSa 4.1 ± 1.3

3 AZO-Man(1,3,5)-5 n.b.b

4 EDS-Gal(1,3)-3 3.2 ± 0.2
5 EDS-Gal(1,3,5)-5 2.0 ± 0.6
6 β-Me-Gal 55 ± 6

aPSS: photostationary state @ 360 nm; bn.b.: no binding.

All galactose-containing glycooligomers can bind to PA-IL.

The mannose-containing control oligomer does not show any

binding. This confirms that the backbone itself does not

undergo non-specific interactions with the receptor, as we could

previously also show for glycooligomers binding to

Concanavalin A (Con A) lectin receptor [7,10,11]. All multiva-

lent glycooligomers show a decrease in IC50, i.e., an increase in

binding affinity in comparison to the monovalent β-methyl

galactoside. Overall, IC50 values are in the µM range, with the

EDS based di- and trivalent glycooligomers giving the highest

binding affinity with IC50 values of 2.0 and 3.2 µM, respective-

ly. The corresponding di- and trivalent oligomers containing the

AZO spacer instead of the EDS unit show higher IC50 values

for both E- and Z-isomers, i.e., a slightly less favorable binding

to the receptor.

Comparing the binding behavior of the E-glycooligomers vs

their corresponding PSS mixtures, we see that the IC50 values

for the divalent glycooligomer Azo-Gal(1,3)-3 shows a signifi-

cant decrease in binding affinity upon switching (entry 1

Table 2), whereas the trivalent glycooligomer Azo-Gal(1,3,5)-5

binds with the same affinity before and after switching (entry 2
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Figure 3: Structural models of Azo-Gal(1,3)-3 and Azo-Gal(1,3,5)-5 in (a) E- and (b) all-Z-configurations of the connecting azobenzene groups. The
dimer is shown to the left, the trimer to the right. To facilitate the representation in (b), the whole complex has been rotated around the indicated
in-plane axis (arrow). The PA-IL protein structure has been inferred from the Protein Data Bank (PDB code 4ljh).

Table 2). In order to gain a first insight into the possible confor-

mations of the glycooligomers and thus their potential binding

modes, we performed molecular modeling as outlined in the

caption of Figure 3. This data suggests that the trivalent Azo-

Gal(1,3,5)-5 can bind with two sugar ligands to the PA-IL

receptor in both E and Z-configurations. In the all-E configur-

ation two neighboring sugar ligands can span the distance of

two neighboring binding sites (Figure 3a). Through the change

in conformation for the all-Z configuration, the overall distance

between the sugar ligands decreases, now presenting the two

terminal sugar ligands with the same distance as the neigh-

boring sugar ligands in the E-configuration (Figure 3b),

and thus again allowing for a bivalent binding to the receptor.

This model is supported by the experimental finding that

there is no change in binding affinity from the E- to the

Z-glycooligomer.

In contrast to this, the divalent glycooligomer (Azo-Gal(1,3)-3)

shows a significant decrease in binding affinity from an IC50

value of 5.7 ± 1.7 µM for the E-form to 9.4 ± 0.1 µM in the

PSS. This indicates a change in the accessibility of the sugar

ligands for receptor binding, with the Z-oligomer having a less

accessible conformation. Following the same model as for the

trivalent ligand, the divalent ligand has the opportunity to bind

in a bivalent fashion in its E-form (Figure 3a) while the Z-form

only allows for a monovalent binding of one of the sugars to the

protein receptor (Figure 3b). Such a change in binding mode is

expected to lead to the observed decrease in binding affinity. It

is important to note that additional binding modes might

contribute to the multivalent binding of the glycooligomer

ligands as well. Further studies will evaluate in more detail

different potential binding modes such as chelate binding, inter-

molecular crosslinking, and rebinding effects.
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Table 3: KD values obtained by SPR direct binding assay of the photoswitchable glycooligomers (PSS: photostationary state @ 360 nm).

Azo-Gal(1,3)-3 KD [µM] Azo-Gal(1,3,5)-5 KD [µM]

E 1.7 ± 0.1 E 3.3 ± 0.3
PSS (ex situ irradiation) 2.4 ± 0.1 PSS (ex situ irradiation) 7.4 ± 0.9
PSS (irradiation on chip) 1.8 ± 0.1 PSS (irradiation on chip) 3.2 ± 0.9

In order to approach practical applications of a photoswitchable

device that could modulate its binding affinity towards PA-IL

lectins on demand, we were intrigued in the ability of our light-

responsive systems to work when immobilized on a surface. To

this end we attached the photoswitchable precision glyco-

oligomers directly to the SPR chip and performed a second set

of lectin binding experiments using SPR and measuring PA-IL

binding on the chip. The glycooligomers were covalently linked

to the chip via their terminal amine group and the simultaneous

activation of the carboxyl-functionalized chip surface as

N-hydroxysuccinimide (NHS) ester (see Supporting Informa-

tion File 1). Successful functionalization was monitored by

SPR. Photoswitching of the glycooligomers was realized either

ex situ prior to surface functionalization or in situ by direct ir-

radiation of the functionalized chip. The equilibrium constant

KD was obtained by fitting the obtained binding values at the

turning point between binding- and dissociation-curve with a

steady-state affinity model (Biacore T100 Evaluation Software

2.0.3). In agreement with the previously determined IC50

values, all KD values are in the µM range.

We observed a significant difference for the ex situ irradiated

samples in comparison to irradiation of the glycooligomers

directly on the chip. The KD values showed no difference in

binding affinity between E- and Z-isomers when the chip was

irradiated directly. This indicates that either the light could not

penetrate efficiently through the organic layer of the chip, or

more likely that photoswitching was prohibited due to a lack of

conformational freedom, as often observed in the solid state.

However, for the ex situ irradiated glycooligomers, we observed

a significant decrease in binding affinity for Azo-Gal(1,3,5)-5

from KD = 3.3 ± 0.3 for the E-form to KD = 7.4 ± 0.9 in the

PSS, whereas Azo-Gal-(1,3)-3 shows a small difference in

lectin binding before and after photoswitching (entry 1,

Table 3). This is in contrast to the previous finding of the inhi-

bition/competition assay, where after photoswitching the Azo-

Gal(1,3,5)-5 was unaffected while Azo-Gal-(1,3)-3 showed a

significant difference in binding.

In contrast to the inhibition/competition assay where both

components were in solution, now the glycooligomer is at-

tached via one chain end to the chip surface. Thus, the degree of

functionalization of the surface as well as the surface-oligomer

linker has to be taken into consideration. From the values of

refractive index determined via SPR on the glycooligomer func-

tionalized chip, we can assume a similar degree of surface func-

tionalization for all switched and non-switched glycooligomers

(see Supporting Information File 1). Since all glycooligomers

were attached directly via their free N-terminus (see Table 1)

without any additional linker moieties, we believe that the first

sugar ligand, i.e., the closest to the NHS-connection, might not

be accessible for interactions with the receptor. Thus the diva-

lent Azo-Gal(1,3)-3 is reduced to an effective monovalent

ligand. Independent of their E- or Z-configurations, the divalent

glycooligomers can only bind in a monovalent fashion

explaining that no difference in binding affinity was observed

upon photoswitching. Following this hypothesis, trivalent Azo-

Gal(1,3,5)-5 would be reduced to an effective divalent ligand

upon attachment to the SPR chip. Therefore Azo-Gal(1,3,5)-5

should now show similar changes in binding behavior as were

previously measured for divalent Azo-Gal(1,3)-3 in solution.

Indeed, we observe a similar decrease in binding affinity from

KD = 3.3 ± 0.3 for the E-form to KD = 7.4 ± 0.9 in the PSS.

Conclusion
We have presented the straightforward synthesis of a series of

photoswitchable glycooligomers by combination of solid phase

polymer synthesis and functional building blocks. We could

show that the azobenzene moieties introduced into the

oligomeric backbone retain their photoswitchable behavior and

thus allow for a light-induced change in the geometry of the

glycooligomers. Binding studies of the galactose-functional-

ized glycooligomers showed specific binding to PA-IL and a

controlled reduction in binding affinity upon E → Z photoiso-

merization. We proposed a first model to explain our findings

based on molecular modelling for ligand binding. Ongoing

studies further investigate ligand binding by additional tech-

niques such as isothermal titration calorimetry and fluorescence

spectroscopy. Overall, we have successfully developed photo-

switchable glycomimetics that allow for a stimulus-induced

change in binding affinity. Therefore we will further explore

our photoswitchable glycooligomers as tunable glycomimetic

ligands and their potential for a variety of biotechnological

and biomedical applications such as the sensing and isolation

of bacteria as well as the development of antibacterial treat-

ments.
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Experimental
AZO building block synthesis: N-Fmoc-para-(amino-

methyl)phenylazobenzoic acid was prepared adapting literature

procedures [19,23] (see Supporting Information File 1).

General solid phase coupling protocols
General coupling protocol: Commercially available trityl-

tentagel-OH resin was modified with an ethylenediamine linker

and used as resin for solid phase synthesis. 0.0125 mmol of

resin were swollen in DCM for 15 min. The initial coupling to

the ethylenediamine linker was performed with a 0.1 mmol

building block solution (8 equiv, TDS, EDS or AZO) in DMF

(0.5 mL), followed by the addition of a 0.1 mmol PyBOP solu-

tion (8 equiv) together with 0.05 mmol HOBt (4 equiv) and

0.2 mmol (16 equiv) DIPEA in DMF (0.1 mL). This solution

was added to the resin. After shaking for one hour the resin was

washed from excessive reagent with DMF.

General CuAAC protocol: 0.1 mmol (8 equiv) of 2-azidoethyl

pyranoside per alkyne group, dissolved in 1 mL DMF was

added to 0.0125 mmol of resin loaded with EDS/AZO and TDS

building blocks. 20 mol % sodium ascorbate per alkyne group

and 20 mol % CuSO4 per alkyne group were dissolved in

0.5 mL of water and also added to the resin. The resulting mix-

ture was shaken for at least four hours. After that, the resin was

washed with a 23 mM solution of sodium diethyl dithiocarba-

mate in DMF, water, DMF and DCM.

Fmoc cleavage: The Fmoc protecting group was cleaved by the

addition of a solution of 25% piperidine in DMF three times for

5, 10 and 15 minutes, respectively. This was followed by care-

fully washing the resin with DMF.

Capping of N-teminal site: The free primary amine, obtained

after final Fmoc cleavage, was capped with an acetyl group by

the addition of 2.5 mL acetic anhydride. After shaking the mix-

ture for 15 min, the resin was washed with DMF and DCM.

Cleavage from solid phase: 30% TFA in DCM was added to

the resin and the mixture was shaken for one hour. The filtrate

was added to cold diethyl ether (40 mL) resulting in white

precipitate. This was centrifuged and the ether decanted. The

crude product was dried in N2 stream, dissolved in water (1 mL)

and lyophilized.

Azo-Gal(1,3)-3: This structure was synthesized by applying the

general coupling protocol three times with building blocks in

the sequence TDS, AZO, TDS. After capping the primary

amine, two galactose units were conjugated to the scaffold

according to the general CuAAC protocol. The product was

cleaved from the resin as final step giving 13 mg (yield: 75%).

1H NMR (400 MHz, D2O) δ 7.84–7.73 (m, 12H), 7.54–7.48 (m,

2H), 4.50–4.42 (m, 9H), 4.29–4.07 (m, 4H), 4.07 (br. s, 2H),

3.78 (s, 4H), 3.67–2.48 (m, 50 H), 1.85 (d, J = 21.0 Hz, 3H)

ppm; RP-HPLC (5%/95% MeCN/H2O → 30%/70% MeCN/

H2O in 30 min): tR = 14.8 min;. ESIMS [M + H]+: calcd for

C60H89N17O20, 1368.6; found, 1368.4; [M + 2H]2+ 684.8;

found, 684.8, [M + 3H]3+ 456.9; found, 457.0.

AZO-Gal(1,3,5)-5: This structure was synthesized by applying

the general coupling protocol five times with building blocks in

the sequence TDS, AZO, TDS, AZO, TDS. After capping the

primary amine, three galactose units were conjugated to the

scaffold according to the general CuAAC protocol. The pro-

duct was cleaved from the resin as final step giving 18 mg

(yield: 68%). 1H NMR (400 MHz, D2O) δ 7.73–7.45 (m, 12H),

7.34 (br. s, 3H), 4.48–4.31 (m, 9H), 4.25–4.08 (m, 8H),

3.78–3.66 (m, 8H), 3.66–3.30 (m, 32H), 3.18 (br. s, 4H), 2.98

(br. s, 3H), 2.98–2.35 (m, 25H), 1.82 (d, J = 10.6 Hz, 3H) ppm;

RP-HPLC (5%/95% MeCN/H2O → 30%/705% MeCN/H2O in

30 min): tR = 21.7 min; ESIMS [M + 2H]2+ calcd for

C95H134N26O30, 1060.5; found, 1060.4; [M + H + Na]2+

1082.9; found, 1082.6; [M + 3H]3+ 707.4; found, 707.5, [M +

4H]4+ 530.7; found, 530.8.

AZO-Man(1,3,5)-5: This structure was synthesized by

applying the general coupling protocol five times with building

blocks in the sequence TDS, AZO, TDS, AZO, TDS. After

capping the primary amine, three mannose units were conju-

gated to the scaffold according to the general CuAAC protocol.

The product was cleaved from the resin as final step giving 17

mg (yield: 64%). 1H NMR (400 MHz, D2O) δ 7.68–7.48 (m,

12H), 7.32 (br. s, 3H), 4.69–4.58 (m, 3H), 4.41–4.30 (m, 8H),

3.90 (br. s, 2 H), 3.75–3.70 (m, 6H), 3.62–3.08 (m, 48H),

2.86–2.45 (m, 32H), 1.82 (d, J = 8.5 Hz, 3H) ppm; RP-HPLC

(5%/95% MeCN/H2O → 30%/705% MeCN/H2O in 30 min): tR

= 21.7 min; ESIMS [M + H + Na]2+calcd for C95H134N26O30,

1082.9; found, 1082.8; [M + 3H]3+ 707.4; found, 707.5; [M +

4H]4+ 530.7; found, 530.8.

EDS-Gal(1,3)-3: This structure was synthesized by applying

the general coupling protocol three times with building blocks

in the sequence TDS, EDS, TDS. After capping the primary

amine, two galactose units were conjugated to the scaffold

according to the general CuAAC protocol. The product was

cleaved from the resin as final step giving 21 mg (yield: quant).
1H NMR (400 MHz, D2O) δ 8.00 (s, 2H), 4.44 (d, J = 7.8 Hz,

2H), 4.40–4.32 (m, 2H), 4.21–4.12 (m, 2H), 3.99–3.96 (m, 2H),

3.83–3.79 (m, 4H), 3.78–3.64 (m, 16H), 3.59–3.50 (m, 12H),

3.43 (t, J = 10.1 Hz, 12H), 3.21 (t, J = 5.8 Hz, 2H), 3.08 (t, J =

7.0 Hz, 4H), 2.86 (t, J = 6.9 Hz, 4H), 2.62–2.52 (m, 12H), 2.00

(d, J = 6.0 Hz, 3H) ppm; RP-HPLC (5%/95% MeCN/H2O →
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30%/70% MeCN/H2O in 60 min): tR = 12.9 min; ESIMS [M +

2H]2+ calcd for C56H96N16O23, 681.3; found, 681.3; [M +

3H]3+ 454.6; found, 454.6.

EDS-Gal(1,3,5)-5 [9]: This structure was synthesized by

applying the general coupling protocol five times with building

blocks in the sequence TDS, EDS, TDS, EDS, TDS. After

capping the primary amine, three galactose units were conju-

gated to the scaffold according to the general CuAAC protocol.

The product was cleaved from the resin. 1H NMR (400 MHz,

D2O) δ 8.04 (d, J = 7 Hz, 3H), 4.74 (br. s, 6H), 4.43 (d, J = 8

Hz, 3H), 4.38–4.33 (m, 3H), 4.19–4.14 (m, 3H), 3.97 (s, 3H),

3.81–3.79 (m, 7H), 3.72 (s, 10H), 3.65 (m, 10H), 3.56–3.51 (m,

16H), 3.44–3.39 (m, 18H), 3.20 (t, J = 6 Hz, 2H), 3.08 (t, J = 6

Hz, 6H), 2.85 (t, J = 7 Hz, 6H), 2.58–2.50 (m, 20H), 1.99 (d, J

= 5 Hz, 3H) ppm; RP-HPLC (5%/95% MeCN/H2O → 30%/

70% MeCN/H2O in 60 min) tR = 14.1 min; ESIMS [M + 2H]2

calcd for C87H148N24O36, 1053.5; found, 1053.8, [M + 3H]3+

702.7; found, 702.8, [M + 4H]4+ 527.3; found, 527.4, [M +

5H]5+ 422.0; found, 422.2.

Supporting Information
Supporting Information File 1
Further experimental procedures, characterization data and

spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-166-S1.pdf]
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Abstract
Four novel calix[4]arene-based glycoclusters were synthesized by conjugating the saccharide units to the macrocyclic scaffold

using the CuAAC reaction and using long and hydrophilic ethylene glycol spacers. Initially, two galactosylcalix[4]arenes were

prepared starting from saccharide units and calixarene cores which differ in the relative dispositions of the alkyne and azido groups.

Once the most convenient synthetic pathway was selected, two further lactosylcalix[4]arenes were obtained, one in the cone, the

other one in the 1,3-alternate structure. Preliminary studies of the interactions of these novel glycocalixarenes with galectin-3 were

carried out by using a lectin-functionalized chip and surface plasmon resonance. These studies indicate a higher affinity of lactosyl-

over galactosylcalixarenes. Furthermore, we confirmed that in case of this specific lectin binding the presentation of lactose units on

a cone calixarene is highly preferred with respect to its isomeric form in the 1,3-alternate structure.
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Introduction
Lectins are carbohydrate-binding proteins (CBP) [1-3] without

any catalytic or immunogenic activity. In the latest decades,

they attracted an increasing interest due to their involvement in

a series of fundamental biological processes such as cell adhe-

sion, cell activation, cell growth, differentiation and apoptosis.

Among different families of lectins, the ones showing a selec-

tivity for β-D-galactoside and β-D-galactose-terminating oligo-

saccharides are called galectins and play important roles in a

series of pathological events such as inflammation, fibrosis,

heart diseases and cancer [4,5]. The role of one member of this

family in particular, namely galectin-3 (Gal-3), has been inten-

sively investigated lately and it was shown that it is deeply

involved in cancer metastasis and migration. Based on these

findings and with the aim to inhibit its activity and to target it

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:francesco.peri@unimib.it
mailto:casnati@unipr.it
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Figure 1: Lactosylthioureidocalix[4]arenes I–III used to inhibit Gal-3 [20,21].

for therapeutic or diagnostic purposes, Gal-3 became a rather

important target in medicine. Remarkably interesting is the

intra-family selectivity and, especially, the ability to block Gal-

3 but not Gal-1. Gal-1, in fact, can act as anti-inflammatory

agent, while Gal-3 has a pro-inflammatory activity [6]. Further-

more, Gal-3 can act as a competitive inhibitor against Gal-1

which, on the other side, induces anoikis of tumor cells [7,8].

Glycocalixarenes [9-12], calixarenes [13-15] adorned with

carbohydrates at the upper and/or at the lower rims, have been

demonstrated to be efficient multivalent ligands for a series of

pathological lectins. For instance, cholera toxin is bound rather

efficiently by calix[4]arene [16] and calix[5]arene [17] deriva-

tives, while examples of Pseudomonas aeruginosa LecB

binding were reported with galactosylcalixarenes blocked in

different conformations [18,19]. A few years ago we [20,21]

reported about the synthesis and inhibitory properties of a small

library of lactosylthioureidocalixarenes and found that the cone

derivatives I and III (Figure 1) were able to efficiently inhibit

the adhesion of Gal-3 to tumor cells in vitro, but not that of

galectin-1 [22].

The opposite behavior was observed for the 1,3-alternate

derivative II, able to inhibit Gal-1 but not Gal-3. On the basis of

these findings, we herein report the synthesis of a new

subfamily of galactosyl- and lactosylcalix[4]arenes 1–4

(Figure 2) which are characterized by long hydrophilic spacers

between the glycosyl units and the multivalent calixarene scaf-

fold. We also report on preliminary studies of the interaction of

the novel subfamily of galactosyl- and lactosylcalix[4]arenes

with Gal-3 by surface plasmon resonance (SPR).

Results and Discussion
Synthesis of the glycocalixarenes
“Click Chemistry” [23] reactions are extensively used to conju-

gate (oligo)saccharides to macrocyclic structures due to the

mild conditions and the high yields [24]. For the synthesis of

glycocalixarenes the amino–isothiocyanate condensation [25-

30] or the 1,3-dipolar cycloaddition have been widely studied in

their scope and limitations [10,31]. In particular, the Huisgen

cycloaddition reaction was first applied to a calixarene in 2000

by Santoyo-González [32]. Later on, Marra et al. [33] demon-

strated that the copper-catalyzed azide–alkyne cycloaddition

(CuAAC) [34,35] at room temperature could afford divalent

and tetravalent glycocalixarenes in very high yields and regiose-

lectivity. Following these studies, a wide series of other exam-

ples appeared in the literature [18,36-39] also exploiting the use

of microwaves, ionic liquids and protected or even deprotected

[17] saccharides. Usually, either the strategy of reacting an

alkynylated-saccharide with a polyazide calixarene (dipo-

larophile-on-the-sugar) or an azido-sugar and a polyalkynoca-

lixarene (dipolarophile-on-the-calix) work smoothly [33].

However, a sort of autocatalytic effect was evidenced in the

case of the reaction between a 1-ethynyl-C-glycoside with a

tetraazidocalix[4]arene (dipolarophile-on-the sugar strategy). It

was suggested by the authors that the first intermolecular reac-

tion, leading to a Cu-triazolide adduct, allows the copper ion to

coordinate an ethynyl glycoside, thus entailing an intramolec-

ular CuAAC reaction with an adjacent azido-arm [37].

Firstly, we decided to evaluate the effectiveness of the two

approaches dipolarophile-on-the-calix and dipolarophile-on-the-
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Figure 2: The new glycocalix[4]arenes 1–4 synthesized in this study.

sugar by using a galactose and cone calixarene scaffolds. This

investigation was carried out with the idea to extend the study

to stronger ligating units for galectins such as lactose and

different calixarene structures, also including the 1,3-alternate

isomer. The first route explored (dipolarophile-on-the-calix)

was applied to the preparation of the multivalent compound 1,

which could be synthesized by exploiting a convergent syn-

thetic approach. This approach was based on the connection, by

CuAAC reaction, of the azido-terminating tetraacetylgalactose 5

[40,41] to calix[4]arene 8 decorated at the upper rim with

alkyne terminating chains (Scheme 1).

In order to introduce the alkyne units at the upper rim of the

macrocycle, we decided to exploit the easily available and

highly versatile p-aminocalixarene 6 prepared according to

literature procedures [25]. The coupling reaction between

amino-calix[4]arene 6 and 4-pentynoic acid (7) in the presence

of dicyclohexylcarbodiimide (DCC) led to compound 8 in 44%

yield. Due to the concurrent formation of dicyclohexylurea

(DCU), several purification steps were necessary to obtain pure

calix[4]arene 8. The use of 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (EDC) as an alternative coupling agent allowed us

to isolate pure compound 8 in a more straightforward way and

higher yield (66%). Any attempts to connect the alkyne func-

tionality in closer proximity to the calixarene core by

decreasing the number of carbon atoms between the carboxylic

group and the triple bond did not give fruitful results. Reactions

between amino-calix[4]arene 6 and propiolic acid were carried

out with a variety of coupling agents. In the presence of DCC

the tetra-condensation product was only obtained in very low

yields. Furthermore, it was not possible to purely isolate it from

the crude reaction mixture due to the high amount of byprod-

ucts formed during the reaction. The CuAAC reaction between

the tetraalkyne calix[4]arene 8 and azido-galactoside 5 to give

glycocluster 9 (83% yield) was carried out in DMF and H2O

with CuSO4 and sodium ascorbate following a microwave-
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Scheme 1: Synthesis of the cone galactosylcalix[4]arenes 1. Reaction conditions: (i) DCC, DMAP, CH2Cl2, under reflux, 5 h, 44%; (ii) EDC,
CH2Cl2/py (7:3), rt, 18 h, 66%; (iii) CuSO4·5H2O, Na-ascorbate, DMF/H2O, μW (150 W), 80 °C, 20 min, 83%; (iv) CH3ONa, CH3OH, rt, 1 h –
IR120/H+, rt, 30 min, quantitative.

Scheme 2: Synthesis of the cone galactosylcalix[4]arenes 2. Reaction conditions: (i) DIPEA, CH2Cl2, rt, 6 h, 55%; (ii) NaN3, CH3OH/DMF, reflux, 1 h,
75%; (iii) CuSO4·5H2O, Na-ascorbate, DMF/H2O, μW (150 W), 80 °C, 20 min, 81%; (iv) CH3ONa, CH3OH, rt, 1 h – IR120/H+, rt, 30 min, quantitative.

assisted procedure (20 min, 150 W, 80 °C). No partially func-

tionalized compounds or other byproducts were detected in the

crude mixtures.

The second strategy studied (dipolarophile-on-the-sugar) also

exploits a convergent approach, but in this case an alkyne-func-

tionalized galactose 10 was prepared according to literature

[42], so that it reacts with calixarene 12, which was previously

functionalized with azido terminating arms (Scheme 2). This

latter compound was synthesized in two steps starting again

from tetraamino derivative 6. In the first step compound 6 was

treated with chloroacetyl chloride to give the α-choloroac-

etamido compound 11 [43]. Subsequent substitution of the chlo-

rine ions with azide groups led to the formation of the tetra-

azidocalixarene derivative 12 (1 h, 75% yield).

The CuAAC conjugation reaction was carried out following

exactly the same procedure as for compound 9 and allowed the

isolation of 13 in very high yields (81%). Glycoconjugates 9

and 13 were fully characterized by 1H and 13C NMR spec-

troscopy, which displayed the disappearance of the alkyne

protons and the appearance of the typical broad signal of 1,4-

disubstituted triazole protons at 7.75–7.85 ppm (CD3OD/

CDCl3). ESIMS (+) analyses showed peaks for the [M + 2Na]2+
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Scheme 3: Synthesis of the cone lactosylcalix[4]arenes 3. Reaction conditions: (i) NaN3, n-Bu4NI, DMF, 90 °C, 24 h, 60%; (ii) CuSO4·5H2O,
Na-ascorbate, DMF/H2O, μW (150 W), 80 °C, 40 min, 46%; (iii) CH3ONa, CH3OH, rt, 2 h – IR120/H+, rt, 30 min, 73%.

and [M + 3Na]3+ adducts, which indicates the conjugation of all

four macrocycle arms to the saccharide units. On the basis of

the comparison between the efficiency of the conjugation steps

bringing to glycoconjugates 9 and 13 (yields >80% in both

cases) and contrary to the observation by Marra et al. [37], we

could not collect any evidence for an autocatalytic effect in the

dipolarophile-on-the-sugar approach [44]. The deprotection of

compounds 9 and 13 from the acetyl groups was carried out by

a transesterification reaction in the presence of CH3ONa in

CH3OH at room temperature according to the standard Zemplén

procedure. Complete deacetylation was achieved in 1 hour, as

confirmed by NMR and ESIMS(+) spectra of compounds 1 and

2. It is noteworthy that while compound 1 exhibited a high

stability under Zemplén conditions even if the reaction was

continued overnight, compound 2 started to decompose after

18 hours. ESIMS profiles showed the presence of products orig-

inating from a cleavage at the amide bond with a loss of the

entire glycosylated chain and the formation of an amine group

at the upper rim of the calixarene. For this reason and on the

basis of the synthetic availability of intermediates, we decided

to privilege the dipolarophile-on-the-calix route to synthesize

the triazole-containing lactosylcalixarenes 3 and 4.

We first attempted to prepare the lactoside derivative 14 by

reacting peracetylated-lactose with 2-(2-(2-chloroethoxy)eth-

oxy)ethanol in the presence of BF3·Et2O [45]. However, we

could only obtain a mixture of α and β-anomers (α/β ratio 2:3),

which is very difficult to separate by flash chromatographic

methods. On the other hand, the recently reported glycosylation

reactions of lactose peracetate exploiting SnCl4 and CF3CO2Ag

as promoters [46] gave compound 14 mainly as a β-anomer (α/β

ratio 1:4) in 74% isolated yield.

The subsequent substitution reaction of chloride with NaN3

(Scheme 3) led to the corresponding azido derivative 15, which

was used to “click” both the cone (8) and 1,3-alternate (18)

pentynoic amides. Compound 18 was obtained from the corres-

ponding 1,3-alternate p-aminocalix[4]arene 17 [47] by a reac-

tion with EDC in CH2Cl2 and pyridine 7:3 as previously

described for compound 8. The CuAAC “click” reaction was

carried out as previously described for the galacto-clusters 9

and 13 and afforded the cone calix[4]arene 16 (Scheme 3) and

1,3-alternate calix[4]arene 19 (Scheme 4) in 46% isolated yield.

Microwave irradiation (150 W, 80 °C) facilitated the complete

tetra-functionalization in only 40 minutes. Subsequent deacetyl-

ation with the Zemplén method led to target compounds 3 and

4, both of which were characterized by 1D and 2D NMR tech-

niques and ESIMS analyses.

Gal-3/glycocalixarenes interaction studies by
SPR
His6-tagged full-length Gal-3 was expressed in E. coli BL21

and purified on IMAC (immobilized metal ion affinity chroma-

tography) columns. Purified protein was characterized by SDS-
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Scheme 4: Synthesis of the 1,3-alternate lactosylcalix[4]arenes 4. Reaction conditions: (i) EDC, CH2Cl2/py (7:3), rt, 18 h, 65%; (ii) CuSO4·5H2O,
Na-ascorbate, DMF/H2O, μW (150 W), 80 °C, 40 min, 46%; (iii) CH3ONa, CH3OH, rt, 2 h – IR120/H+, rt, 30 min, 71%.

PAGE electrophoresis, circular dichroism (CD), and MS/MS

analysis upon digestion on trypsin gel (see Figure S15,

Supporting Information File 1). A preliminary evaluation of the

interaction between the glycocalixarenes 1, 3, 4 and Gal-3 was

obtained by SPR analysis by using a His-tagged Gal-3 immobi-

lized on a Ni-NTA chip and the glycocalixarenes in solution.

This approach differs from other SPR studies of the

calixarene–galectin interaction with the protein in solution [38]

and is tailored to have the immobilized protein properly

oriented for the interaction with ligands. The sensorgrams

shown in Figure 3 were obtained by fluxing an 1 mM solution

of calixarenes over the protein-coated chip.

The small increases of resonance units in the sensograms

(Figure 3) showed a weak affinity of all calixarenes for Gal-3.

However, the three synthetic molecules showed a very similar

trend of Gal-3 binding affinity in three independent measure-

ments (experiments A, B and C in Figure 4a). In particular,

glycocalixarene 3 (cone structure, four lactosides) exhibited the

highest affinity for Gal-3 in all experiments, while 4, (1,3-alter-

nate structure, four lactosides) displayed a lower affinity and 1

(cone structure, four galactosides) showed no interaction at all.

The more efficient ligand, compound 3, showed a dose-depen-

dent affinity for the protein.

The higher affinities of lactose-containing compounds 3 and 4

for Gal-3 compared to galactose-containing compound 1 reflect

the higher affinity of lactose over galactose for Gal-3. The

lactosylcalixarene with the cone structure appears to bind better

to Gal-3 than the corresponding isomer in the 1,3-alternate
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Figure 3: SPR sensorgrams of binding experiment between immobilized Gal-3 and glycocalixarenes 1, 3 and 4.

Figure 4: a) Relative affinities of glycocalixarene 1, 3, 4 (1 mM)
towards Gal-3, expressed in terms of the increase of the resonance
unit (RU) in three independent (A, B, C) SPR experiments. b) average
affinities of glycocalixarenes with standard deviations.

structure. This confirms the data previously obtained in a series

of inhibition experiments of the same lectin in surface-immobi-

lized asialofetuin and on cells with the lactosylthioureidocal-

ixarenes (I–III) [20,21]. A direct comparison with ligands

(I–III) was, however, not feasible since the lactosylthioreido

derivatives tend to aggregate and precipitate under the condi-

tions used for SPR experiments.

Conclusion
Four glycocalixarenes 1–4 characterized by long hydrophilic

spacers between the glycosyl units and the macrocyclic scaf-

fold were synthesized by the copper(I)-catalyzed azido–alkyne

cycloaddition (CuAAC). The homogeneous series of ligands 1,

3 and 4 were subsequently studied in the binding to surface-

immobilized His-tagged Gal-3 by SPR experiments. In spite of

the weak intensity of the signals, an affinity order for the inter-

action of ligands 1, 3 and 4 with the immobilized Gal-3 was

obtained. A preference for the lactosyl clusters over the galac-

tose functionalized ones (3 > 4 >> 1) and a higher efficiency in

the binding of Gal-3 shown by the cone derivative compared to

its isomeric 1,3-alternate counterpart (3 > 4) were observed.

Work is in progress to study by SPR experiments the inter-

action between lactosylcalixarenes covalently immobilized on

the chip and Gal-3 samples in solution.
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Supporting Information
Detailed experimental procedures (general information,

synthetic procedures, expression and purification of Gal-3,

Gal-3/glycocalixarene binding experiments), 1H NMR

spectra of selected intermediates, and final glycocalixarenes

1–4 together with electrophoresis gel, circular dichroism

spectrum and thermal unfolding of purified Gal-3.

Supporting Information File 1
Experimental part.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-175-S1.pdf]
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Abstract
The synthesis of new dendrons of the generations 0, 1 and 2 with a double bond at the focal point and a carbonyl group at the

termini has been carried out. The carbonyl group has been exploited for the multivalent conjugation to a sample saccharide by

reductive amination and alkoxyamine conjugation.

1686

Introduction
Recognition processes between glycans and their receptors are

of paramount relevance in several biological phenomena, both

in physiological [1,2] and in pathological [3-5] conditions.

These processes can be exploited in diagnostic tools [6,7], in

nanobiotechnology applications [8], and in the development of

smart biomaterials for regenerative medicine [9-12]. Beside the

variation of carbohydrate residues in glycoconjugates, a key

issue in the recognition process is their spatial topographical

presentation eliciting high affinity recognition events. In order

to better understand these phenomena, dendrimers and dendrons

have been developed to provide multivalent glycoconjugates

[13,14]. Here, we propose the synthesis of novel dendron struc-

tures which allow for the multivalent conjugation of carbohy-

drates via carbonyl chemistry.

Results and Discussion
The heterobifunctional dendrons were designed in order to have

bio-orthogonal functional groups at the focal point and at their

termini. More specifically, a double bond was placed at the

desired matrix as the focal point for further conjugation by

thiol–ene chemistry, and carbonyl groups were added at the

termini. The carbonyl groups can be exploited for carbohydrate

functionalization [15,16] by reductive amination, oxime or

hydrazone formation to yield suitably functionalized saccha-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:laura.cipolla@unimib.it
http://dx.doi.org/10.3762%2Fbjoc.10.177


Beilstein J. Org. Chem. 2014, 10, 1686–1691.

1687

rides (Figure 1). Given the relevance of L-fucose in mammal

oligosaccharides, α-L-(2-aminoethyl) fucoside [17] and α-O-L-

fucopyranosyloxyamine [18] were used as sample monosaccha-

rides for the conjugation of the dendron (Scheme 1).

Figure 1: Synthesized G0, G1 and G2 dendrons and functionalized
saccharides used for carbonyl conjugation.

Synthesis of dendrons
Zero, first and second generation heterobifunctional dendrons

1–3 were synthesized starting from 9-decen-1-ol (12) or

selected building blocks 13 and 14 (Scheme 2) [11] by esterifi-

cation reactions with levulinic acid (15). Building blocks 13 and

14 were synthesized starting from bis-(hydroxymethyl)propi-

onic acid (bis-MPA) and bromo-1-pentene [11] in one and four

steps, respectively.

L-Fucose derivatives synthesis
α-L-(2-Aminoethyl) fucopyranoside (4) and α-O-L-fucopyra-

nosyloxyamine (5) were synthesized from commercial

Scheme 1: Schematic depiction of dendron conjugation to saccha-
rides by carbonyl chemistry.

L-fucopyranose in 4 and 5 steps, respectively, as already

reported by Flitsch and co-workers [17] and Dumy and

co-workers [18].

Dendron conjugation to L-fucose by reduc-
tive amination
α-L-(2-Aminoethyl) fucopyranoside (4) was conjugated first to

G0 dendron 1 by reductive amination in the presence of

NaCNBH3 (Scheme 3). The reaction afforded the desired glyco-
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Scheme 2: Synthesis of the dendrons.

Scheme 3: Dendron conjugation to fucose moieties by reductive amination. Reagents and conditions: a) 4, 3 M Na2SO4, AcOH, NaCNBH3, EtOH,
80 °C, 6 h.
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Scheme 4: Dendron conjugation to fucose via oxime ligation (buffer = citrate buffer).

sylated dendron 6 in 27% yield. The very low yield was

ascribed to the competing carbonyl reduction to the corres-

ponding alcohol 16 as a byproduct.

The same reaction on the G1 dendron 2 gave an even more

complex mixture of products, identified by mass spectrometry

(System Applied Biosystems MDS SCIEX instruments:

Q TRAP, LC/MS/MS, turbo ion spray and Q STAR elite nano

spray) performed directly on the TLC spots following literature

procedures [19]. By mass values, the mixture was composed of

the desired fucosylated dendron 8 as the minor product together

with the monoglycosylated derivatives 17 and 18 and the alco-

hols 19 and 20. In order to reduce the formation of alcohol

byproducts, a “milder” reducing agent such as Na(AcO)3BH

was tried, but without any success.

Given the high extent of byproducts and the low efficiency of

the glycoconjugation to the G0 dendron and G1 dendron by

reductive amination, we decided to evaluate the possibility to

obtain better conjugation yields by oxime ligation. Thus, G0,

G1 and G2 dendrons 1–3 were reacted with α-O-L-fucopyra-

nosyloxyamine (5) in citrate buffer at pH 3.5 [20] (Scheme 4).

Due to the partial hydrophobic nature of the dendrons 1–3 they

do not fully dissolve in the buffer, and the solution is not

completely clear.

The dendrons 1–3 were reacted overnight at room temperature

with α-O-L-fucopyranosyloxyamine (5) affording the desired

glycoconjugate structures 7, 9 and 11 in quantitative yields.

Conclusion
In conclusion, novel G0, G1 and G2 dendrons suitable for

glycoconjugation by carbonyl chemistry were synthesized. The

conjugation of the saccharide by reductive amination was char-

acterized by a low efficiency. On the other hand, the oxime

ligation afforded the glycoconjugated dendrons in quantitative



Beilstein J. Org. Chem. 2014, 10, 1686–1691.

1690

yields. The glycosylated dendrons can be exploited for further

chemoselctive thiol–ene reactions with matrices suitably func-

tionalized with thiol groups, i.e., cysteine residues in proteins.

Experimental
General methods
All chemicals were purchased from Sigma-Aldrich and used

without further purification. All solvents were dried over mole-

cular sieves, for at least 24 h prior to use, when required. When

dry conditions were required, the reaction was performed under

an Ar atmosphere. Thin-layer chromatography (TLC) was

performed on silica gel 60 F254 coated glass plates (Merck)

with UV detection when possible, or spots were visualized by

charring with a conc. H2SO4/EtOH/H2O solution (10:45:45 v/v/

v), or with a solution of (NH4)6Mo7O24 (21 g), Ce(SO4)2 (1 g),

conc. H2SO4 (31 mL) in water (500 mL) and then by heating to

110 °C for 5 min. Flash column chromatography was performed

on silica gel 230–400 mesh (Merck). Routine 1H and 13C NMR

spectra were recorded on a Varian Mercury instrument at

400 MHz (1H) and 100.57 MHz (13C). Chemical shifts are

reported in parts per million downfield from TMS as an internal

standard, J values are given in Hz. Mass spectra were recorded

on System Applied Biosystems MDS SCIEX instruments:

Q TRAP, LC/MS/MS, turbo ion spray and Q STAR elite

nanospray.

General procedure for levulinic acid condensation (com-

pounds 1–3): To a 0.1 M solution of the appropriate compound

dissolved in dry DCM, levulinic acid (1.2 equiv), DMAP

(0.2 equiv) and DCC (1.5 equiv) were added, and the reaction

mixture was stirred at room temperature (for 1 to 24 h,

depending on the substrate). The precipitates were filtered off

and washed with CH2Cl2. The solvent was evaporated, and the

residue was purified by column chromatography on a silica gel

column with a suitable eluent. See Supporting Information

File 1 for full experimental data.

General procedure for reductive amination reaction (com-

pounds 6, 8):The appropriate dendron (1 equiv) and α-L-(2-

aminoethyl) fucoside (4, 1 equiv) were dissolved in EtOH

(0.1 M in respect to 4). AcOH (1 equiv) and 3 M Na2SO4 (1%

of solvent volume) were added, and the mixture was heated

under reflux for 2 h. NaCNBH3 (1.5 equiv) was then added, and

the reaction was heated under reflux for further 4 h. See

Supporting Information File 1 for full experimental data.

General procedure for dendron/ alkoxyamine conjugation

(compounds 7, 9, 11): The appropriate dendron (1 equiv) and

α-O-L-fucopyranosyloxyamine (5, 1 equiv) were dissolved in

citrate buffer (pH 3.5, 0.1 M in respect to 5) and stirred at room

temperature overnight. The mixture was concentrated and the

product isolated. See Supporting Information File 1 for full

experimental data.

Supporting Information
Supporting Information File 1
Experimental part.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-177-S1.pdf]
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Abstract
A novel convergent synthetic strategy for the construction of multicomponent self-adjuvanting lipopeptide vaccines was developed.

A tetraalkyne-functionalized glucose derivative and lipidated Fmoc-lysine were prepared by novel efficient and convenient

syntheses. The carbohydrate building block was coupled to the self-adjuvanting lipidic moiety (three lipidated Fmoc-lysines) on

solid support. Four copies of a group A streptococcal B cell epitope (J8) were then conjugated to the glyco-lipopeptide using a

copper-catalyzed cycloaddition reaction. The approach was elaborated by the preparation of a second vaccine candidate which

incorporated an additional promiscuous T-helper epitope.

1741

Introduction
Vaccination is often the most effective and economic long-term

way to prevent disease [1]. Through vaccination, successful

outcomes have been achieved for diseases such as smallpox,

polio and diphtheria, thus providing motivation for the develop-

ment of superior vaccines for other diseases. Traditionally,

vaccines consisted of killed or live attenuated pathogens, or

their purified components. While these approaches have proved

highly beneficial, in some instances they have shown asso-

ciated risks, such as cross-reactivity with self-tissue (leading to

autoimmune conditions), and the possibility of infection, partic-

ularly with immuno-compromized patients [2,3]. To overcome

such issues, subunit vaccines, which contain only the minimum

B and T cell peptide epitopes, were developed. However, when

such peptide epitopes are administered alone, they are poorly

immunogenic. This is due to their instability in the presence of

proteases, and due to the absence of other important immuno-
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stimulatory components, known as adjuvants [4]. Adjuvant

development has advanced slowly and for many decades,

aluminium salts were the only adjuvants approved for clinical

use [5]. Recently, research efforts have focused on the develop-

ment of adjuvants which activate specific pattern recognition

receptors (PRRs) found on immune cells. PRRs recognize

conserved pathogen-associated molecular patterns. This leads to

activation of cells of the innate and adaptive immune system,

resulting in significantly enhanced immune responses [6]. By

preparing agonists for a particular type of PRR (e.g., Toll Like

Receptor (TLR)), an appropriate immune response can be

induced for each type of pathogen [7]. The TLR2 is a receptor

present on cells of the innate and adaptive immune system. It

recognizes lipidic structural components of bacteria, fungi and

viruses, and plays a key role in the body’s defences, particu-

larly against Gram positive bacteria [8]. Research efforts within

our group have shown that a short sequence of synthetic lipo-

amino acids (Lipid Core Peptide (LCP)), can bind to the TLR2,

which results in increased immune responses to otherwise

poorly immunogenic peptide antigens [9-12].

The model pathogen chosen for this study was Streptococcus

pyogenes, a Gram positive bacteria that affects the skin and

upper respiratory tract, and causes a range of health issues that

are collectively referred to as group A streptococcal (GAS)

infections [13]. The most severe GAS related problems are

post-streptococcal rheumatic fever and rheumatic heart disease,

which are responsible for over half a million deaths annually

[14]. Previously, we developed methodologies for the synthesis

of carbohydrate building blocks as scaffold carriers of multiple

B cell epitopes derived from GAS. The vaccine constructs

consisted of the LCP adjuvanting moiety, and a carbohydrate

core bearing four copies of a GAS B cell epitope [11,15-18].

When administered to B10.BR (H-2k) mice, the carbohydrate-

based LCP vaccines elicited high serum IgG antibody titres

[11]. One of the B cell epitopes used was the J8-peptide

antigen. This epitope was identified from the conserved

C-terminal region of the M protein (a cell surface protein and a

major virulence factor) of S. pyogenes [19]. For comparison

purposes, the J8 epitope was also employed in the current

studies.

The previously reported carbohydrate-based vaccine constructs

[11] were prepared by a divergent approach, where the carbohy-

drate core was coupled to the resin-bound LCP adjuvanting

moiety, followed by stepwise synthesis of the B cell epitopes

using solid-phase peptide synthesis (SPPS). Using this diver-

gent approach, purification could not be performed until the end

of the synthesis and crude samples of final vaccine candidates

often required multiple purification steps. The current study

outlines a new convergent synthetic methodology for the syn-

thesis of novel carbohydrate-based GAS vaccine delivery

systems, where each building block can be synthesized and

purified prior to final assembly of the vaccine candidates. The

building blocks may be assembled in different ways so that

libraries of vaccine candidates can be prepared faster and more

efficiently compared to the previous divergent approach.

Results and Discussion
As part of the new convergent approach, here, we report an effi-

cient and convenient synthesis of a versatile alkyne-functional-

ized carbohydrate building block 1, which can be conveniently

incorporated into peptide sequences using SPPS (Scheme 1).

The copper-catalyzed alkyne–azide cycloaddition ‘click’ reac-

tion [20] was employed to couple multiple copies of purified B

cell peptide antigens onto the carbohydrate core and lipidic

adjuvanting moiety.

This type of convergent approach has a number of advantages

over the previously described divergent route. Since each

component is synthesized separately and purified before final

assembly, purification of the vaccine candidates is less

demanding. As a result, additional components can be incorpo-

rated, giving vaccine candidates of greater complexity. Taking

advantage of this, we synthesized a second vaccine candidate

containing a known promiscuous T-helper epitope [21], the

lipidic adjuvanting moiety and four copies of the GAS B cell

epitope coupled to the carbohydrate carrier. Although B cells

may be activated via a number of T cell-independent routes, the

T cell-dependent activation of B cells can lead to stronger and

more long-term immune responses [6].

Synthesis of carbohydrate carrier
Tetra-O-acetyl-α-D-glucopyranosyl bromide (2) was prepared

according to a literature procedure [22] and immediately used in

the proceeding Koenigs–Knorr glycosylation of methyl

6-hydroxyhexanoate (3). Hydroxy ester 3 was synthesized in

high yield (81%) by addition of a catalytic amount of H2SO4 to

ε-caprolactone in methanol, according to Duffy et al. [23].

However, the procedure was optimized by decreasing the reac-

tion time from 48 h to 30 minutes and purification by distilla-

tion was not required. The glycosylation was carried out by

addition of silver(I) oxide to a solution of glycosyl bromide 2

and hydroxy ester 3, which yielded a mixture of orthoester

byproduct 4 and desired glycosylation product 5 (Scheme 2). A

catalytic amount of trimethylsilyl trifluoromethanesulfonate

(TMSOTf) was added to the mixture, which resulted in ring-

opening of orthoester 4 and conversion to the desired glycosyl-

ation product 5. The presence of unreacted hydroxy ester 3

made purification of glycosylation product 5 difficult. There-

fore, the crude reaction mixture was subjected to Zemplén

deacetylation [24] to give intermediate 6, and the unreacted
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Scheme 1: Convergent construction of self-adjuvanting vaccines bearing multiple copies of a B cell epitope.

hydroxy ester 3 was removed during work-up. The residue was

alkylated with sodium hydride and propargyl bromide in dry

tetrahydrofuran (THF) to give intermediate 7, which was not

isolated. The methoxy ester was hydrolyzed in situ by addition

of sodium hydroxide. Acid–base extraction and purification by

flash chromatography gave the novel carbohydrate building

block 1 in 31% overall yield (Scheme 2). Similar carbohydrates

have been used for the preparation of glycoclusters for lectin

binding [25-28] and as scaffold carriers of multiple peptide anti-

gens [17,29]. However, the synthesis of the new carbohydrate

building block 1 reported here is concise and efficient,

involving only one chromatographic step and takes advantage

of the highly efficient “click” reaction.

Synthesis of lipo-amino acid
Lipidation of peptides is important as it is often used to improve

stability and permeability of potential therapeutics [30]. The

lipo-amino acids used previously for synthesis of the LCP

system [31] were prepared by a multistep synthesis which

resulted in a racemic mixture. In the current study, enantiomeri-

cally pure lipidated Fmoc-lysine (8) was synthesized and used

to prepare the lipidic adjuvanting moiety. Treatment of

commercially available Fmoc-Lys-OH with lauroyl chloride, in

the presence of diisopropylethylamine (DIPEA), gave lipidated

Fmoc-lysine (8) in 35% yield after flash chromatography

(Scheme 3A). The low yield could be attributed to the forma-

tion of a significant amount of a dimeric lysine byproduct,
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Scheme 2: Synthesis of carbohydrate building block 1.

Scheme 3: (A) Lipidation of Fmoc-Lys-OH with lauroyl chloride: (B) Lipidation of Fmoc-Lys-OH with sulfonic-carboxylic anhydride.
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Scheme 4: Convergent synthesis of self-adjuvanting vaccine candidate 10 consisting of lipidic adjuvanting moiety LLCP, carbohydrate carrier and
four copies of J8 peptide epitope.

which was not characterized. A number of different conditions

were explored in order to inhibit the formation of the byproduct.

By utilizing a sulfonic-carboxylic anhydride as the acylating

agent, lipidated product 8 (K(C12)) could be synthesized

smoothly and formation of the byproduct was avoided. The

sulfonic-carboxylic anhydride was prepared in situ by the addi-

tion of lauroyl chloride to a solution containing DIPEA and

p-toluenesulfonic acid, and Fmoc-Lys-OH was subsequently

added to this mixture (Scheme 3B).

Because of this optimization, chromatography was not neces-

sary and the lipidated product 8 could be purified by recrystal-

lization (66% yield) (Scheme 3B). Compound 8 has been

synthesized previously by Zhang et al. [32] using a procedure

which required chromatography. The simple modification

reported here significantly increased the efficiency of the proce-

dure and may have wider application for the convenient acyla-

tion of Fmoc-lysine.

Synthesis of azide functionalized J8 B cell
epitope (N3-J8)
The conserved C-terminal region of the M protein adopts an

α-helical secondary structure [13]. In order to maintain this

native secondary structure, the J8 epitope (QAEDKVKQ-

SREAKKQVEKAL-KQLEDKVQ) consists of a short

C-terminal peptide from the M protein (in bold), placed within a

sequence derived from the GCN4 leucine zipper DNA binding

protein of yeast, which is known to promote an α-helical struc-

ture [33]. This chimeric peptide has been shown to elicit

systemic IgG antibodies, which were capable of opsonizing the

GAS pathogen and inducing protective immunity against GAS

[19]. In the current study, the J8 epitope was synthesized using

standard Fmoc SPPS. Azidoacetic acid was synthesized

according to Brabez et al. [34] and was coupled to the

N-terminus of the J8 epitope. The peptide was cleaved from the

resin and purified by preparative RP (reversed phase)-HPLC.

Construction of vaccine candidates
The lipidic adjuvanting moiety was synthesized by standard

Fmoc SPPS using the lipidated lysine amino acid 8 (K(C12)).

This lipidic sequence, lysine lipid core peptide (LLCP; K(C12)-

G-K(C12)-K(C12)-G), is enantiomerically pure and analogous to

the LCP sequence (C12-G-(C12)-(C12)-G) which has been

shown to be an effective adjuvanting moiety [11]. The new

carbohydrate carrier 1 was coupled to the LLCP sequence, the

intermediate was cleaved from the resin using standard Fmoc

SPPS cleavage conditions and the product, glyco-lipopeptide 9,

was used in the final reaction step without purification. Four

copies of the N3-J8 epitope were then coupled to glyco-lipopep-

tide 9 using the copper-catalyzed alkyne–azide cycloaddition

reaction (Scheme 4), which was performed according to Urbani

et al. [35,36]. The progress of the reaction was monitored by
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Figure 1: Analytical HPLCs of copper-catalyzed alkyne–azide cycloaddition reaction at the start (top) and after 1 h (bottom) (gradient; 0–100%
solvent B over 30 min).

analytical RP-HPLC (C4 column, 0–100% solvent B (CH3CN/

10% H2O/0.1% TFA)) and was complete in approximately 1 h

(Figure 1). After purification by RP-HPLC vaccine candidate

10 was obtained in 32% yield and characterized by mass spec-

trometry and RP-HPLC (Supporting Information File 1).

After the successful synthesis of vaccine candidate 10, further

complexity was introduced into this system. In this case,

following the synthesis of LLCP, stepwise SPPS was continued

in order to incorporate a T-helper epitope (Pan DR Epitope;

PADRE; KFVAAWTLKAA), resulting in a linear peptide

containing the T-helper epitope and the LLCP (Scheme 5). The

PADRE T-helper epitope has been shown to be recognized by a

high percentage of the human population, and is thus referred to

as a promiscuous T-helper epitope [21]. Incorporation of this

epitope should allow for T cell-dependent activation of B cells,

and lead to a stronger and longer lasting immune response. The

carbohydrate carrier 1 was coupled to the N-terminus of the

linear T-helper-LLCP peptide, the intermediate was cleaved

from the resin using standard Fmoc SPPS cleavage conditions

and the product, glyco-lipopeptide 11, was used in the final step

without purification (Scheme 5). The copper-catalyzed cyclo-

addition reaction was performed as described before and gave

the desired self-adjuvanting vaccine candidate 12, the identity

and purity of which was confirmed by mass spectrometry and

analytical HPLC (Supporting Information File 1).

Conclusion
A concise and convenient synthesis of a versatile carbohydrate

building block was devised. A very efficient procedure for the

lipidation of Fmoc-lysine is reported, which may find wide-

spread application for the preparation of lipopeptides. Using

these building blocks, a new synthetic methodology was devel-

oped, and complex structures were prepared that contain all the

necessary components of a self-adjuvanting vaccine in one pure

compound. Purification of glyco-lipopeptide 9 and 11 would

have significantly improved the yields of the final step,

however, this was not required, making the overall synthesis far

more efficient. Purification of the final vaccine candidate 10

was achieved in one chromatographic step without difficulty

and thus, was less demanding compared to vaccine candidates

prepared previously. As a result, the more complex vaccine

candidate 12 was synthesized, which contained multiple copies

of a B cell epitope coupled to the carbohydrate core, a lipidic

adjuvanting moiety, as well as, a promiscuous T-helper epitope

to enhance the immune response. Using this synthetic approach

a library of GAS vaccine candidates will be synthesized for in

vivo evaluation using immunological assays.
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Scheme 5: Convergent synthesis of self-adjuvanting vaccine candidate 12 consisting of lipidic adjuvanting moiety LLCP, T-helper epitope, carbohy-
drate carrier and four copies of J8 B cell epitope.

Supporting Information
All experimental procedures are given. 1H, 13C, DEPT,

COSY, HSQC NMR spectra are provided for compounds 4,

5 and 1, as well as, analytical RP-HPLC chromatograms

and ESIMS spectra for N3-J8 peptide, and vaccine

candidates 10 and 12.

Supporting Information File 1
Experimental part.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-181-S1.pdf]
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Abstract
An approach to β-D-2-aminotalose- and β-D-2-aminoidose-configured carbohydrate mimetics bearing a phenyl substituent is

described. Unnatural divalent rigid p-terphenyl-linked C-aryl glycosides with 2.0 nm dimension are available using Suzuki cross-

couplings. The key compound, a p-bromophenyl-substituted 1,2-oxazine, was prepared by a stereoselective [3 + 3]-cyclization of a

D-isoascorbic acid-derived (Z)-nitrone and lithiated TMSE-allene. The Lewis acid-induced rearrangement of this heterocycle

provided the corresponding bicyclic 1,2-oxazine derivative that may be regarded as internally protected amino sugar analogue.

After subsequent reduction of the carbonyl group, the resulting bicyclic compound was used for Suzuki cross-couplings to form

biphenyl aminopyran or p-terphenyl-linked dimers. Hydrogenolysis afforded new unnatural aminosugar mimetics. Zinc in the pres-

ence of acid or samarium diiodide were examined for the N–O bond cleavage in order to obtain the rigid p-terphenyl-linked

C-glycosyl dimers.

1749

Introduction
Carbohydrates are the class of biomolecules with the highest

structural diversity [1,2]. Specific carbohydrates are respon-

sible for cell-type specific interactions [3] and they are involved

in different diseases such as cancer [4], inflammation [5], and

infections [6]. However, the use of carbohydrates as drugs has

been strongly limited due to the hydrolytic lability of the

glycosidic bond [7] and the weak binding affinities of single

molecules. With the development of artificial C-glycosides

which possess structural and functional aspects of the corres-

ponding carbohydrates, these disadvantages can be overcome,

resulting in an improved bioavailability, higher affinities and

improved selectivities [8-13]. Recent results indicate that

divalent rigid carbohydrate conjugates may have even

higher binding affinities and specificities than their flexible

multivalent equivalents [14,15]. The rigidity of the system is

supposed to improve the overall activity of the ligands by over-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Approach to divalent carbohydrate mimetics 1 with rigid spacer and monovalent analogues 2.

coming the entropic penalty of flexible multivalent scaffolds

[16].

Cross-coupling reactions are among the best methods to prepare

C-arylglycosides, C-nucleosides and C-glycosidic oligomers

when new artificial pharmacophores are approached [17]. With

Suzuki cross-couplings C-glycoside analogues of phloriain with

antidiabetic properties [18] or aryl-scaffolded dimers and

trimers were successfully prepared [19]. The Suzuki cross-

coupling is particularly suitable for carbohydrate chemistry due

to the mild reaction conditions and its tolerance to a variety of

functional groups [20]. In addition, the reactions are easy to

perform and the required boronic acids exhibit exceptional

stabilities to heat, air and moisture compared to other

organometallic reagents [21]. Up to now there are not many

examples of nanorod-like carbohydrate dimers with aryl-linked

divalent glycosides. A mannopyranoside dimer was generated

by a palladium-catalyzed Ullmann-type reductive homo-

coupling [22] and biphenyl-linked dimers were prepared by

Lewis acid-catalyzed glycosidations [23]. All these examples

possess an acid-labile O-glycosidic bond and are labile to

hydrolysis and enzymes. Therefore, new approaches to the syn-

thesis of rigid multivalent C-arylglycosides should be a valu-

able extension of compounds with potential biological activity.

In order to achieve this goal we investigated the synthesis of

divalent compounds of general structure 1 and their monova-

lent analogues 2 (Scheme 1). Structurally similar aminopyrans

without aryl groups have intensively been studied as carbohy-

drate mimetics in our group [24,25]. When they are coupled by

amide bonds to gold nanoparticle and O-sulfated these conju-

gates gave extremely high binding affinities towards L- and

P-selectin in sub-nanomolar concentrations. These results were

achieved by a multivalent presentation (ca. 1000–1200 ligands

per nanoparticle) of the sulfated pyrans [26,27]. We were

therefore interested to prepare inhibitors offering only a

small number of ligands to get better information about struc-

ture–activity relationships and to study the influence of the flex-

ible and rigid spacer units.

In this report we present methods for the synthesis of divalent

compounds 1 with p-terphenyl spacers and of β-D-2-amino-

talose- or β-D-2-aminoidose-configured carbohydrate mimetics

2 (Scheme 1). These novel carbohydrate mimetics represent

unique structures, combining the features of C-aryl-glycosides

and aminosugars. The p-bromophenyl-substituted bicyclic 1,2-

oxazine derivative 3 was used as key building block for the

Suzuki cross-coupling reaction to synthesize p-terphenyl-linked

derivatives 1. The key intermediate 3 was prepared by a Lewis

acid-induced rearrangement of 3,6-dihydro-2H-oxazine 4,

that origins from a stereoselective [3 + 3]-cyclization of

D-isoascorbic acid-derived (Z)-nitrone 6 and lithiated TMSE-

allene 5.
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Results and Discussion
For our synthesis of new divalent carbohydrate mimetics we

required 1,2-oxazine derivatives derived from (Z)-nitrone 6 and

lithiated alkoxyallenes. The 4-bromophenyl group should allow

transition metal-promoted coupling reactions to a variety of new

compounds. For this purpose the D-erythrose-configured ester

7, easily available from D-isoascorbic acid [28], was converted

into nitrone 6 in a three step procedure (Scheme 2). Its reduc-

tion with lithium aluminum hydride was performed under stan-

dard conditions providing diol 8 in excellent yield in multigram

scale (up to 20 g). Attention should be paid to a possible reduc-

tive removal of the bromine substituent that can occur at higher

temperature or longer reaction times as the resulting debromi-

nated product is hard to remove from diol 8 by column chroma-

tography. According to the protocol of Dondoni et al. [29]

glycol cleavage of diol 8 afforded the corresponding aldehyde

that was directly treated with N-benzylhydroxylamine to furnish

the desired (Z)-nitrone 6. All compounds in this sequence of

reactions are mixtures of the two diastereomers at the diox-

olane C-2 (ratios close to 1:1).

Scheme 2: Synthesis of (Z)-nitrone 6. Conditions: a) LiAlH4, THF, 1 h,
rt; b) 1. NaIO4, CH3CN/H2O, 1 h, rt; 2. N-benzylhydroxylamine,
MgSO4, CH2Cl2, 18 h, rt.

The preparation of syn-1,2-oxazine 4 was achieved in good

yields ranging from 67–77% by stereocontrolled addition of

lithiated (trimethylsilyl)ethoxyallene 9 to (Z)-nitrone 6 at

−78 °C (Scheme 3). Although the formation of four stereoiso-

mers is possible only two were observed. Due to the complexa-

tion of lithiated allene 9 to the nitrone 6 an exclusive formation

of the two syn-1,2-oxazines 4 was observed. This result sug-

gests that the configuration at C-2 of the dioxolane moiety has

no influence on the stereochemical outcome of the reaction. The

model suggested by Dondoni et al. [30] can also be employed

for this process to rationalize the observed diastereoselectivity

of the addition step. The subsequent [3 + 3]-cyclization to 3,6-

dihydro-2H-1,2-oxazine 4 follows the previously reported

mechanism [31]. In the presented sequence syn-1,2-oxazine 4

was successfully prepared in six steps with an overall yield of

46%. The diastereomers can easily be separated by column

chromatography, but this turned out not to be mandatory. The

Scheme 4: Synthesis of 1,2-oxazine 4 by acetal formation from 10.
Conditions: a) 1-bromo-4-(dimethoxymethyl)benzene (10 equiv.), CAN,
CH2Cl2, 3 d, rt.

next step of our anticipated sequence, the Lewis acid-induced

rearrangement, converts the dioxolane C-2 carbon into an sp2-

hybridized carbon and hence the configuration of the precursor

does not play a role for this reaction.

Scheme 3: [3 + 3]-Cyclization of (Z)-nitrone 6 with lithiated allene 9.
Conditions: a) n-BuLi, THF, 15 min, −40 °C; b) 1. THF, 2 h, −78 °C;
2. H2O, 1 h, −78 °C → rt.

An alternative route to prepare 1,2-oxazine 4 is depicted in

Scheme 4. The preparation of the 4-bromophenyl-1,3-diox-

olane moiety started from diol 10 that has successfully been

used earlier for the preparation of phenylthio-substituted 1,2-

oxazine derivatives [32]. Compound 10 is easily accessible by a

mild cleavage of the corresponding acetonide by an indium

trichloride-mediated hydrolysis [33]. By using cerium am-

monium nitrate as Lewis acid [34] in high concentration

(13 mmol/mL) as well as an excess of 1-bromo-4-(dimethoxy-

methyl)benzene enabled the synthesis of syn-1,2-oxazine 4. The

conversion of this reaction was high (>80%) giving the two

diastereomers of 4 (ca. 1:1), but only one diastereomer was

isolated in pure form. The second diastereomer could hardly be

separated from the excess of 1-bromo-4-(dimethoxymethyl)-

benzene by column chromatography or distillation. Besides,

Brønsted acids like trifluoroacetic acid, p-toluenesulfonic acid,
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Scheme 5: Synthesis of bicyclic ketone 11 by Lewis acid-induced rearrangement and reduction to alcohols 12a and 12b and protection of 12a to 1,2-
oxazine derivative 13. Conditions: a) 1. SnCl4, CH3CN, 4 h, −30 °C → rt; 2. TBSCl, imidazole, THF, 4 h, rt; b) NaBH4, EtOH, 4 h, −40 °C, 72%, dr
81:19; c) L-selectride, THF, 2 h, −10 °C, 73%, only 12a; d) TBSOTf, 2,6-lutidine, THF, 2 h, 0 °C.

that are usually used to generate ketals, or weaker acids like

pyridine/hydrogen fluoride led to a side product [35].

The Lewis acid-promoted rearrangement of 1,3-dioxolanyl-

substituted 1,2-oxazines to bicyclic ketones has been described

in many examples [24]. Gratifyingly, starting from 1,2-oxazine

4 with tin(IV) chloride as Lewis acidic promoter the corres-

ponding ketone was obtained in excellent stereoselectivity. The

subsequent protection of the primary hydroxy group as TBS

ether under standard conditions provided 11 in very good yields

of up to 82% (Scheme 5). In order to perform the Lewis acid-

promoted rearrangement and the protection in one step, we also

employed TBSOTf as Lewis acid for the rearrangement step

[24], however, no product formation could be observed in this

case. The mechanism of the rearrangement 4 → 11 can be

described as an aldol-type cyclization process. The Lewis acid

coordinates to the sterically less hindered oxygen atom of the

dioxolane ring of 4 opening this ring and forming a carbenium

ion that intramolecularly attacks the enol ether moiety. A six-

membered chair-like transition state with the bulky 4-bromo-

phenyl group in an equatorial position for this crucial step ratio-

nalizes the product configuration as shown.

TBS-protected bicyclic ketone 11 was subsequently reduced

with sodium borohydride at −40 °C to form alcohols 12a

and 12b as 81:19 mixture of diastereomers in 72% yield

(Scheme 5). In contrast, the reduction with L-selectride at

−10 °C selectively furnished pure diastereomer 12a in 73%

yield. In accordance with previous observations of reductions of

related phenylthio-substituted bicyclic compounds [25], a

hydride attack from the side of the pyran moiety is assumed

since the 1,2-oxazine side is more hindered by the bulky

N-benzyl moiety. The secondary hydroxy group of 12a was

protected employing t-butyldimethylsilyl trifluoromethanesul-

fonate and 2,6-lutidine in quantitative yield.

The Lewis acid-promoted rearrangement of 1,2-oxazine deriva-

tive 4 and the direct reduction of the unpurified ketone 14

furnished bicyclic diol 15 in good overall yield of 58%

(Scheme 6). The reduction of unprotected ketone 14 with

L-selectride was less stereoselective and provided a 72:28 mix-

ture of 15. The higher selectivity of the TBS-protected com-

pound 11 may be explained by an indirect effect of the bulky

TBS-group, possibly pushing the N-benzyl moiety to the top of

the ring shielding the 1,2-oxazine side more efficiently. Sep-

aration of the two diastereomers and protection of the primary

hydroxy group of 15a with trityl chloride provided compound

16 in 83% yield. This protecting group should allow its removal

together with the benzyl group during hydrogenolysis. Surpris-

ingly, a benzyl protection under the same conditions was not

possible.

Before approaching divalent compounds such as 1 we wanted to

convert our building blocks into simple monocyclic carbohy-

drate mimetics. To prepare phenyl-substituted aminopyrans the

N–O bond of bicyclic compounds 15a and 15b was cleaved by
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Scheme 6: Synthesis of bicyclic diols 15 and of trityl-protected bicyclic 1,2-oxazine 16. Conditions: a) SnCl4, CH3CN, 18 h, −30 °C → rt, b) 1) L-selec-
tride, THF, 4 h, −15 °C, dr 72:28; 2) separation by column chromatography (silica gel, hexanes/EtOAc 1:1 → 1:2); c) TrtCl, DMAP, pyridine, 3 d, rt.

hydrogenolysis. These reactions are challenging because the

resulting aminopyrans are apparently poisoning the catalyst and

hence large amounts of palladium on charcoal are required for

full conversion. We did not add acid to diminish catalyst

poisoning since we were afraid of other side reactions of the

complex product. In addition, the resulting products are very

polar and difficult to purify. In our recent report [28] related

compounds were reduced in methanol as solvent providing

several side products and the yield of the reactions were not

fully reproducible. Nevertheless, 1,2-oxazine 15a was con-

verted into aminopyran 17a (Scheme 7) by hydrogenolysis

under standard conditions in methanol in a yield of 78%, but

this yield was not fully reproducible and the conditions were

optimized. We found that isopropanol as solvent and addition of

one equivalent triethylamine were more reliable and the yield of

17a could be slightly improved. Triethylamine was added to

neutralize the formed acid [36] that is generated in the first step

by a very fast debromination. The debenzylation and the N–O

bond cleavage occur as next steps. Under these improved condi-

tions the isomeric bicyclic 1,2-oxazine 15b was converted into

aminopyran 17b in a good yield of 77%. The formed aminopy-

rans 17a and 17b can be regarded as amino C-glycosides. Com-

pound 17a is related to compounds with β-D-talose configur-

ation that are rarely found in nature, an exception being the

antibiotic amino glycoside hygromycin B [37]. Aminopyran

17b correlates to β-D-idopyranose; iduronic acid is a compo-

nent of sulfated glycosamine glycans such as chrondroitin

sulfate and heparan sulfate [38].

The prepared p-bromophenyl-substituted bicyclic 1,2-oxazine

derivatives 12, 13, 15 and 16 provide options to perform cross-

coupling reactions such as Buchwald/Hartwig, Heck, Hiyama,

Kumada, Sonogashira or Stille couplings. In order to examine

the conditions for Suzuki cross-couplings we subjected bicyclic

compound 15a to phenylboronic acid under standard conditions

Scheme 7: Hydrogenolyses of bicyclic 1,2-oxazine derivatives 15a
and 15b. Conditions: a) H2, Pd/C, MeOH, EtOAc, 20 h, rt; b) H2, Pd/C,
iPrOH, EtOAc, NEt3, 18 h, rt.

of this reaction. The desired product 18 was obtained in 81%

yield (Scheme 8) and the subsequent hydrogenolysis furnished

carbohydrate mimetic 19 bearing a biphenyl substituent.

The smooth transformation of bicyclic compound 15a into a

biphenyl compound by Suzuki cross-coupling encouraged us to

aim the synthesis of divalent compound 21. 1,4-Phenylenedi-

boronic acid (20) was used as precursor and coupled to two

equivalents of 12a to afford the desired p-terphenyl compound

21 in excellent 84% yield (Scheme 9). Unfortunately, the subse-

quent hydrogenolysis of this compound under conditions as

above led to a complex product mixture and no product could

be observed. An alternative method for N–O cleavage employs

elemental zinc in the presence of acid [39], conditions that

should simultaneously cleave the TBS protective groups. For

the conversion of 21 into 22 long reaction times were required

and the high acidity led to the formation of side products.
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Scheme 8: Suzuki cross-coupling of 15a leading to biphenyl derivative 18 and hydrogenolysis to 19. Conditions: a) phenylboronic acid, Pd(PPh3)4,
2 M Na2CO3 aq, THF, 70 °C, 48 h; b) H2, Pd/C, iPrOH, THF, rt, 24 h.

Scheme 9: Synthesis of N-benzylated p-terphenyl derivative 21 by Suzuki cross-coupling of 12a with 20 and subsequent reduction with zinc. Condi-
tions: a) Pd(PPh3)4, 2 M Na2CO3 aq, THF/DMF (8:2), 70 °C, 48 h; b) Zn, AcOH, THF, 60 °C, 18 h.

Nevertheless, the target compound 22 was isolated in a moder-

ate yield of 59%.

As a milder alternative, samarium diiodide was examined for

the N–O bond cleavage [40-45]. With this selective reagent a

TBS protected aminopyran dimer 23 was expected that should

be well soluble in organic solvents and therefore more suitable

for subsequent transformations (Scheme 10). Disappointingly, a

samarium diiodide solution converted compound 21 in a com-

plex reaction mixture. For a better understanding of this unex-

pected result the reductive cleavage was examined with the

simpler bicyclic 1,2-oxazine derivative 12a. Here the unex-

pected bicyclic compound 24 was isolated as major product in

79% yield together with the desired aminopyran derivative 25

in 14% yield. It was observed by 1H NMR spectroscopy that

aminopyran 25 is not stable and slowly cyclizes to 24; after two

days in CDCl3 solution approximately 20% of aminopyran 25

were converted into 24. This result indicates that the N–O bond

cleavage of 12a preceded as expected, but that the produced

amino group of the pyran ring seems to be in close proximity to

the C-5 hydroxy group and leads to a nucleophilic substitution

under formation of the pyrrolidine moiety. This process is

possibly promoted by samarium(III) which can act as Lewis

acid and by the steric demanding TBS group which decreases

the distance between the two functional groups. This unex-

pected side reaction leading to 24 indicates that in the above

mentioned unclean reaction of samarium diiodide with dimer 21

similar complications may lead to the observed mixture.

To overcome these difficulties dimer 21 was deprotected with

tetra-n-butylammonium fluoride giving the poorly soluble poly-

hydroxylated compound 26  (Scheme 11). Due to the

amphiphilic character this compound was only soluble in pyri-

dine that makes purification and subsequent reactions fairly

difficult. The conversion of the deprotection step was high but

the yield after purification was only 30%. The reduction with

samarium diiodide was then performed in a methanol/tetra-

hydrofuran mixture in which compound 26 was scarcely

soluble. Gratifyingly, after one hour reaction time and purifica-

tion by column chromatography aminopyran 22 was isolated in

30% yield. Interestingly, no cyclization product similar to 24

was detected in this case.
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Scheme 10: Attempted reductive cleavage of the N–O bond of compound 21 by samarium diiodide and reaction of 12a. Conditions: a) SmI2 (0.09 M
in THF), MeOH, rt, 60 min; b) SmI2 (0.1 M in THF), THF, rt, 45 min.

Scheme 11: Deprotection of compound 21 and samarium diiodide-mediated reaction of 26. Conditions: a) TBAF, THF, rt, 2 d; b) SmI2 (0.09 M in
THF), MeOH, rt, 60 min.

Scheme 12: Suzuki cross-coupling of compound 16. Conditions: Pd(PPh3)2Cl2, 2 M Na2CO3, DMF, 80 °C, 3 d.

We also investigated the Suzuki cross-coupling of bicyclic com-

pound 16 with 1,4-phenylenediboronic acid (20) (Scheme 12).

Although the trityl group is quite far away from the reacting

bromo substituent it led to longer reaction times and slightly

lower yields, but the expected product 27 was obtained in 51%

yield as a well soluble compound.

The trityl protective groups enabled the deprotection of dimer

27 in one step. The O-trityl and N-benzyl groups were removed

by hydrogenolysis under acidic conditions to obtain a mixture

of compounds 28 and 29 (Scheme 13). As solvent a 3:2 mix-

ture of isopropanol/hexafluoro-2-propanol was used in order to

combine high polarity with product solubility and to avoid side
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Scheme 13: Hydrogenolysis of compound 27 and samarium diiodide-mediated reaction leading to compounds 30 and 31. Conditions: a) H2, Pd/C,
TFA, HFIP, iPrOH, 8 h, rt; b) SmI2 (0.1 M in THF), MeOH, 30 min, rt. HFIP = hexafluoro-2-propanol.

product formation [26]. The ratio of mono-benzylated 28 and

fully deprotected p-terphenyl derivative 29 was 59:41 as

confirmed by 1H NMR spectroscopy of the crude product. The

reaction mixture was directly filtered through a pad of Celite®

and the solvents were removed in vacuo to provide a crude

product that was used for the subsequent samarium diiodide-

mediated reduction without any purification. This reaction

proceeded smoothly and furnished the very polar compounds 30

and 31. Removal of the formed samarium salts by size exclu-

sion chromatography provided the two divalent carbohydrate

mimetics in very good overall yield. The considerably better

yield in this samarium diiodide-mediated reaction is probably

due to the good solubility of compounds 28 and 29 in methanol/

THF.

In summary, by optimizing the protective group strategy and the

reductive cleavage methods we were able to prepare the desired

rigid p-terphenyl-linked carbohydrate mimetic 30 in twelve

steps starting from D-isoascorbic acid, but in only six steps with

respect to crucial intermediate 4. The overall yields of 6% or

13% are quite respectable. The distance between the two

terminal amino groups is in the range of 2.0 nm (according to

optimized molecular geometry obtained by MM2 calculations

performed by ChemBio3D Ultra 11.0 from ChemBioOffice

2008).

Conclusion
We successfully established methods for the efficient prepar-

ation of phenyl-substituted aminopyrans and rigid divalent

p-terphenyl-linked C-aryl glycoside using Suzuki cross-

couplings as key method. Starting from the D-isoascorbic acid-

derived diol 8, which was converted into the corresponding

p-bromophenyl-substituted (Z)-nitrone, a stereoselective

[3 + 3]-cyclization with lithiated TMSE-allene provided the

required 1,2-oxazine 4 in six steps with an overall yield of 46%.

Alternatively, this 1,2-oxazine could be obtained under the for-

mation of a 4-bromophenyl-1’,3’-dioxolane moiety from diol 10

(actually derived from D-mannitol) which is a promising route

to differently substituted 1,2-oxazines, introducing the diox-

olane substituent at a late stage. The Lewis acid-induced

rearrangement of the 1,2-oxazine 4 afforded the bicyclic ketone

11 which can be regarded as an internally protected amino

sugar. After subsequent reduction of the carbonyl group the

resulting bicyclic compound 12 was used as substrate for

Suzuki cross-couplings to form a biphenyl-substituted amino-

pyran or rigid C-aryl dimers in good yields. These p-terphenyl-

linked aminopyran derivatives 22, 30 and 31 have a dimension

of approximately 2.0 nm.

p-Bromophenyl-substituted intermediates such as 15 or 16 are

also useful precursors for the synthesis of other C-aryl glyco-

sides with potential biological activity. By simple hydrogeno-

lysis of the bicyclic compounds, three new aminopyrans could

be synthesized. Different methods for N–O bond cleavage like

palladium-catalyzed hydrogenolysis, zinc/acid or samarium

diiodide were tested. For each of the substrates the suitable

method has to be found. By the N–O bond cleavage of com-

pound 12a with samarium diiodide an unexpected bicyclic
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pyrrolidine derivative 24 was isolated. The prepared unnatural

C-aryl glycosides could find applications in medicinal chem-

istry, e.g., as selectin inhibitors. After O-sulfation the bio-

logical activity of these divalent compounds will be studied

together with that of related carbohydrate mimetics.

Experimental
For general methods: See Supporting Information File 1

Supporting Information
Supporting Information File 1
Experimental procedures.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-182-S1.pdf]

Supporting Information File 2
Characterization data 1H NMR and 13C NMR spectra of

synthesized compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-182-S2.pdf]
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Abstract
Readily accessible, low-valency glycoclusters based on a triazine core bearing D-galactose and L-fucose epitopes are able to inhibit

biofilm formation by Pseudomonas aeruginosa. These multivalent ligands are simple to synthesize, are highly soluble, and can be

either homofunctional or heterofunctional. The galactose-decorated cluster shows good affinity for Pseudomonas aeruginosa lectin

lecA. They are convenient biological probes for investigating the roles of lecA and lecB in biofilm formation.
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Introduction
Pseudomonas aeruginosa (PA) is an opportunistic human

pathogen known to cause a variety of hospital-borne infections.

It poses a severe threat to immunocompromised patients, as

well as to those suffering from cystic fibrosis or cancer [1-3]. Its

virulence is largely associated with multi-resistance to antibi-

otics, in particular due to the physical barrier created by

surface-attached biofilms, thus limiting antibiotic penetration

[4-6]. A challenging and useful task is therefore to develop

novel strategies against PA colonies at this late stage of viru-

lence. Among recent approaches, targeting biofilm formation or

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:bentzman@imm.cnrs.fr
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mailto:goekjian@univ-lyon1.fr
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Figure 1: Previously reported low-valent glycoasterisk α-D-Man ligand based on a persulfurated benzene core [30] and currenly reported β-D-Gal
compound 1.

promoting its dissolution is thus particularly appealing. Because

the formation of PA biofilm is a complex process partly medi-

ated by the D-galactose-specific lectin lecA (PA-IL) [7-10] and

the L-fucose-specific lectin lecB (PA-IIL) [11-13], lectin-carbo-

hydrate interactions can provide a new target for pharmacolog-

ical intervention. Further investigations of the specific func-

tions played by these lectins in PA biofilm formation will

provide useful understanding, and ultimately a means of

prevention of PA virulence. The creative design of glyco-

mimetics that can interfere or can modulate the bioactivity of

these lectins in host recognition and adhesion in biofilm forma-

tion represents an attractive antibacterial strategy, as multiva-

lent carbohydrate motifs on cell surfaces are known to mediate

a broad range of cellular and tissue adhesion processes.

Carbohydrate recognition in biological systems is often based

on the recognition of multiple epitopes through a synergistic

and cooperative effect, called the ‘’glycocluster effect” [14-16].

It has been shown in a number of systems that multivalency

effects can be exploited to obtain high-avidity synthetic ligands

against various types of lectins in the form of glycoclusters

[17], poly(glycomer)s [18-21], and glycodendrimers [22-24]. In

regards to PA, C-fucosylpeptide dendrimers were shown to

inhibit biofilm formation and to efficiently disperse established

biofilms in both reference and hospital strains of PA [25-27].

Recently, galactosylated peptide dendrimers have shown a

strong affinity for lecA while inhibiting or dispersing biofilms

[28,29]. This anti-biofilm effect mediated by glycodendrimers

validates a new approach to the control PA propagation and

infection.

In this work and following those lines, we had in mind to

develop simpler, lower molecular weight, and hydrosoluble

multivalent ligands against lecA and lecB, able to exert useful

biofilm inhibition and to provide useful tools for investigating

the roles of lecA and lecB in the colonization process. Our

investigations further aimed at concentrating a high density of

proximate carbohydrate epitopes with limited degrees of

freedom onto a sulfurated heteroaromatic scaffold as novel

glycosylated asterisk ligands [30]. We have thus designed a

simple, yet effective new family of multivalent glycosylated

architectures built around a trithiotriazine core. Both homo- and

heterobifunctional ligands are obtained by a straightforward

preparative route, as an innovative approach. Additionally,

isothermal titration calorimetry (ITC) and dynamic light scat-

tering (DLS) helped to better understand lectin–ligand interac-

tions between lecA or lecB and these trithiotriazine-based

ligands.

Results and Discussion
Design of ligands
A previous study from our laboratories [30] has shown that low-

valent glycoasterisk ligands based on a persulfurated benzene

core [31,32] could have a dual role as a probe and as a ligand,

due to their phosphorescence [33] and electrochemical prop-

erties [34] (Figure 1). They were also highly potent lectin
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Scheme 1: Synthesis of trivalent trithiotriazine-based glycoclusters.

aggregators. Among other aromatic glycoasterisks, Roy et al.

described the synthesis of densely substituted hexaphenylben-

zene glycoclusters [35].

In this work, we have designed a new family of low-valent

glycoclusters based on a heteroaromatic core with the benefit of

sulfur chemistry [36]. Sulfur facilitates the synthesis by

providing a strong nucleophile and access to a thioether linkage

under mild conditions, but it also enhances a number of poten-

tially useful physical properties. For instance, polysulfuration of

an aromatic core is known to significantly modify the

HOMO–LUMO orbital energies, and thus change the redox

potentials [31-34]. It also shifts the spectroscopic absorption

and emission wavelengths and can lead to a phosphosrescence

emission [33]. Additionally, an aza-aromatic core would

improve water solubility by modifying π–π-interactions and by

favoring hydrogen-bonding to water. These compounds also

lack the hydrophobic peripheral benzene units of the previous

glycoasterisk ligands. They were replaced with a methylene-

triazole linker in order to increase water solubility and to modu-

late the degree of flexibility.

Synthesis of ligands
The glycoclusters were prepared from the inexpensive trithio-

cyanuric acid (1,3-5-triazine-2,4,6-trithiol) as the heteroaro-

matic core (Scheme 1). Trisubstitution of the commercial

trisodium salt with propargyl bromide ensured the facile prepar-

ation of 2,4,6-tris(propargylthio)-1,3,5-triazine (2) as a key
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precursor [37]. The glycosyl units were incorporated via Cu(I)-

catalyzed Huisgen cycloaddition with protected or unprotected

glycosyl azides.

We first investigated the Cu-catalyzed azide–alkyne cycloaddi-

tion (CuAAC) of acetyl protected β-D-galactopyranosyl azide 3

[38], to tris(propargylthio)triazine 2, using CuI and diisopropy-

lethylamine (DIPEA) in DMF under microwave irradiation at

110 °C for 15 min. It provided the peracetylated D-galactopy-

anosyl cluster 9 in 73% yield. The peracetyl D-glucopyranosyl

cluster 10 was similarly obtained in 92% yield.

The deacetylation of the carbohydrate units proved to be prob-

lematic, as a result of the instability of the triazine system under

either forcing or mild Zemplén deprotection conditions. The

tert-butyldimethylsilyl-protected galactopyranosyl azide 5 was

therefore prepared via the epoxidation of silylated D-galactal

with dimethyldioxirane (DMDO) generated in situ in the pres-

ence of a phase-transfer catalyst, followed by treatment with

NaN3 [39]. This afforded the silyl-protected D-galactose trithio-

triazine–triazole glycocluster 11 under CuSO4/sodium ascor-

bate-catalyzed cycloaddition conditions [40] (20 °C, 24 h), in a

satisfactory 87% yield. The benzyl protected D-glucose glyco-

cluster 12 was similarly prepared from tri-O-benzyl-β-D-

glucopyranosyl azide 6 [39] in 92% yield. The removal of the

silyl groups with TBAF led to complete degradation of the

scaffold. Ammonium fluoride in THF or trifluoroacetic acid

also led to the fragmentation of the cluster core, which

preceded complete deprotection of the carbohydrate groups. We

were unable to obtain the deprotected glycoclusters by this

route.

We therefore investigated a direct route to the glycoasterisks

using unprotected azidosugars, thus avoiding the final deprotec-

tion step. The unprotected azidosugars were obtained by

straightforward deprotection of the corresponding acetyl-

protected azides [38]. The trivalent glycoclusters decorated with

D-galactose, 1, D-glucose, 13, and L-fucose, 14, epitopes were

thus obtained directly in 53%, 50%, and 44% yields, respective-

ly, after reversed-phase chromatography. Methyl 6-azido-6-

deoxy-α-D-mannoside was similarly coupled as a less expen-

sive isostere of L-fucose [41]. The tris 6-C-(6-deoxy-D-

mannosyl) cluster 15 was thus obtained in 47% yield. The

cycloaddition conditions were optimized using 3.3 equiv of

glycosyl azide [39] and one equivalent of tris(propargylthio)-

triazine 2 in DMF, catalyzed by CuI and DIPEA under

microwave irradiation. The incorporation of three carbohydrate

residues was established unambiguously by ESIMS, 1H NMR,
13C NMR, and HMBC analysis, in particular based on the

symmetry of the molecule, and on the lack of signals corres-

ponding to the residual alkynes in the NMR and MS. The

connectivity was established thanks to HMBC 3J proton–carbon

correlations between the anomeric proton of the sugar and the

triazole methine carbon (H-1–C-d), between the trizaole

methine carbon and the thiomethylene protons (C-d–H-b), and

between the thiomethylene protons and the triazine carbon

(H-b–C-a). Despite the moderate yields, these products are

readily accessible, being easy to purify, simple to characterize,

and able to be produced on a relatively large scale.

The current process also offers the possibility of synthesizing

mixed glycoclusters. Reducing the number of equivalents of

glycosyl azide 7 to 2 equiv in the presence of CuI and DIPEA in

DMF at 110 °C under microwave irradiation provided a statis-

tical mixture with the bivalent cluster as the major product. The

bis-D-galactosyl cluster 16 was thus isolated in 34% yield. A

second [3 + 2] cycloaddition with a different glycoside,

such as D-glycopyranosyl azide 8, under the same conditions,

provided for example the mixed Gal2-Glc triazine cluster 17

(Scheme 2).

The efficient conjugation of unprotected glycosyl azides to

trithiotriazine 2 thus provides convenient access to low valency

mono- or heterobifunctional glycoclusters. As expected, they

display excellent aqueous solubility due of the combination of a

dendritic polyheterocyclic architecture and carbohydrate

epitopes.

Biophysical studies
Dynamic light scattering experiments (DLS) were performed on

the trivalent and divalent galactose-substituted clusters 1, 16

and 17, as well as the glucose-substituted cluster 13 as a nega-

tive control. The results show that of the four clusters, only the

divalent bis-D-Gal propargyl cluster 16 induces rapid aggrega-

tion of lecA (Figure 2 and Supporting Information File 1).

Although such results should not be over-interpreted, they

confirm that two epitopes are sufficient for aggregation, and

suggest that additional hydrophobic and hydrophilic interac-

tions play a role. The inability of these systems to efficiently

aggregate lectins is in stark contrast to the hexavalent benzene

cluster [30], which may be attributed to differences in rigidity

and hydrophobicity between the two systems [25]. It thus

appears that the direct diaryl sulfide bridge presents a more

optimal degree of semi-rigidity.

The affinities of the designed glycoconjugates with lecA and

lecB were determined by isothermal titration calorimetry (ITC)

by addition of the ligands to a solution of lectin (Figure 3).

Dissociation constants (Kd) and thermodynamic parameters

(ΔG, ΔH, −TΔS) are listed in Table 1, together with the experi-

mental binding stoichiometry (n), defined as the number of

glycocluster ligands per monomer of lectin.
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Scheme 2: Synthesis of mixed triazine-based glycoclusters.

Figure 2: Dynamic light scattering experiments of bis-D-galactosyl proparyl cluster 16 with lecA. Distribution by mass for lecA + buffer (left) and
lecA + 16 (200 μM, right) at 3 minute intervals. Additional experiments can be found in Supporting Information File 1.

The trivalent tris-galacosylated glycoconjugate 1 displays a

good affinity and a Kd value of 1.09 µM, compared to 94 µM

for the monovalent reference, methyl β-D-galactoside (Table 1).

The stoichiometry indicates that each cluster binds to three lecA

sites. The tris-glucosylated cluster 13 was used as a negative

control with nearly identical physical properties, and showed no

affinity for the lectin, confirming that the recognition is epitope-

specific. The bivalent clusters containing two galactose residues

16 and 17 have similar binding constants, although the mixed

cluster 17 containing two D-galactose and one D-glucose

residues provided better ITC titration curves and more rational

n values than the bis D-galactosyl monopropargyl cluster 16,
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Figure 3: Typical ITC measurements representing the raw ITC data (top) and integrated titration curves (bottom) for the binding to lecA of a) tris-D-
galactosyl triazine cluster 1, and b) tris D-glucosyl glycocluster 13 (negative control).

Table 1: Thermodynamic parameters of glycoclusters upon binding to lecA by ITCa.

cmpd val. nb ΔH
kJ/mol

−TΔS
kJ/mol

ΔG
kJ/mol

Kd
µM

β/Nc

β-D-GalOMed 1 0.8 −42.8 19.8 −23.0 94 1
Gal3-tzn, 1 3 0.31 −66.0 31.9 −34.1 1.09 29
Gal2Glc-tzn, 17 2 0.54 −51.0 19.7 −31.3 3.4 14
Gal2Pg-tzn, 16 2 0.79 −47.6 17.2 −30.5 4.4 11
Glc3-tzn, 13 3 <0

aT = 298 K. bStoichiometry. cImprovement in affinity relative to the methyl glycoside, divided by the valency. dData from reference [50]. Pg =
propargyl; tzn = tris(triazolylmehylthio)triazine.

which may reflect precipitation of the lectin-cluster complex

during the ITC experiment in the latter case, based on the DLS

results above.

The observed β/N values in Table 1, which reflect the relative

affinity per unit sugar, are 29 for the trivalent cluster and in the

range of 12 for the bivalent clusters. These values most likely

reflect sub-site binding by the heterocyclic rings. Indeed, the

divalent clusters 16 and 17 show a relatively less unfavorable

entropy contribution, compared to methyl β-D-galactopyra-

noside, which is consistent with the contribution of additional

hydrophobic interactions. No chelate binding is expected in this

first generation cluster, as the arm length is well below the 29 Å

distance between sugar binding sites [7]. Not unexpectedly,

several reported multivalent clusters have achieved higher

affinities, yet the values observed here fall within the range

obtained with far more complex multivalent systems [28,42-

50]. The β-fucoside-containing trivalent cluster 14 was also

tested by ITC and a Kd of 50 μM was obtained, which is signifi-

cantly higher than the Kd for α-MeFuc (0.43 μM) [41] (data not

shown). This confirms that lecB has lower affinity for β-fuco-

sides than for the α-anomers, but the trimeric β-fucoside cluster

14 still demonstrated reasonable binding. The 6-deoxymannose

isostere 15 was not tested, in view of the low affinity of the
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Figure 4: Inhibition of PAO1 biofilm formation by D-galactose cluster 1, L-fucose cluster 14, and D-glucose cluster 13 (negative control). A) Biofilm
growth assay in LB medium. B) Statistical analysis (above, n = 5, duplicate UV measurements) of ethanol-solubilized biofilm recovered from each well
(below). C) PAO1 growth inhibition control test.

β-fucose epitopes. These clusters thus represent a readily acces-

sible, highly soluble, and convenient tool for the investigation

of the role of lecA and lecB in the formation of biofilms by

Pseudomonas aeruginosa.

Inhibition of biofilm formation
While the expectation that glycoclusters with high affinity to

lecA and lecB should inhibit biofilm formation is now a

common design hypothesis, it is nonetheless important to show

whether individual synthetic clusters do so in fact. This has only

been done in a limited number of examples [9,10], perhaps due

to lack of solubility, lack of availability, or other reasons. The

response of PA biofilms to different clusters is not necessarily

directly correlated to their affinity, as many other factors may

intervene, and the accumulation of biofilm data will therefore

be an important factor in our understanding of this complex

process.

The P. aeruginosa adherence assay was performed in 24 well

microplates. Biofilms were obtained after 24 h of incubation at

30 °C in LB medium alone or in the presence or galactose,

fucose, or glucose (control)-substituted trivalent clusters and

stained with crystal violet (CV).

A statistically significant reduction in biofilm formation was

observed at 5 mM concentration of either the galactose- or the

fucose-bearing cluster, 1 and 14, respectively, as compared to

the glucose-bearing cluster, 13, or absence of cluster (Figure 4).

To check that differences observed were not due to bacterial

growth defect in the presence of clusters, a growth inhibition

control experiment was performed (Figure 4C). No growth

defect was observed, further confirming that observed reduc-

tion of biofilm formation in the presence of the galactose or the

fucose-bearing clusters is due to potential effects on P. aerugi-

nosa lectins.

Conclusion
We have developed a convenient synthesis of simple, low-

valency glycoclusters. These compounds have good solubility,

are readily accessible, and are easy to purify and to characterize.

The presence of the sulfur provides beneficial structural and

synthetic elements, and the heterocyclic systems improve solu-
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bility and may potentially lead to better pharmacodynamic

properties for eventual biological applications. They show good

affinities for the lectins, comparable to more complex multiva-

lent systems. The recognition is sugar-specific, as the corres-

ponding D-glucose glycocluster shows no affinity for the lectin,

and can thus be used as a negative control. Both the D-galac-

tose and L-fucose clusters are able to inhibit biofilm formation.

These compounds therefore provide convenient tools for further

investigation of lectin-mediated processes in P. aeruginosa

biofilm formation.

Experimental
2,4,6-tris(1-(β-D-galactopyranosyl)triazol-4-ylmethylthio)-

1,3,5-triazine (1). A solution of compound 2 (22 mg,

0.073 mmol, 1 equiv), β-D-galactopyranosyl azide (59.7 mg,

0.294 mmol, 4 equiv), CuI (0.022 mmol, 4.2 mg, 0.3 equiv) and

DIPEA (0.2 mL, 15 equiv) in DMF (2 mL) was heated under

microwave irradiation for 15 minutes at 110 °C. The reaction

mixture was concentrated in vacuo and the residue was purified

by C18 chromatography (Combiflash, Grace Reveleris C18 RP

4g Cartridge, H2O/MeOH gradient). Yield = 53%. TLC (C18;

MeOH/H2O 1:1). Rf = 0.42. [α]D +14.5 (c 1, H2O); IR (neat) υ

= 3287.6 cm−1 (OH) 1474.3 (triazole); 1H NMR (400 MHz,

DMSO-d6) δ 8.20 ppm (s, 3H, H-d), 5.45 (d, J = 9.2 Hz, 3H,

H-1), 5.22 (d, J = 6.0 Hz, 3H, OH-2), 5.01 (d, J = 5.7 Hz, 3H,

OH-3), 4.69 (t, 3H, OH-6), 4.64 (d, J = 5.4 Hz, 3H, OH-4), 4.52

(s, 6H, H-b), 4.01 (ddd, J = 9.3 Hz, J = 9.2 Hz, J = 6.0 Hz, 3H,

H-2), 3.76 (br dd, J = 5.7, 3.4 Hz, 3H, H-4), 3.69 (br dd, J =

6.1, J = 6.1 Hz, 3H, H-5), 3.55–3.44 (m, 9H, H-3, H-6, H-6’);
13C NMR (100 MHz, DMSO-d6) δ 178.5 ppm (C-a), 142.4

(C-c), 122.5 (C-d), 88.1 (C-1), 78.4 (C-5), 73.6(C-3), 69.2

(C-2), 68.4 (C-4), 60.4 (C-6), 24.6 (C-b); HRMS–ESI (m/z): [M

+ H]+ calcd for C30H43N12O15S3, 907.2170; found, 907.2127;

(m/z): [M + Na]+ calcd for C30H43N12NaO15S3, 929.1980;

found, 929.1947.

2,4,6-tris(1-(β-D-glucopyranosyl)triazol-4-ylmethylthio)-

1,3,5-triazine (13). A solution of compound 2 (18.1 mg,

0.062 mmol, 1 equiv), β-D-glucopyranosyl azide (51 mg,

0.25 mmol, 4 equiv), CuI (3.5 mg, 0.3 equiv) and DIPEA

(0.74 mmol, 0.16 mL, 15 equiv) in DMF (1 mL) was heated

under microwave irradiation for 15 minutes at 110 °C. The

reaction mixture was concentrated in vacuo and the residue was

purified by C18 chromatography (Combiflash, Grace Reveleris

C18 RP 4g Cartridge, H2O/MeOH gradient). Yield = 50%. TLC

(C18; MeOH/H2O 1:1). Rf = 0.47. [α]D −2.0 (c 0.46, H2O); 1H

NMR (300 MHz, DMSO-d6) δ 8.25 ppm (s, 3H, H-d), 5.51 (d, J

= 9.3Hz, 3H, H-1), 5.38 (d, J = 6.0Hz, 3H, OH-2), 5.27 (d, J =

4.9, 3H, OH-3), 5.14 (d, J = 5.5, 3H, OH-4), 4.63 (t, J = 5.6,

3H, OH-6), 4.52 (s, 6H, H-b), 3.77–3.66 (m, 6H, H-2, H-6),

3.46–3.32 (m, 6H, H-3, H-5, H-6’), 3.25–3.15 (m, 3H, H-4);

13C NMR (75 MHz, DMSO-d6) δ 178.6ppm (C-a), 142.4 (C-c),

122.9 (C-d), 87.5 (C-1), 79.9 (C-3), 76.9 (C-5), 72.0 (C-2), 69.5

(C-4), 60.7 (C-6), 24.6 (C-b); HRMS–ESI (m/z): [M + H]+

calcd for C30H43N12O15S3, 907.2132; found, 907.2127; (m/z):

[M + Na]+ calcd for C30H43N12NaO15S3. 929.1943; found,

929.1947.

2,4,6-tris(1-(β-L-fucopyranosyl)triazol-4-ylmethylthio)-

1,3,5-triazine (14). Compound 2 (132.9 mg, 0.458 mmol,

1 equiv), β-L-fucopyranosyl azide (345.6 mg, 1.82 mmol,

4 equiv), CuI (26 mg, 0.13 mmol, 0.3 equiv) and DIPEA

(1.13 mL, 16.8 mmol, 5 equiv) in DMF (2 mL) was heated

under microwave irradiation for 15 minutes at 110 °C. The

reaction mixture was concentrated in vacuo and the residue was

purified by C18 chromatography (Combiflash, Grace Reveleris

C18 RP 4g Cartridge, H2O/MeOH gradient). Yield = 44%. TLC

(C18; MeOH/H2O 1:1) Rf = 0.5. [α]D +5.2 (c 0.17; H2O); 1H

NMR (400 MHz, DMSO-d6) δ 8.18 ppm (s, 3H, H-d), 5.44 (d, J

= 9.2 Hz, 3H, H-1), 5.22 (d, J = 6.0 Hz, 3H, OH-2), 5.00 (d, J

= 5.5 Hz, 3H, OH-3), 4.70 (d, J = 5.4 Hz, 3H, OH-4), 4.52 (s,

6H, H-b), 4.03–3.94 (m, 3H, H-2), 3.88 (br. q, J = 6.3 Hz, 3H,

H-5), 3.57–3.51 (m, 6H, H-4, H-3), 1.13 (d, J = 6.4 Hz, 9H,

CH3); 13C NMR (100 MHz, DMSO-d6) δ 178.1ppm (C-a),

142.0 (C-c), 122.0 (C-d), 87.6 (C-1), 73.6 (C-3), 73.0 (C-5),

71.0 (C-4), 68.5 (C-2), 24.3 (C-b), 16.3 (CH3); HRMS–ESI (m/

z): [M + H]+ calcd for C30H43N12O12S3, 859.2299; found,

859.2280 ; (m/z): [M + Na]+ calcd for C30H42N12NaO12S3,

881.2096; found, 881.2099.

2,4-bis(1-(β-D-galactopyranosyl)triazol-4-ylmethylthio)-6-

(prop-2-ynylthio)-1,3,5-triazine (16). A solution of compound

2 (35.9 mg, 0.123 mmol, 1 equiv), β-D-galactopyranosyl azide

(50.6 mg, 0.240 mmol, 2 equiv), CuI (0.036 mmol, 7 mg,

0.3 equiv) and DIPEA (1.84 mmol, 0.32 mL, 15 equiv) in DMF

(2 mL) was heated under microwave irradiation for 15 minutes

at 110 °C. The reaction mixture was concentrated in vacuo and

the residue was purified by C18 chromatography (Combiflash,

Grace Reveleris C18 RP 4g Cartridge, H2O/MeOH gradient).

Yield = 34%. [α]D +4.3 (c 0.36, H2O); 1H NMR (400 MHz,

DMSO-d6) δ 8.18 ppm (s, 2H, H-d), 5.44 (d, J = 9.2 Hz, 2H,

H-1), 5.23 (d, J = 6.0 Hz, 2H, OH-2), 5.02 (d, J = 5.6 Hz, 2H,

OH-3), 4.70 (t, J = 5.6 Hz, 2H, OH-6), 4.67 (d, J = 5.3 Hz, 2H,

OH-4), 4.58–4.50 (AB, J ~ 15.0 Hz, 4H, H-b), 4.05–4.03 (m,

2H, H-e), 4.0 (ddd, J = 9.3 Hz, J = 9.2 Hz, J = 6.0 Hz, 2H,

H-2), 3.76 (br dd, J = 5.3 Hz, J = 3.5 Hz, 2H, H-4), 3.69 (br t, J

= 6.0 Hz, 2H, H-5), 3.54–3.46 (m, 6H, H-3, H-6, H-6’), 3.23 (t,

J = 2.5 Hz, 1H, H-g);13C NMR (100 MHz, DMSO-d6) δ 178.4

ppm (C-a), 177.8 (C-a’), 142.4 (C-c), 122.3 (C-d), 87.9 (C-1),

79.5 (C-f), 78.2 (C-5), 73.8 (C-g), 73.4 (C-3), 69.1 (C-2), 68.3

(C-4), 60.2 (C-6), 24.4 (C-b), 18.4 (C-e); HRMS–ESI (m/z): [M

+ H]+ calcd for C24H32N9O10S3, 702.1461; found, 702.1429;
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(m/z): [M + Na]+ calcd for C24H31N9NaO10S3, 724.1277;

found, 724.1248.

2,4-bis(1-(β-D-galactopyranosyl)triazol-4-ylmethylthio)-6-

(1-(β-D-glucopyranosyl)triazol-4-ylmethylthio)-1,3,5-

triazine (17). A solution of the bis-Gal triazine cluster 16

(12.2 mg, 0.017 mmol, 1 equiv), β-D-glucopyranosyl azide

(5.3 mg, 0.026 mmol, 1.5 equiv), CuI (1 mg, 0.3 equiv) and

DIPEA (0.043 mL, 15 equiv) in DMF (1mL) was heated under

microwave irradiation for 15 minutes at 110 °C. The reaction

mixture was concentrated in vacuo and the residue was purified

by C18 chromatography (Combiflash, Grace Reveleris C18 RP

4g Cartridge, H2O/MeOH gradient). Yield = 30%. [α]D −1.2 (c

0.1, H2O); 1H NMR (500 MHz, D2O) δ 8.20 ppm (s, 2H, Gal

H-d), 8.16 (s, 1H, Glc H-d), 5.70 (d, J = 9.2 Hz, 1H, Glc H-1),

5.65 (d, 2H, J = 9.2 Hz, Gal H-1), 4.40 (s, 6H, H-b), 4.19 (t, J =

9.5 Hz, 2H, Gal H-2), 4.09 (d, J = 3.2 Hz, 2H, Gal H-5),

4.01–3.94 (m, 3H, Gal H-4,Glc H-2), 3.88 (dd, J = 9.3 Hz, J =

3.2 Hz, 2H, Gal H-3), 3.77 (d, J = 12.1 Hz, 2H, Gal H-6), 3.76

(d, J = 12.1 Hz, 2H, Gal H-6’), 3.74 (d, J = 11.6 Hz, 1H, Glc

H-6), 3.73 (d, J = 11.6 Hz, 1H, Glc H-6’), 3.71–3.67 (m, 2H,

Glc H-3, Glc H-4), 3.62 (t, J = 9.4 Hz, 1H, Glc H-5); 13C NMR

(125 MHz, D2O) δ 178.7 ppm (C-a), 144.4 (C-c), 123.4 (C-d),

87.1 (Gal C-1), 87.4 (Glc C-1), 78.9 (Glc C-4), 78.3 (Gal C-4),

75.9 (Glc C-3), 73.0 (Gal C-3), 72.3 (Glc C-2), 69.8 (Glc C-5),

68.6 (Gal C-5), 62.5 (Glc C-6), 60.8 (Gal C-6), 24.4 (Cb);

HRMS–ESI (m/z): [M + Na]+ calcd for C30H42N12NaO15S3,

929.1916; found, 929.1947.
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Abstract
Higher aminosugars are interesting targets in carbohydrate synthesis since these compounds play important roles in biological

systems. However, their availability from natural sources is limited. Thus, in order to investigate their biological function, the

development of facile and adaptable routes to this class of compounds is of fundamental importance. Our synthetic route towards

these target molecules makes use of readily accessible pentoses and hexoses, which are subjected to indium-mediated two-carbon

chain elongation. Subsequent ozonolysis and treatment with base yields α,β-unsaturated aldehydes, which are stereoselectively

epoxidized using Jørgenson’s protocol. After Wittig chain elongation the obtained allylic epoxides were regio- and stereoselec-

tively opened with trimethylsilyl azide under palladium catalysis. Finally, a suitable deprotection protocol, starting with acidic

acetate cleavage and ozonolysis was established. Peracetylation of the products simplifies purification and subsequent azide reduc-

tion followed by final deacetylation using methanolic sodium methoxide furnishes the title compounds.

2230

Introduction
The indium-mediated allylation of carbonyl compounds has

proven to be a valuable tool for carbon chain elongation [1-3] in

order to access rare, biologically active carbohydrates [4-8].

Herein we report the extension of this method towards the field

of higher aminosugars by additionally applying a stereoselec-

tive epoxidation–azide opening strategy. The resulting com-

pounds, aminoheptoses and octoses, have been scarcely investi-

gated yet. However, they comprise interesting synthetic targets.

Aminoheptoses function as constituents of the cell wall

lipopolysaccharides of certain bacteria [9] whereas their 99mTc

complexes find practical applications in medicinal chemistry as

tracers for tumor detection, myocardial ischemia or infarct diag-

nostics [10]. The group of Perez et al has taken a particular

interest in the chemistry of 2-aminoheptoses [11-14] which they

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:walther.schmid@univie.ac.at
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Scheme 1: Functionalization of carbohydrates; reagents and conditions: (a) In, allyl bromide, EtOH/H2O, ultrasound, 2.5–7 h, then Ac2O/pyridine,
DMAP, rt, 16 h, quant.; (b) O3, CH2Cl2, −78 °C then thiourea, rt, 16 h, then TEA, rt, 30–50 min, quant.; (c) H2O2, cat., CH2Cl2, −20 °C, 16 h, then
Ph3P(CHCO2Me), CH2Cl2, rt, 1 h, 72–75%, 2 steps; (d) TMSN3, Pd(PPh3)4, THF, rt, 1 h, 76–85%.

prepared via an amino-nitrile synthesis [15]. This method, first

described by Kuhn and Kirschenlohr [16] for the synthesis of

aminohexoses, proved to be straightforward, albeit the repro-

ducibility and yield usually suffered from the formation of

multiple side products [17]. Another interesting approach for

the synthesis of higher aminosugars, published by Kunz and

Deloisy, consists of an aza-Cope rearrangement of N-galac-

tosyl-N-homoallylamines [18]. Aminooctoses, on the other

hand, are present in the aminoglycoside antibiotic apramycin

[19], in the form of an aminooctodiose derivative. However,

only few syntheses of this dipyranoid aminosugar [20,21] were

reported so far. Thus, we were interested in developing a

general route towards the synthesis of these higher amino-

sugars. Since the preparation of new potent aminoglycoside

antibiotics remains an important topic in medicinal chemistry

[22], our precursors used should be flexible in terms of stereo-

chemical variety, thus potentially allowing for an evaluation of

structure–activity relationships.

Results and Discussion
We started our reaction sequence with an indium-mediated ally-

lation of unprotected carbohydrates using D-arabinose (1a),

D-galactose (1b) and D-glucose (1c) as starting materials. The

Barbier-type chain elongation reaction furnished olefins 2a and

2b after acetylation in quantitative yield (Scheme 1). In the

gluco-case a yield of 70% for 2c was obtained owing to incom-

plete consumption of the starting material 1c. Ozonolysis of the

olefins 2 was performed using thiourea as reducing agent.

Subsequently the generated 2-deoxyaldoses were treated with

triethylamine (TEA) to yield α,β-unsaturated aldehydes 3a–c

quantitatively.

The aldehydes 3a–c were stereoselectively epoxidized by

applying the conditions developed by Jørgenson et al [23-25].

The required amine catalyst was synthesized starting from

L-proline following a literature procedure [26]. In general the

desired epoxyaldehydes were obtained with high diastereose-

lectivity at low temperatures (Table 1). The stereochemistry of

compounds 3a–c is in accordance with the proposed reaction

mechanism [24] and was proven by applying various NMR

methods on the final products (vide infra), which adopt rigid

pyranoid conformations.

Table 1: Epoxidation of aldehydes 3a–c.

entry aldehyde dra yieldb [%]

1 3a 9:1 64
2 3b 99:1 77
3 3c 9:1 61

aDetermined either by comparison of integrals of representative
1H NMR signals of crude reaction products or after conventional
column chromatographic separation of diastereomers; bisolated yields
of corresponding 2,3-epoxyaldehydes.

Unfortunately, we were not able to directly achieve the opening

of the obtained 2,3-epoxyaldehydes with azide nucleophiles.

A variety of different Lewis acids, solvent systems and azide

sources were screened but all attempts led to the decomposition

of these labile compounds. Conversion of the carbonyl moiety

to an acetal group followed by treatment with azide

nucleophiles also failed to yield any desired products. There-

fore we decided to mask the aldehyde as an olefin. A Wittig
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Scheme 2: Deprotection sequence; reagents and conditions: (a): HCl/MeOH, rt, 16–24 h, then MeOH, CH2Cl2, O3, −78 °C then PPh3, rt, 16 h,
71–82%, 2 steps; (b): Ac2O/pyridine, DMAP, rt, 16 h then CH3CN, DTT, DIPA, rt, 2 h, then Ac2O/pyridine, DMAP, rt, 16 h, 59–66%, 3 steps; (c):
NaOMe/MeOH, rt, 2–3 h, quant.

reaction with methyl (triphenylphosphoranylidene)acetate

(Ph3P(CHCO2Me)) generated allylic epoxides 4a–c, which in

turn permitted the application of reliable palladium chemistry

for the epoxide opening [27-29]. Thus, compounds 4a–c were

regio- and stereoselectively opened with trimethylsilyl azide

and Pd(PPh3)4 as a catalyst [30], furnishing syn-azido alcohols

5a–c.

In the case of allylic azide 5a we observed an acetate migration

which resulted in a complex mixture of products bearing a free

hydroxy moiety (mixture of free C5-OH/C6-OH/C7-OH =

2/1/1; Scheme 1). We reasoned that this migration was limited

to the inherent syn relationship between C5-OH and C6-OAc in

compound 5a, since this behavior was not observed with com-

pounds 5b and 5c which feature an anti alignment of the

hydroxy groups. Next, we investigated the reduction of the

azide moiety which should be followed by cleavage of the

acetate protecting groups and ozonolysis in order to generate

the target compounds. However, we found that compounds

5a–c easily underwent 1,4-additions in the presence of nucleo-

philes or were decomposed under basic conditions. In this

respect, DL-dithiothreitol/diisopropylamine (DTT/DIPA),

DIBALH and NaBH4/MeOH failed to furnish the desired reduc-

tion products. Treatment with Pd/H2, PPh3, P(OMe)3 or SnCl2

on the other hand resulted in no or only very low conversion.

Thus, we decided to change the reaction sequence. Conse-

quently, we performed the acetate cleavage as the first step,

since direct ozonolysis of compounds 5a and 5c again resulted

in decomposition. Deacetylation in a methanolic HCl solution

proved to be most efficient and the subsequent ozonolysis

generated sugar azides 6a–c (Scheme 2).

It turned out to be essential to perform the acidic acetate

cleavage of compounds 5a–c under strictly dry conditions, since

even small amounts of water promoted an intramolecular

Michael addition, leading to the formation of highly substituted

tetrahydrofuran derivatives of the C-glycoside type [31].

Next, we investigated the azide reduction of compounds 6a–c

under different reaction conditions. Unfortunately DTT/DIPA,

thioacetic acid, tributylphosphine/H2O and H2/Pd followed by

N-acetylation with N-acetoxyphthalimide did not afford prod-

ucts 8a–c in acceptable yields and/or purity. Since compounds

8a–c could not be purified by conventional silica gel chroma-

tography we decided to perform an additional acetylation step

in order to avoid reversed-phase HPLC and to maintain our

procedure as simple as possible. Hence, compounds 6a–c were

acetylated under standard conditions, subsequently reduced

with DTT/DIPA and N-acetylated to yield compounds 7a–c

which could be easily purified. Final treatment with sodium

methoxide in dry methanol then furnished the neat title com-

pounds 8a–c.

The configurations of compounds 6, 7 and 8 were determined

by applying various NMR methods. Since the stereochemistry

at C-4 is given by the starting material, configurations of C-2
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and C-3 can be easily deduced from the magnitude of the

respective 3JH,H coupling constants which reflect the torsion

angles between these groups (Table 2).

Table 2: Characteristic coupling constants of compounds 7a–c.

Compound 3J1,2 [Hz] 3J2,3 [Hz] 3J3,4 [Hz] 3J4,5 [Hz]

7a-αa 1.8 3.1 3.1 1.9
7a-βa 2.1 2.9 2.9 1.8
7b-α 3.7 11.5 3.3 0.9
7b-β 9.0 11.3 3.5 1.1
7c-α 3.7 11.6 3.3 1.0
7c-β 8.8 11.1 3.3 0.5

a 4C1-pyranoid form.

Therefore, the anticipated configuration of the final products

could be verified. Since compounds 6a and 8a were found to

exist as complex mixtures of conformers, only anomeric signals

were assigned. This finding is in agreement with the fact that

ido-configurated pyranose derivatives are known to adopt

multiple conformations [32-34]. We were able to isolate and

fully assign four distinct forms of the acetylated monosaccha-

ride derivative 7a (β-furanoid, 4C1 α/β-pyranoid and 1C4

α-pyranoid). Although 7a is a known compound [15], the

published NMR data are scarce. Herein, we provide the

complete NMR data sets of 2-acetamido-1,3,4,6,7-penta-O-

acetyl-2-deoxy-D-glycero-D-ido-heptose (7a). In the cases of

compounds 6b, 6c, 7b, 7c and 8b only α,β-pyranoid forms were

detected (see copies of NMR spectra provided in Supporting

Information File 1). However, NMR spectra of 8c showed

minor amounts of a compound which we considered to be its

corresponding furanoid form. Unfortunately, we were not able

to confirm this hypothesis owing to the very low concentration

of this compound.

Conclusion
In summary, we developed a simple, highly versatile route for

the synthesis of rare, 2-amino-functionalized heptoses and

octoses. The indium-mediated allylation strategy again revealed

to be a useful tool for the preparation of two-carbon chain

elongated carbohydrates. Two new stereocenters were formed

with high diastereoselectivity in the course of the synthesis

owing to the use of a chiral L-proline derived epoxidation

catalyst. The introduction of nitrogen was achieved via a

Tsuji–Trost-like azide opening of allylic epoxides. Although

global deprotection proved to be cumbersome, we were able to

develop a versatile reaction sequence to overcome this problem.

The desired higher aminosugars were obtained in an overall

yield of 21–29% over 7 steps. Additionally, these compounds

should now be available in all stereochemical combinations by

means of varying the starting materials, the epoxidation cata-

lysts, or the mode of azide opening, respectively [35]. Further-

more, biologically active octodioses are now accessible from

compounds 7b and 7c, which is subject of ongoing research.

Supporting Information
Supporting Information File 1
Experimental section, spectral data and copies of 1H and
13C NMR spectra of compounds 2–8.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-231-S1.pdf]
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Abstract
Monitoring glycoconjugates has been tremendously facilitated by the development of metabolic oligosaccharide engineering.

Recently, the inverse-electron-demand Diels–Alder reaction between methylcyclopropene tags and tetrazines has become a popular

ligation reaction due to the small size and high reactivity of cyclopropene tags. Attaching the cyclopropene tag to mannosamine via

a carbamate linkage has made the reaction even more efficient. Here, we expand the application of cyclopropene tags to N-acyl-

galactosamine and N-acylglucosamine derivatives enabling the visualization of mucin-type O-glycoproteins and O-GlcNAcylated

proteins through Diels–Alder chemistry. Whereas the previously reported cyclopropene-labeled N-acylmannosamine derivative

leads to significantly higher fluorescence staining of cell-surface glycoconjugates, the glucosamine derivative gave higher labeling

efficiency with protein preparations containing also intracellular proteins.
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Introduction
The glycan chains of glycoproteins and lipids have been shown

to be involved in numerous biological recognition and regula-

tion events [1]. Glycan research, especially the visualization of

glycoconjugates in vitro and in vivo, has significantly profited

from the recent developments in the area of metabolic oligosac-

charide engineering (MOE) and the chemical reporter strategy

[2-4]. In this approach, functional groups with a unique reactiv-

ity are incorporated into glycoconjugates via the cell’s

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:mail@valentin-wittmann.de
http://dx.doi.org/10.3762%2Fbjoc.10.232
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Scheme 1: Principle of MOE with Ac4GlcNCyoc (1) and subsequent ligation by a DAinv reaction: The chemically modified sugar is fed to cells, taken
up by the cells and deacetylated by non-specific esterases. The monosaccharide is metabolized and incorporated into glycoproteins (i.e., O-GlcNAc-
ylated proteins). Subsequently, a ligation reaction is performed to visualize the glycan.

biosynthetic machinery and are subsequently reacted in

bioorthogonal labeling reactions that allow visualization [5,6].

Whereas in the first report on glycan labeling by this approach

the ketone–hydrazide ligation was employed [7], later investi-

gations mainly relied on the Staudinger ligation [8] and

azide–alkyne [3 + 2] cycloaddition (copper-catalyzed [9,10] or

strain-promoted [11,12]). Since the initial reports from 2008

[13-15], more and more laboratories successfully employ the

inverse-electron-demand Diels–Alder (DAinv) reaction as a

bioorthogonal ligation reaction for different applications [16-

18]. In the meantime, the DAinv reaction has also found appli-

cation in MOE, and several dienophiles, such as terminal

alkenes [19], isonitriles [20,21], and cyclopropenes [22-24],

have been incorporated in carbohydrate derivatives and detected

by reaction with 1,2,4,5-tetrazines [25] (Scheme 1). An impor-

tant advantage of the DAinv reaction is the fact that it can be

orthogonal to the azide–alkyne cycloaddition [22,26,27] which

allows dual labeling of two different sugars within one experi-

ment [19,21,23,24].

Among the dienophiles mentioned above, strained cyclo-

propenes have the highest reaction rates for DAinv reactions

with tetrazines and are small enough to be accepted by cellular

enzymes during MOE [22-24]. Also, they are stable in aqueous

solution in the presence of biological nucleophiles [22,28].

Consequently, cyclopropene tags were attached by an amide

linkage to sialic acid [22] and ManNAc derivatives including

Ac4ManNCyc (4) [23] (Figure 1) to label sialic acid residues on

the surface of living cells via MOE. Since carbamate-linked

methylcyclopropenes have significantly higher reaction rates in

DAinv reactions with tetrazines [22,28], we recently introduced

Ac4ManNCyoc (3) as a derivative for rapid labeling of metabol-

ically engineered cell-surface sialic acids [24]. The application

of 3 was prompted by the previous observation that carbamate-

Figure 1: Hexosamine derivatives with cyclopropene tags. Cyoc =
(2-methylcycloprop-2-en-1-yl)methoxycarbonyl, Cyc = 2-methylcyclo-
prop-2-ene-1-carbonyl.

modified ManNAc derivatives are also accepted in the biosyn-

thetic pathway [19,29]. Derivative 3 in combination with a

sulfo-Cy3-tetrazine conjugate enabled dual sugar labeling by

simultaneous DAinv reaction and strain-promoted azide–alkyne

cycloaddition in a single step [24]. The potential of

Ac4ManNCyoc (3) for labeling of sialoglycoconjugates was

also recognized by others [30]. Sialic acids are prominently

positioned at the outer end of membrane glycoproteins which

makes them well-accessible for labeling reactions [31].

However it has become of increasing interest to also investigate

intracellular glycoproteins. We, thus, developed the gluco-

samine and galactosamine derivatives Ac4GlcNCyoc (1) and

Ac4GalNCyoc (2) which are expected to be incorporated into

O-GlcNAcylated proteins and mucin-type O-glycans [30]. Here,

we show that 1 and 2 can be employed for both labeling of cell-
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Scheme 2: Synthesis of the cyclopropene-modified hexosamine derivatives 1 and 2.

surface glycoconjugates (detected by confocal fluorescence

microscopy) and isolated glycoproteins (detected by Western

blot).

Results and Discussion
For the synthesis of the cyclopropene-tagged sugars 1 and 2 we

neutralized the corresponding hexosamine hydrochlorides 5 and

6 with sodium methoxide and coupled them to the activated

cyclopropene 7 (Scheme 2), the synthesis of which we reported

previously [24]. Subsequent acetylation of the carbamates 8 and

9 gave Ac4GlcNCyoc (1) and Ac4GalNCyoc (2).

With the cyclopropene-modified hexosamines in hand we first

investigated their metabolic incorporation into cell-surface

glycoconjugates of HEK 293T cells. The cells were incubated

for 48 h with 1, 2, 3, or solvent control (phosphate buffered

saline, PBS) and then reacted with Tz–biotin 10 [19],

followed by labeling with streptavidin–AlexaFluor647 (strepta-

vidin–AF647) (Scheme 3). With all three sugars staining of the

plasma membrane was detected by confocal laser scanning

microscopy of living cells (Figure 2A, B, C). Only the solvent

control did not show any membrane staining (Figure 2D, for

additional experiments see Figure S1, Supporting Information

File 1). Brightfield images were recorded to check the cell

morphology. These experiments show that all three cyclo-

propene derivatives 1, 2, and 3 are accepted by the cell’s

biosynthetic machinery. However, membrane staining resulting

from metabolized Ac4ManNCyoc (3) was significantly more

intense than staining after cultivation with Ac4GlcNCyoc (1) or

Ac4GalNCyoc (2). Similar experiments were carried out with

HeLa S3 cells (Figure S2, Supporting Information File 1).

Again, Ac4ManNCyoc (3) gave the most intensive and

Ac4GlcNCyoc (1) only weak staining. The staining intensity

resulting from the galactosamine derivative 2 was in between.

Previous work from Bertozzi and coworkers suggests that

GlcNAc derivatives such as N-azidoacetylglucosamine

(GlcNAz) can only enter cell-surface glycans via less efficient

conversion of GlcNAz to N-azidoacetylmannosamine

(ManNAz) and subsequently to the corresponding sialic acid

[32,33] following a metabolic pathway known also for the

natural sugars [34]. Also, the efficiency by which non-natural

GlcNAc and GalNAc derivatives are metabolized is dependent

on the type of modification and the cell line. These findings

might provide an explanation for the reduced staining inten-

sities obtained with sugars 1 and 2.

We also performed a Western blot analysis of proteins isolated

from HeLa S3 cells that had been cultured in the presence of

cyclopropene-labeled hexosamines 1, 2, or 3, or with PBS

(solvent control). Cells were harvested, lysed and the lysate was

cleared by centrifugation resulting in a mixture of intracellular

and membrane proteins. In the cleared lysate we performed a

DAinv reaction with Tz–biotin 10. Visualization of glyco-

proteins was achieved by immunoblotting for biotin, and equal

protein loading was verified by blotting against tubulin

(Figure 3). All three investigated sugars resulted in labeled

protein bands. In this case, samples from cells treated with

Ac4GlcNCyoc (1) produced a significantly higher signal

compared to cells treated with Ac4GalNCyoc (2) or

Ac4ManNCyoc (3). Similar trends were also observed with

Jurkat cells by Prescher and coworkers [30]. Since O-GlcNAcy-

lation is a modification primarily found for cytosolic and

nuclear proteins [35] and the sample preparation includes the

fraction of intracellular proteins, these results suggest that

Ac4GlcNCyoc (1) is suitable to target O-GlcNAcylated

proteins.

Conclusion
In summary, we have shown that cyclopropene-labeled

hexosamine derivatives Ac4GlcNCyoc (1) and Ac4GalNCyoc

(2) can be used to monitor glycosylation of both cell-surface

glycoconjugates and isolated, soluble glycoproteins. Whereas

Ac4ManNCyoc (3) leads to significantly higher fluorescence

staining of cell-surface glycoconjugates, Ac4GlcNCyoc (1)

gave higher labeling efficiency with protein preparations

containing also intracellular proteins, possibly by targeting
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Scheme 3: Labeling strategy for metabolically incorporated monosaccharides.

O-GlcN-acylated proteins. Since O-GlcN-acylation of proteins

is associated with numerous crucial biological events, 1

represents a promising probe for future glycomics studies. Of

special interest is the fact that cyclopropene tags can be

combined with azide–alkyne cycloaddition to achieve dual

labeling of two different (sugar) moieties as was shown earlier

[19,21,23,24,30].

Experimental
General methods. All chemicals were purchased from Aldrich,

Fluka, Dextra, and Carbosynth and used without further purifi-

cation. AlexaFluor-labeled streptavidin and Hoechst33342 were

purchased from Invitrogen. Technical solvents were distilled

prior to use. All reactions were carried out in dry solvents.

Reactions were monitored by TLC on silica gel 60 F254

(Merck) with detection by UV light (λ = 254 nm). Additionally,

acidic ethanolic p-anisaldehyde solution or basic KMnO4 solu-

tion followed by gentle heating was used for visualization.

Preparative flash column chromatography (FC) was performed

with an MPLC-Reveleris system from Grace. Nuclear magnetic

resonance (NMR) spectra were recorded at room temperature

on Avance III 400 and Avance III 600 instruments from Bruker.

Chemical shifts are reported relative to solvent signals (CDCl3:

δH = 7.26 ppm, δC = 77.16 ppm). Signals were assigned by

first-order analysis and, when feasible, assignments were

supported by two-dimensional 1H,1H and 1H,13C correlation

spectroscopy (COSY, HMBC and HSQC). HRMS mass spectra

were obtained with a micrOTOF II instrument from Bruker

Daltonics. Semi-preparative high performance liquid chroma-

tography (HPLC) was conducted on a LC-20A prominence

system (pumps LC-20AT, auto sampler SIL-20A, column oven

CTO-20AC, diode array detector SPD-M20A, ELSD-LT II

detector, controller CBM-20A and software LC-solution) from

Shimadzu under the following conditions. Column: Kinetex 5U

C18 100A Axia from Phenomenex (250 × 21.2 mm); flow:

9 mL min–1; mobile phase: gradient of acetonitrile with 0.1%

formic acid (solvent A) in water with 0.1% formic acid (solvent

B). Microscopy was performed using a point laser scanning
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Figure 2: Labeling of metabolically engineered cell-surface glycocon-
jugates. HEK 293T cells were grown for 48 h with 50 µM Ac4GlcN-
Cyoc (1, A), 50 µM Ac4GalNCyoc (2, B), 50 µM Ac4ManNCyoc (3, C),
or with PBS (solvent control, D) and subsequently incubated with
Tz–biotin 10 (1 mM, 1 h, 37 °C) followed by incubation with strepta-
vidin–AF647. Nuclei were stained with Hoechst33342. Scale bar:
30 µm.

confocal microscope Zeiss LSM 510 Meta equipped with a

Meta detector for spectral imaging.

The synthesis of 1 and 2 was carried out as described for the

synthesis of Ac4ManNCyoc (3) [24].

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-((2-methylcycloprop-2-en-

1-yl)methoxycarbonylamino)-D-glucopyranose (Ac4GlcN-

Cyoc, 1). To a solution of glucosamine hydrochloride (5, 2 g,

Figure 3: Western blot analysis of soluble glycoproteins. HeLa S3
cells were grown for 48 h with 100 µM cyclopropene-labeled sugar
(Ac4GlcNCyoc (1), Ac4GalNCyoc (2), or Ac4ManNCyoc (3)) or with
PBS (solvent control), lysed, and the cleared lysate was reacted with
Tz–biotin 10 (150 µM, 90 min, rt). Proteins were immunoblotted for
biotin and tubulin (loading control). Protein bands visible in the first
lane can be explained either by non-specific binding of the anti-biotin
antibody or by the occurrence of naturally biotinylated proteins.

9.2 mmol) in MeOH (20 mL) NaOMe (18 mL of a 0.5 M solu-

tion in MeOH, 9.2 mmol) was added under nitrogen. After stir-

ring for 90 min at room temperature, the solution was added to

activated cyclopropene 7 (2 g, 9.7 mmol). After stirring for 48 h

at room temperature the solvent was evaporated under reduced

pressure. The residue was dissolved in pyridine (20 mL) and

acetic anhydride (10 mL) was added. After stirring for 24 h at

room temperature additional 5 mL acetic anhydride were added

to complete the acetylation. After additional 24 h the solvents

were evaporated under reduced pressure. The residue was

dissolved in CH2Cl2 (250 mL), washed with 10 % aq KHSO4

(200 mL), satd aq NaHCO3 (200 mL) and brine (200 mL). The

organic layer was dried (MgSO4) and the solvent was evapo-

rated under reduced pressure. The residue was purified by FC

(silica, petroleum ether/ethyl acetate 10:1) to afford Ac4GlcN-

Cyoc (1) as a mixture of anomers (1.08 g, 2.36 mmol, 26%). Rf

= 0.36 (petroleum ether/ethyl acetate 1:1); HRMS m/z: [M +

Na]+ calcd for C20H27NO11, 480.14763; found, 480.14511.

Further purification by semi-preparative HPLC (45% A for

10 min, then 45–70% A for 15 min) allowed separation of the

anomers. Retention time β-anomer: 15 min, α-anomer:

17.2 min.

α-Anomer: 1H NMR (400 MHz, CDCl3) δ 6.53 (s, 1H, =CH),

6.19 (d, J = 3.5 Hz, 1H, H-1), 5.31–5.12 (m, 2H, H-3, H-4),



Beilstein J. Org. Chem. 2014, 10, 2235–2242.

2240

4.75 (d, J = 9.1 Hz, 1H, NH), 4.25 (dd, J = 12.3, 3.1 Hz, 1H,

H-6a), 4.18 (td, J = 10.2, 3.3 Hz, 1H, H-2), 4.05 (dd, J = 12.5,

2.0 Hz, 1H, H-6b ), 4.02–3.96 (m, 1H, H-5), 3.96–3.85 (m, 2H,

CH2), 2.18 (s, 3H, OAc), 2.10 (s, 3H, CH3), 2.07 (s, 3H, OAc),

2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.59 (s, 1H, CHCH2)

ppm; 13C NMR (101 MHz, CDCl3) δ 171.4 (C=O), 170.8

(C=O), 169.3 (C=O), 168.8 (C=O), 156.1 (HNC=O), 120.5,

102.1, 102.0, 91.0 (C-1), 73.1, 73.0, 70.8 (C-3 or C-5), 69.8

(C-3 or C-5), 67.8 (C-4), 61.7 (C-6), 52.9(C-2), 21.0 (OAc),

20.8 (OAc), 20.7 (OAc), 17.22 (CH2CH), 17.18 (CH2CH),

11.70 (=CCH3) ppm.

β-Anomer: 1H NMR (400 MHz, CDCl3) δ 6.53 (s, 1H, =CH),

5.70 (dd, J = 8.7, 1H, H-1), 5.22–5.15 (m, 1H, H-3), 5.11 (t, J =

9.5, 9.5 Hz, 1H, H-4), 4.73 (d, J = 8.1 Hz, 1H, NH), 4.28 (dd, J

= 12.4, 4.6 Hz, 1H, H-6a), 4.11 (dd, J = 12.4, 2.1 Hz, 1H,

H-6b), 3.97–3.87 (m, 3H, H-2, CH2), 3.81 (ddd, J = 9.8, 4.6, 2.2

Hz, 1H, H-5), 2.12 (s, 6H, CH3, OAc), 2.08 (s, 3H, OAc), 2.04

(s, 3H, OAc), 2.03 (s, 3H, OAc), 1.61 (s, 1H, CHCH2) ppm;
13C NMR (101 MHz, CDCl3) δ 170.8 (C=O), 169.5 (C=O),

156.3 (HNC=O), 120.64, 120.58, 102.10, 102.07, 92.8 (C-1),

76.8 (C-3 or C-5 or CH2), 73.0 (C-3 or C-5 or CH2), 72.5 (C-3

or C-5 or CH2), 68.1 (C-4), 61.8 (C-6), 55.0 (C-2), 21.0 (OAc),

20.9 (OAc), 20.8 (OAc), 20.7 (OAc), 17.2 (CH2CH), 11.74

(=CCH3), 11.73 (=CCH3) ppm.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-((2-methylcycloprop-2-

en-1-yl)methoxycarbonylamino)-D-galactopyranose

(Ac4GalNCyoc 2). To a solution of galactosamine hydrochlo-

ride (6, 1.75 g, 8.11 mmol) in MeOH (18 mL) NaOMe (16 mL

of a 0.5 M solution in MeOH, 8.06 mmol) was added under

nitrogen. After stirring for 90 min at room temperature, the

solution was added to activated cyclopropene 7 (1.75 g,

8.4 mmol). After stirring at room temperature overnight the

solvent was evaporated under reduced pressure. The residue

was dissolved in pyridine (18 mL) and acetic anhydride (9 mL)

was added. After stirring for 40 h at room temperature the

solvents were evaporated under reduced pressure. The residue

was dissolved in CH2Cl2 (230 mL), washed with 10% aq

KHSO4 (100 mL), satd aq NaHCO3 (180 mL) and brine

(180 mL). The organic layer was dried (MgSO4) and the solvent

was evaporated under reduced pressure. The residue was puri-

fied by FC (silica, petroleum ether/ethyl acetate 1:1 –> 1:2) to

afford Ac4GalNCyoc (2) as a mixture of anomers (551 mg, 1.2

mmol, 15%). Rf = 0.33 (petroleum ether/ethyl acetate 1:1);

HRMS m/z: [M + Na]+ calcd for C20H27NO11, 480.14763;

found, 480.14551.

Further purification by HPLC (45% A for 10 min, then 45–70%

A for 15 min) allowed purification of the β-anomer. Retention

time β-anomer: 15 min, α-anomer: 16.5 min.

β-Anomer: 1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H, =CH),

5.72 (d, J = 8.7 Hz, 1H, H-1), 5.39 (dd, J = 3.6, 1.1 Hz, 1H,

H-4), 5.10 (ddq, J = 11.4, 3.4, 1.4 Hz, 1H, H-3), 4.61–4.48 (m,

1H, NH), 4.14 (qd, J = 11.3, 6.6 Hz, 3H, H-2, H-6 ), 4.02 (td, J

= 6.5, 1.0 Hz, 1H, H-5), 3.93 (d, J = 5.2 Hz, 2H, CH2), 2.16 (s,

3H, OAc), 2.14 (s, 3H, OAc), 2.12 (s, 3H, CH3), 2.04 (s, 3H,

OAc), 2.02 (s, 3H, OAc), 1.61 (d, J = 5.6 Hz, 1H, CHCH2)

ppm; 13C NMR (151 MHz, CDCl3) δ (ppm) 170.5 (2 C=O),

170.3 (C=O), 169.5 (C=O), 156.4 (HNC=O), 120.64, 120.55,

102.14, 102.07, 93.1 (C-1), 73.0 (CH2), 71.9 (C-5), 70.4 (C-3),

66.6 (C-4), 61.4 (C-6), 51.5 (C-2), 21.0 (OAc), 20.9 (OAc),

20.8 (OAc), 20.8 (OAc), 17.21 (CH2CH), 17.23 (CH2CH), 11.8

(=CCH3) ppm.

Cell growth conditions. As described in [24] HEK 293T and

HeLa S3 cells were grown in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 5% FBS, 100 units mL–1

penicillin and 100 μg mL–1 streptomycin. All cells were incu-

bated in a 5% carbon dioxide, water saturated incubator at

37 °C.

Fluorescence microscopy with Tz–biotin 10. HEK 293T cells

(22,000 cells/cm2) were seeded in 4-well ibiTreat μ-Slides

(ibidi) coated with fibronectin (25 µg mL−1) and poly-L-lysine

(0.01%, 1 h, 37 °C). After 12 h cells were incubated for 48 h

with 50 µM cyclopropene-labeled sugar (Ac4GlcNCyoc (1),

Ac4GalNCyoc (2), or Ac4ManNCyoc (3)). The sugars were

prepared as stock solutions (0.36 mM) in PBS and diluted into

media. Only PBS was added as solvent control. Cells were

washed two times with PBS and then treated with Tz–biotin 10

[19] (1 mM) for 1–3 h at 37 °C. After two washes with PBS,

cells were incubated with Streptavidin–AF647 (6.6 μg mL−1)

and Hoechst33342 (10 µg mL−1) for 20 minutes at room

temperature in the dark. Cells were washed twice with PBS, and

DMEM was added for microscopy. A Zeiss LSM 510 Meta

equipped with a 40 × 1.3 NA Plan-Neofluar oil DIC immersion

objective was employed for imaging. Analysis of the obtained

data was performed using Image J software version 1.45 S.2.

Western blot analysis.  HeLa S3 cells were seeded

(900,000 cells/10 cm dish) and after 16 h the media were

exchanged with media containing 100 µM of cyclopropene-

labeled sugar (Ac4GlcNCyoc (1), Ac4GalNCyoc (2), or

Ac4ManNCyoc (3)). Sugars were diluted from a 0.36 mM stock

solution in PBS. As a solvent control PBS was added instead of

the sugar stock solution. The cells were cultured for 48 h with

or without the additional sugar. Cells were trypsinated and

re-suspended in PBS (10 mL) and pelleted by centrifugation

(5 min, 400g). The supernatant was discarded and the pellet

re-suspended in PBS (1 mL) and pelleted by centrifugation

(5 min, 400g). The cells were lysed in lysis buffer (400 µL)
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containing Triton X-100 (0.5%) (for permeabilization of

membranes and solubilization of proteins and to prevent aggre-

gate formation), DNase (30 µg mL−1), RNase (30 µg mL−1),

β-glycerophosphate (20 mM) (Ser/Thr phosphatase inhibitor),

sodium fluoride (20 mM) (Ser/Thr phosphatase inhibitor),

sodium orthovandadate (0.3 mM) (inhibitor for ATPase, tyro-

sine and alkaline phosphatases), complete X protease inhibitor

(Roche) (1X), NaCl (300 mM), TrisHCl pH 7.4 (25 mM),

EDTA (5 mM) (to chelate metal ions and reduce oxidation

damage), O-(2-acetamido-2-deoxy-D-glucopyranosylide-

namino) N-phenylcarbamate (PUGNAc) (Sigma-Aldrich)

(100 µM) (O-GlcNAc-β-N-acetylglucosaminidase inhibitor to

maintain O-GlcNAcylation during lysis) and incubated at 4 °C

for 30 min. The lysate was cleared by centrifugation (22,000g,

30 min, rt). Tz–biotin 10 was added to the cleared supernatant

to a final concentration of 150 µM. The samples were incu-

bated for 90 min at rt, 3× SDS-sample buffer was added, and

the sample was boiled at 90 °C for 15 min. Proteins were sep-

arated by SDS-polyacrylamide gel electrophoresis using 10%

polyacrylamide gels and transferred to nitrocellulose

membranes (BioRad). Transfer efficiency was analyzed with

Ponceau S staining. The membranes were blocked in milk (5%

in PBS-T) for 1 h at rt, followed by incubation with anti-biotin

antibody (Abnova, Anti-Biotin mAb clone SB58c, 1:2000 dilu-

tion in milk) at 4 °C overnight or anti-alpha-tubulin antibody

(AA4.3, hypridoma supernatant in 1% FCS, 1:200 dilution in

milk) for 1 h at rt. The membranes were washed (3 times,

10–15 min, PBS-T), incubated with secondary horseradish-

peroxidase-conjugated anti-mouse antibody (Dianova, goat anti-

mouse IgG (H+L)-HRP, 1:50000 dilution in milk, 1 h, rt), and

washed again (3 times, 10–15 min, PBS-T). Blots were devel-

oped by an ECL detection system (clarity Western ECL sub-

strate, BioRad) and visualised with a CCD camera (Raytest-

1000, Fujifilm).

Supporting Information
Additional MOE experiments and 1H and 13C NMR spectra

of Ac4GlcNCyoc (1) and Ac4GalNCyoc (2).

Supporting Information File 1
Additional MOE experiments and NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-232-S1.pdf]
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Abstract
A vaccine to prevent infections from the emerging Neisseria meningitidis X (MenX) is becoming an urgent issue. Recently MenX

capsular polysaccharide (CPS) fragments conjugated to CRM197 as carrier protein have been confirmed at preclinical stage as

promising candidates for vaccine development. However, more insights about the minimal epitope required for the immunological

activity of MenX CPS are needed. We report herein the chemical conjugation of fully synthetic MenX CPS oligomers (monomer,

dimer, and trimer) to CRM197. Moreover, improvements in some crucial steps leading to the synthesis of MenX CPS fragments are

described. Following immunization with the obtained neoglycoconjugates, the conjugated trimer was demonstrated as the minimal

fragment possessing immunogenic activity, even though significantly lower than a pentadecamer obtained from the native polymer

and conjugated to the same protein. This finding suggests that oligomers longer than three repeating units are possibly needed to

mimic the activity of the native polysaccharide.

2367

Introduction
Neisseria meningitidis is an encapsulated, aerobic gram-nega-

tive diplococcus which causes significant morbidity and

mortality in newborns, children and young adults worldwide

through meningitis and/or septicemia. Although sporadic cases

occur in Europe and North America, major meningitis

epidemics have been recorded in Africa, in an area termed “the

meningitis belt”, extending from Senegal to Ethiopia and

including 21 countries with a population of over 300 million
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people. According to the chemical composition of the bacterial

capsular polysaccharide (CPS) [1], 13 serogroups of N. menin-

gitidis have been so far defined. Until recently only five of them

(A, B, C, Y, W135) were associated with significant patho-

genic potential [2,3]. In particular serogroup A (MenA), that

caused significant meningitis outbreaks in industrialised coun-

tries until the 1970s [4], is currently a major responsible for

epidemics in the African meningitis belt. Additionally, since

2002 serogroup W135 has also been considered a major threat.

In the past 20 years sporadic cases or clusters of meningitis due

to other N. meningitidis serogroups have emerged. While the

impact of infections caused by serogroup X of N. meningitidis

(MenX) was initially considered negligible, in the last decade

incidence rates and disease characteristics very similar to other

virulent meningococcal isolates have been reported. As a matter

of fact, the meningitis cases ascribed to MenX do not present

any clinical or epidemiological differences to those due to

serogroup A. Most cases (93%) were recorded during the dry

season, with a mean age of the patients of 9.2 years and a

fatality rate of 11.9% [5]. MenX was first described in the

1960s [6], when it was found to cause a few cases of invasive

disease across North America, Europe, Asia and Africa [7]. The

first case of MenX disease in Africa was documented in 1974

and, since then, several sporadic cases have been observed in

other African countries [8]. In 2006, the occurrence in Niger of

MenX related meningitis infections with unprecedented inci-

dence led the World Health Organization (WHO) to consider

MenX as a substantial threat [9]. However, it was only in 2010

that, following a very large MenX outbreak in Burkina Faso, the

WHO-Inter-country Support Team (WHO-IST) weekly

bulletins on meningitis started to specifically document MenX

epidemics [10]. Interestingly, while MenA incidence decreased

in most meningitis belt countries following the introduction in

2010 of a monovalent MenA conjugate vaccine (MenAfriVac)

[11,12], an increase in MenX cases has been observed. Recently

a study revealed that in Burkina Faso the levels of MenX

carriage after the introduction of the MenA conjugate vaccine

are significantly higher than they were before the vaccine intro-

duction [13]. This could suggest a serotype replacement due to

mass vaccination with MenAfriVac, although this event should

be considered unlikely on the basis of previous experiences

with the introduction of the MenC conjugate vaccine [14].

Undoubtedly the recent increase of MenX infections has led to

take in consideration this emerging serogroup for the develop-

ment of new meningococcal vaccines [15,16]. Recently it has

been reported that coupling long chain oligosaccharides from

MenX CPS to the nontoxic mutant of diphtheria toxin Cross-

Reacting Material 197 (CRM197), a protein widely used in

manufactured vaccines,[17] provides a potent candidate for

the development of a glycoconjugate vaccine against this

serogroup [18].

MenX CPS is a homopolymer of (1→4)-linked 2-acetamido-2-

deoxy-α-D-glucopyranosyl phosphate residues (Figure 1). The

synthesis of the repeating unit was first reported in 1974 [19],

and more recently an improved protocol for larger scale prepar-

ation of the monomer as analytical tool has been also described

[20]. Notably, the minimal CPS portion which can confer

protection against meningococcal infections is still unknown.

Figure 1: Structures of the repeating unit of MenX CPS and synthetic
oligomers 1–3.

Over the recent years, advances in the synthesis of complex

glycans are rendering accessible a variety of carbohydrate anti-

gens with well-defined chemical structure and devoid of bacte-

rial contaminations which could derive from purification of bio-

logical materials [21-24]. This could be a crucial feature to

improve batch-to-batch consistency in vaccine manufacturing

and to confer a better safety profile.

Some of us have recently achieved the first synthesis of short-

chain MenX CPS oligomers (compounds 1–3, Figure 1)

provided with a phosphodiester-linked aminopropyl spacer suit-

able for their conjugation to a carrier protein [25].

These synthetic molecules are valuable tools to obtain informa-

tion on the minimal structural requirements for the immunolog-

ical activity of MenX CPS and for evaluation as vaccine candi-

dates. In the present work we report the preparation and in vivo

immunological evaluation of neo-glycoconjugates from the

fragments 1–3. In this context, we describe the significant

improvements recently achieved in some crucial steps of our

previously reported synthesis [25] that will render more expedi-

tious the preparation of this type of oligomers.

The synthetic oligomers 1–3 were conjugated to the surface

abundant lysine residues of the carrier protein CRM197 by
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means of the di(N-succinimidyl) adipate (SIDEA) linker. We

have already shown that this spacer, which is used in commer-

cial anti-meningococcal vaccines for the feature of being

immuno-silent, can be efficiently utilized for the conjugation of

short synthetic antigens bearing an amino spacer [26,27]. The

synthesized CRM197 glycoconjugates were first tested for their

capability of eliciting anti MenX CPS antibodies in mice. The

functional activity of the generated antibodies was then assessed

by the in vitro bactericidal assay recently developed for the

evaluation of MenX CPS conjugates [18].

Results and Discussion
Improvements in α-H-phosphonate synthesis
Our previous synthesis of oligomers 1–3 featured the use of

2-azido-2-deoxy glucopyranosyl building blocks and their

corresponding glycosyl hydrogenphosphonates (H-phospho-

nates) intermediates for the installation of the phosphodiester

linkages [28].

We were confident that the use of the non-participating and

electron-withdrawing azido group could strongly enhance the

stability of the anomeric phosphodiester linkages. However, we

experienced a dramatic drop of the overall yield during the

conversion of the azido groups in acetamides on protected

glycosyl phosphosaccharide intermediates [25].

We therefore sought to design a different strategy based on

GlcNAc instead of azido glucose building blocks, where the

azide reduction is rather performed at an early stage of the syn-

thetic route than on valuable advanced intermediates. Accord-

ingly, the azide reduction with NiCl2/NaBH4 protocol [29]

occurred smoothly on the previously described [25] silyl glyco-

side 4, and after standard N-acetylation furnished acetamide 5

in high yield (Scheme 1).

Scheme 1: Reagents and conditions: a) NiCl2/NaBH4, MeOH; b)
Ac2O, 86% over 2 steps; c) TBAF, THF, −40 °C to rt, 81%; d) sali-
cylchlorophosphite, pyridine, then 1M triethylammonium hydrogencar-
bonate buffer solution (TEAB): Batch 62% yield; MRT 76% yield. TDS:
Thexyldimethylsilyl.

On the other hand, the same reaction carried out on protected

glycosyl phosphosaccharides afforded the corresponding

acetamides in 25–35% yield [25]. Interestingly, when com-

pound 5 was subjected to 1-O-desilylation with tetrabutylam-

monium fluoride in THF at –40 °C, we obtained exclusively the

α-hemiacetal 6 in 81% yield (Scheme 1). The formation of the α

anomer was confirmed by the doublet of H-1 at 5.23 ppm in the
1H NMR spectrum with the typical value of 1J1,2 = 3.5 Hz, and

the appearance of the C-1 signal at 92.0 ppm in the 13C NMR

spectrum (see Supporting Information File 1).

Most importantly, when the hemiacetal 6 was treated with sali-

cylchlorophosphite in pyridine at room temperature the α-H-

phosphonate 7 was obtained as a single anomer in only 2 h in

62% yield. We reasoned that the occurrence of an intramolec-

ular hydrogen bond involving the acetamido group could be the

main responsible for the high selectivity observed in the forma-

tion of compound 6 and, consequently, for the attainment of the

pure α-H-phosphonate 7. Indeed, the desilylation of the 2-azido

counterpart of intermediate 5 provided a mixture of anomers.

On the other hand, the same reaction carried out on a

2-acetamido derivative very similar to 5 but protected as a 4,6-

O-benzylidene acetal also led to an anomeric mixture,

suggesting that conformational factors might be also involved.

In addition, the treatment of this mixture with sali-

cylchlorophosphite produced a mixture of anomeric H-phospho-

nates, indicating that no equilibration of the anomers occurs

during this reaction. We, therefore, ascribed the high stereose-

lectivity observed in the formation of compound 7 to the

stability of compound 6, whose configuration is preserved

during the reaction with salicylchlorophosphite. This finding

introduced a great improvement in our reported synthesis of

MenX CPS oligomers, since in the previous protocol extremely

long reaction times (6–7 days) were needed for the exclusive

formation of the most thermodynamically stable α-H-phospho-

nate by equilibration in the presence of H3PO3 of the initially

formed mixture of anomeric H-phosphonates [25]. An addition-

al improvement in α-H-phosphonate 7 formation was achieved

by carrying out the reaction under microfluidic conditions. The

Micro Reactor Technology (MRT) is gaining increasing atten-

tion for drug discovery. Some of its various possible advan-

tages when compared to more conventional approaches are im-

proved safety characteristics, enhanced rates of heat and mass

transfer, simplicity and robustness in scale-up and easiness in

handling the instrumentation [30-33]. For the synthesis of com-

pound 7, two distinct solutions containing the hemiacetal 6 in

pyridine and salicylchlorophosphite in CH3CN, respectively,

were pumped in a 100 μL glass microreactor. The device was

completed by a reservoir connected to the outlet of the microre-

actor, refilled with a solution of triethylammonium bicarbonate

buffer (TEAB) 1.0 M to stabilize the H-phosphonate product.
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Scheme 2: Reagents and conditions: a) PivCl in pyridine, then I2 in 19:1 pyridine/H2O, then 1 M TEAB (45%); b) NaOMe, MeOH; c) H2, Pd/C, MeOH/
H2O, then H2O, Dowex 50W X8 resin (H+ form), then Dowex 50W X8 resin (Na+ form) (96% over two steps).

Setting the residence time to 3 min, 46 mg of the α-H-phospho-

nate 7 were obtained in 0.5 h at higher isolated yield (76%) and

purity than batch reaction. Based on the maximum volume of

the syringes employed in our continuous-flow system (5 mL,

see Supporting Information File 1), we can estimate that a

production rate of 2.2 g/day would be achievable. To the best of

our knowledge, this is the first example of the synthesis of

glycosyl H-phosphonates using the continuous-flow MRT [30-

33].

The occurrence of the H-phosphonate 7 was ascertained by a

signal at 1.87 ppm in the 31P NMR, and the presence in the
1H NMR of the diagnostic doublet at 6.93 ppm with the charac-

teristic value of 1JH,P = 631.8 Hz, typical of this class of com-

pounds [34]. The α-configuration of the anomeric carbon

was confirmed by a doublet of doublet at 5.53 ppm, with 1J1,2 =

3.2 Hz, 1J1,P = 8.4 Hz (see Supporting Information File 1).

The benefit of the easy availability of the α-hemiacetal 6 was

illustrated by the improved synthesis of the spacer-linked MenX

monomer 1 (Scheme 2). The PivCl-mediated coupling of 6 with

compound 8 [35,36] provided the glycosylphosphodiester 9 as a

pure α-anomer, demonstrating the configurational stability of

the hemiacetal under these reaction conditions. Compound 9

was subjected to Zemplén transesterification with NaOMe in

methanol to afford alcohol 10, and the hydrogenolytic removal

of the remaining protective groups furnished the spacer-linked

monomer 1 in excellent yield (Scheme 2).

Chemical synthesis of neo-glycoconjugates
Fragments 1–3, obtained as previously reported [25], were

employed as follows for the synthesis of the corresponding

CRM197 conjugates. First the oligomers 1–3 were activated by

reaction with an excess of SIDEA in the presence of triethy-

lamine in DMSO (Scheme 3). The products were purified by

precipitation from ethyl acetate, and after freeze-drying the half

esters 11–13 were obtained at 49–65% yield. Of note, while we

have utilized a similar procedure for fast and efficient insertion

of the monoester of the immunosilent adipate linker onto a

number of different length glycans [26,27], lower yields were

attained in the present case. This can be explained with the

higher solubility in organic solvents of the short structures

11–13 employed in the present study in comparison to other

reported oligosaccharides [26,27], which did not allow

complete precipitation of the activated oligomers. To increase

the yield of this step, compounds 11–13 were recovered from

the dimethylsulfoxide–ethyl acetate mixture by evaporation of

ethyl acetate and addition of fresh ethyl acetate at 0 °C. The

newly precipitated activated carbohydrates were freeze-dried

and coupled to the protein. In this way, almost quantitative

recovery of the activated sugars 11–13 was achieved.

Active esters 11–13 were then coupled with the amino groups

of the protein in sodium phosphate buffer (100 mM NaPi,

pH 7.2) at room temperature for 24 h (Scheme 3).

The glycoconjugates 14–16 were purified from the excess of

unconjugated carbohydrate by precipitation with ammonium

sulfate and reconstitution in 10 mM NaPi pH 7.2. The occur-

rence of conjugation was assessed by SDS-PAGE (sodium

dodecyl sulfate polyacrylamide gel electrophoresis) and

MALDI–TOF mass spectrometry (see Supporting Information

File 1). The latter analytical technique enabled determination of

the saccharide/protein molar ratio (saccharide loading). The

characteristics of the prepared glycoconjugates are summarized

in Table 1.

A moderate loading (5–7 sugars/protein) was obtained in com-

pounds 14–16 in respect to conjugates prepared by the same

conjugation chemistry and different carbohydrate structures

[26,27]. However, it needs to be taken in consideration that this

loading is comparable to that achieved in the preparation of

anti-meningococcal vaccines commercially available [37].

Furthermore, a number of 2.5 and 1.7–4.1 sugar moieties were

incorporated in our positive control 17 and in the MenX CPS

glycoconjugates recently reported to induce protective anti-



Beilstein J. Org. Chem. 2014, 10, 2367–2376.

2371

Scheme 3: Reagents and conditions: a) SIDEA, Et3N, DMSO: 11 (64%), 12 (49%), 13 (51%); b) CRM197, 100 mM NaPi pH 7.2.

Table 1: Characteristics of the synthesized glycoconjugates.

Glyco conjugate Activated ester/protein
(mol/mol)a

Saccharide conjugation
(mol/mol)b

MW (Da) Loading efficiency %a

14 75:1 7 61523 9
15 75:1 4.5 61731 6
16 75:1 4.7 63256 6

MenXDP15CRM197 17 13:1 2.5 n.d. 19
aMol of activated glycan: mol of protein used in the conjugation reaction. bSugar:protein molar ratio determined by MALDI–TOF MS for 14–16, and by
HPAEC-PAD analysis for MenXDP15-CRM197 conjugate 17.

bodies, respectively [18]. Thus, we deemed the loading of

glycoconjugates 14–16 sufficient to determine in vivo their

capability of eliciting anti-MenX CPS antibodies.

Immunological evaluation of CRM197 conju-
gates
To evaluate the immunogenicity of the synthesized glycoconju-

gates, groups of 8 BALB/c mice were immunized with three

doses (two weeks apart) of 0.3 μg on saccharide base of the

neo-glycoconjugates. The conjugated trimer 16 was also

injected at 1 μg carbohydrate base dose to evaluate the effect of

dose variation. The conjugates were formulated with aluminum

phosphate, an adjuvant commonly used for vaccines in the

market or in preclinical development [38]. As a control, the

CRM197 conjugate with MenX fragments having an average

degree of polymerization (avDP) of 15 (MenXDP15-CRM

conjugate, compound 17) was used at the saccharide base doses

of 0.3 and 1 μg, respectively.

As shown in Figure 2, while the CRM197 conjugates of the

monomer 1 and the dimer 2 did not induce polysaccharide

specific IgG titers, the conjugated trimer 3 elicited anti-MenX

CPS IgG titers, with no statistical difference (p 0.05) at the

doses of 0.3 and 1 μg, respectively.

The MenXDP15 conjugate 17 also induced anti-MenX CPS

antibodies that were comparable each other at the two

different doses (p 0.05). However, the IgG levels induced by the

trimer conjugate 16 at both 0.3 and 1 μg dose were signifi-

cantly lower than those elicited by the conjugate 17 adminis-

tered at the corresponding doses (p 0.0009 and 0.039 for 0.3 and

1 μg dose, respectively). Importantly, all the conjugates induced

very low anti-MenX IgM titers, but the trimer 3 and the

MenXDP15 antigens conjugated to the carrier enabled

switching from IgM to IgG, which is characteristic of the T cell

dependent response (for IgM levels see Supporting Information

File 1).
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Figure 3: A) IgG levels detected at OD = 1 in individual post 3 sera of BALB/c mice immunization at 0.3 μg saccharide dose of antigen. A) Sera from
conjugates 14, 15 and 16 were tested against the monomer-, dimer- and trimer-HSA conjugate, respectively, presenting different linker and protein
(see Supporting Information File 1). B) Comparison of anti trimer-HSA antibody levels in sera from conjugates 14–17. Each point represents indi-
vidual mouse sera; horizontal bars indicate geometric mean titers (GMT) of each group with 95% statistical confidence intervals indicated by upper
and lower bars.

Figure 2: IgG levels detected at OD = 1 in individual post 3 sera (sera
collected two weeks after the third immunization) of BALB/c mice
immunization at 0.3 or 1 μg saccharide dose of antigen against MenX
CPS as coating plate. Each dot represents individual mouse sera; hori-
zontal bars indicate geometric mean titers (GMT) of each group with
95% statistical confidence intervals indicated by upper and lower bars.

Since the trimer 3, among the set of conjugated synthetic

oligomers, was the only structure capable of inducing IgG anti-

bodies against the MenX CPS, we interrogated whether the sera

from the three conjugated synthetic fragments were capable to

recognize their own structures. To answer this question, conju-

gates with HSA were prepared with a similar protocol to that

used for the formation of the CRM197 conjugates, except that a

bis-succinimidyl ester penta-ethylene glycol (BS(PEG)5) linker

was used to rule out the interference of the spacer (details are

reported in Supporting Information File 1). ELISA analysis

using HSA conjugates as coating reagent demonstrated that the

conjugated monomer 1 and the dimer 2 at the present dose

elicited extremely low levels of antibodies against themselves

and were, therefore, scarcely antigenic. By contrast, the trimer 3

was the only fragment which evoked a robust antibody produc-

tion against its own structure (Figure 3A).

Surprisingly, when the trimer-HSA conjugate was used as

coating reagent for the ELISA analysis (Figure 3B), sera

elicited by the monomer 1 exhibited low anti-trimer antibodies,

whereas sera induced by the conjugated dimer 2 and the trimer

3 possessed comparable levels of antibodies against the tri-

saccharide structure. The IgG levels raised by the trimer-

CRM197 conjugate 16 were in turn significantly lower

(p 0.0005) than those elicited by the MenXDP15-CRM197

conjugate 17, where the trisaccharide is repeated multiple times.

We hypothesize that the improved binding of antibodies

induced by 14 and, primarily, by 15 to the coated trisaccharide

conjugate rather than to 1- and 2-HSA conjugates, respectively,

might be the result of a better exposition of monosaccharide and

disaccharide MenX units in the context of the trimer-HSA
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molecule, due presumably to conformational or spatial factors.

However, this peculiar recognition was not observed when the

native MenX CPS, which is the structure that best resembles the

bacterial sugar surface and consequently of major interest for

vaccine development, was used as coating reagent (Figure 2).

Together, these evidences indicated that the trimer is the

minimal antigenic portion of the polymer which is also capable

of inducing antibodies recognizing epitopes of MenX CPS.

Next, the functionality of the induced antibodies was assessed

by measuring the rabbit complement-mediated lysis of N.

meningitidis [39]. This in vitro bactericidal assay is typically

used to predict the effectiveness of anti-meningococcal vaccines

[40,41]. Rabbit complement serum bactericidal assay (rSBA)

titers were determined using pooled sera from mice immunized

with the conjugated monomer 14, dimer 15, trimer 16 and

MenXDP15 17. As it can be seen from Table 2, rSBA titers

showed a trend similar to the measured ELISA IgG levels.

Table 2: rSBA titers of sera from immunized mice.

Sample Antigen
dose

Adjuvant rSBA
titer

PBS - Al phosphate <16
14 0.3 µg Al phosphate <16
15 0.3 µg Al phosphate <16
16 0.3 µg Al phosphate 512
16 1 µg Al phosphate 512

MenXDP15-CRM197 17 0.3 µg Al phosphate 8192
MenXDP15-CRM197 17 1 µg Al phosphate 8192

Only pooled sera from mice immunized with the conjugated

trimer 16 demonstrated to be functional, whereas compounds 14

and 15 did not exhibit any bactericidal activity. However, the

rSBA titers of the trimer at 0.3 and 1 μg saccharide base doses

were significantly lower (<10 fold in terms of titer) than

MenXDP15-CRM197 conjugate 17 at the corresponding doses

(512 and 8192, respectively).

To sum up, following conjugation to the carrier protein the

chain of three repeating units constitutes the minimal antigenic

structure of MenX polysaccharide, but its immunogenicity

towards the native polysaccharide is lower than a medium size

MenX CPS fragment (avDP 15) both in terms of IgG levels and

functionality of the induced antibodies.

Conclusion
Serogroup X N. meningitidis is dramatically emerging among

the causative agents of meningitis, particularly in Africa. Simi-

larly to other serogroups, polysaccharide-based conjugates have

been recently proposed as target molecules for the development

of a vaccine with a broader coverage. We have undertaken the

preparation of neo-glycoconjugates from fully synthetic MenX

fragments in order to gain structural insights about minimal

epitopes of this polysaccharide, and investigate the possibility

of using synthetic pure and well-defined carbohydrates for the

development of a glycoconjugate vaccine.

While, at the present dose and carbohydrate loading, conju-

gates of the synthetic MenX PS monomer and dimer with

CRM197 were poorly antigenic, the conjugated trimer resulted

in the minimal structure eliciting antibodies that can recognize

both itself and epitopes of the native polysaccharide. Further-

more, these antibodies possess anti-meningococcal bactericidal

activity towards serogroup X, although in less extent than a

medium size native MenX CPS fragment (avDP 15).

This finding suggests that oligomers longer than three repeating

units might be required to fully mimic the polysaccharide

activity, and paves the ground for a deeper understanding of the

structural requirements needed to develop a conjugate vaccine

based on well-defined oligosaccharides attained by chemical

synthesis. The preparation of these longer chain MenX frag-

ments, based on the synthetic improvements and also the bene-

fits of the continuous-flow microreactor technology herein

described, is currently ongoing in our laboratory and it will be

reported in due course. Besides the length of the carbohydrate

haptens, the saccharide loading onto the protein is another key

parameter which has been shown to deeply affect the immuno-

genicity of glycoconjugate vaccines [42,43]. In the present

preliminary study, glycoconjugates with moderate loading were

compared. It has been reported for other bacterial systems that

the immunogenicity of short oligosaccharides can be enhanced

by increasing the number of glycan antigens incorporated onto

the carrier protein. The utilization of other conjugation

chemistries enabling the achievement of higher carbohydrate

loadings and the study of the effect of different glycan–protein

ratios on glycoconjugates prepared from these short synthetic

MenX fragments also deserve further exploration.

Experimental
General procedure for conjugation of fragments 1–3. This

procedure is similar to that reported in reference [27]. The

glycan (10 μmol) dissolved in DMSO (250 μL) containing

triethylamine (25 equiv), was slowly dropped into a mixture of

bis(N-succinimidyl) adipate (10 equiv) in DMSO (250 μL).

After 3 hours under vigorous stirring, the activated oligosaccha-

ride was purified by precipitation of the reaction mixture in

nine volumes (9 mL) of ethyl acetate. The pellet obtained by

subsequent centrifugation was washed with ethyl acetate

(10 times × 3 mL), and freeze dried. After spectrophotometric
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determination of active ester groups, the pellet was incubated

overnight with the protein in 100 mM NaPi pH 7.2.

The glycoconjugate was washed on a 30 kDa Amicon

centrifugal filter with 10 mM NaPi pH 7 (8 × 100 μL), and

subsequently reconstituted with 10 mM NaPi pH 7. Yields

(recovered glycoprotein as determined by microBCA, Pierce

Thermo): 85–95%. Loading of glycoconjugate was determined

by matrix-assisted laser desorption ionization time-of-flight

mass spectrometry (MALDI–TOF MS; UltraFlex III

MALDI–TOF/TOF instrument, Bruker Daltonics) in linear

mode and with positive ion detection. The samples for analysis

were prepared by mixing 2.5 μL of product and 2.5 μL of sinap-

inic acid matrix (Bruker Daltonics); 2.5 μL of each mixture was

deposited on a samples plate, dried at room temperature for

10 min, and subjected to the spectrometer.

For SDS page analysis, the samples (5 μg) were elec-

trophoresed on a 7% TrisAcetate gel or 4–12% Bis-Tris gel

(NuPage, Invitrogen) and stained with Coomassie blue.

Immunization of mice. Animal experimental guidelines set

forth by the Novartis Animal Care Department were followed in

the conduct of all animal studies. For the formulation of the

vaccines, to a volume of glycoconjugate corresponding to

0.3 μg or 1 μg/dose) aluminium phosphate (100 μl of a solution

1.2 mg/mL, 120 μg/dose) was added. The final volume of the

formulation was diluted to 200 μL/dose by addition of PBS

pH 7.2 buffer. An injection volume of 200 μL per mouse was

used. MenX vaccines were administered to mice in 0.3 or 1 μg

per dose based on saccharide content. As in [27] mice were

immunized subcutaneously at day 1, 14 and 28. Bleedings were

performed at day 0 (pre immune), day 28 (post 2) and day 42

(post 3). Control groups received PBS with adjuvant.

ELISA analysis. The antibody response induced by the glyco-

conjugates against the MenX polysaccharide and the HSA

conjugates (see Supporting Information File 1) were measured

by ELISA. Similarly as described in [27], plates were coated

with the polysaccharide by adding 100 μL/well of a 5 μg/mL

polysaccharide solution in pH 8.2 PBS buffer, and with the

HSA conjugates adding 100 μL/well of a 2 μg/mL in term of

protein solution in pH 7.2 PBS buffer, followed by incubation

overnight at 4 °C. Coating solutions were removed from the

plates by washing each well three times with PBS buffer

containing 0.05% of Tween 20 (Sigma) (TPBS). A blocking

step was performed by adding 100 μL of BSA solution at 3% in

TPBS and incubating the plates 1 h at 37 °C. Blocking solution

was removed from the plates by washing three times per well

with TPBS. 200 μL of pre-diluted serum (1:25 for pre immune,

1:200 for a reference serum, 1:50–1:100 for test sera) was

added to the first well of each column of the plate, while 100 μL

of TPBS was dispensed into the remaining wells. Eight two-fold

serial dilutions along each column were then performed by

transferring from well to well 100 μL of sera solutions. After

primary Abs dilution, plates were incubated for 2 h at 37 °C.

After three washings with TPBS, 100 μL TPBS solutions of

secondary antibody alkaline phosphatases conjugates (anti-

mouse IgG 1:10000, anti-mouse IgM 1:5000 Sigma-Aldrich)

were added and the plates incubated 1 h at 37 °C. Three more

washes with TPBS were performed, when 100 μL/well of a

1 mg/mL of p-NPP (Sigma) in a 0.5 M diethanolamine buffer

pH 9.6 were added. After 30 min of incubation at room

temperature, plates were read at 405 nm using a Biorad plate

reader. Raw data acquisition was performed by Microplate

Manager Software (Biorad). Sera titers were expressed as the

reciprocal of sera dilution corresponding to a cut-off OD = 1.

Each immunization group is represented as the geometrical

mean (GMT) of the single mouse titers. The statistical and

graphical analysis was performed by GraphPad 5.0 software.

Rabbit serum bactericidal assay (rSBA). The functionality of

antibodies induced by vaccine immunization was assessed by

measuring the complement-mediated lysis of N. meningitidis

with an in vitro bactericidal assay as described in the literature

[15,26]. Titers were expressed as the reciprocal serum dilution

resulting in 50% of bactericidal killing. Z9615 (MenX) was

used as reference strain.

Supporting Information
Supporting Information File 1
Experimental procedures for the synthesis of compounds 1,

5, 6, 7, 9, 19, copies of 1H NMR and 13C NMR spectra of

compounds 5–6 and 1H NMR, 13C NMR and 31P NMR

spectra of compounds 1, 7, 9.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-247-S1.pdf]
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