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In 2010 the Beilstein Journal of Organic Chemistry launched a

Thematic Series entitled “Synthesis in the glycosciences” with

14 contributions from renowned research groups in carbo-

hydrate chemistry [1-14]. This series impressively demon-

strated the power and the passion, the creativity and the clever-

ness of modern synthetic glycoscience. But this success is on a

continuing journey. Thus, “Synthesis in the glycosciences II”

has been started, and it gives me pleasure to introduce you to

this Thematic Series today.

Here I have decided not to limit the field of the glycosciences to

just synthetic chemistry but to let the contributions strike out as

far as this intriguing field of science allows us go. It is interest-

ing to see that, following this editorial approach, the diversity of

titles reflects the diversity of carbohydrate chemistry and

biology. There is no other class of natural products with a

comparable potential for molecular diversity. There are no other

biopolymers so difficult to assemble as the oligosaccharides.

And there is no other cell organelle that is less understood in its

detailed biochemical function and the meaning of its supra-

molecular identity than the glycocalyx. Hence, the field of

“glycomics” may comprise a rather infant field of the “omics

era”, but it is certainly one of the most exciting and promising

divisions of modern chemistry.

The many different works contributed to this Thematic Series

impressively demonstrate the variety in the glycosciences.

Fantasy and imagination have led to novel glycoconjugate

architectures and glycobiological experiments. Expertise and

rational planning have allowed the utilization of carbohydrates

in stereoselective synthesis and the employment of enzymes in

oligosaccharide synthesis. Analytical and pharmacological

knowhow have disclosed polysaccharide and glycoconjugate

structures, their biological effects and their potential as carbo-

hydrate drugs. Boldness and interdisciplinary communication

have opened the field for many medical applications benefit-

ting human health, such as in tumor diagnosis, tumor treatment

and vaccination.

One of the objectives of the glycosciences is to unravel the

secrets of carbohydrate biology in living systems. For this

endeavour, chemical, biological and physical concepts and
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experiments have been equally important and equally chal-

lenging. In addition computer-aided methods, such as molec-

ular dynamics studies of carbohydrates and glycoconjugates,

have added valuable information about the characteristics of

carbohydrate assembly. Furthermore, the field of glycobioinfor-

matics has been recently invented and has started to assist

researchers in managing an unprecedented number of structures

and amount of biological information [15].

In this second captivating Thematic Series, the pride of the

glycosciences is the answer to prejudice about a field which has

been underestimated for most of the 20th century. Many facets

of the comprehensive field of the glycosciences will be found in

this Thematic Series. It has been a pleasure to orchestrate this

sound, and resounding, collection. I am thankful to the authors

who have earned the credits of this volume and to the entire

Beilstein editorial team who have been tremendously positive,

enthusiastic and serviceable. The secret of achievement is to

hold a picture of a successful outcome in the mind. The

outcome of this successful Thematic Series is a survey giving a

representative example of “sweet” diversity.

Thisbe K. Lindhorst

Kiel, March 2012
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Abstract
Base-promoted glycosylation is a recently established stereoselective and regioselective approach for the assembly of di- and oligo-

saccharides by using partially protected acceptors and glycosyl halide donors. Initial studies were performed on partially methyl-

ated acceptor and donor moieties as a model system in order to analyze the key principles of oxyanion reactivities. In this work,

extended studies on base-promoted glycosylation are presented by using benzyl protective groups in view of preparative applica-

tions. Emphases are placed on the influence of the acceptor anomeric configuration and donor reactivities.
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Introduction
For the assembly of oligosaccharides the complex and chal-

lenging control of regio- and stereochemistry has to be solved.

Various contributions have facilitated enormously the access to

complex oligosaccharide structures so far; however, regioselec-

tive and stereoselective glycosylations remain difficult and

alternative concepts are welcome, and should be considered and

studied.

Recently regioselective and β-stereospecific glycosylations

employing saccharide oxyanions have been presented. Initial

studies on base-promoted glycosylations were elaborated on

partially methylated glucopyranosides as model systems. This

systematic approach allowed determination of the preferred

positions for glycosylation and the establishment of an

oxyanion reactivity scale. In addition to studies with different

base promoters and donors, the first successful conversions with

benzylated acceptor and donor moieties were reported [1-3].

This novel glycosylation method could substantially reduce the

need to apply protecting-group chemistry. Also, the β-speci-

ficity and base-promoted activation without any heavy-metal

salt or Lewis acid are useful for synthetic applications. To

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:thiem@chemie.uni-hamburg.de
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Scheme 1: Synthesis of monobenzylated glucopyranosyl acceptors 1–4. Reagents and conditions: (a) Benzaldehyde dimethylacetal, camphorsul-
fonic acid, ACN, 80 °C, 0.5–19 h; (b) NaOH, Bu4NHSO4, DCM, BnBr, 14–17 h, reflux; (c) MeOH, H2O, HCl, 2–22 h, reflux.

develop the synthetic potential and evolve this method into an

applicable alternative pathway towards di-, tri- or oligo-

saccharides, more research needs to be done.

So far, glycosylation reactions have been conducted by

employing methyl α-glycopyranoside acceptors. Therefore, it

was of particular interest to test the base-promoted glycosyl-

ation methodology with methyl β-glycopyranosides. Hence

monobenzylated methyl α- and β-D-glycopyranosides were

synthesized, then fucosylated by employing the base-promoted

glycosylation methodology, and analysed with respect to the

absolute and relative yields.

In addition, donor reactivity in base-promoted glycosylation

reactions was investigated by employing partially benzylated

methyl α- and β-D-glycopyranosides and donor halide mixtures.

Results and Discussion
To answer the questions above, monobenzylated methyl α- and

β-D-gluco- and galactopyranosides 1–6 were selected as

acceptor moieties (Figure 1) and synthesized by employing

standard protecting-group chemistry. After base activation of

the acceptor hydroxy groups, glycosylation was performed with

the perbenzylated glycopyranosyl chlorides 7–9 (Figure 2).

The synthesis of the monobenzylated glucopyranosyl acceptors

1–4 started with benzylidenation [4] of compound 10 and 11,

respectively (Scheme 1). As the next step, monobenzylation of

12 and 13 by phase-transfer catalysis [5] afforded derivatives

14–17. Subsequent cleavage of the benzylidene protecting

group [4] gave the target compounds 1–4 in yields of up to

95%.

Preparation of the 3-O-monobenzylated methyl α- and β-D-

galactopyranosyl acceptors 5 and 6 was achieved via stannyli-

dene acetals [6] (Scheme 2). Compound 18 was subjected to a

one-step synthesis with Bu2SnO and BnBr, affording target

Figure 1: Monobenzylated methyl α- and β-D-gluco- and galactopyra-
noside acceptors 1–6.

Figure 2: Benzylated glycopyranosyl halide donors 7–9.

compound 5. The synthetic route for the methyl β-glycopyra-

noside acceptor 6 started with benzylidenation [4] of 19, fol-

lowed by monobenzylation via intermediate stannylidene acetal

formation [6] and subsequent cleavage of the benzylidene group

[4].

Formation of the perbenzylated α-fucopyranosyl chloride was

achieved according to [2]. Starting with peracetylated deriva-

tives 22 and 23, a five-step synthesis was performed in each
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Scheme 2: Synthesis of 3-O-monobenzylated gluco- und galactopyranosyl acceptors 5 and 6. Reagents and conditions: (a) Benzaldehyde dimethy-
lacetal, camphorsulfonic acid, ACN, 80 °C, 2.5 h; (b) dibutyltin oxide, toluene, BnBr, 24 h, reflux; (c) MeOH, H2O, HCl, 2–22 h, reflux.

Scheme 3: Synthesis of 2,3,4,6-tetra-O-benzyl-α-D-galactopyranosyl chloride (8) and 2,3,4,6-tetra-O-benzyl-α-D-glucopyranosyl chloride (9).
Reagents and conditions: (a) 1. DCM, PhSH, BF3·Et2O, 0 °C, 1 h; 2. 4–5 d, rt; (b) MeOH, NaOMe, Amberlite IR 120 (H+), rt, 4–15 h; (c) 1. DMF, NaH,
0 °C, 1–2 h; 2. BnBr, 0 °C → rt, 16–40 h; (d) acetone/H2O (10:1), NBS, rt, −45 °C, 10 min to 5 h; (e) DCM, DMF, oxalyl chloride, 1 h, rt.

case to obtain the galacto- and glucopyranosyl donors 8 and 9

(Scheme 3). Initially, peracetates 22 and 23 were converted into

the thioglycopyranosides 24 and 25 with BF3∙Et2O/thiophenole

[7]. Subsequent deacetylation [8] and benzylation [9] afforded

compounds 28 and 29, whose thioglycosidic bonds were

cleaved with NBS in water/acetone [10]. Finally, treatment with

oxalyl chloride [11] gave the α-glycopyranosyl chlorides 8 and

9 in high yields.

The results of the base-promoted glycosylation of monobenzyl-

ated methyl α- and β-D-glycopyranosides with fucopyranosyl

chloride 7 are summarized in Table 1. Fucosylation of the 2-O-

benzylated α-derivative 1 gave predominantly the β-(1→6)-

linked disaccharide 33. Conversion of the 3-O-benzylated

methyl α-D-glucopyranoside 3 resulted in β-(1→2) 34 and

β-(1→6) disaccharides 35 in a ratio of ca. 1:9. By glycosylation

of the 3-O-benzylated methyl α-D-galactopyranoside 5 with 7

only the β-(1→6)-linked disaccharide 37 was found. Thus, in all

α-methyl glycopyranoside acceptors 1, 3 and 5, successful

glycosidic bond formations with high regioselectivity towards

position 6 were observed. These findings can be understood by

the presence of adjacent hydroxy groups on acceptors 1, 3 and

5, such as 4,6-diol and/or 3,4,6-triol structures, respectively.

After deprotonation the negative charge is dispersed by

hydrogen bonding of unreacted hydroxy groups and located

predominantly at position 6 due to the higher acidity of OH-6

[3]. Additionally, the basicity of the oxyanions stabilized

by hydrogen bonding is decreased in comparison to isolated

oxyanions, and this favours glycosidic bond formation over

elimination.
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Table 1: Glycosylation results for acceptors 1–6 with NaH as base and 2,3,4-tri-O-methyl-α-L-fucopyranosyl chloride (Fuc-Cl, 7) as donor.a

Acceptor Products Yield [%]b Relative yield [%]c

β-(1→2) β-(1→3) β-(1→4) β-(1→6)

1

25 ■d – 40 60

2

no reaction – ■ – – –

3

48e 13 ■ – 87

4 36

30 – ■ – >98

5 37

33 – ■ – >98

6

no reaction – – ■ – –

aGeneral reaction conditions: NaH (1.1–1.3 equiv), DMF, rt, 1 h, then donor 7 (1.0 equiv), rt, 4 h to 7 d; btotal yield of possible disaccharide regioiso-
mers; cafter separation by column chromatography; d■: benzylated position, no linkage possible; e [1].

Surprisingly glycosylation of the corresponding β-glucopyrano-

sides 2, 4, and 6 only showed conversion for the 3-O-benzyl-

ated glucopyranosyl derivative 4. Acceptors 2 and 6 did not

react at all with the fucopyranosyl chloride 7. Obviously, the

anomeric configuration in the acceptor structure has a notice-

able effect on the glycosylation, resulting in lower oxyanion re-

activity for methyl β-glycopyranosides. The considerable effect

of the anomeric configuration on the reactivity of remote

hydroxy groups may be rationalized by stereoelectronic effects

[12]. Moreover, the lower reactivities of the methyl β-glycopy-

ranosides may also be dependent on the decreased solubility of

the partially deprotonated methyl β-glycospyranosides in the

solvent used.

The results of base-promoted glycosylations with donor

mixtures are shown in Table 2. Reaction of the 3-O-benzylated

α-D-glucopyranoside 3 with an equimolar mixture of the fuco-

and galactopyranosyl donors 7 and 8 gave both β-(1→6)-linked

disaccharides 35 and 38 in 20% yield, with a ratio of 85% in

favour of the fucosylated product. The corresponding β-config-

ured acceptor 4 yielded only the β-(1→6)-linked galactosylated

disaccharide 39 in poor yield (5%). With the same acceptors,
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Table 2: Reactivity studies of acceptors 3 and 4 with donors 7–9.a

Acceptor Donor (equimolar mixture) Products Yield [%]b Ratio [%]

3

20 Gal/Fuc
15:85c

4
39

5 Gal only

3 35

15 Fuc only

4 36

14 Fuc only

aGeneral reaction conditions: NaH (1.1–1.3 equiv), DMF, rt, 1h, then donor 7 and 8 or 7 and 9 (1.0 equiv), rt, 4 h to 7 d; btotal yield of possible disac-
charide regioisomers; cratio determined by 1H NMR.

equimolar mixtures of the perbenzylated fuco- and glucopyra-

nosyldonors 7 and 9 gave just the β-(1→6)-fucosylated prod-

ucts 35 and 36 in corresponding yields of 15% and 14%.

Furthermore, a mixture of galacto- and glucopyranosyl donors 8

and 9 was employed, but this did not show any reaction at all.

In all cases, disaccharide yields from donor mixtures were

significantly lower; as rational of which, some unknown kind of

interaction between the donors may be assumed.

Conclusion
These studies gave evidence that the configuration of the

anomeric centre of acceptors has a decisive influence on the

base-promoted glycosylation approach, but which so far cannot

be explained. Several α-monobenzyl acceptors (1, 3 and 5) and

their β counterparts (2, 4 and 6) were synthesized and coupled

with the perbenzylated fucopyranosyl donor 7. Whereas all

α-glycosidic acceptors gave disaccharides in moderate to

acceptable yields, only the β-glycosidic acceptor 4 reacted, to

give the dissacharide in much lower yield.

Furthermore, a comparison between the reactivities of several

donor mixtures was established. For this purpose the perbenzyl-

ated donors 7–9 were synthesized and reacted in equimolar

mixtures with acceptors 3 and 4. The fucopyranosyl donor 7

showed the highest reactivity, followed by the galactopyra-

nosyl donor 8. The glucopyranosyl donor 9 showed no reaction

at all. It turned out that the disaccharide yields from the

mixtures were significantly lower, indicating unknown interac-

tions between donors.

In cases with low yields or even no glycosylation products at

all, elimination became the dominant reaction and led to the

corresponding glycals. Hence, and based on the workup, the

recovery of glycosyl halides was neither practicable nor

achieved.

Experimental
General: All reagents were purchased from commercial

sources and used as received. Sodium hydride (NaH) was used
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as a 60% suspension in paraffin. TLC was performed on Merck

silica gel 60 F254 plates. Compounds were detected by UV and/

or by treatment with EtOH/H2SO4 (9:1) and subsequent

heating. Column chromatography was performed with Merck/

Fluka silica gel 60 (230–400 mesh). Solvents for column chro-

matography were distilled prior to use. 1H and 13C NMR

spectra were recorded with Bruker AMX-400 or Bruker

AV-400 spectrometers (400 MHz for 1H, 100 MHz for 13C) and

calibrated by using the solvent residual peak. In CDCl3 TMS

was used for calibration. Melting points were measured with an

Apotec melting point apparatus. Optical rotations were obtained

by using a Krüss Optronic P8000 polarimeter (589 nm, 25 °C).

HRMS (ESI) were recorded with a Thermo Finnigan MAT

95XL mass spectrometer. MS (MALDI–TOF) were recorded

with a Bruker Biflex II (positive reflection mode, matrix: 2,5-

dihydroxybenzoic acid). Relative yields of disaccharide

mixtures were determined by integration of the signals in the
1H NMR spectra of the anomeric or other well-separated

protons. The abbreviation “dd~vt” stands for a double doublet

that turns into a virtual triplet because of similar coupling

constants. Physical and NMR data for 34 and 35 were published

previously [1].

General Procedure: Base-promoted glycosylations: The

acceptor molecule (1.0 mmol) was dissolved in dry dimethyl-

formamide (2–4 mL), and sodium hydride (1.1–1.3 mmol for

each hydroxy group; as a 60% suspension in paraffin) was

added. After being stirred for one hour under argon at room

temperature, the donor (1.0 mmol for each hydroxy group;

donor-mixtures 0.5 mmol of each donor) dissolved in dry

dimethylformamide (2–4 mL) was successively added to the

reaction. After stirring for 4–100 h, methanol (2 mL) was

added. The crude product was purified by flash column chroma-

tography (petroleum ether/ethyl acetate, 2:1 v/v).

Methyl 3-O-benzyl-β-D-glucopyranoside (4): Prepared by

hydrolysis of 17 [5] with hydrochloric acid [2]. Compound 17

(3.49 g, 9.37 mmol), MeOH (80 mL), H2O (8.0 mL), 2 N HCl

(1.0 mL), 21.5 h, reflux. Yield: 80% (2.13 g, 7.49 mmol),

colourless solid, mp 105 °C.  −7.7 (c 1.0, H2O); 1H NMR

(400 MHz, MeOD) δ 7.47–7.43 (m, 2H, Har), 7.36–7.24 (m,

3H, Har), 4.92 (d, JC(3)OCH2Ph-A,B = 11.1 Hz, 1H, C(3)-O-CH2-

Ph-A), 4.88 (d, 1H, C(3)-O-CH2-Ph-B), 4.21 (d, J1,2 = 7.3 Hz,

1H, H-1), 3.90 (dd, J6A,6B = 11.8 Hz, 1H, H-6A), 3.69 (dd, 1H,

H-6B), 3.48–3.42 (m, 1H, H-3), 3.41–3.38 (m, 1H, H-4),

3.37–3.34 (m, 1H, H-2), 3.32–3.28 (m, J5,6A = 2.3 Hz, J5,6B =

5.8 Hz, 1H, H-5) ppm; 13C NMR (100 MHz, MeOD) δ 140.4,

129.2, 129.0, 128.5 (Car), 105.5 (C-1), 86.3 (C-4), 77.9 (C-5),

76.0 (C(3)-O-CH2-Ph), 75.3 (C-2), 71.5 (C-3), 62.7 (C-6), 57.3

(-O-CH3) ppm; HRMS–ESI (m/z): [M + Na]+ calcd for

C14H20O6Na, 307.1158; found, 307.1150.

Methyl 2-O-benzyl-4-O-(2,3,4-tri-O-benzyl-β-L-fucopyra-

nosyl)-α-D-glucopyranoside (32) and Methyl 2-O-benzyl-6-

O-(2,3,4-tri-O-benzyl-β-L-fucopyranosyl)-α-D-glucopy-

ranoside (33): Prepared according to the general procedure.

Compound 1 (70 mg, 0.25 mmol), NaH (31 mg, 0.77 mmol), 7

(335 mg, 0.739 mmol), DMF (20 mL). Yield: 43 mg

(0.061 mmol, 25%), yellow sirup, relative yield 32:33 = 40:60

(1H NMR).

32: 1H NMR (400 MHz, CDCl3) δ 7.31–7.19 (m, 20H, Har),

4.89 (d, 1H, C(4’)-CH2-Ph-A), 4.80 (d, JC(2’)OCH2Ph-A,B = 10.9

Hz, 1H, C(2’)-CH2-Ph-A), 4.77 (d, 1H, C(2’)-CH2-Ph-B),

4.70–4.53 (m, 5H, JC(4’)OCH2Ph-A,B = 11.6 Hz, C(2)-CH2-Ph-A/

B, C(3’)-CH2-Ph-A/B, C(4’)-CH2-Ph-B), 4.59 (d, J1’,2’ = 7.8

Hz, 1H, H-1’), 4.50 (d, J1,2 = 3.8 Hz, 1H, H-1), 4.02–3.96 (m,

1H, H-3), 3.96–3.90 (m, 1H, H-6A), 3.74 (dd~vt, 1H, H-2’),

3.62–3.56 (m, 1H, H-6B), 3.53–3.50 (m, 2H, H-4, H-5),

3.48–3.46 (m, 1H, H-4’), 3.46–3.40 (m, J5’,6’ = 6.7 Hz, 2H,

H-3’, H-5’), 3.28 (dd, J2,3 = 9.6 Hz, 1H, H-2), 3.27 (s, 3H,

-OCH3), 1.10 (d, 3H, H-6’) ppm; 13C NMR (100 MHz, CDCl3)

δ 128.4, 128.4, 128.3, 128.2, 128.2, 128.1, 127.9, 127.8, 127.7,

127.7, 127.6 (Car), 104.7 (C-1’), 98.4 (C-1), 82.4 (C-3’), 79.1

(C-2’), 78.9 (C-4), 78.5 (C-2), 76.2 (C-4’), 75.5 (C(2’)-O-CH2-

Ph), 74.8 (C(4’)-O-CH2-Ph), 73.6 (C-3), 73.2 (C(3’)-O-CH2-

Ph), 73.1 (C(2)-O-CH2-Ph), 70.9 (C-5’), 69.6 (C-5), 61.8 (C-6),

55.2 (-OCH3), 16.7 (C-6’) ppm.

33: 1H NMR (400 MHz, CDCl3) δ 7.33–7.19 (m, 20H, Har),

4.89 (d, 1H, C(4’)-CH2-Ph-A), 4.85 (d, 1H, C(2’)-CH2-Ph-A),

4.75–4.53 (m, JC(2’)OCH2Ph-A,B = 10.9 Hz, JC(4’)OCH2Ph-A,B =

11.6 Hz, 6H, C(2’)-CH2-Ph-B, C(2)-CH2-Ph-A/B, C(3’)-CH2-

Ph-A/B, C(4’)-CH2-Ph-B), 4.55 (d, J1,2 = 3.8 Hz, 1H, H-1),

4.28 (d, J1’,2’ = 7.8 Hz, 1H, H-1’), 4.07–3.99 (m, 1H, H-6A/B),

3.88–3.85 (m, 1H, H-3), 3.76–3.70 (m, 1H, H-2’, H-5),

3.62–3.59 (m, 1H, H-4), 3.47–3.45 (m, 1H, H-4’), 3.44–3.39

(m, J5’,6 = 6.3 Hz, 2H, H-3’, H-5’), 3.27–3.24 (m, 1H, H-2),

3.23 (s, 1H, -OCH3), 1.10 (d, 1H, H-6’) ppm; 13C NMR (100

MHz, CDCl3) δ 138.8, 138.4, 137.8, 128.5, 128.5, 128.4, 128.2,

128.0, 127.9, 127.7, 127.6, 127.6, 127.5 (Car), 104.2 (C-1’),

97.9 (C-1), 82.3 (C-3’), 79.4 (C-2’), 79.1 (C-2), 79.1 (C-5), 76.3

(C-4’), 75.0, 74.7, 73.2, 73.0 (-O-CH2-Ph), 72.6 (C-3), 70.6

(C-5’), 70.1 (C-4), 68.8 (C-6), 55.2 (-OCH3), 16.7 (C-6’) ppm;

MALDI–TOF–MS (DHB, positive mode; m/z): [M + Na]+

calcd for C41H48O10Na, 723.3; found, 723.5.

Methyl 3-O-benzyl-6-O-(2,3,4-tri-O-benzyl-β-L-fucopyra-

nosyl)-β-D-glucopyranoside (36): (a) Prepared according to

the general procedure: Compound 4 (71 mg, 0.25 mmol), NaH

(31 mg, 0.71 mmol), 7 (350 mg, 0.774 mmol), DMF (16 mL).

Yield: 53 mg (0.074 mmol, 30%). (b) Prepared according to the

general procedure by using a donor mixture: Compound 4
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(65 mg, 0.23 mmol), NaH (30 mg, 0.75 mmol), 7 (150 mg,

0.330 mmol)/9 (182 mg, 0.325 mmol), DMF (18 mL). Yield:

22 mg (0.031 mmol, 14%), yellow sirup.  −106 (c 0.31,

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.42–7.27 (m, 20H,

Har), 4.99 (d, JC(4’)OCH2Ph-A,B = 11.6 Hz, 1H, C(4’)-O-CH2-Ph-

A), 4.93 (d, JC(2’)OCH2Ph-A,B = 10.7 Hz, 1H, C(2’)-O-CH2-Ph-

A), 4.91 (d, JC(3)OCH2Ph-A,B = 11.3 Hz, 1H, C(3)-O-CH2-Ph-

A), 4.86 (d, 1H, C(3)-O-CH2-Ph-B), 4.79 (d, JC(3’)OCH2Ph-A,B =

11.7 Hz, 1H, C(3’)-O-CH2-Ph-A), 4.76 (d, 1H, C(2’)-O-CH2-

Ph-B), 4.72 (d, 1H, C(3’)-O-CH2-Ph-B), 4.69 (d, 1H, C(4’)-O-

CH2-Ph-B), 4.36 (d, J1’,2’ = 7.5 Hz, 1H, H-1’), 4.19 (d, J1,2 =

7.5 Hz, 1H, H-1), 4.15 (dd, J6A,6B = 11.0 Hz, 1H, H-6A),

3.86–3.79 (m, 3H, H-2’, H-4, H-6B), 3.57–3.38 (m, J5,6A = 4.1

Hz, J5’,6A = 6.6 Hz, 6H, H-2, H-3, H-3’, H-4’, H-5, H-5’), 3.51

(s, 1H, -OCH3), 1.17 (d, 3H, H-6’) ppm; 13C NMR (100 MHz,

CDCl3) δ 138.7, 138.6, 138.5, 138.5, 138.4, 128.7, 128.5,

128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.9, 127.8,

127.6 (Car), 104.0 (C-1’), 103.7 (C-1), 83.5 (C-3) 82.4 (C-3’),

79.0 (C-2’), 76.2 (C-4’), 75.2, 74.7, 74.6, 73.2 (-O-CH2-Ph),

74.6 (C-5), 73.9 (C-2), 70.8 (C-4), 70.6 (C-5’), 69.1 (C-6), 56.9

(-OCH3), 16.7 (-CH3) ppm; HRMS–ESI (m/z): [M + Na]+ calcd

for C41H48O10Na, 723.3145; found, 723.3136.

Methyl 3-O-benzyl-6-O-(2,3,4-tri-O-benzyl-β-L-fucopyra-

nosyl)-β-D-galactopyranoside (37): Prepared according to the

general procedure. Compound 5 (72 mg, 0.25 mmol), NaH

(26 mg, 0.65 mmol), 7 (343 mg, 0.731 mmol), DMF (10 mL).

Yield: 58 mg (0.083 mmol, 33%), colourless solid, mp 98 °C.

 +72 (c 0.2, CHCl3); 1H NMR (400 MHz, CDCl3) δ

7.42–7.25 (m, 20H, Har), 4.99 (d, 1H, -O-CH2-Ph), 4.90 (d, 1H,

-O-CH2-Ph), 4.82–4.75 (m, J1,2 = 4.0 Hz, 3H, H-1, -O-CH2-

Ph), 4.73 (d, 1H, -O-CH2-Ph), 4.71 (d, 1H, -O-CH2-Ph), 4.56 (s,

2H, -O-CH2-Ph), 4.40 (d, J1’,2’ = 7.8 Hz, 1H, H-1’), 4.16–4.13

(m, 1H, H-4), 4.01 (dd, J6A,6B = 8.8 Hz, 1H, H-6A), 3.98 (dd,

J2,3 = 9.8 Hz, 1H, H-2), 3.93–3.89 (m, J5,6A = 4.3 Hz, J5,6B =

8.6 Hz, 1H, H-5), 3.86 (dd, 1H, H-6B), 3.82 (dd, J2’,3’ = 9.5 Hz,

1H, H-2’), 3.62–3.55 (m, 2H, H-3, H-4’), 3.53 (dd, J3’,4’ = 3.0

Hz, 1H, H-3’), 3.51–3.44 (m, J5’,6’ = 6.5 Hz, 1H, H-5’), 3.39 (s,

3H, OCH3), 1.19 (d, 3H, H-6’) ppm; 13C NMR (100 MHz,

CDCl3) δ 128.6, 128.5, 128.4, 128.3, 127.9, 127.8, 127.6,

127.6, 127.6 (Car), 103.9 (C-1’), 99.5 (C-1), 82.5 (C-3’), 79.4

(C-2’), 78.4 (C-3), 76.2 (C-4’), 75.1, 74.6, 73.2, 71.7 (-O-CH2-

Ph), 70.5 (C-5’), 68.6 (C-2), 68.1 (C-5), 67.3 (C-6), 66.0 (C-4),

55.4 (OCH3), 16.8 (C-6’) ppm; HRMS–ESI (m/z): [M + Na]+

calcd for C41H48O10Na, 723.3135; found, 723.3140.

Methyl 3-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-β-D-galac-

topyranosyl)-α-D-glucopyranoside (38): (a) Prepared

according to the general procedure: Compound 3 (70 mg,

0.25 mmol), NaH (32 mg, 0.80 mmol), 8 (415 mg, 0.742

mmol), DMF (20 mL). Yield: 20 mg (0.025 mmol, 10%). (b)

Prepared according to the general procedure by using a donor

mixture: Compound 3 (70 mg, 0.25 mmol), NaH (30 mg, 0.75

mmol), 7 (170 mg, 0.375 mmol)/8 (208 mg, 0.372 mmol), DMF

(20 mL). Yield: 34 mg (0.042 mmol, 20%). Relative yield 35:38

= 85:15. Slightly yellow sirup.  +53.4 (c 0.70, CHCl3);
1H NMR (400 MHz, CDCl3) δ 7.34–7.19 (m, 25H, Har),

4.89–4.84 (m, 3H, -O-CH2-Ph), 4.73–4.61 (m, 5H, H-1,

-O-CH2-Ph), 4.52 (d, 1H, -O-CH2-Ph), 4.41–4.31 (m, J1’,2’ =

7.5 Hz, 3H, H-1’, -O-CH2-Ph), 4.09–4.01 (m, 1H, H-6A),

3.83–3.80 (m, 1H, H-4), 3.77 (dd~vt, 1H, H-2’), 3.73–3.66 (m,

2H, H-5’, H-6B), 3.56–3.42 (m, 7H, H-2, H-3, H-3’, H-4’, H-5,

H-6’A/B), 3.29 (s, 1H, -OCH3) ppm; 13C NMR (100 MHz,

CDCl3) δ 138.7, 138.7, 128.5, 128.4, 128.4, 128.3, 128.2,

128.1, 128.1, 128.0, 127.9, 127.8, 127.6, 127.5, 127.5 (Car),

104.2 (C-1’), 99.3 (C-1), 82.7 (C-3), 82.3 (C-3’), 79.3 (C-2’),

75.2, 74.9, 74.5, 73.6, 73.0 (-O-CH2-Ph), 73.5 (C-4), 73.5

(C-4’), 72.6 (C-2), 70.8 (C-5), 70.2 (C-5’), 69.2 (C-6), 68.7

(C-6’), 55.3 (-OCH3) ppm; HRMS–ESI (m/z): [M + Na]+ calcd

for C48H54O11Na, 829.3564; found, 829.3545.

Methyl 3-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-β-D-galac-

topyranosyl)-β-D-glucopyranoside (39): Prepared according

to the general procedure by using a donor mixture: Compound 4

(65 mg, 0.23 mmol), NaH (29 mg, 0.73 mmol), 7 (151 mg,

0.334 mmol)/8 (175 mg, 0.313 mmol), DMF (16 mL). Yield:

8.6 mg (0.011 mmol, 5%). Yellow sirup.  −9.6 (c 0.40,

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.31–7.19 (m, 25H,

Har), 4.88–4.82 (m, 3H, -O-CH2-Ph), 4.74–4.69 (m, 2H,

-O-CH2-Ph), 4.66–4.62 (m, 2H, -O-CH2-Ph), 4.52 (d, 1H,

-O-CH2-Ph), 4.42–4.30 (m, 2H, -O-CH2-Ph), 4.37 (d, J1,2 = 3.5

Hz, 1H, H-1), 4.08–4.03 (m, J6A,6B = 10.8 Hz, 1H, H-6A), 4.06

(d, J1’,2’ = 7.6 Hz, 1H, H-1’), 3.82–3.80 (m, 1H, H-4),

3.78–3.74 (m, 1H, H-2), 3.74 (dd, 1H, H-6B), 3.56–3.42 (m,

J5,6B = 6.0 Hz, 6H, H-3, H-4’, H-5, H-5’, H-6’A/B), 3.39 (dd,

J2’,3’ = 9.8 Hz, 1H, H-2’), 3.36 (s, 1H, -OCH3), 3.31 (dd~vt,

1H, H-3’) ppm; 13C NMR (100 MHz, CDCl3) δ 138.6, 128.6,

128.4, 128.4, 128.3, 128.3, 128.2, 128.2, 128.2, 128.1, 128.0,

127.9, 127.8, 127.8, 127.6, 127.5 (Car), 104.0 (C-1), 103.6

(C-1’), 83.7 (C-3’), 82.2 (C-3), 79.1 (C-2), 75.2, 74.7, 74.5,

73.5, 72.9 (-O-CH2-Ph), 73.5 (C-4), 74.6 (C-5), 74.2 (C-2’),

73.4 (C-4), 71.4 (C-5’), 69.3 (C-6), 68.7 (C-6’), 57.1 (-OCH3)

ppm; MALDI–TOF–MS (DHB, positive mode; m/z): [M + Na]+

calcd for C48H54O11Na, 829.36; found, 830.1.
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Abstract
Synthetic heteroglycoclusters are being subjected to increasing interest due to their potential to serve as selective ligands for carbo-

hydrate-binding proteins. In this paper, we describe an expedient strategy to prepare cyclopeptides displaying well-defined distribu-

tions and combinations of carbohydrates. By using both oxime ligation and copper(I)-catalyzed alkyne–azide cycloaddition, two

series of compounds bearing binary combinations of αMan, αFuc or βLac in an overall tetravalent presentation, and either 2:2 or 3:1

relative proportions, have been prepared.

421

Introduction
Multivalent interactions between carbohydrates and proteins

play key roles in diverse biological events, including

fertilization, cell–cell communication, host–pathogen inter-

actions, immune response and cancer metastasis [1]. Synthetic

molecules displaying multiple copies of a sugar binding motif,

called (homo)glycoclusters, represent attractive tools for

studying these complex recognition processes as well as for

developing biological applications, for example, the inhibition

of infections by pathogens such as viruses or bacteria [2-5]. In a

suitable density and spatial display, clusters of carbohydrate

indeed allow multiple contacts with a target protein, thus

increasing avidity by means of the “glycoside cluster effect”

[6,7]. While the recent progress in glycomics has led to the

design of glycoclusters active at nanomolar concentration

[8-10], the achievement of selective binding remains chal-

lenging because of the close structural similarities of the

binding sites of proteins specific for the same carbohydrate

moiety.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:olivier.renaudet@ujf-grenoble.fr
http://dx.doi.org/10.3762%2Fbjoc.8.47
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Figure 1: (a) Schematic representation of a heteroglycocluster of the 2:2 series containing Man and Fuc. (b) Schematic representation of a heterogly-
cocluster of the 3:1 series containing Lac and Man. (c) Structure of carbohydrates used for the construction of heteroglycoclusters.

Interestingly, recent reports have highlighted that the

association of different sugar units instead of a single motif,

namely heteroglycocluster, reflects the presence of sugars found

in native biological systems more closely than homoglyco-

cluster does. Although recognition mechanisms are not fully

understood, these studies suggest that heteroglycoclusters

should interact with proteins through distinct binding sites,

which may influence both affinity and selectivity [11-25]. In

this context, we previously reported a combinatorial procedure

to prepare libraries of heteroglycoclusters displaying sugars

and/or amino acids at randomized positions on a topological

cyclopeptide scaffold [26]. Deconvolution of the resulting

libraries by affinity chromatography allowed the selection of

heteroglycoclusters that were proved to be useful for exploring

the surrounding regions of the binding pocket in a model lectin.

Although it is easy to handle, this combinatorial procedure leads

to the formation of inseparable mixtures of regioisomers, which

precludes their utilization for further assays with relevant bio-

logical targets. In order to circumvent this drawback, we herein

report the synthesis of similar heteroglycoclusters by using a

protocol based on orthogonal chemoselective ligations. Two

series of compounds containing different combinations of two

different sugars have been designed (Figure 1). In one series

(heteroglycocluster 2:2), two αMan, αFuc and/or βLac are

conjugated at alternate positions into the tetravalent cyclopep-

tide sequence, whereas the second series (heteroglycocluster

3:1) contains one of a given sugar and three of another.

Results and Discussion
Glycoclusters are classically constructed from a molecular scaf-

fold containing multiple anchoring sites that can be functional-

ized with sugars by using a single coupling reaction. By

contrast, the chemical access of heteroglycoclusters is not trivial

because it requires the controlled conjugation of different sugars

at a precise position into the scaffold to obtain a well-defined

distribution. Taking advantage of our experience in bioconjuga-

tion methods, we decided to explore two chemoselective strate-

gies to achieve this purpose. We first selected the oxime liga-

tion since we have previously used this approach successfully

for the preparation of sophisticated molecular systems, such as

synthetic vaccines [27,28], immunomodulators [29], lectin

ligands [30] or vectors of hepatocytes [31]. As the second

strategy, we have chosen the well-known copper(I)-catalyzed

alkyne–azide cycloaddition (CuAAC) [32,33], which is inten-

sively exploited for the conjugation of sugars to both molecular

and biological systems [34,35]. Besides being fully compatible

with carbohydrate and peptide chemistries, oximation and

CuAAC reactions offer the advantage of being orthogonal

[36,37], therefore allowing a controlled assembly process with a

minimized risk of side reactions. The 2:2 series of heteroglyco-

clusters was prepared from the aminooxy [38-40] and propargyl

[41] glycosides 1-3 (Figure 1) and the cyclopeptide 4

(Scheme 1). This scaffold containing two lysines (Lys) func-

tionalized with an aldehyde and two norleucines (Nle) bearing

an azide group was prepared by using a strategy adapted from

the procedure described previously [42].

In the first step, two copies of aminooxy αMan 1a, αFuc 2a and

βLac 3a were coupled to 4, affording divalent oxime-linked

compounds 5-Man, 5-Fuc, and 5-Lac, respectively. The oxime

ligation was performed at 37 °C in aqueous acidic buffer with

2 equiv of sugars per anchoring site. After 3 h, complete reac-
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Scheme 1: Synthesis of heteroglycoclusters of the 2:2 series. Reagents and conditions: (i) 0.1% TFA in H2O; (ii) Cu micropowder, t-BuOH, AcONH4
100 mM pH 7.4 (1:1, v/v). The wavy bond represents the aliphatic part (i.e., (CH2)4) of the lysine (Lys) and the norleucine (Nle) side chain.

tions were observed by analytical HPLC. The excess of sugar

was then quenched by the addition of acetone, and the resulting

crude mixtures were used for CuAAC without further purifica-

tion. The efficiency of CuAAC clearly depends on the experi-

mental conditions [34,35]. The choice of the solvent and of the

copper(I) catalyst (delivered either using CuI, copper micro-

powder, or CuSO4 and sodium ascorbate as reducing agent) and

the utilization of microwave or ultrasonic irradiation are para-
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Table 1: Outcome of the orthogonal ligation procedure.

compound yielda MS calcdb MS foundc tR (min)d

6-Man/Fuc 83% 1885.9 (C78H124N20O34) 1886.0 7.79
6-Man/Lac 99% 2242.9 (C90H145N20O46) 2242.3 7.43
6-Fuc/Man 98% 1885.9 (C78H124N20O34) 1886.0 7.73
6-Fuc/Lac 98% 2210.0 (C90H145N20O44) 2210.3 7.62
6-Lac/Man 94% 2242.9 (C90H145N20O46) 2242.2 7.31
6-Lac/Fuc 93% 2210.0 (C90H145N20O44) 2210.3 7.60
8-Man/Fuc 85% 1880.9 (C79H126N21O32) 1881.1 7.88
8-Man/Lac 87% 2415.0 (C97H156N21O50) 2415.4 7.30
8-Fuc/Man 91% 1912.9 (C79H126N21O34) 1913.2 7.66
8-Fuc/Lac 90% 2400.0 (C97H156N21O49) 2399.3 7.46
8-Lac/Man 89% 2092.0 (C85H136N21O40) 2091.2 7.46
8-Lac/Fuc 91% 2043.9 (C85H136N21O37) 2043.1 7.83

aYields were calculated by integrating the peak corresponding to the expected compound in the crude HPLC profile. Isolated yields are given in the
Experimental section. 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).

meters that can influence the reaction kinetics, improve the

yields and sometimes prevent side reactions. In a previous

study, we observed that a tetravalent glycocluster can be

obtained in good yields and as a unique 1,4-regioisomer by

using a catalytic amount of copper micropowder in a mixture of

isopropanol and ammonium acetate buffer [42]. Therefore we

decided to follow similar conditions in this study with propargyl

glycosides αMan 1b, αFuc 2b and βLac 3b. Here again, each

reaction occurred quantitatively, as shown in RP-HPLC profiles

of the crude reaction mixtures (see Supporting Information

File 1). After removal of solid copper by filtration and semi-

preparative HPLC, six tetravalent heteroglycoclusters

combining two sugars (e.g., 6-Man/Fuc, 6-Man/Lac, 6-Fuc/

Man, 6-Fuc/Lac, 6-Lac/Man and 6-Lac/Fuc) were obtained in

excellent conversion rate and purity and unambiguously charac-

terized by mass spectrometry (Table 1).

To demonstrate the reliability of our protocol, a new series of

3:1 heteroglycoclusters was prepared from the same carbohy-

drate building blocks and the cyclopeptide 7. Similar experi-

mental conditions were followed, with the exception of the stoi-

chiometry of reagents (see Experimental section). In this series,

one oxime linkage was formed from 7 by using aminooxy

αMan 1a, αFuc 2a and βLac 3a, and three CuAAC reactions

were subsequently performed with propargyl glycosides αMan

1b, αFuc 2b and βLac 3b as described above (Scheme 2).

No difference in reactivity from the previous 2:2 series was

observed, thereby confirming the efficiency of this strategy for

the preparation of well-defined heteroglycoclusters.

Conclusion
In this paper we have described an expedient and controlled

assembly protocol to prepare heteroglycoclusters similar to

those obtained previously from randomized combinatorial

libraries [26]. Following two orthogonal chemoselective reac-

tions, cyclopeptides 4 and 7 were successively reacted with

aminooxy glycosyls 1–3a and propargyl glycosides 1–3b.

Twelve novel oxime and triazole linked-heteroglycoclusters

displaying well-defined distributions and combinations

of carbohydrates were thus obtained in excellent yields and

purity.

Experimental
Standard procedures for the heteroglyco-
cluster assembly
Series 2:2
A solution of 4 (4.0 mg, 3.4 µmol) and 2a (2.6 mg, 14.2 µmol,

4 equiv) was stirred at 37 °C in 0.1% TFA in H2O (400 µL).

After 3 h, analytical HPLC revealed the total conversion of 4a

into 5-Fuc. Analytical HPLC: tR 9.34 min (gradient: 5 to 100%

B in 20 min); ESI+–MS (m/z): [M + Na]+  calcd for

C60H96N20O22Na, 1471.7; found, 1471.8. After the addition of

acetone (100 µL) to the crude, the reaction mixture was

lyophilized, then resuspended with t-BuOH/AcONH4 100 mM

pH 7.4 (500 µL, 1:1 v/v). Compound 1b (4.0 mg, 10.5 µmol,

3 equiv) and copper micropowder (455 µg, 7.0 µmol) were next

added to the solution and the resulting mixture was left under

stirring at room temperature. After 4 h, copper was removed by

centrifugation and the supernatant purified by semipreparative

HPLC. Compound 6-Fuc/Man was obtained in 91% yield
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Scheme 2: Synthesis of heteroglycoclusters of the 3:1 series. Reagents and conditions: (i) 1a, 2a or 3a, 0.1% TFA in H2O; (ii) 1b, 2b or 3b, Cu micro-
powder, t-BuOH, AcONH4 100 mM pH 7.4 (1:1, v/v).

(5.9 mg). Analytical RP-HPLC: tR 7.73 min (gradient: 5 to

100% B in 20 min); 1H NMR (400 MHz, D2O) δ 8.07 (s, 1H,

Htrz), 8.06 (s, 1H, Htrz), 7.81 (s, 1H, Hox), 7.80 (s, 1H, Hox),

5.62 (d, J1,2 = 4.0 Hz, 1H, H-1Fuc), 5.60 (d, J1,2 = 4.0 Hz, 1H,

H-1Fuc), 4.99 (bs, 2H, 2H-1Man), 4.86–4.68 (m, 6H, 2HαLys/Nle,

2CH2propargyl), 4.47–4.35 (m, 10H, 2HαLys/Nle, 2CH2εNle,

2HαAla, 2HαPro), 4.16–3.63 (m, 28H, 2CH2αGly, 2CH2δPro,

2H-2Fuc, 2H-3Fuc, 2H-4Fuc, 2H-5Fuc, 2H-2Man, 2H-3Man,

2H-4Man, 2H-5Man, 2CH2-6Man), 3.36–3.20 (m, 4H, 4HεLys),

2.39–2.29 (m, 2H, 2HβPro), 2.16–1.27 (m, 36H, 4CH2βLys/Nle,

4CH2δLys/Nle, 4CH2γLys/Nle, 2HβPro, 2CH2γPro, 2CH3Ala), 1.22

(d, J5,6 = 6.0 Hz, 6H, 2CH3Fuc); ESI+–MS (m/z): [M + H]+

calcd for C78H124N20O34, 1885.9; found, 1886.0. Compounds

6-Man/Fuc, 6-Man/Lac, 6-Fuc/Lac, 6-Lac/Man and 6-Lac/

Fuc were prepared following the same experimental conditions.

Series 3:1
A solution of 7 (6.6 mg, 5.9 µmol) and 2a (2.2 mg, 1.2 µmol,

2 equiv) was stirred at 37 °C in 0.1% TFA in H2O (600 µL).

After 3 h, analytical HPLC revealed the total conversion of 7

into the corresponding monovalent intermediate. Analytical

HPLC tR 10.57 min (gradient: 5 to 100% B in 20 min);

ESI+–MS (m/z): [M + H]+ calcd for C52H84N21O17, 1274.6;

found, 1274.8. After the addition of acetone (100 µL) to the

crude, the reaction mixture was lyophilized, then resuspended

with t-BuOH/AcNH4 100 mM pH 7.4 (600 µL, 1:1 v/v).

Compound 1b (10 mg, 27 µmol, 4.5 equiv) and copper micro-

powder (600 µg, 10 µmol) were next added to the solution and

the resulting mixture was left under stirring at room tempera-

ture. After 4 h, copper was removed by centrifugation and the

supernatant purified by semipreparative HPLC. Compound



Beilstein J. Org. Chem. 2012, 8, 421–427.

426

8-Fuc/Man was obtained in 88% yield (10.0 mg). Analytical

RP-HPLC: tR 7.66 min (gradient: 5 to 100% B in 20 min);
1H NMR (400 MHz, D2O) δ 8.05 (s, 1H, Htrz), 8.02 (s, 2H,

Htrz), 7.79 (s, 1H, Hox), 5.61 (d, J1,2 = 4.0 Hz, 1H, H-1Fuc), 5.60

(d, J1,2 = 4.0 Hz, 1H, H-1Fuc), 4.99 (bs, 3H, 3H-1Man),

4.85–4.66 (m, 8H, 2HαLys/Nle, 3CH2propargyl), 4.48–4.32 (m,

12H, 2HαLys/Nle, 3CH2εNle, 2HαAla, 2HαPro), 4.15–3.64 (m,

30H, 2CH2αGly, 2CH2δPro, H-2Fuc, H-3Fuc, H-4Fuc, H-5Fuc,

3H-2Man, 3H-3Man, 3H-4Man, 3H-5Man, 3CH2-6Man), 3.29–3.19

(m, 2H, 2HεLys), 2.40–2.30 (m, 2H, 2HβPro), 2.15–1.28 (m,

36H, 4CH2βLys/Nle, 4CH2δLys/Nle, 4CH2γLys/Nle, 2HβPro,

2CH2γPro, 2CH3Ala), 1.22 (d, J5,6 = 6.6 Hz, 3H, CH3Fuc);

ESI+–MS (m/z): [M + H]+ calcd for C79H126N21O34, 1912.9;

found, 1913.2. Compounds 8-Man/Fuc, 8-Man/Lac, 8-Fuc/

Lac, 8-Lac/Man and 8-Lac/Fuc were prepared under the same

experimental conditions.

Supporting Information
The Supporting Information file contains analytical details

of all heteroglycoclusters of series 2:2 (6-Man/Fuc,

6-Man/Lac, 6-Fuc/Man, 6-Fuc/Lac, 6-Lac/Man and

6-Lac/Fuc) and 3:1 (8-Man/Fuc, 8-Man/Lac, 8-Fuc/Man,

8-Fuc/Lac, 8-Lac/Man and 8-Lac/Fuc) described in this

article.

Supporting Information File 1
Crude RP-HPLC profiles and ESI-MS spectra for the

heteroglycoclusters.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-47-S1.pdf]
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Abstract
The synthetic procedures for a large-scale preparation of o- and p-nitrophenyl 2-acetamido-2-deoxy-α-D-mannopyranoside are

described. The synthetic pathway employs the glycosylation of phenol with ManNAc oxazoline, followed by nitration of the

aromatic moiety yielding a separable mixture of the o- and p-nitrophenyl derivative in a 2:3 ratio.
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Introduction
Hexosamines are fundamental structural elements and precur-

sors of the peptidoglycan and membrane lipopolysaccharide

layer as well as of capsular polysaccharides in Gram-negative

bacteria. N-Acetyl-D-mannosamine (ManNAc) has been found

to be, presumably, the strongest monosaccharidic ligand for the

natural killer cells (NK-cells) activating protein NKR-P1 [1],

and some ManNAc-containing oligosaccharides (e.g.,

GlcpNAc-β-(1→4)ManpNAc) have been identified to be strong

immunoactivators [2]. Detection of ManNAc by the immune

system is probably very important for recognizing bacterial

infection, as this carbohydrate is an unambiguous signal of a

microbial invader [3]. In the somatic cells (vertebrates) there are

no structures composed of ManNAc. This carbohydrate is a

precursor of sialic acid(s). The pathogenicity of some bacterial

strains occurring in their R-forms (R stands for rough: virulent,

containing ManNAc in the capsular structures) and S-forms (S

stands for smooth: nonvirulent, lower level of ManNAc in the

capsules) is related partly to the content of ManNAc. Thus,

ManNAc units play a significant role in bacterial pathogenicity

and virulence (e.g., Streptococcus pneumoniae) [4,5]. Surpris-

ingly, glycosidases active upon β-ManpNAc and α-ManpNAc

glycosides are not known so far. Therefore, the building blocks

for the chemical synthesis of ManNAc-containing compounds,

as well as the substrates for the hypothetical α-N-acetyl-

mannopyranosidase, are required.

This paper describes new robust and effective methods for the

synthesis of both o-nitrophenyl 2-acetamido-2-deoxy-α-D-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Synthetic pathway.

mannopyranoside (7) and p-nitrophenyl 2-acetamido-2-deoxy-

α-D-mannopyranoside (8) usable as practical chromogenic

substrates for the screening of such enzymes.

Results and Discussion
The first reported preparation of p-nitrophenyl 2-acetamido-2-

deoxy-α-D-mannopyranoside (pNP-α-ManNAc, 8) was

described in [6], starting from 2-acetamido-2-deoxy-D-glucose

and providing the product in 2% overall yield. We have previ-

ously published [7] a 9-step synthesis of pNP-α-ManNAc (8)

from commercially available methyl α-D-glucopyranoside with

an overall yield of 1.5%. Later, Popelová et al. [8] published

a concise synthesis start ing either from D-glucose

(5 steps, 1.5% yield) or from methyl 4,6-O-benzylidene-α-D-

glucopyranoside (5 steps, 23%). Unfortunately, in our hands

this synthetic procedure did not afford the published

yields, namely in the triflate and consequent azide substitution

steps.

Oxazolines, such as 3, have been used as glycosylation agents

in the preparation of glycoproteins [9,10], various alcohol

glycosides [11,12], phosphates [13] and oligosaccharides [12].

To the best of our knowledge, glycosylation of phenolic OH

with oxazoline has not been accomplished so far. Therefore, we

decided to test oxazoline 3 [14] glycosylation in our synthetic

approach.

Synthetic pathway
The synthesis (see Scheme 1) was started from commercially

available 2-acetamido-2-deoxy-D-mannopyranose (1 ,

ManNAc), which was converted to its peracetate 2 (Ac2O/py/

DMAP (cat.), 90%). A crude mixture of peracetylated ManNAc

2 was treated with trifluoromethanesulfonic acid [14] affording

oxazoline 3 in 75% yield.

The glycosylation of phenol and p-nitrophenol with oxazoline 3

was extensively tested. We tested a large array of reaction

conditions, including variation of catalyst (copper(II) chloride

[12,15], 2,2-diphenyl-1-picrylhydrazyl, zinc chloride, tin(IV)

chloride) and solvent (CH2Cl2, THF, toluene, benzene), all of

which were not successful. Finally, we found that trimethylsilyl

trifluoromethanesulfonate in dichloromethane [11] was capable

of catalyzing the oxazoline ring opening with phenol to afford

α-phenyl glycoside 4 in a reasonable 56% yield. This reaction

was also tested with p-nitrophenol; however, the required

p-nitrophenyl glycoside 6 was produced under these conditions

only in trace amounts (observed by TLC). Our and previously

published results [11] indicate that the deactivation of phenol by

the electron-withdrawing nitro group substantially decreases its

reactivity in the glycosylation reaction with oxazoline and, on

the other hand, the presence of electron-donating groups

increases the yields.

The resulting phenyl glycoside 4 was treated with a solution of

red fuming nitric acid in acetic acid [16], producing a mixture

of o-nitrophenyl glycoside 5 (22% yield) and p-nitrophenyl

glycoside 6 (34% yield) in approximately 2:3 ratio, which was

separated by flash chromatography. Zemplén deacetylation of 4

and 5 afforded the title compounds 7 and 8 in almost quantita-

tive yields.
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Conclusion
In conclusion, a simple and robust procedure for the synthesis

of o- and p-nitrophenyl 2-acetamido-2-deoxy-α-D-mannopyra-

noside (7 and 8) from commercially available ManNAc, via its

oxazoline, is described affording an overall total yield of both 7

and 8 of over 21%, including the purification steps.

Experimental
General methods
All chemicals were purchased from Sigma-Aldrich, except for

2-acetamido-2-deoxy-D-mannose, which was purchased from

BIOSYNTH AG, Staad, CH. The reactions were monitored by

TLC with precoated silica gel 60 F254 aluminium sheets from

Merck, detected with UV light and/or charred with sulfuric

acid (5% in EtOH). The compounds were purified either by

column flash chromatography with silica gel 60 (230–240

mesh, Merck) or by gel permeation chromatography with

Sephadex LH20 from Sigma Aldrich. The solvents were

distilled and dried according to the standard procedures

before use.

NMR spectroscopy
NMR spectra were recorded on a Bruker Avance III 400 MHz

spectrometer (400.13 MHz for 1H, 100.55 MHz for 13C at

30 °C) and a Bruker Avance III 600 MHz spectrometer

(600.23 MHz for 1H, 150.93 MHz for 13C at 30 °C) in CD3OD

or CDCl3 (Sigma-Aldrich). Residual signals of the deuterated

solvents were used as internal standards (for CD3OD δH

3.330 ppm, δC 49.30 ppm, for CDCl3 δH 7.265 ppm, δC 77.23

ppm). NMR experiments 1H NMR, 13C NMR, gCOSY,

gHSQC, and gHMBC were performed using the manufacturer’s

software. 1H NMR and 13C NMR spectra were zero filled to

fourfold data points and multiplied by a window function before

Fourier transformation. A two-parameter double-exponential

Lorentz–Gauss function was applied for 1H to improve resolu-

tion, and line broadening (1 Hz) was applied to get a better 13C

signal-to-noise ratio. Chemical shifts are given on a δ-scale with

the digital resolution justifying the reported values to three (δH)

or two (δC) decimal places.

The anomeric configuration of manno-structures was deter-

mined based on the value of 1J (C-1, H-1) [17], which was

measured by using gHMQC or gHSQC with retained direct

coupling constants between directly bonded carbon and

hydrogen.

Mass spectrometry
Mass spectra were measured on MALDI–TOF/TOF ultraFLEX

III mass spectrometers (Bruker-Daltonics). Positive spectra

were calibrated externally by using the monoisotopic [M + H]+

ions of PepMixII calibrant (Bruker-Daltonics). For the MALDI

experiment 0.4 μL of sample dissolved in 50% acetonitrile was

allowed to dry at ambient temperature on the target and over-

laid with matrix solution (either 2,5-dihydroxybenzoic acid,

DHB or α-cyano-4-hydroxycinnamic acid, CCA). The spectra

were collected in reflectron mode.

Phenyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-α-D-

mannopyranoside (4): 2-Methyl-(3,4,6-tri-O-acetyl-1,2-

dideoxy-β-D-mannopyrano)-[2,1:4’,5’]-2-oxazoline [18] 3 (280

mg,  0 .85 mmol)  was  d issolved in  10 mL of  dry

dichloromethane. To this solution, phenol (250 mg, 2.66 mmol,

3 equiv) and trimethylsilyl trifluoromethanesulfonate (0.2 mL,

0.73 mmol, 1 equiv) were added. The reaction mixture was

stirred at room temperature for 3 days (monitored by TLC on

silica gel, chloroform/acetone 8:1). The reaction mixture was

evaporated to dryness in vacuo. The product was isolated by

column chromatography (silica gel, chloroform/acetone 20:1) as

a white solid (200 mg, 56%). 1H NMR (400 MHz, CDCl3) δ

2.015 (s, 3H, 6-Ac), 2.022 (s, 3H, 3-Ac), 2.048 (s, 3H, 4-Ac),

2.080 (s, 3H, 2-Ac), 4.022 (dd, J = 2.4, 12.2 Hz, 1H, H-6u),

4.104 (ddd, J = 2.4, 5.6, 10.2 Hz, 1H, H-5), 4.265 (dd, J = 5.6,

12.2 Hz, 1H, H-6d), 4.821 (ddd, J = 1.6, 4.7, 8.9 Hz, 1H, H-2),

5.168 (dd, J = 10.2, 10.2 Hz, 1H, H-4), 5.475 (d, J = 1.6 Hz,

1H, H-1), 5.564 (dd, J = 4.7, 10.2 Hz, 1H, H-3), 5.919 (d, J =

8.9 Hz, 1H, 2-NH), 7.047 (m, 1H, H-para), 7.075 (m, 2H,

H-ortho), 7.291 (m, 2H, H-meta); 13C NMR (100 MHz, CDCl3)

δ 20.60, 20.70 (3 x q, 3-Ac, 4-Ac, 6-Ac), 23.29 (q, 2-Ac), 50.51

(d, C-2), 62.14 (t, C-6), 65.99 (d, C-4), 68.67 (d, C-5), 68.89 (d,

C-3), 97.12 (d, C-1), 116.49 (d, C-ortho), 122.99 (d, C-para),

129.56 (d, C-meta), 155.60 (s, C-ipso), 169.82 (s, 3-CO),

169.94 (s, 4-CO), 170.15 (s, 2-CO), 170.40 (s, 6-CO).

o-Nitrophenyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-α-D-

mannopyranoside (5) and p-nitrophenyl 2-acetamido-2-

deoxy-3,4,6-tri-O-acetyl-α-D-mannopyranoside (6): Com-

pound 4 (1.1 g, 2.59 mmol) was dissolved in a mixture of acetic

anhydride (10 mL) and glacial acetic acid (2 mL). The solution

was cooled to 0 °C in an ice bath, and red fuming nitric acid

(≥99.5%, 0.5 mL) was added in one portion under stirring. The

reaction mixture was stirred overnight, allowing the ice bath to

melt and warm up to ambient temperature. The reaction mix-

ture was diluted by an ice–water mixture (50 mL), stirred for an

additional 30 min, and neutralized by the saturated aqueous

solution of NaHCO3. After extraction with methylene dichlo-

ride (3 × 50 mL), the combined organic layers were washed

with 50 mL of sodium bicarbonate solution and 50 mL of water.

After drying (Na2SO4) the organic phase was evaporated and

chromatographed (silica gel, chloroform/acetone 5:1). o-Nitro-

phenyl derivative 5 was isolated as a white solid (270 mg, 22%)

and p-nitrophenyl derivative 6 was isolated as a white solid

(410 mg, 34%).
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(5) 1H NMR (400 MHz, CDCl3) δ 2.032 (s, 3H, 3-Ac), 2.039 (s,

3H, 6-Ac), 2.080 (s, 3H, 4-Ac), 2.104 (s, 3H, 2-Ac), 4.042 (dd,

J = 2.2, 12.3 Hz, 1H, H-6u), 4.212 (ddd, J = 2.2, 5.2, 10.2 Hz,

1H, H-5), 4.286 (dd, J = 5.2, 12.3 Hz, 1H, H-6d), 4.812 (ddd, J

= 1.8, 4.8, 7,7 Hz, 1H, H-2), 5.213 (dd, J = 10.2, 10.2 Hz, 1H,

H-4), 5.593 (dd, J = 4.8, 10.2 Hz, 1H, H-3), 5.750 (d, J = 1.8

Hz, 1H, H-1), 5.909 (d, J = 7.7 Hz, 1H, 2-NH), 7.170 (ddd, J =

1.2, 7.4, 8.2 Hz, 1H, H-4´), 7.329 (dd, J = 1.2, 8.5 Hz, 1H,

H-6´), 7.544 (ddd, J = 1.7, 7.4, 8.5 Hz, 1H, H-5´), 7.905 (dd, J =

1.7, 8.2 Hz, 1H, H-3´); 13C NMR (100 MHz, CDCl3) δ 20.62,

20.63, 20.65 (3 x q, 3-Ac, 4-Ac, 6-Ac), 23.28 (q, 2-Ac), 50.68

(d, C-2), 61.97 (t, C-6), 65.52 (d, C-4), 68.33 (d, C-3), 69.68 (d,

C-5), 97.34 (d, C-1), 117.24 (d, C-6´), 122.82 (d, C-4´), 125.88

(d, C-3´), 134.09 (d, C-5´), 140.58 (s, C-2´), 148.66 (s, C-1´),

169.20 (s, 3-CO), 170.07 (s, 4-CO), 170.32 (s, 6-CO), 170.47

(s, 2-CO).

(6) 1H NMR (400 MHz, CDCl3) δ 2.028 (s, 3H, 6-Ac), 2.047 (s,

3H, 3-Ac), 2.065 (s, 3H, 4-Ac), 2.109 (s, 3H, 2-Ac), 4.02* (m,

1H, H-5), 4.03* (m, 1H, H-6u), 4.273 (dd, J = 5.6, 12.4 Hz, 1H,

H-6d), 4.818 (ddd, J = 1.6, 4.8, 8.4 Hz, 1H, H-2), 5.196 (dd, J =

10.2, 10.3 Hz, 1H, H-4), 5.555 (dd, J = 4.8, 10.3 Hz, 1H, H-3),

5.629 (d, J = 1.6 Hz, 1H, H-1), 5.905 (d, J = 8.4 Hz, 1H, 2-NH),

7.205 (m, 2H, H-ortho), 8.225 (m, 2H, H-meta) (* = HSQC

readout); 13C NMR (100 MHz, CDCl3) δ 20.59, 20.62, 20.67 (3

x q, 3-Ac, 4-Ac, 6-Ac), 23.28 (q, 2-Ac), 50.42 (d, C-2), 61.94 (t,

C-6), 65.58 (d, C-4), 68.35 (d, C-3), 69.31 (d, C-5), 96.89 (d,

C-1), 116.47 (d, C-ortho), 125.82 (d, C-meta), 143.19 (s,

C-para), 160.22 (s, C-ipso), 169.68 (s, 3-CO), 169.86 (s, 4-CO),

170.26 (s, 6-CO), 170.36 (s, 2-CO).

o-Nitrophenyl 2-acetamido-2-deoxy-α-D-mannopyranoside

(7): Compound 5 (270 mg, 0.58 mmol) was dissolved in dry

methanol (2 mL) and three drops of NaOMe in MeOH (35%,

w/w) were added. The reaction mixture was stirred at ambient

temperature for 20 minutes. The solution was directly loaded

onto the gel permeation chromatography column (Sephadex

LH-20) with methanol as a mobile phase (2 mL/min, UV detec-

tion 254 nm). The product was isolated as a white solid

(197 mg, 99%). 1H NMR (400 MHz, CD3OD) δ 2.070 (s, 3H,

2-Ac), 3.660 (ddd, J = 2.3, 4.5, 10.0 Hz, 1H, H-5), 3.761 (dd, J

= 2.5, 12.0 Hz, 1H, H-6u), 3.756 (dd, J = 9.7, 9.9 Hz, 1H, H-4),

3.824 (dd, J = 4.5, 12.0 Hz, 1H, H-6d), 4.183 (dd, J = 4.9, 9.7

Hz, 1H, H-3), 4.541 (dd, J = 1.7, 4.9 Hz, 1H, H-2), 5.689 (d, J =

1.7 Hz, 1H, H-1), 7.188 (ddd, J = 1.2, 7.4, 8.1 Hz, 1H, H-4´),

7.515 (dd, J = 1.2, 8.5 Hz, 1H, H-6´), 7.612 (ddd, J = 1.7, 7.4,

8.5 Hz, 1H, H-5´), 7.854 (dd, J = 1.7, 8.1 Hz, 1H, H-3´); 13C

NMR (100 MHz, CD3OD) δ 22.93 (q, 2-Ac), 54.36 (d, C-2),

62.23 (t, C-6), 68.14 (d, C-4), 70.43 (d, C-3), 76.04 (d, C-5),

99.65 (d, C-1), 118.74 (d, C-6´), 123.58 (d, C-4´), 126.51 (d,

C-3´), 135.52 (d, C-5´), 142.17 (s, C-2´), 150.50 (s, C-1´),

174.61 (s, 2-CO); MS–MALDI–TOF (m/z): 365.1 [M + Na]+

(DHB), 365.1 [M + Na]+ (CCA).

p-Nitrophenyl 2-acetamido-2-deoxy-α-D-mannopyranoside

(8): Compound 6 (400 mg, 0.85 mmol) was deacetylated and

purified as described for compound 7 yielding 8 as a white solid

(290 mg, 99%). 1H NMR (400 MHz, CD3OD) δ 2.078 (s,

2-Ac3H, ), 3.562 (ddd, J = 2.4, 4.7, 9.9 Hz, 1H, H-5), 3.746 (dd,

J = 2.4, 12.0 Hz, 1H, H-6u), 3.752 (dd, J = 9.7, 9.9 Hz, 1H,

H-4), 3.812 (dd, J = 4.7, 12.0 Hz, 1H, H-6d), 4.164 (dd, J = 4.9,

9.7 Hz, 1H, H-3), 4.544 (dd, J = 1.7, 4.9 Hz, 1H, H-2), 5.657 (d,

J = 1.7 Hz, 1H, H-1), 7.300 (m, 2H, H-ortho), 8.230 (m, 2H,

H-meta). 13C NMR (100 MHz, CD3OD) δ 22.93 (q, 2-Ac),

54.28 (d, C-2), 62.23 (t, C-6), 68.20 (d, C-4), 70.51 (d, C-3),

75.79 (d, C-5), 99.09 (d, C-1), 118.05 (d, C-ortho), 127.00 (d,

C-meta), 144.21 (s, C-para), 162.80 (s, C-ipso), 174.66 (s,

2-CO); MS–MALDI–TOF (m/z): 365.1 [M + Na]+ (DHB),

365.1 [M + Na]+ (CCA).

Phenyl 2-acetamido-2-deoxy-α-D-mannopyranoside (9):

Compound 4 (50 mg, 0.12 mmol) was deacetylated and puri-

fied as described for compound 7, yielding 9 as a white solid

(35 mg, 99%). 1H NMR (400 MHz, CD3OD) δ 2.067 (s, 3H,

2-Ac), 3.654 (m, 1H, H-5), 3.73* (m, 1H, H-6u), 3.75* (m, 1H,

H-4), 3.838 (dd, J = 4.2, 11.9 Hz, 1H, H-6d), 4.178 (dd, J = 4.8,

9.6 Hz, 1H, H-3), 4.525 (dd, J = 1.7, 4.8 Hz, 1H, H-2), 5.466 (d,

J = 1.7 Hz, 1H, H-1), 7.023 (m, 1H, H-para), 7.110 (m, 2H,

H-ortho), 7.298 (m, 2H, H-meta) (* - HSQC readouts); 13C

NMR (100 MHz, CD3OD) δ 22.95 (q, 2-Ac), 54.64 (d, C-2),

62.22 (t, C-6), 68.35 (d, C-4), 70.81 (d, C-3), 75.06 (d, C-5),

99.22 (d, C-1), 118.00 (d, C-ortho), 123.79 (d, C-para), 130.83

(d,  C-meta) ,  157.95 (s,  C- ipso) ,  174.53 (s,  2-CO);

MS–MALDI–TOF (m/z): 320.1 [M + Na]+ (DHB), 320.1 [M +

Na]+ (CCA).
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Abstract
A novel reporter system, which is applicable to the 19F NMR investigation of protein interactions, is presented. This approach uses

2-F-labeled maltose as a spy ligand to indirectly probe protein–ligand or protein–protein interactions of proteins fused or tagged to

the maltose-binding protein (MBP). The key feature is the simultaneous NMR observation of both 19F NMR signals of gluco/

manno-type-2-F-maltose-isomers; one isomer (α-gluco-type) binds to MBP and senses the protein interaction, and the nonbinding

isomers (β-gluco- and/or α/β-manno-type) are utilized as internal references. Moreover, this reporter system was used for relative

affinity studies of fluorinated and nonfluorinated carbohydrates to the maltose-binding protein, which were found to be in perfect

agreement with published X-ray data. The results of the NMR competition experiments together with the established correlation

between 19F chemical shift data and molecular interaction patterns, suggest valuable applications for studies of protein–ligand inter-

action interfaces.
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Introduction
In recent years, we have witnessed significant improvements in

NMR spectroscopy, especially as a powerful tool for studying

protein–ligand and protein–protein interactions [1,2]. Based on

tremendous gains in sensitivity due to high-field spectrometers

and cryogenic-probe technology, unprecedented structural and

functional information can be obtained on biologically impor-

tant protein–ligand systems and protein complexes [2]. To over-

come the well-known and inherent problem of molecular weight

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:robert.konrat@univie.ac.at
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limitation of current NMR spectroscopy, which renders direct

protein observation of the interaction partners infeasible, an

indirect observation technique for the detection of protein inter-

actions was recently established [3]. It utilizes the relaxation

properties of a small-molecular-weight reporter ligand that

reversibly binds to a ligand binding domain, which in turn

is fused to the interacting protein of interest. Subsequent

protein–protein interaction leads to an additional increase of the

molecular weight of the complex and can efficiently be probed

by following the NMR relaxation changes of the ligand (e.g.,

selective T1 or T2, which reflect the effective molecular

weight). Due to this indirect detection scheme no isotope

labeling of the protein interaction partners is required and

consumption of protein material is reduced.

The concept presented here relies on the development of an

indirect 19F-detected NMR reporter system with possibilities for

internal control for the study of protein-binding events. The

benefits of fluorine (19F) NMR detection for ligand-based NMR

screening applications as well as for 19F magnetic resonance

imaging (MRI) have been convincingly demonstrated in the

past [4-11]. The usage of the fluorine NMR alleviates most of

the problems encountered with 1H observation, such as signal

overlap and problems with the dynamic range. Additionally, the
19F nucleus with 100% natural abundance and a magnetogyric

ratio comparable to 1H is highly sensitive and, due to its large

chemical shift anisotropy (CSA), very responsive to changes of

molecular weight that accompany the binding events.

We thus anticipate 19F detection to be a general and versatile

probe for indirect NMR studies of protein-binding and inter-

action events. Biological systems often require sophisticated

buffer systems for stabilization and solubility, thus leading

to severe spectral overlap and problems with the dynamic

range (e.g., intense buffer and solvent peaks). These drawbacks

are particularly present in the case of membrane-bound (or

attached) proteins, in which additional peaks originate from

membrane lipids and raise severe technical problems. However,

indirect detection techniques should always be cross-checked

with reference experiments and suitable controls, to demon-

strate selectivity of binding and to exclude systematic errors

(e.g., nonspecific binding or aggregation, and/or viscosity

changes due to increased protein concentration). Ideally, the

system of choice would thus be a mixture of reporter ligands

consisting of one 19F-labeled reporter ligand and another

chemically similar (also 19F-labeled) reference compound

lacking the affinity to the ligand binding domain.

Here we describe the possibility of monitoring protein interac-

tions by 19F NMR, known as fluorine chemical-shift anisotropy

and exchange for screening (FAXS) [5-7], with internal control

by using 2-F labeled maltose as a reporter system. The ratio-

nale for choosing maltose lies in the fact that maltodextrin/

maltose-binding protein (MBP) is a generally applicable protein

fusion tag with beneficial solution properties and therefore

widely used in molecular biology [12,13].

MBP belongs to the family of periplasmic binding proteins,

which are involved in active transport processes of small mole-

cules into gram-negative bacteria through their function as an

initial high-affinity binding component; furthermore, these

proteins participate as sensors for signaling during chemotaxis

[14]. MBP binds maltodextrin and linear oligosaccharides of up

to eight α(1→4)-linked glucose (Glc) units with micromolar

affinities [15,16]. X-ray structural data (PDB ID codes

1-DMB and 1ANF) demonstrated that the MBP (370 residues,

Mr = 41 kDa) consists of two globular domains joined by a

hinge-bending region, in which the ligand binding site is located

in a cleft between the two domains. MBP exists in two different

conformations: The ligand-free “open” form, exposing the

binding site, and in the presence of a ligand, the “closed” form,

trapping the ligand to provide contacts from both domains [17-

19]. The number of protein–sugar hydrogen bonds associated

with maltose and MBP is 12, excluding those with water and

between glucose units. The reducing glucose unit (g1) makes

about twice as many direct hydrogen bonds with MBP as the

nonreducing glucose unit (g2) does (Figure 1). But there is

some evidence for the importance of hydrogen bonds and

van der Waals interactions for the oligosaccharide binding as

well [20-22].

Figure 1: Schematic diagram of the network of hydrogen bonds in the
binding pocket of the complex between MBP and maltose (PDB ID
code 1ANF); hydrogen bonds are shown as dashed lines.
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Scheme 1: Syntheses of maltose derivatives; reagents and conditions: (a) Ac2O, Pyr, 97%; (b) HBr, AcOH, 99%; (c) Zn, N-methylimidazole, ethyl
acetate, 74%; (d) Selectfluor®, CH3NO2, 40%; (e) NaOMe, MeOH, 99%; (f) NH2NH2·HOAc, DMF, 94%; (g) DAST, CH2Cl2, 89%; (h) NaOMe, MeOH,
99%; (i) α,α-dimethoxytoluene, p-TosOH, DMF, 79%; (j) Ac2O, Pyr, 93%; (k) BH3·THF, Bu2BOTf, THF 56%; (l) microwave reaction, DAST, collidine,
CH2Cl2, 79%; (m) Pd/C, H2, ethylacetate, 64%; (n) NaOMe, MeOH, 75%.

Specifically, the 2-OH and the 2′-OH moieties are involved in

an intricate hydrogen bonding network including the carboxy

group of Glu111 and Asp65 and the amino group of Lys15 and

Trp62, respectively. We thus decided to synthesize 2-19F-

labeled maltose. By replacing the OH group by fluorine and

modifying the stereochemistry at position 2, different binding

affinities of the anomeric mixture of the two resulting diastereo-

mers were expected (Figure 2). The gluco-type 2-F-maltose, in

which the fluorine atom occupies the equatorial position of g1

of maltose, should display comparable binding affinities to

maltose itself, whereas the manno-type 2-F-maltose was

expected to lose its affinity due to the axial orientation of the

fluorine atom.

This 19F-labeled reporter experiment (FAXS) [5-7] was addi-

tionally used to measure the relative binding affinities of

various fluorinated and nonfluorinated maltose derivatives to

MBP in competitive titration experiments. The incorporation of

fluorine in different positions into maltose allows fine tuning of

the carbohydrate affinities to the maltose-binding protein.

Figure 2: 2-19F-Maltose reporter system: Nonstereoselective fluorine
labeling at the 2-position of maltose leads to a 2/1 mixture of two
epimeric forms [left: gluco-type; right: manno-type]. Only the gluco-type
isomer of 2-deoxy-2-fluoro-maltose retains the affinity to the maltose-
binding protein (MBP).

Results and Discussion
Syntheses
The synthesis of the 2-F-maltose reporter system was performed

following a modified protocol developed by Dax et al. [23,24].

Starting from maltose (1), disaccharide α-bromide 3 was

obtained in excellent yield by a standard acetylation procedure

and subsequent treatment with hydrobromic acid in glacial

acetic acid (Scheme 1) [25]. Treatment of bromide 3 with Zn

and N-methylimidazole [26] afforded the protected maltal

derivative 4, which was transformed to the target compounds by
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Scheme 2: Synthesis of the maltose- and galacto-type derivatives; reagents and conditions: (a) TBDMS-Cl, imidazole, DMF, 43%; (b) Ac2O, Pyr,
quant.; (c) Deoxofluor, CH2Cl2, 17%; (d) conc. AcOH, 73%; (e) NaOMe, MeOH, 40%, (f) Ac2O, Pyr, 93%; (g) conc. AcOH, 76%; (h) DAST, collidine,
CH2Cl2, 30%; (i) NaOMe; MeOH, quant.

utilizing Selectfluor® as a fluorinating agent [23,27,28] in a

nitromethane solution. The mixture of anomeric 2-fluoro

derivatives 5 with gluco- and manno-type stereochemistry was

analyzed by 19F NMR, thus showing a gluco (α/β = 1/1) to

manno (α/β = 2/1) ratio of 2/1. Final deprotection with sodium

methoxide yielded the deprotected fluoro-derivatives 6.

Maltosyl fluoride 9 was obtained by deprotection of the

anomeric acetyl group of compound 2 with hydrazine acetate

[29] yielding derivative 7, followed by nucleophilic fluorin-

ation with DAST [30,31] generating the diasteriomeric mixture

8. The α-anomer was isolated by HPLC and subsequent

Zemplén saponification of the remaining acetate protecting

groups yielded the α-maltosyl fluoride 9. However, the

β-maltosyl fluoride turned out to be rather unstable. Decompo-

sition of the unprotected fluorinated sugar to maltose and

hydrofluoric acid started immediately in D2O-solution. There-

fore only the α-maltosyl fluoride was used for the binding

studies. The regioselective reductive ring opening of benzyl-

idene acetals in the maltose derivative 11 was performed with a

complex of BH3/Bu2BOTf at −70 °C [32,33]. Fluorination with

DAST [34,35] was performed in a sealed tube for 1 h at 80 °C

under microwave conditions. The deprotection of the benzyl

group was achieved with Pd/C [36], followed by a Zemplén

saponification to obtain product 15. Starting from 4′,6′-O-

benzylidene maltose 10 [37], the primary alcohol was protected

as tert-butyldimethylsilyl ether followed by standard peracetyla-

tion (Scheme 2). Treatment of the silyl protecting group with an

excess of Deoxofluor [38] yielded the 6-F-maltose derivatives

18. Final deprotection with acetic acid [37,39] and sodium

methoxide yielded compound 20.

The synthesis of the galacto-type derivative 23 started from

peracetylated benzylidene maltose 11 [37]. Deprotection [37]

with acetic acid followed by microwave fluorination with

DAST [34,35] yielded a mixture of fluorinated disaccharides:

The desired product 22 [39] was isolated by column chromato-

graphy and Zemplén deprotection yielded derivative 23.

Binding studies using the 2-F-maltose
reporter system
The binding properties of the two stereoisomers of 2-19F-

labeled maltose (gluco- and manno-type) to the maltose-binding

protein and a MBP-V53 fusion protein comprising five V3

modules of the LDL receptor in a linear tandem arrangement

(V33333) were analyzed. As can be seen in Figure 3 and

Figure 4, the stereoisomers of 2-F labeled maltose clearly ex-

hibit different changes in the transverse relaxation rates upon

addition of approx. 0.1 equiv of MBP. The significant change in

line width was only observed for the interacting α-2-F-maltose.

In contrast, the transverse relaxation remained nearly

unchanged for the manno-type epimers and the β-gluco-type

isomer. This observation corresponds to the anomeric prefer-

ence described by Gehring et al. [40]. The numeric specifity of

MBP with a 2.7-fold higher affinity for α- versus β-maltose was

demonstrated by tritium NMR spectroscopy [40-42]. In addi-

tion, the β-anomer can be bound in two different modes, prob-

ably corresponding to the closed- and open-domain conforma-

tions of MBP; but only the α-anomer complex has been

observed in X-ray structures of MBP with maltose [21].

Furthermore we used this technique for probing the interactions

between 2-F-maltose and the MBP-V53 [43,44] fusion protein,



Beilstein J. Org. Chem. 2012, 8, 448–455.

452

Figure 3: 1-D 19F NMR: Experimental demonstration of differential
binding of gluco- and manno-type 2-F-labeled maltose (2 mM) in the
free form (A); bound to maltose-binding protein (200 µM) (B); and
bound to MBP-V53 fusion protein (200 µM) (C). Highlighted area
shows the gluco-type region. Spectra were recorded on a Bruker
Avance DRX 600 MHz spectrometer by using a conventional 1-D pulse
sequence. Up to 512 scans were acquired without signal suppression
via T2 relaxation filter.

which has almost twice the molecular weight of MBP alone.

Upon the addition of 0.1 equiv again, the expected increase of

the transverse relaxation rate was observed through the specific

and significant binding of the α-gluco-type isomer to the MBP-

V53 fusion protein. The larger resulting molecular weight is

reflected in a further (proportional) increase of the line broad-

ening (Figure 4). In a similar way, noncovalent protein–protein

interactions would increase the effective molecular weight by

transient binding and result in a consequently increased line

width, which can be quantified to derive affinities. This clearly

demonstrates both the binding selectivity of the α-gluco-type

and the feasibility of the β-gluco-type and manno-type isomers,

serving as internal reference compounds to rule out nonspecific

binding and interactions (e.g., changes in viscosity). It should

be noted that the detection limit of protein binding improves

with decreasing ligand concentration, and thus even smaller

protein and ligand concentrations can be used in the experiment

[45]. Full exploitation of this effect, however, requires high

performance 19F NMR probes (e.g., cryoprobes).

Relative affinity studies using the 2-F-maltose
reporter system
The 2-F-maltose FAXS reporter system [5-7] was further used

for studying the relative binding affinities of natural and artifi-

cial maltose derivatives to MBP. The initial experiments were

Figure 4: 19F NMR expansion (of Figure 3) of the gluco-type region of
the 2-F-maltose reporter system.

performed with maltose, maltotriose, maltohexose and

cellobiose, as well as the artificial α-methyl glucoside. The

well-known ability of MBP to bind exclusively to linear

maltooligosaccharides or maltodextrins of up to eight α(1→4)-

linked glucose units was confirmed by competitive titration and
19F NMR experiments. The displacement of α-gluco-2-F-

maltose was already observed by the addition of 0.04 equiv of

maltose. Similar results were obtained for the malto-oligo-

saccharides, maltotriose and maltohexose as well. In contrast,

α-methyl glucoside and cellobiose showed no binding. To

specify the precise hydroxy groups that are directly involved in

hydrogen bonding to MBP, further competition experiments

were performed with different fluorinated maltose derivatives.

Change, i.e., reduction in the line width of the α-2-F-maltose

signal, could be observed if the competitor had a higher affinity

than the α-2-F-maltose itself; caused by the release of α-2-F-

maltose from the binding pocket of the maltose-binding protein.

An overview of the results of the titration experiments is shown

in Figure 5. The stepwise addition of equivalent amounts of

single fluorinated maltose derivatives to the 2-F-maltose

reporter system allows a direct comparison of the relative affini-

ties of the competitors to MBP. The 6-F-maltose is the most

efficient competitor with an affinity equal to maltose,

α-maltosyl fluoride and 6′-F-maltose. The 6′-F-“galacto”-

maltose derivative does not bind to MBP at all.

Note that the competitive binding experiments shown in

Figure 5 allow for the direct extraction of dissociation
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Figure 5: Competitive titration with the 2-F-maltose reporter system
and 19F NMR: only the important section of the gluco-type isomers is
shown. (A) 2-F-maltose, (B) 2-F-maltose bound to MBP, (C–G) addi-
tion of 0.125 equiv of the following maltose derivatives: (C) 6-F-
maltose, (D) maltose, (E) α–maltosyl fluoride, (F) 6′-F-maltose, (G)
6′-F-“galacto”-maltose. Spectra were recorded on a Bruker Avance
DRX 600 MHz spectrometer by using a conventional 1-D pulse
sequence. Up to 128 scans were acquired without signal suppression
via T2 relaxation filter.

constants, as was shown by Dalvit and co-workers [46,47]. This

would offer additional valuable experimental possibilities for a

quantitative analysis of protein–ligand interactions but is

beyond the scope of the present paper. Fluorinated substrate

analogues perturb the hydrogen bonding network in the sub-

strate binding pocket to a certain extent. Therefore it is not

always possible for the ligand to be bound with an optimal

hydrogen-bonding geometry. These results are fully consistent

with published X-ray data. For instance, in the case of 2-F-

maltose, the 2-OH acts simultaneously as a hydrogen-bond

acceptor for the Nε of Lys15 and as a bond donor to the

carboxylate of Glu111, and the 2-F fluorine can only be a

(limited) acceptor, thus leaving some of the H-bonds “frus-

trated”. It is worth comparing these findings with recently

reported correlations between 19F chemical shifts and

fluorine–protein interaction patterns [48,49]. Shielded fluorine

atoms, due to their increased electron density, are preferentially

involved in direct hydrogen-bonding interactions with donor

groups of the protein. Although the 2-F fluorine is significantly

shielded (about −200 ppm), and thus an ideal hydrogen-bond

acceptor binding of 2-F-maltose is impaired due to the

hydrogen-bond donor activity of the 2-OH group (to the

carboxylate of Glu111). In that respect, introducing the fluorine

into the 6-position results in a smaller energetic penalty

(compared to the 2-F-maltose), because no direct H-bonds

between the ligand and MBP are involved, and only indirect

water-mediated interactions are concerned (data not shown).

Therefore the affinity is higher in that case. Similar arguments

apply in the other cases. It is, however, possible to “fine tune”

the affinity between the ligand binding domain and the reporter

ligand by using differently fluorinated maltose derivatives in

which different hydroxy groups are substituted by fluorine.

Thus the affinity of the reporter ligand can be “customized”

for ligand competition assays or for specific studies of

protein–ligand and protein–protein interactions to match the

affinities between the interaction partners. For example, small

affinities or proteins with a relatively low molecular weight are

more easily detected with high-affinity ligands, whereas

strongly interacting proteins or high-molecular-weight protein

ligands can be better studied with low-affinity ligands.

Conclusion
We have demonstrated that 2-deoxy-2-F-maltose can be effec-

tively used as a reporter system to study protein-binding inter-

actions by 19F NMR. The particular benefit of this novel

reporter system is the simultaneous accessibility of reference

molecules (nonbinding manno-type and β-gluco-type 2-F-

maltose isomers), which serve as internal standards, to rule out

nonspecific binding and interactions, and thus increasing the

reliability of this method. The 2-F-maltose reporter system was

used to study the ligand binding affinity to MBP. “Fine tuning”

by the regioselective fluorination of single hydroxy groups of

maltose was used to define the important hydroxy groups that

are responsible for the hydrogen bonding network and there-

fore for binding to the protein. The results of the competitive

titration are in perfect agreement with the X-ray data published

[21] previously. Additionally, the different binding affinities of

selectively 19F-labeled maltose derivatives to MBP illustrate

how the recently established correlation between 19F chemical

shift data and molecular interaction patterns [48,49] can be used

to delineate details of protein–ligand interaction interfaces.

Together with efficient synthetic approaches to fluorinated

derivatives, this offers exciting perspectives for rational

programs for drug design. Experiments to explore these possi-

bilities are currently underway in our laboratories. Applications

of the reporter system to biological material inherently giving
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strong background signals (e.g., membrane-bound protein

receptors) should be straightforward, having the advantage that
19F signals can be detected with high sensitivity and without

any background, and should broaden the applicability of this ap-

proach.
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Abstract
Glycosyl triflates with a 2,3-oxazolidinone protecting group were generated from thioglycosides by low-temperature electrochem-

ical oxidation. The glycosyl triflates reacted with alcohols to give the corresponding glycosides β-selectively at low temperatures.

However, α-selectivity was observed in the absence of base at elevated reaction temperatures. In situ generated triflic acid promotes

the isomerization of β-products to α-products.

456

Introduction
Stereoselective formation of glycosidic linkages is the key issue

in oligosaccharide synthesis, because both 1,2-trans and 1,2-cis

aminoglycosides are ubiquitous in biologically active oligo-

saccharides [1-5]. The 1,2-trans aminoglycosides, which are

found in Nod factor [1] and lipid A [2], can be easily prepared

by protecting the 2-amino group with phthaloyl or carbamate

groups [6]. On the other hand, 1,2-cis glycosidic linkages are

still difficult to make with perfect stereoselectivity. Although

2-azido-substituted glycosyl donors are commonly used for the

preparation of 1,2-cis glycosidic linkages of amino sugars [7,8],

the selectivity highly depends on the nature of the glycosyl

acceptors and reaction conditions. In the last decade, 2,3-oxazo-

lidinone protected 2-amino-2-deoxy-glycosides have been

developed as glycosyl donors for the stereoselective synthesis

of amino sugars [9-24]. These glycosyl donors afford the

corresponding glycosides in a 1,2-trans or 1,2-cis selective

manner by action with various types of glycosyl acceptors.

However, it is still uncertain whether glycosyl triflate inter-

mediates [25], which were detected by NMR, play an important

role in the stereoselective formation of both α- and β-isomers.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:smanabe@riken.jp
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Scheme 1: Electrochemical conversion of thioglycosides to glycosyl
triflates.

We have developed an electrochemical method to generate and

accumulate highly reactive glycosyl triflates by low-tempera-

ture electrochemical oxidation of thioglycosides [26-30].

Although Kerns and Ye have already reported a chemically

generated glycosyl triflate equipped with an acetylated 2,3-

oxazolidinone protecting group [11,19], we envisioned that the

electrochemically generated glycosyl triflate with a 2,3-oxazo-

lidinone protecting group could be a useful intermediate to

reveal stereoselectivity in glycosylations via glycosyl triflate

intermediates. In this paper, we report the generation, accumu-

lation, and characterization by low-temperature NMR analyses,

of the corresponding glycosyl triflates. Electrochemical

glycosylation of the thioglycoside donor with 2,3-oxazolidi-

none protecting group gave both 1,2-trans linkages in the pres-

ence of a base at low temperatures and 1,2-cis glycosidic link-

ages in the absence of a base at elevated temperatures.

Results and Discussion
We began by conducting the electrochemical oxidation of 2,3-

oxazolidinone thioglycosides 1a–1c in the absence of a glycosyl

acceptor at low temperatures in order to generate and accumu-

late the corresponding glycosyl triflates (Scheme 1). Low-

temperature NMR measurements of the anodic solution were

carried out to confirm the structure of the glycosyl triflates. For

example, the anodic solution obtained by the electrochemical

oxidation of thioglycoside 1a (4 mA, 1 h) exhibited a single set

of peaks for glycosyl triflate 2a in the 1H NMR spectrum at

−80 °C (Figure 1). In contrast to the previous reports by Kerns

and Ye, the corresponding β-triflate was not observed under

these conditions [11,19]. The small coupling constant of the

anomeric proton (J = 2.1 Hz) indicates α-configuration of the

anomeric triflate. The 1H and 13C NMR chemical shifts of the

anomeric protons and carbons of glycosyl triflates 2a–c are

listed in Table 1. In all cases, the starting thioglycosides 1a–c

were quantitatively converted to the corresponding glycosyl

triflates 2a–c, which have α-configuration of the anomeric

triflate. Although the chemical shift of the anomeric proton H-1

of glycosyl triflate 2a appears at a lower chemical shift

(6.89 ppm) than those of glycosyl triflates 2b (5.97 ppm) and 2c

(5.95 ppm), the chemical shift of the anomeric carbon is around

100 ppm in all cases and the corresponding cross peaks of the

anomeric protons and carbons were observed in HMQC spectra.

Figure 1: 1H NMR spectrum of glycosyl triflate 2a.

Table 1: 1H- and 13C NMR chemical shifts of the anomeric proton and
carbon of glycosyl triflates 2a–c.

entry glycosyl triflate 1H NMR
[δ (ppm)a, J (Hz)b]

13C NMR
[δ (ppm)a]

1 2a 6.89, 2.1c 99.9
2 2b 5.97, singlet 99.9
3 2c 5.95, singlet 100.7

achemical shift; bcoupling constant; cdoublet.

Using electrochemically generated glycosyl triflate 2a, the

stereoselectivity of the glycosylation was investigated by the

addition of five equiv of various alcohols (Table 2). In accor-

dance with our previous results [26,29], high β-selectvity was

observed with highly reactive alcohols (Table 2, entries 1 and

2). On the other hand, less nucleophilic alcohols, such as benzyl

alcohol and CF3CH2OH, gave the corresponding glycosides in

lower β-selectivity than methanol or ethanol (Table 2, entries 3

and 4) [31].

Next, we examined the electrochemical activation of thioglyco-

side 1a to generate glycosyl triflate 2a in the presence of

glycosyl acceptor 7. In order to improve the yield and the

stereoselectivity of glycosylation, we examined the effects of

the reaction temperature and base (Table 3). Although poor

β-selectivity and yield were observed at low temperatures in the

absence of a base (Table 3, entry 1), the addition of an organic

base such as 2,6-di-tert-butyl-4-methylpyridine (DTBMP),

significantly improved the β-selectivity and yield (Table 3,

entry 2). In both cases small amounts of the α-isomers of the
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Table 3: Electrochemical glycosylation in the presence of glycosyl acceptor.

entry T base product: yield, ratio (8α to 8β)a

1 −78 °C – 8b: 36% (46 to 54) 9: <3%c 10: 34%c

2 −78 °C DTBMPd 8: 60% (4 to 96) 9: <3%c 10: 24%c

3 0 °C DTBMPd 8: 79% (3 to 97) 9: trace 10: trace
4 0 °C – 8: 59% (α only) 9: 29%c 10: 2%c

5 −78 °C then 0 °Ce – 8: 78% (α only)f 9: 4%c 10: 8%c

adetermined by 1H NMR; b1a (ca 15%) was recovered; cyields are based on 1a; d5.0 equiv; ethe reaction temperature was raised after electrolysis;
f1a (ca 6%) was recovered.

Table 2: Glycosylation of electrochemically generated glycosyl triflate
2a.

entry ROH product: yielda, ratio (α to β)b

1 MeOH 3: 76% (<1 to >99)
2 EtOH 4: 71% (<1 to >99)
3 BnOH 5: 89% (9 to 91)
4 CF3CH2OH 6: 82% (15 to 85)

aisolated yields; bdetermined by 1H NMR.

starting thioglycoside 9 and glucal 10 were obtained as byprod-

ucts (Table 3, entries 1 and 2). The yield was further increased

and the formation of byproducts was suppressed by raising the

reaction temperature to 0 °C (Table 3, entry 3). On the other

hand, the corresponding α-isomer of disaccharide 8α was

obtained as a major product together with the anomerized donor

9 when the reaction was performed at 0 °C in the absence of

DTBMP (Table 3, entry 4). These anomerizations may be

caused by the endocyclic cleavage reaction [22-24], which is

often observed for pyranosides with a 2,3-trans carbamate

group, under acidic conditions. The yield of disaccharide 8 was

improved by raising the temperature to 0 °C after the comple-

tion of electrolysis at −78 °C (Table 3, entry 5). The fact that

disaccharide 8 was obtained in higher yields (59% to 78%) and

that only a trace amount of α-isomer 9 (4%) was obtained

strongly suggests that the isomerization of thioglycoside donor

1a occurs during the electrolysis at 0 °C. It is noteworthy that

the α- and β-glycosides could be selectively prepared from the

same glycosyl donor with a 2,3-trans carbamate group, simply

by changing the reaction conditions.

In order to confirm that the anomerization of 8β to 8α could

take place under the reaction conditions, we examined the acid-

mediated isomerization of the β-isomer of disaccharide 8β to

the α-isomer 8α (Scheme 2). Triflic acid (TfOH) must be gener-

ated in situ by the reaction of glycosyl triflate 2a with alcohols.

Thus, TfOH (1.0 equiv) and tetrabutylammonium triflate

(Bu4NOTf) (5.0 equiv), which was used as a supporting elec-

trolyte for electrolysis, were added to a CH2Cl2 solution of the

β-isomer of disaccharide 8β at 0 °C. After stirring at 0 °C for

1 h, the reaction was quenched by the addition of Et3N. The

α-isomer of the disaccharide 8α was obtained in 83% yield as a

single isomer. This experiment shows that the α-product 8α is

the isomerization product of the β-isomer 8β as a result of endo-

cyclic cleavage, as shown in Scheme 2.
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Scheme 2: Triflic acid mediated isomerization of β-glycoside.

Conclusion
In conclusion, we have achieved the electrochemical generation

and accumulation of glycosyl triflates equipped with the 2,3-

oxazolidinone protecting group. This glycosyl triflate inter-

mediate reacted with alcohols of high reactivity to afford

β-glycosides as kinetic products. The α-products were also

obtained at elevated temperatures after anomerization of the

β-products, as both Oscarson and our group have previously

reported [18,22-24]. Namely, α- and β-glycosides were obtained

from 2,3-oxazolidinone donors by changing the reaction condi-

tions. Further investigations to reveal the scope and limitations

of the glycosylation reaction using electrochemically generated

glycosyl triflates are in progress in our laboratory.
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Abstract
A small set of nojirimycin- and pyrrolidine-based iminosugar derivatives has been synthesized and evaluated as potential inhibitors

of porcine and insect trehalases. Compounds 12, 13 and 20 proved to be active against both insect and porcine trehalases with

selectivity towards the insect glycosidase, while compounds 10, 14 and 16 behaved as inhibitors only of insect trehalase. Despite

the fact that the activity was found in the micromolar range, these findings may help in elucidating the structural features of this

class of enzymes of different origin, which are still scarcely characterised.

514

Introduction
Trehalase (EC3.2.1.28) is a glycosidase that catalyses trehalose

(α-D-glucopyranosyl-α-D-glucopyranoside 1, Figure 1) [1-3]

hydrolysis. It was found initially at the end of the 19th century

in Aspergillus niger [4] and S. cerevisiae [5], and has since then

been reported in several other organisms, including mammals,

where it is found both in the kidney brush border membranes

[6] and in the intestinal villae membranes [7]. While the role of

trehalase in the kidney has not been elucidated yet (trehalose is

absent in blood), in the intestine it hydrolyses ingested trehalose

[8]. However, trehalose hydrolysis is fundamental for insect

flight [9], growth resumption of resting cells, and spore

germination in fungi.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:laura.cipolla@unimib.it
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Figure 1: Structure of trehalose (1), validoxylamine A (2), 1-thiatreha-
zolin (3), trehalostatin (4), casuarine glucoside and analogues 5, and
MDL 25,637 (6).

Trehalase is an inverting glycosidase [10], belonging to the

GH37 family of the carbohydrate-active enzyme (CAZy) classi-

fication [11], and despite its abundance in nature, few details

are known of its function and properties. The first 3D structure

of a trehalase (Tre37A from E. coli) in a complex with inhibi-

tors (validoxylamine A (2) and 1-thiatrehazolin (3) Figure 1;

protein data bank (PDB) entries 2JF4 and 2JG0 [12]) shows the

presence of two subsites: Subsite +1 accommodating the

leaving-group, the “recognition” site, and subsite −1 as the

“catalytic” site.

Due to the biological relevance of trehalose and trehalase,

several trehalose mimetics have been proposed as potential

fungicides or antibiotics [13], such as trehalostatin (4) [1,14]

and some iminosugar glycoconjugates, e.g., 5 or MDL 25,637

(6) [1,15,16] (Figure 1). In this work we report the synthesis

and the biological activity of a small set of nojirimycin- and

pyrrolidine-based iminosugar derivatives and their preliminary

biological evaluation as inhibitors against porcine and insect

trehalase from C. riparius.

Results and Discussion
In previous studies by us and other research groups it was

reported that 1-deoxynojirimycin (7) and its benzyl urea deriva-

tive 8 (Figure 2) [17,18] are trehalase inhibitors. It is worth

noting that they have the nojirimycin ring in common with the

trehalose mimetic compound 6 (Figure 1). Furthermore, it was

also reported that pyrrolidine derivatives (i.e., DAB-1, 9,

Figure 2) [19] may act as trehalase inhibitors, in particular as

competitive inhibitors with affinity to the catalytic site [19]. In

general, it is well known that a key issue in the design of

glycosidase inhibitors is specificity, for example, 1-deoxynojiri-

mycin (7) is a glycosidase inhibitor in the low micromolar

range, but despite its activity it lacks specificity. In this study

we wish to gain further insights into the recognition require-

ments of the catalytic site of porcine (as the mammalian coun-

terpart) and insect trehalase from Chironomus riparius. Both

nojirimycin and pyrrolidine derivatives fall into the class of

catalysis-site-targeting inhibitors [19].

Figure 2: Structure of nojirimycin-based (7, 8) and pyrrolidine-based
(9) leads.

On the basis of these considerations, we designed and synthe-

sized nojirimycin and pyrrolidine derivatives 10–21 (Figure 3),

bearing different groups on the nitrogen atom and on the adja-

cent carbon. We did not expect a high value of inhibition, since,

as already reported [19], good inhibitors must have a pseudodis-

accharide structure, which ensures the synergistic interactions

of an aminocyclitol or a nitrogen-containing heterocycle with

the catalytic site, and of a sugar or cyclitol unit with the recog-

nition site. However, this work may highlight relevant struc-

tural features of the catalytic site that can give access to specific

inhibitors.

In general, the compounds were synthesized with the aim of

understanding whether the presence of substituents on the

nitrogen atom and/or a short- or medium-sized alkyl chain at

position 1 (numbering of the parent aldose) can somehow influ-

ence the activity and selectivity. In addition, the pyrrolidine

derivatives 14–16 and 17–19 possess a “α-D-arabino” and a

“β-D-ribo” configuration, respectively, which may affect the

activity and selectivity towards porcine and insect trehalase.

Finally, we also included two pyrrolidine derivatives 20 and 21,

differing in the alkylation position with a C8 alkyl chain

(Figure 3). These two compounds can help answer whether a

medium-sized lipophylic chain can be accommodated into the

catalytic site, and whether any difference could be due to the

positioning of the chain itself. Only the “α-D-arabino-config-
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Figure 3: Structures of potential inhibitors 10–21.

ured” pyrrolidines 20, 21 were considered here, since prelimi-

nary data showed that “β-D-ribo-configured” pyrrolidines were

not active at all (for details, see Enzyme assays).

Chemical synthesis
Based on the structure of lead compound 8 (Figure 2), which

showed some selectivity towards insect trehalase from

C.riparius [18], we envisaged the possibility to synthesize a few

nojirimycin and pyrrolidine derivatives bearing a benzyl urea

moiety and a different alkyl substituent on the adjacent carbon

(10, 11, 15 and 18, Figure 3). Thus the presence of a benzyl

urea moiety was expected to be a common feature of the

majority of the iminosugar derivatives (piperidines and pyrro-

lidines). However, during the final deprotection step by

hydrogenolysis, the reaction resulted in the formation of the

disubstituted urea 10 or, unexpectedly, monosubstituted ureas

12, 16 and 19 (Figure 3), depending on the starting material.

Pyrrolidine derivatives were synthesized with different stereo-

chemistry on the five-membered ring (i.e., compounds 14, 16

versus 17, 19, Figure 3), in order to elucidate whether this

feature could be relevant for enzyme recognition, and with a

sterically demanding alkyl chain positioned either at the

nitrogen atom or at the adjacent carbon (i.e., compounds 20 and

21, Figure 3).

Nojirimycin-based derivatives 10, 12 and 13
Compounds 10 and 12 were synthesized from the corres-

ponding protected nojirimycin derivatives 22 [20] (Scheme 1A)

and 24 [21] (Scheme 1B). Cbz deprotection of compound 22

(Scheme 1A) followed by reaction with benzyl isocyanate in

dimethoxyethane at 85 °C afforded urea 23 (15% yield over two

steps). Reaction of compound 24 directly with benzyl

isocyanate in dimethoxyethane at 85 °C afforded urea 25 in

72% yield (Scheme 1B).

Scheme 1: Synthesis of nojirimycin-based inhibitors 10,12 and 13.
Reagents and conditions: (a) H2, Pd/C, NH4OAc, EtOH, rt, 10 h; (b)
benzyl isocyanate, DME, 85 °C, 2 h; (c) H2, Pd(OH)2/C, EtOAc/EtOH
1:1, rt, 5 d.

The hydrogenolysis of benzyl ureas 23 and 25 unexpectedly

proceeded in a different manner. Derivative 23 afforded benzyl

nojirimycin urea 10 in quantitative yield (Scheme 1A), while

derivative 25, under the same reaction conditions gave mono-
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substituted urea 12 in 83% purity, as determined by NMR

(Scheme 1B). Impurities, which could not be separated from the

title compound, were due to small amounts of the benzyl urea

that could not be fully hydrolysed, even after prolonged reac-

tion times.

In order to figure out whether the benzyl urea moiety might

have any effect on the activity and specificity against trehalases,

derivative 13 was also synthesized by direct hydrogenolysis of

starting compound 22 (Scheme 1A). Any activity difference

between inhibitor 10 and 13 must be ascribed to the presence of

the benzyl urea group instead of the free nojirimycin NH.

Pyrrolidine-based compounds 14, 16, 17 and 19–21
Pyrrolidine derivatives 14, 16, 17 and 19 were obtained from

the corresponding pyrrolidines 26 and 27 [22], by following the

same synthetic steps used for nojirimycin derivatives, as

outlined in Scheme 2. Direct hydrogenolysis of 26 and 27

afforded quantitatively the compounds 14 and 17, respectively.

Cbz deprotection of 26 and 27 followed by reaction with

benzyl isocyanate in dimethoxyethane at 85 °C produced

ureas 28 and 29 in 47 and 50% overall yields, respectively. As

previously observed, hydrogenolysis of 28 and 29 afforded

monosubstituted ureas 16 and 19, with loss of the N-benzyl

group. In addition, while derivative 19 was obtained with

comparable purity (85%) to compound 12, deprotection

of intermediate 28 afforded monosubstituted urea 16 in only

58% purity.

In addition, pyrrolidines 20 and 21 were synthesized in a few

steps from nitrone 30 [23]. Catalytic hydrogenation over Pd/C

followed by reductive amination in the presence of octanal and

NaBH3CN afforded compound 20 in 33% yield over two steps

(Scheme 3). Grignard addition of octylmagnesium bromide to

nitrone 30 proceeded cleanly and gave stereoselectively the “all

trans” hydroxypyrrolidine 31 as a single adduct in 84% yield,

with a stereoselectivity that was in accordance with previously

reported Grignard additions on the same nitrone [24]. Final

catalytic hydrogenation over Pd/C gave pyrrolidine 21, which

was recently synthesized by an enantioselective strategy [25], in

73% yield.

Enzyme assays
Synthesized compounds 10, 12–14, 16, 17 and 19–21 were

tested for their inhibitory activity against insect (C. riparius)

and porcine kidney trehalase. All data are summarised in

Figure 4 and Table 1.

Even if the synthesis unexpectedly afforded a structurally quite

heterogeneous set of compounds, biological data give some

hints toward the design of selective inhibitors of trehalases of

Scheme 2: Synthesis of pyrrolidine derivatives 14, 16, 17 and 19.
Reagents and conditions: (a) H2, Pd(OH)2/C, EtOAc/EtOH 1:1, rt, 5 d;
(b) H2, Pd/C, NH4OAc, EtOH, rt, 10 h; (c) benzyl isocyanate, DME,
85 °C, 2 h.

Scheme 3: Synthesis of pyrrolidines 20 and 21. Reagents and condi-
tions: (a) H2, Pd/C, MeOH, HCl; (b) octanal, NaBH3CN, MeOH, AcOH
rt; (c) C8H17MgBr (2 M in Et2O), THF, −75 °C to rt (3 h).
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Table 1: Inhibition of trehalase activity. Fixed amounts of C. riparius and kidney porcine trehalases were incubated in the presence of fixed concentra-
tions (Km) of trehalose and increasing concentrations of the indicated inhibitors. Parameters were calculated as described in the text. Data are (means
± SE) of three independent experiments.

Compound IC50 C. riparius trehalase (µM) IC50 porcine kidney trehalase (µM)

7 2.8 ± 0.34a 5.96 ± 0.62b

8 25.0 ± 1.60a 100.0 ± 8.82a

9 19.0 ± 0.95a 10.6 ± 2.42a

10 349.0 ± 35 no inhibition
12 31.0 ± 1.82 154.0 ± 17
13 9.70 ± 0.30 109.0 ± 38
14 350.0 ± 24 no inhibition
16 290.0 ± 18 no inhibition
17 no inhibition no inhibition
19 no inhibition no inhibition
20 277.0 ± 2.63 537.0 ± 80
21 no inhibition no inhibition

avalues from [18]; bvalues from [13].

Figure 4: Histogram of the inhibitory activity of compounds 7–10,
12–14, 16 and 20. Derivatives 10, 14 and 16 showed no activity
against porcine kidney trehalase.

different origin. Trehalase activity was measured through a

coupled assay with glucose-6-phosphate dehydrogenase and

hexokinase according to Wegener et al. [26]. To examine the

potential of each compound as a trehalase inhibitor, screening

assays of potential inhibitors were carried out at a fixed concen-

tration of 1 mM. For the most active compounds, dose–response

curves were established to determine the IC50 values. Experi-

ments were performed in the presence of increasing concentra-

tions of the inhibitor at a fixed substrate concentration close to

the Km value (0.5 mM for C. riparius trehalase and 2.5 mM for

porcine trehalase). Initial rates as a function of inhibitor concen-

tration were fitted to the following equation:

where νi and ν are the initial rate in the presence and in the

absence of the inhibitor, respectively, [I] is the inhibitor concen-

tration, IC50 is the inhibitor concentration producing half-

maximal inhibition, and n is the Hill coefficient.

In the nojirimycin series (compounds 10, 12 and 13) the most

active compound was derivative 13, with IC50 values close to

1-deoxynojirimycin (7) for insect trehalase inhibition (Table 1).

Interestingly, compound 13 was found to be around ten times

more active towards insect trehalase than to porcine trehalase,

hence more specific than lead compound 7 (only twice as active

on insect trehalase), suggesting that a short alkyl chain at C-1,

together with the free NH group in the ring account for the good

activity and specificity.
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Comparing the activity of lead 7 with compound 12, it appears

that substitution on the nitrogen atom of the ring causes a drop

in activity; however, a good degree of selectivity (five times)

towards the insect glycosidase is maintained.

When substituents are introduced both on the nitrogen of the

ring and at C-1, as in compound 10, a further drop of activity

can be observed for insect trehalase inhibition (IC50 2.8 μM →

31.0 μM → 349.0 μM for 7 → 12 → 10), together with

complete loss of activity against the porcine enzyme (IC50

5.96 μM → 154.0 μM → no inhibition for 7 → 12 → 10), thus

maximising selectivity. The inhibition of the trehalase activity

of 8 is 25 μM and of 10 is 349 μM: Elongation of the ethyl

chain of compound 8 to the propyl group of inhibitor 10 causes

a more than ten-fold drop in activity against insect trehalase.

Analysis of the pyrrolidine set (14, 16, 17 and 19–21) immedi-

ately shows that the “β-D-ribo-configured” pyrrolidines 17 and

19 do not possess any activity against either enzyme. As for the

“α-D-arabino-configured” pyrrolidines, the presence of a steri-

cally demanding substituent (C8 alkyl chain) at C-1 (compound

21) is detrimental for the inhibition of both trehalases, while

shorter chains, as in 14, are accepted only by the catalytic site of

insect trehalase, thus imparting selectivity in inhibition. In

contrast, when the C8 alkyl chain is positioned on the nitrogen

(compound 20) both enzymes can accommodate the inhibitor in

the catalytic pocket, with a preference for the insect trehalase.

Furthermore, the presence of substituents both on the nitrogen

of the ring and at C-1, as in compound 16, slightly increases the

activity against insect trehalase (IC50 350.0 μM → 290.0 μM

for 14 → 16).

It is worth noting that the introduction of small substituents on

lead pyrrolidine 9, either at the nitrogen atom or at the adjacent

carbon, affords compounds less active than 9, but with reversed

specificity (9 is twice more active on porcine trehalase, while

14, 16 and 20 are more active on insect enzyme).

Conclusion
The design and synthesis of enzyme inhibitors can often

provide information about the mechanism of action and chem-

ical topography of the active site of the enzyme under consider-

ation. We proposed the synthesis of a small set of iminosugar

derivatives, which in some cases resulted in selective inhibitors

of trehalases of different origin, despite the fact that their

activity was in the micromolar range. The most active and

specific inhibitor was compound 13, characterised by a nojir-

imycin ring with a propyl group at C-1. Compared to lead

1-deoxynojirimycin (7), the presence of the propyl group in 13

causes a slight decrease of activity, but nevertheless imparting a

ten-fold selectivity towards insect trehalase. In general, the

collected data clearly indicate that the catalytic sites of treha-

lases from porcine kidney and insects have different recogni-

tion requirements, which can be exploited for the future design

of specific inhibitors.

Further studies are needed in order to characterise the synthe-

sized compounds in terms of their inhibitory activity against

other glycosidases of interest, such as maltase, isomaltase,

sucrase, glucoamylase, lactase and α-amylase.

Experimental
Synthesis
General methods
Solvents were dried over molecular sieves for at least 24 h prior

to use, when required. When dry conditions were required, the

reaction was performed under Ar or N2 atmosphere. Thin-layer

chromatography (TLC) was performed on silica gel 60F254

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 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) or on a Varian Gemini 200 MHz instrument

50.29 MHz (13C) where stated. 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 a

System Applied Biosystems MDS SCIEX instrument (Q TRAP,

LC/MS/MS, turbo ion spray) or on a System Applied Biosystem

MDS SCIEX instrument (Q STAR elite nanospray). ESI full

MS were recorded on a Thermo LCQ instrument by direct inlet;

relative percentages are shown in brackets. Elemental analyses

(C, H, N) were performed on a Perkin-Elmer series II 2400

analyzer, and all synthesized compounds showed a purity of

more than 95%.

General procedure for hydrogenolysis (compounds 10, 12,

13, 14, 16, 17, 19): A 0.02 M solution of the appropriate

compound dissolved in EtOAc/EtOH 1:1 was treated with

Pd(OH)2/C (100 wt %). The reaction mixture was stirred for 5 d

under a H2 atmosphere. Palladium was then removed by filtra-

tion through a Celite pad followed by washing with EtOH and

water. Evaporation of the solvents afforded the corresponding

deprotected compounds in quantitative yields.

General procedure for Cbz deprotection: To a 0.2 M solu-

tion of the appropriate compound dissolved in EtOH, crystal-

lized NH4OAc (0.5 equiv) and Pd/C (5 wt %) were added. The

reaction mixture was stirred overnight under a H2 atmosphere.
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Palladium was then removed by filtration through a Celite pad

followed by washing with EtOH. The solvent was removed

under reduced pressure and crude amine was used for the

benzyl isocyanate reaction (see general procedure for details).

General procedure for benzyl isocyanate reaction: To a

0.07 M solution of the appropriate compound dissolved in dry

DME, benzyl isocyanate (2 equiv) was added and the reaction

mixture was heated under reflux. After 2 h the solvent was

evaporated under reduced pressure. The residue was purified on

a silica gel column with a suitable eluent. See Supporting Infor-

mation File 1 for full experimental data.

Enzyme assays
All enzyme assays were performed in triplicate at 30 °C by

using sample volumes varying from 5 to 20 µL in 1 mL test

tubes and using a Cary3 UV–vis spectrophotometer. Enzyme

activities were analyzed by Cary Win UV application software

for Windows XP. The specific activity (U mg−1) was expressed

as µmol min−1(mg protein)−1. Values were expressed as mean

± SE of replicated.

Supporting Information
Supporting Information File 1
Full experimental data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-58-S1.pdf]
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Abstract
This paper deals with the synthesis of 2-deoxy-2-C-alkyl/aryl septanosides. A range of such septanoside derivatives was synthe-

sized by using a common bromo-oxepine intermediate, involving C–C bond forming organometallic reactions. Unsaturated, seven-

membered septanoside vinyl bromides or bromo-oxepines, obtained through a ring expansion methodology of the cyclopropane

derivatives of oxyglycals, displayed a good reactivity towards several acceptor moieties in C–C bond forming Heck, Suzuki and

Sonogashira coupling reactions, thus affording 2-deoxy-2-C-alkyl/aryl septanosides. Whereas Heck and Sonogashira coupling reac-

tions afforded 2-deoxy-2-C-alkenyl and -alkynyl derivatives, respectively, the Suzuki reaction afforded 2-deoxy-2-C-aryl septano-

sides. Deprotection and reduction of the 2-deoxy-2-alkenyl derivative afforded the corresponding 2-deoxy-2-C-alkyl septanoside

free of protecting groups. The present study illustrates the reactivity of bromo-oxepine in the synthesis of hitherto unknown

septanosides, branching out at C-2, through C–C bond formation with alkyl and aryl substituents.

522

Introduction
Septanoses and septanosides are unnatural, seven-membered

cyclic sugars [1]. Methods of preparation and the exploration of

the properties of these unnatural sugars are of high interest [2].

An early isolation of septanose was achieved through cycliza-

tion of generic hexose sugars, which afforded minor amounts of

septanose, along with furanose and pyranose, which formed in

major amounts [3]. Synthetic approaches to septanoses have

been explored in many instances, for example, (i) hemiacetal or

acetal formation from a linear precursor containing aldehyde

and an appropriately positioned hydroxyl group [4-8];

(ii) Knoevenagel-type condensation of sugar aldehyde with

active methylene compounds [9,10]; (iii) ring-closing

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:jayaraman@orgchem.iisc.ernet.in
http://dx.doi.org/10.3762%2Fbjoc.8.59
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Figure 1: Synthetic route to transform oxyglycal I to a septanoside V.

Scheme 1: Reaction conditions: (i) NaOMe, PhMe, reflux, 8 h; (ii) methyl acrylate (for 3); tert-butyl acrylate (for 4); H2C=CHCOO(CH2)5OCOCH=CH2
(for 5; 2/substrate = 1:0.57); styrene (for 6); α-methyl styrene (for 7); Pd(OAc)2 (10 mol %), Cs2CO3 (1.5 molar equiv), 1,4-dioxane, 98 °C, 72 h.

metathesis reactions of appropriately installed diene derivatives

[11-13]; (iv) ring expansion of 1,2-cyclopropanated sugars [14-

17]; (v) Baeyer–Villiger oxidation of inositol derivatives

[18,19] and (vi) electrophile-induced cyclization [20]. We

recently developed a new methodology to prepare septanosides,

which involved a sequence of dihalocarbene insertion on to an

oxyglycal, ring opening of the cyclopropyl moiety with a

nucleophile, and oxidation and reduction reactions, so as to

permit the expansion of six-membered pyranoses to seven-

membered septanosides [21-23]. Features of this methodology

include the formation of vinyl halide, vinyl ether, diketone and

diol intermediates, which are potential sites for varied types of

functionalizations. While exploring such features, we under-

took the preparation of septanoside derivatives that are

branched out at C-2, so as to afford 2-deoxy-2-C-alkyl/aryl

derivatives, through C–C bond formations mediated by

organometallic reagents. Details of the preparation of 2-deoxy-

2-C-aryl/alkyl septanosides are described herein.

Results and Discussion
The methodology of septanoside preparation starting from an

oxyglycal is shown in Figure 1 [21]. The oxygen at C-2 of

oxyglycal I was retained throughout until the septanoside V was

obtained. More importantly, vinyl halide III and diketone IV

also form as intermediates of the reaction and these intermedi-

ates provide an avenue to expand the scope of the reaction

sequence.

In the present work, we envisaged that III would form as a

synthon to implement C–C bond forming reactions. Vinyl

halide 2 was synthesized through a ring-expansion reaction of

cyclopropanated adduct 1 (Scheme 1), as reported previously

[21]. The reactivity at C-2 of 2 was examined by the chosen

organometallic reactions, namely, Heck, Suzuki and Sono-

gashira coupling reactions. Heck coupling reactions [24,25]

were undertaken first. Thus, the reaction of bromo-oxepine 2

with methyl acrylate was performed, in the presence of

Pd(OAc)2 (10 mol %) and Cs2CO3 in 1,4-dioxane, at 98 °C

(Scheme 1), to afford diene 3, in 70% yield. The presence of

doublets at 7.80 and 5.97 ppm (J = 16.0 Hz) in the 1H NMR

spectrum and signals at 136.3 ppm and 119.5 ppm in the
13C NMR spectrum confirmed the formation of 3.

Having realized the synthesis of one product, reactions of 2

were performed with a few other substrates, namely, tert-butyl

acrylate, a substrate presenting two acrylates within the mole-

cule, styrene, and α-methyl styrene (Scheme 1). Reactions with

these substrates also afforded the diene products 4–7, in good
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yields. The anticipated two Heck coupling reactions with the

substrate that presents two acrylates, could not be achieved,

rather only the mono-Heck coupling product 5 was obtained.

Alternative reaction conditions were attempted, for example, by

using Pd(PPh3)2Cl2 (10 mol %), instead of Pd(OAc)2, while

keeping other parameters of the reaction uniform, yet the

double-Heck coupling product was not observed. The newly

generated exocyclic olefin protons resonated as two distinct

doublets in 4 at 7.72 and 5.88 ppm (J = 16.4 Hz); in 5 at 7.79

and 5.93 ppm (J = 16.4 Hz) and in 6 at 7.19 and 6.66 ppm (J =

16.8 Hz). Further, the exocyclic double-bond carbon nuclei

resonated at ~136–130 and ~122 ppm in the 13C NMR spectra

of 4–6. The reactions afforded only the (E)-isomer. Interest-

ingly, when the reaction was performed with α-methyl styrene,

product 7, with an exocyclic double bond isomerization to a

terminal double bond was observed. The appearance of two

singlets at 5.30 and 5.14 ppm in the 1H NMR spectrum indi-

cated the presence of two vinylic protons in 7. On the other

hand, the exocyclic methylene moiety at C-2 in 7 appeared as

two distinct doublets (3.88, 3.08 ppm, J = 14.4 Hz) in the
1H NMR spectrum. Further structural assignments of 7 were

performed through COSY and HSQC experiments.

Following the Heck coupling reactions on bromo-oxepine 2,

efforts were undertaken to implement C–C bond forming

Suzuki and Sonogashira coupling reactions. Suzuki reactions

were undertaken by involving phenylboronic acid and substi-

tuted phenylboronic acids [26,27], in the presence of Pd(OAc)2

(10 mol %) and Cs2CO3 in 1,4-dioxane at 98 °C (Scheme 2).

The reactions afforded septanosides 8–10, which are deriva-

tized with a phenyl substituent at C-2, in moderate yields. The

formation of a C–C bond at C-2 in 8–10 was inferred by the

observation of shifts of the C-2 nuclei signal at ~129 ppm,

which in the case of bromo-oxepine was observed at 114.3 ppm.

Analyses of 1H and 13C NMR spectra and mass spectra

confirmed the constitution of 8–10.

Scheme 2: Reaction conditions: (i) phenylboronic acid (for 8);
4-methoxyphenylboronic acid (for 9); 3-methylphenylboronic acid (for
10); Pd(OAc)2 (10 mol %), Cs2CO3 (1.5 molar equiv), 1,4-dioxane,
98 °C, 72 h.

The reactivity of bromo-oxepine, the key intermediate of the

septanoside synthesis earlier, was explored further in the

context of C–C bond formation at C-2, through another versa-

tile C–C bond forming reaction, namely, Sonogashira coupling

[28,29]. Reactions of 2 with acetylenes were performed in the

presence of Pd(PPh3)2Cl2 (20 mol %) and CuI (10 mol %) in a

DMF/THF/Et3N 5:3:2 solvent mixture as the optimized

protocol. The use of Pd(OAc)2 as a catalyst or Et3N as the base

did not promote the reaction, leading only to the recovery of the

starting material. Thus, the reaction of 2 with phenylacetylene

and oct-1-yne led to the formation of the corresponding

2-deoxy-2-C-alkynyl septanosides 11 and 12 (Scheme 3) in

moderate yields. Prolonging the reaction time and increasing

the catalyst loading did not increase the yields, although dehalo-

genation of 2 to oxepine was found to occur to a minor extent

when the reaction time was increased to several days. 13C NMR

spectra of 11 and 12 showed resonances for the newly formed

C–C bond at 11: 108.4 ppm (C-2) and 95.8 ppm (C≡C-Ph); 12:

109.9 ppm (C-2) and 97.4 ppm (C≡C-C6H13). Further, 1H and
13C NMR spectroscopic and mass spectrometric analyses

confirmed the constitutions of 11 and 12.

Scheme 3: Reaction conditions: (i) phenylacetylene (for 11); oct-1-yne
(for 12); Pd(PPh3)2Cl2 (20 mol %), CuI (10 mol %), DMF/THF/Et3N
3:2:1, 98 °C, 72 h.

Having observed a good reactivity of bromo-oxepine 2 in C–C

bond forming reactions, we used one of the 2-deoxy-2-C-alkyl

derivatives, namely, product 4 for further reactions, leading to a

2-deoxy-2-C-alkyl septanoside containing free hydroxyl groups.

Towards this effort, 4 was subjected first to a hydrogenolysis

(Pd/C, H2), which afforded D-manno-sept-3-uloside 13 as

single diastereomer in good yield (Scheme 4).

The configuration of C-2 in 13 was confirmed through HMQC

and COSY experiments. A doublet at 4.37 ppm with JH1,H2 of

8.0 Hz indicated a trans-configuration of H-2 with respect to

H-1 in 13. The presence of sets of protons in the 1H NMR spec-

trum, one at 2.05 and 1.78 ppm (multiplet) and the other at

2.21 ppm (t, J = 7.4 Hz), corresponding to exocyclic methylene

moieties in 13, resulting from the concomitant reduction of the

exocyclic double bond in 4, was also observed. The presence of
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Scheme 4: Reaction conditions: (i) Pd/C (10 %), H2, MeOH, rt, 24 h; (ii) NaBH4, MeOH, 0 °C to rt, 3 h.

the ketone functionality in 13 was inferred from the resonance

at 208.4 ppm in the 13C NMR spectrum. Subsequent to

hydrogenolysis, the treatment of 13 with NaBH4 facilitated the

reduction of the keto-moiety to the corresponding alcohol 14, in

an excellent yield. The trans-bisequatorial configuration of the

hydroxyl groups at C-3 and C-4 in 14 was inferred from a
3JH3,H4 of 12.4 Hz, in the 1H NMR spectrum. On the other

hand, the proton at C-2 merged with the exocyclic methylene

group, leading to an inability to assess the H-2,H-3 coupling

constant in 14. Having defined the configuration of the

substituent at C-2 in 13, we infer a trans-configuration of the

substituent at C-2 and C-3. The results of mass spectrometric

analysis concurred with the constitutions of 13 and 14.

Conclusion
The present study illustrates the effective application of synthet-

ically useful bromo-oxepine for the preparation of hitherto

unknown 2-deoxy-2-C-alkyl/aryl septanoside derivatives. C–C

bond forming Heck, Suzuki and Sonogashira coupling reac-

tions, with appropriate acrylates, arylboronic acids and alkynes,

afforded the respective cross-coupled products in good yields. It

is pertinent to note that the implementation of such reactions is

known in seven-membered 1,2-oxazepines, so as to secure the

corresponding cross-coupling products [30]. Furthermore, one

of the 2-deoxy-2-C-alkyl septanoside derivatives was converted

to a hydroxyl-group-free methyl 2-deoxy-2-C-alkyl septanoside.

The present study illustrates the scope of seven-membered bro-

mo-oxepines as useful substrates for the generation of 2-deoxy-

2-C-alkyl/aryl septanosides, in addition to our previous efforts

to progress such intermediates to a number septanosides and

septanoside-containing di- and tri-saccharides.

Experimental
General
Chemicals were purchased from commercial sources and were

used without further purification. Solvents were dried and

distilled according literature procedures. Analytical TLC was

performed on commercial Merck plates coated with silica gel

GF254 (0.25 mm). Silica gel (230–400 mesh) was used for

column chromatography. Optical rotations were recorded on a

JASCO Model P-1020 polarimeter at the sodium D line at

24 °C. High-resolution mass spectra were obtained from a

Q-TOF instrument by the electrospray ionization (ESI) tech-

nique. 1H and 13C NMR spectral analyses were performed on

400 MHz and 100 MHz spectrometers, respectively, with the

residual solvent signal acting as the internal standard. COSY

and HSQC analyses were performed on a 400 MHz NMR spec-

trometer.

Methyl 2-deoxy-2-C-(2-(tert-butoxycarbonyl)vinyl)-3,4,5,7-

tetra-O-benzyl-α-D-arabino-hept-2-enoseptanoside (4): A

solution of 2 [21] (0.05 g, 0.07 mmol) in 1,4-dioxane (1 mL)

was admixed with Pd(OAc)2 (1 mg, 10 mol %) under a N2

atmosphere, and this was followed by the addition of Cs2CO3

(0.03 g, 0.11 mmol) and tert-butyl acrylate (0.02 mL,

0.153 mmol), in a sealed tube. The reaction mixture was stirred

at 98 °C for 72 h, cooled, filtered, diluted with EtOAc (20 mL),

washed with water (2 × 30 mL) and brine (2 × 10 mL), dried

(Na2SO4) and concentrated in vacuo. The resulting residue was

purified (hexane/EtOAc 9:1) to afford 4 (0.038 g, 72%), as an

oil. Rf 0.48 (hexane/EtOAc 9:1); [α]D −130.8 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 16.4 Hz, 1H,

-CH=CHCO2t-Bu), 7.33–7.24 (m, 18H, aromatic), 7.10–7.08

(m, 2H, aromatic), 5.88 (d, J = 16.4 Hz, 1H, -CH=CHCO2t-Bu),

5.36 (s, 1H, H-1), 4.69–4.56 (m, 4H, PhCH2), 4.48 (d, J =

12.0 Hz, 1H, PhCH2), 4.43 (d, J = 12.0 Hz, 1H, PhCH2), 4.33

(d, J = 12.0 Hz, 1H, PhCH2), 4.24 (d, J = 12.0 Hz, 1H, PhCH2),

4.21–4.17 (m, 2H, H-4 and H-6), 3.75 (dd, J = 8.4, 1.4 Hz, 1H,

H-5), 3.63–3.57 (br, 1H, H-7a), 3.53–3.52 (br, 1H, H-7b), 3.51

(s, 3H, OMe), 1.47 (s, 9H, t-Bu); 13C NMR (100 MHz, CDCl3)

δ 166.6 (C=O), 158.7 (C-3), 138.2–137.0 (aromatic), 136.4

(-CH=CHCO2t-Bu), 128.4–127.5 (aromatic ), 124.4 (C-2),

121.9 (-CH=CHCO2t-Bu), 100.0 (C-1), 80.1 (C-5), 79.9 (C-4),

73.0 (PhCH2), 72.8 (PhCH2), 72.0 (PhCH2), 71.2 (PhCH2),

71.0 (C-6), 70.8 (C-7), 55.5 (OMe), 28.1 (t-Bu); HRMS–ESI

(m/z): [M + Na]+ calcd for 715.3247; found, 715.3245.

Methyl 2-deoxy-2-C-(2-phenylallyl)-3,4,5,7-tetra-O-benzyl-

α-D-arabino-hept-2-enoseptanoside (7): A solution of 2 [21]

(0.05 g, 0.07 mmol) in 1,4-dioxane (1 mL) was admixed with

Pd(OAc)2 (1 mg, 10 mol %) under a N2 atmosphere, and was

followed by the addition of Cs2CO3 (0.03 g, 0.11 mmol) and

α-methyl styrene (0.01 mL, 0.09 mmol) in a sealed tube. The

reaction mixture was stirred at 98 °C for 72 h, cooled, filtered,
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diluted with EtOAc (20 mL), washed with water (2 × 30 mL)

and brine (2 × 10 mL), dried (Na2SO4) and concentrated in

vacuo. The crude reaction mixture was purified (hexane/EtOAc

92:8) to afford 7 (0.042 g, 80%), as an oil. Rf 0.60 (hexane/

EtOAc 9:1); [α]D −58.8 (c 0.5, CHCl3); 1H NMR (400 MHz,

CDCl3) δ 7.44 (d, J = 7.6 Hz, 2H, aromatic), 7.33–7.21 (m,

21H, aromatic), 7.18 (d, J = 4.8 Hz, 2H, aromatic), 5.30 (app. s,

1H, CHH=CPh), 5.14 (app. s, 1H, CHH=CPh), 4.98 (s, 1H,

H-1), 4.58 (d, J = 12.4 Hz, 2H, PhCH2), 4.44 (d, J = 12.0 Hz,

2H, PhCH2), 4.31 (d, J = 10.8 Hz, 2H, PhCH2), 4.22 (d, J =

11.6 Hz, 1H, PhCH2), 4.08–4.03 (band, 3H, H-4, H-6 and

PhCH2), 3.88 (d, J = 14.4 Hz, 1H, -CHH C(Ph)=CH2), 3.61 (dd,

J = 9.2, 1.6 Hz, 1H, H-5), 3.55 (dd, J = 10.4, 6.4 Hz, 1H, H-7a),

3.49 (dd, J = 8.8, 2.0 Hz, 1H, H-7b), 3.36 (s, 3H, OMe), 3.08

(d, J = 14.4 Hz, 1H, -CHH C(Ph)=CH2); 13C NMR (100 MHz,

CDCl3) δ 150.9 (C-3), 146.3 (CH2-C(Ph)=CH2), 141.0–137.3

(aromatic), 128.3–126.6 (aromatic), 126.5 (C-2), 114.1 (C-10),

101.0 (C-1), 80.8 (C-5), 76.3 (C-4), 72.9 (PhCH2), 72.0

(PhCH2), 71.7 (PhCH2), 71.3 (PhCH2), 71.2 (C-7), 70.0 (C-6),

55.7 (OMe) 33.2 (-CH2-C(Ph)=CH2); HRMS–ESI (m/z): [M +

Na]+ calcd for 705.3192; found, 705.3193.

Methyl 2-deoxy-2-C-(p-methoxyphenyl)-3,4,5,7-tetra-O-

benzyl-α-D-arabino-hept-2-enoseptanoside (9): A solution of

2 [21] (0.05 g, 0.07 mmol) in 1,4-dioxane (1 mL) was admixed

with Pd(OAc)2 (1 mg, 10 mol %) under a N2 atmosphere, and

was followed by the addition of Cs2CO3 (0.03 g, 0.11 mmol)

and 4-methoxyphenylboronic acid (0.012 g, 0.07 mmol), in a

sealed tube. The reaction mixture was stirred at 98 °C for 72 h,

cooled, filtered, diluted with EtOAc (20 mL), washed

with water (2 × 30 mL) and brine (2 × 10 mL), dried (Na2SO4)

and concentrated in vacuo. The crude reaction mixture was

purified (hexane/EtOAc 8:2) to afford 9 (0.033 g, 64%), as an

oil. Rf 0.60 (hexane/EtOAc 8:2); [α]D −9.8 (c 0.1, CHCl3);
1H NMR (400 MHz, CDCl3) δ 7.38–7.11 (m, 20H, aromatic),

6.88 (d, J = 7.6 Hz, 2H, aromatic), 6.83 (d, J = 8.8 Hz, 2H,

aromatic), 5.37 (s, 1H, H-1), 4.81 (d, J = 12.4 Hz, 1H, PhCH2),

4.64–4.49 (m, 3H, PhCH2), 4.40 (d, J = 11.6 Hz, 2H, PhCH2),

4.32–4.29 (br, 1H, H-6), 4.28 (app. d, J = 11.2 Hz, 1H, H-4),

4.23 (s, 2H, PhCH2), 3.80 (s, 3H, OMe), 3.77–3.74 (br, 1H,

H-5), 3.66 (dd, J = 10.6, 6.4 Hz, 1H, H-7a), 3.58 (dd, J = 10.6,

2.4 Hz, 1H, H-7b), 3.33 (s, 3H, OMe); 13C NMR (100 MHz,

CDCl3) δ 158.4 (aromatic), 152.3 (C-3), 138.4–137.3

(aromatic), 130.9 (aromatic), 129.0 (C-2), 128.4–127.4

(aromatic), 113.1 (aromatic), 102.2 (C-1), 80.7 (C-5), 78.3

(C-4), 73.0 (PhCH2), 72.6 (PhCH2), 72.0 (PhCH2), 71.2 (C-6),

71.1 (C-7), 55.9 (OMe), 55.2 (-C6H4OMe); HRMS–ESI (m/z):

[M + Na]+ calcd for 695.2985; found, 695.2983.

Methyl 2-deoxy-2-C-(octyn-1-yl)-3,4,5,7-tetra-O-benzyl-α-D-

arabino-hept-2-enoseptanoside (12): A solution of 2 [21]

(0.05 g, 0.07 mmol) in DMF/THF/Et3N 5:3:2 (1 mL) was

admixed with Pd(PPh3)2Cl2 (0.01 g, 20 mol %) under a N2

atmosphere, and was followed by the addition of CuI (0.012 g,

10 mol %) and 1-octyne (0.023 mL, 0.14 mmol), in a

sealed tube. The reaction mixture was stirred at 98 °C for 72 h,

cooled, filtered, diluted with EtOAc (20 mL), washed

with water (2 × 30 mL) and brine (2 × 10 mL), dried (Na2SO4)

and concentrated in vacuo. The crude reaction mixture

was purified (hexane/EtOAc 9:1) to afford 12 (0.035 g, 68%),

as an oil. Rf 0.30 (hexane/EtOAc 9:1); [α]D +4.56 (c 0.1,

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.36–7.21 (m, 18H,

aromatic), 7.07–7.05 (m, 2H, aromatic), 5.25 (s, 1H, H-1), 5.08

(d, J = 11.6 Hz, 1H, PhCH2), 4.80 (d, J = 11.6 Hz, 1H, PhCH2),

4.72 (d, J = 12.4 Hz, 1H, PhCH2), 4.60 (d, J = 12.4 Hz, 1H,

PhCH2), 4.45 (d, J = 12.4 Hz, 2H, PhCH2), 4.32 (d, J =

11.6 Hz, 1H, PhCH2), 4.17 (d, J = 11.6 Hz, 1H, PhCH2),

4.14–4.10 (band, 2H, H-4 and H-6), 3.68 (dd, J = 8.8, 2.0 Hz,

1H, H-5), 3.60 (dd, J = 6.0, 3.0 Hz, 1H, H-7a), 3.52–3.49 (br,

1H, H-7b), 3.48 (s, 3H, OMe), 2.37 (t, J = 7.2 Hz, 2H,

-C≡CCH2-), 1.55–1.51 (m, 1H, -C≡CCH2CH2-), 1.42–1.35 (m,

1H, -C≡CCH2CH2-), 1.30–1.18 (m, 6H, -C≡C(CH2)2(CH2)3-),

0.86 (t, J = 6.8 Hz, 3H, -C≡C(CH2)5CH3); 13C NMR

(100 MHz, CDCl3) δ 160.9 (C-3), 138.4–137.5 (aromatic),

128.4–127.4 (aromatic), 109.9 (C-2), 100.8 (C-1), 97.4

(-C≡CCH2CH2-), 80.4 (C-5), 78.6 (C-4), 75.7 (-C≡CCH2CH2-),

73.3 (PhCH2), 72.8 (PhCH2), 71.8 (PhCH2), 71.2 (PhCH2),

71.1 (C-6), 70.8 (C-7), 55.9 (OMe), 31.3 (-C≡C(CH2)3CH2-),

28.6 (-C≡C(CH2)4CH2-), 28.5 (-C≡CCH2CH2-), 22.5

(-C≡C(CH2)2CH2-), 20.0 (-C≡CCH2(CH2)4CH3), 14.3

(-C≡C(CH2)5CH3); HRMS–ESI (m/z): [M + Na]+ calcd for

697.3505; found, 697.3507.

Methyl 2-deoxy-2-C-(2-(tert-butoxycarbonyl)ethyl)-α-D-

manno-sept-3-uloside (13): A mixture of 4 (0.038 g,

0.054 mmol) and Pd/C (10%, 0.030 g) in MeOH (10 mL) was

stirred under a positive pressure of H2 for 24 h at rt, filtered

through a celite pad, and washed with MeOH (2 × 15 mL), and

the solvents were removed in vacuo to afford 13 (0.017 g,

94%), as an oil. Rf 0.3 (MeOH/CHCl3 1:1); [α]D +63.12 (c 0.5,

MeOH); 1H NMR (400 MHz, CD3OD) δ 4.37 (d, J = 8.0 Hz,

1H, H-1), 4.28 (app. d, J = 7.6 Hz, 1H, H-4), 4.08 (m, 1H, H-6),

3.85 (dd, J = 13.6, 2.4 Hz, 1H, H-7a), 3.73 (dd, J = 13.6, 4.8

Hz, 1H, H-7b), 3.46 (s, 3H, OMe), 3.35 (br, 1H, H-5),

3.22–3.17 (m, 1H, H-2), 2.21 (t, J = 7.4 Hz, 2H, -CH2-

CH2CO2t-Bu), 2.10–2.01 (m, 1H, -CHHCH2CO2t-Bu),

1.83–1.75 (m, 1H, -CHHCH2CO2t-Bu), 1.49 (s, 9H, t-Bu);
13C NMR (100 MHz, CD3OD) δ 208.4 (C-3), 175.3 (C=O),

103.4 (C-1), 84.5 (C-4), 83.1 (C-t-Bu), 73.2 (C-5), 71.0 (C-6),

62.7 (C-7), 56.6 (OMe), 52.2 (C-2), 33.9 (-CH2CH2CO2t-Bu),

28.2 (t-Bu), 23.3 (-CH2CH2CO2t-Bu); HRMS–ESI (m/z): [M +

Na]+ calcd for 357.1525; found, 357.1526.
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Abstract
Cyanoethylglucans with a degree of substitution in the range of 0.74 to 2.40 for dextran and 0.84 to 2.42 for pullulan were obtained

by Michael addition of acrylonitrile to the glucans under various conditions. Products were thoroughly characterized, comprising

elementary analysis, NMR and ATR–IR spectroscopy, and analysis of the substituent distribution in the glucosyl units by GC–FID

and GC–MS of the constituting monosaccharide derivatives. Nanostructuring of the highly substituted cyanoethylpolysaccharides

was performed by dialysis against a non-solvent. In the presence of ferromagnetic iron-oxide nanoparticles, multicore cyanoethyl-

glucan-coated ferromagnetic nanoparticles were formed by selective entrapment. The specific interaction between cyano groups

and iron could be proven. The size distribution and morphology of the nanoparticles were analyzed by dynamic light scattering

(DLS), scanning electron microscopy (SEM) and energy-filtered transmission electron microscopy (EF–TEM) with parallel elec-

tron energy loss spectroscopy (PEELS).

551

Introduction
Cyanoethylation has been widely applied to polysaccharides,

e.g., to cellulose [1], inulin [2], and starch [3]. Onda reported on

cyanoethylation of pullulan with degrees of substitution (DS) up

to 2.71 [4]. In contrast to Williamson-type etherifications, the

base is not consumed in this nucleophilic addition of acryloni-

trile, which is a reversible and thermodynamically controlled

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:p.mischnick@tu-braunschweig.de
http://dx.doi.org/10.3762%2Fbjoc.8.63
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Figure 1: Polysaccharide structures of pullulan and dextran cyanoethylation with acrylonitrile and NaOH as catalyst; sample preparation for GLC/
GLC–MS analysis: depolymerization and silylation.

reaction. While O-cyanoalkylglycans are of interest as such,

they have also been used as precursors for amino-functional-

ized polysaccharides [2,5-8].

Introducing a cyanoethyl group offers various potential advan-

tages. First, cyanoethylpolysaccharides show remarkable elec-

tric properties: These compounds used as gel electrolytes exhib-

ited an enhanced ionic conductivity up to 2.4 × 10−3 S/cm.

Thus, a lithium ion polymer battery with cyanoethylpullulan as

a matrix polymer could be built with high charge/discharge effi-

ciency [9]. Another example is a vertical electrochemical tran-

sistor based on poly(3-hexylthiophene), which was realized by

making use of the film-forming qualities of cyanoethylpullulan

[10].

Partial hydrophobization of polysaccharides by the introduction

of nonpolar residues enables nanostructuring by self-assembly

of these compounds. Heinze et al. demonstrated that

hydrophobic dextran derivatives form spherical particles on the

nanometer scale when a solution of the polymer material is

dialyzed against the poorer solvent water. A certain degree of

hydrophobicity and amphiphilic balance is necessary to form

stable particles [11-14]. We also observed nanostructure forma-

tion of alkynyldextrans [15]. Embedding magnetic iron cores in

the polymer particle allows for control by magnetic fields.

Magnetic separation techniques or magnetic particle imaging

can be performed. Applications, such as drug delivery or

targeting, hyperthermia and biosensing can be realized [16-18].

Binding of stabilizing organic shells to ferric oxide nanoparti-

cles is usually mediated by carboxylate groups [19]. The inter-

action of magnetic nanoparticles, coated with glucans (cellu-

lose, pullulan and dextran), with human cells was reported by

Heinze et al. [17,20].

A prerequisite for any application in pharmaceutical as well as

technological fields is the structural characterization of the ma-

terial. Cyanoethylation is established for polysaccharides, but

the substituent pattern has only been studied for cyanoethyl-

amylose and starch [3]. In most cases, the products have only

been roughly characterized by NMR and IR spectroscopy or by

elementary analysis [1,2]. Verraest described the substituent

distribution in O-cyanoethylinulin by HPLC analysis and
13C NMR spectroscopy [7]. The structure and the solution prop-

erties of cyanoethylcellulose were investigated by FT–IR and
13C NMR spectroscopy, as well as by light scattering [21,22].

Cellulose and starch derivatives have been studied more exten-

sively due to their frequent use, e.g., market share and bulk flow

in industrial processing [23].

Pullulans and dextrans (Figure 1) have not received the atten-

tion these fascinating polymers deserve, due to their lower

trading volume and higher price. But in recent years their
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Table 1: Conditions and results of cyanoethylation of dextran (6 kDa) and pullulan (100 kDa) with acrylonitrile (AN) and NaOH.

sample CED-1 CED-2 CED-3 CEP-1 CEP-2 CEP-3

reaction mass educt [g] 1.20 1.20 0.50 1.20 1.20 0.50
conditions [mmol/glc] 7.4 7.4 3.1 7.4 7.4 3.1

H2O [mL] 4 4 5 4 4 5
acetone [mL] – 1 4.75 – 1 4.75
NaOH [equiv/glc] 0.2 0.2 2 0.2 0.2 2
AN [mL] 1.9 1.9 4.65 1.9 1.9 4.65

[equiv/glc] 4 4 23 4 4 23
time [h] 0.5 0.5 24 0.5 0.5 24
temperature [°C] 45 45 20 45 45 20
mass product [g] 1.23 1.30 0.77 1.17 1.29 0.71

DS DSEA(N)
a 0.86 1.46 2.68 0.90 1.35 2.32

DSEA(CN)
b 0.91 1.55 2.72 0.97 1.42 2.32

DSNMR(1)
c 1.01 1.81 2.37 – – –

part. DSNMR(2) at O-2d 0.47 (46.1) 0.72 (39.6) – – – –
DSNMR(3)

e 0.97 1.61 2.51 0.89 1.31 2.43
DSGC

f 0.74 1.39 2.40 0.84 1.52 2.42
DSGC

g 0.85 1.52 2.52 0.91 1.55 2.48

yieldh 77–83 86–74 82–86 74–76 72–75 79–81
aDS calculated from elementary analysis (based on N content). bDS calculated from elementary analysis (based on C/N ratio). cDS calculated from
1H NMR according to Equation 1. dPartial DS in position 2 calculated from 1H NMR according to Equation 2, % of total DSNMR(1). eDS calculated from
1H NMR according to Equation 3. fDS calculated from GLC analysis; only cyanoethyl derivatives considered. gDS calculated from GLC analysis;
O-carboxyethyl side products (TMS esters) are included. hRange calculated based on the lowest and highest DS value obtained by the different
methods a–c, e and f.

importance for special biochemical or pharmaceutical applica-

tions, such drug delivery or biosensor technology, has grown,

due to their special properties such as water solubility, low

viscosity and film formation [24-27]. Pullulan is a

homopolysaccharide of D-glucose secreted by Aureobasidium

pullulans. The repeating units of this linear and regular glucan

are maltotrioses (Glc-α-1→4-Glc-α-1→4-Glc), which are

α-1→6-linked. Due to this linkage pattern, pullulan is very flex-

ible and dissolves readily in water, with low viscosity. Films

can be easily prepared. Pullulan is nontoxic, even edible,

biocompatible and biodegradable [28,29]. Several applications

in pharmaceutical and food technology have been reported. A

summary for biotechnological applications of pullulan is given

by Leathers [30].

Dextran is also a microbial glucan, e.g., from Leuconostoc

mesenteroides. The main chain is α-1→6-linked and, in contrast

to pullulan, randomly branched to various extent at positions

O-3, O-4 and/or O-2, beside short stumps consisting of 1 to 2

glucose units; the 1–2% long-chain branching influences the

properties of commercially available dextran [31-33]. Due to

their nontoxicity and biocompatibility, dextrans are applied as

blood-plasma expander. Dextran derivatives are used in many

biomedical and bioanalytical applications [34] and are the

subject of further developments in this field [35]. Therefore, we

selected pullulan and dextran as candidates for a linear and a

branched polysaccharide in our cyanoethylation studies.

Cyanoethylglucans of different DS values were produced.

Another objective of our approach was the detailed determin-

ation of the substitution pattern on the monomer level. Further-

more, nanostructuring of highly substituted cyanoethylglucans

with and without ferromagnetic nanoparticles was investigated.

Results and Discussion
Synthesis and characterization of cyanoethyl-
glucans
Dextran (6 kDa) and pullulan (100 kDa) were reacted with

different amounts of acrylonitrile (AN) and sodium hydroxide

in water. According to the patent of Onda [4], acetone was

applied as a solubility mediator in some reactions. Reaction

conditions were varied to obtain scarcely, moderately and

highly substituted cyanoethylglucans. Products were isolated

and purified by dialysis. Reaction parameters are shown in

Table 1. DS values ranging from 0.74 to 2.40 (dextran, CED-

1–CED-3) and 0.84 to 2.42 (pullulan, CEP-1–CEP-3) were

obtained by GLC analysis. Up to a DS of around 1.50, the prod-

ucts were still water-soluble. Derivatives with a DS above 2

showed good solubility in acetone, DMSO or DMF. Product
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Figure 2: ATR–IR spectra of (a) dextran, 6 kDa, and cyanoethyldextrans (b–d) CED-1–3.

Figure 3: ATR–IR spectra of (a) pullulan, 100 kDa, and cyanoethylpullulans (b–d) CEP-1–3.

characterization was carried out by elementary analysis (EA),
1H NMR spectroscopy, and infrared spectroscopy (ATR–IR).

Gas–liquid chromatography (GLC) in combination with

mass spectrometry (MS) was employed for the analysis of

glucose derivatives after depolymerization of the cyanoethyl-

glucans.

The DS of heterogenic atoms containing polysaccharide deriva-

tives can be followed by elementary analysis. To avoid misin-

terpretations due to impurities of the polymer sample, it should

be checked whether the DS usually calculated from the nitrogen

content is in accordance with the ratios of the other elements.

Therefore, we evaluated the DSEA from the N content and addi-

tionally from the C/N ratio. Results are given in Table 1.

DSEA(C/N) was 0 to 7.8% higher than DSEA(N). In the following

the functionalized glucans were investigated by ATR–IR spec-

troscopy. The characteristic C≡N stretching vibration was

detected at 2250 cm−1 increasing with DS, while the intensity of

the OH stretching (3400 cm−1) decreased, with the maximum

being shifted to higher wavenumbers (→ less hydrogen

bonding). No side products, such as amides or carboxylates (as

hydrolysis products of nitrile groups), or only traces thereof,

were observed [21]. ATR–IR spectra of native dextran and the

cyanoethyl ethers are shown in Figure 2. Figure 3 shows the

ATR–IR spectra for pullulan and the corresponding cyanoethyl

ethers.

1H NMR spectroscopy is a versatile and fast method for qualita-

tive and quantitative structural analysis. Figure 4 presents the
1H NMR spectra of cyanoethyldextrans CED-2 and CED-3 in

comparison with the unmodified polysaccharide. DMSO-d6 was

used as a solvent for the derivatives with a DS > 2 and D2O for

the less-substituted polyglucans.

The spectra of O-cyanoethylglucans show strong peak broad-

ening and therefore worse resolution compared to the starting

material (Figure 4 and Figure 5). The signal at 2.82 ppm in D2O

and 2.75 ppm in DMSO is assigned to the methylene group
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Figure 4: 1H NMR spectra (300 MHz) of (a) CED-2 (DSNMR(1) = 1.81) in D2O; (b) dextran, native in D2O; (c) CED-3 (DSNMR(1) = 2.37) in DMSO-d6;
(d) dextran, native in DMSO-d6; calibrated with solvent signals.

adjacent to the cyano function (CH2–CN). The remaining

protons of the cyanoethyl substituent overlap with sugar ring

protons in the range of 3.3–4.2 ppm. As a result of 2-O-substitu-

tion, H-1 is shifted downfield. For the α-1→6-glucosyl residues

of dextrans (in D2O) it is shifted from 4.97 to 5.16 ppm. The

average DS value was calculated from the ratio of the signal

integrals of the methylene group adjacent to the nitrile group, to

the summarized integrals of H-1 (Equation 1). DS evaluation in

position 2 is also possible (Equation 2).

(1)

(2)

For cyanoethylated pullulan, the situation is more complex as is

obvious from Figure 5. While the NMR spectrum of the native

pullulan in D2O is well resolved with H-1 signals at 4.90

(α-1→6-Glc, ring C), 5.30 ppm (α-1→4-Glc, ring A) (α-1→4-

Glc, ring B), the signals are shifted downfield by O-cyanoethyl-

ation and peak broadening occurs, probably due to a poorer

solution state of the much more hydrophobic derivatives, and

higher viscosity. The region of the anomeric protons becomes

very complex and is difficult to integrate. It is assumed that for

the 2-O-cyanoethylglucoses, the H-1 of the glucosyl residues A,

B and C (Figure 1) are differentiated by 1H NMR spectroscopy.

In DMSO the OH resonances overlap with H-1 protons

(Figure 5c and Figure 5d) [36]. The signals are shifted by

substitution and the resolution becomes poor. Nevertheless, DS

can alternatively be estimated from the integral of the CE-meth-

ylene group at 2.82 and the sugar ring protons, which are

corrected for the equal contribution by the CE substituent

according to Equation 3.

(3)

To gain more detailed insight into the distribution of

substituents in the glucosyl units, the cyanoethylated glucans

were hydrolyzed and subsequently trimethylsilylated. The

resulting trimethylsilyl O-cyanoethyl-O-trimethylsilyl-α,β-D-

glucosides were analyzed by GLC–FID [3]. Peaks were

assigned according to the position of cyanoethylation by

GC–MS (Figure 6). Pairs of α- and β-glucosides were observed

for each pattern. In addition, minor peaks of O-carboxyethyl

derviatives (as SiMe3 esters) were observed, since hydrolysis of

the cyano group could not be avoided completely. However,

quantitative evaluation, with and without considering these side
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Figure 5: 1H NMR spectra (400 MHz) of (a) CEP-2 (DSNMR(3) = 1.31) in D2O; (b) pullulan, native in D2O; (c) CEP-3 (DSNMR(3) = 2.43) in DMSO-d6;
(d) pullulan, native in DMSO-d6; calibrated with solvent signals.

products, did not effect significant differences in the relative

substituent distribution, but only an underestimation of the

average DSGC of up to 12%. Obviously, the rate of hydrolysis

of the peripheral CN groups is decoupled from the carbohy-

drate backbone and thus independent of the position. Both

DSGC values are given in Table 1.

Based on monomer analysis, a statistical evaluation can be

performed. Neglecting 6-O-substitution at terminal residues,

eight different constituents are expected for cyanoethyldextran:

unsubstituted (s0), monosubstituted at position 2, 3, or 4 (s2,

s3, s4), disubstituted at positions 2,3, 2,4, or 3,4 (s23, s24, s34),

and 2,3,4-tri-O-substituted glucose (s234). For pullulan, 6-, 2,6-,

3,6-, and 2,3,6-patterns must be additionally considered. With

the exception of 6-O-CE-glc, these patterns were not detected

for cyanoethyldextrans. The tetra-O-substituted glucosyl unit

(s2346), a possible product of the terminal residue, was neither

detected for pullulan nor for dextran ethers.

For the statistical evaluation of the monomer data of

cyanoethyldextrans, substitution at O-6 was neglected, i.e., 6,n-

O-substituted glucosyl units were added to the n-O-substituted

group. The number of monomer patterns considered was thus

reduced to eight. In case of pullulan, consisting of α-1→6

linked maltotriose repeating units (Figure 1), patterns including

4- or 6-O-substitution were weighted according to their avail-

ability of 1:2 calculated for a random distribution. Random

patterns were calculated considering the partial DS values deter-

mined for the different OH groups. The results of monomer

analysis and statistical evaluation are summarized in Table 2.

The peak areas from GLC–FID measurements were corrected

according to the effective response concept [37].

CED-1 and CEP-1, modified without the cosolvent acetone,

showed the lowest DS values. Upon addition of 1 mL acetone

(Table 1), while the other parameters of the reaction were main-

tained, the DS value increased by nearly 100% (CED-2 and

CEP-2). The highest DS values were achieved under the condi-

tions according to Onda (CED-3 and CEP-3) [4]. In this ap-

proach acetone and acrylonitrile were used in the same ratio.

The base concentration and reaction time were increased

(2 equiv NaOH/glc) and the reaction was performed at rt.

Acetone acts as a solvent intermediator and probably improves

the contact of acrylonitrile and glucan. In addition, it keeps the

product in a solution state, even at increasing DS.

The results of GLC analysis demonstrate that the thermodynam-

ically controlled regioselectivity for the cyanoethylation follows

the order O-2 > O-4 > O-3 for all CE-dextrans. The order of

partial DS values for CE-pullulans changes with increasing DS

(and thus with the reaction conditions), in favor of the primary

6-OH. Considering the relative proportions of the OH groups,
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Figure 6: Gas chromatogram of hydrolyzed and trimethylsilylated cyanoethylglucans; (a) CED-1 (DSGC = 0.74); (b) CEP-2 (DSGC = 1.52); x = side
products with hydrolyzed cyanonitrile, i.e., carboxyethyl-TMS-ester group; di,x = 3x,6CE, 2 or 4x,CE, 2x,6CE, 3x,6CE, 2 or 4x,CE, 2x,6CE);
un: unsubstituted glc.

Table 2: Monomer composition [mol %] (sn) of un-, mono-, di- and tri-substituted glucose units (cn) (DSGC calculated without O-carboxyethyl dervia-
tives) and partial degrees of substitution (xn) at position 2, 3, 4, 6; H1: heterogeneity parameter.

CED-1 CED-2 CED-3 CEP-1 CEP-2 CEP-3

monomer s0 43.20 14.97 2.29 37.90 11.32 0.49
composition s2 24.61 21.76 2.92 25.39 11.82 1.05
[mol %] s3 4.85 5.39 2.65 4.28 3.52 0.88

s4 11.86 12.19 3.38 3.65 6.86 1.26
s6 9.02 13.98 6.63
s23 4.02 11.41 13.58 2.94 7.03 3.69
s24 8.46 21.36 6.80 2.97 5.23 1.12
s26 6.28 19.66 15.07
s34 1.80 4.46 15.39 4.20 5.26 6.54
s36 1.62 4.81 10.14
s234 1.20 8.46 52.99 0.33 3.34 16.53
s236 1.41 7.17 36.60
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Table 2: Monomer composition [mol %] (sn) of un-, mono-, di- and tri-substituted glucose units (cn) (DSGC calculated without O-carboxyethyl dervia-
tives) and partial degrees of substitution (xn) at position 2, 3, 4, 6; H1: heterogeneity parameter. (continued)

number of c0 43.20 14.97 2.29 37.90 11.32 0.49
cyanoethyl groups c1 41.31 39.34 8.95 42.35 36.17 9.82

c2 14.28 37.23 35.78 18.01 41.99 36.55
c3 1.20 8.46 52.99 1.74 10.51 53.14

partial DS values x2 0.38 0.63 0.76 0.39 0.54 0.74
% 52.12 45.27 31.85 47.05 35.76 30.56
x3 0.12 0.30 0.85 0.15 0.31 0.74
% 16.15 21.35 35.34 17.69 20.52 30.70
x4 0.23 0.46 0.79 0.11 0.21 0.25
% 31.73 33.38 32.81 13.35 13.64 10.50
x6 0.18 0.46 0.68
% 21.92 30.07 28.24

DS 0.74 1.39 2.40 0.84 1.52 2.42
H1

a 0.30 0.39 0.51 0.43 0.43 0.55

a , ∆si = si (theor.) – si, with si = mol fraction of glucose units substituted in position i, n = 8 for dextran, n = 12 for pullulan;
(mean values calculated by twofold determination of the molar composition of the corresponding TMS derivatives by GLC–FID).

namely 3:3:1:2 for O-2, O-3, O-4, and O-6, the degree of

conversion follows the order O-6 > O-4 > O-2 > O-3 for CEP-2

(DS = 1.52), with the three secondary OH being equalized for

CEP-3 (DS = 2.42). Only for CEP-1, with the lowest DS (0.84),

the most acidic 2-OH dominates, and 4-OH shows higher

conversion than primary O-6. Comparing pullulan with dextran,

the preference for 2-O-cyanoethylation is less pronounced in

pullulans, in which one third of the 4-OH is “substituted” by the

primary 6-OH. In former work, we found a higher preference

for 6-O-substitution (50%) over 2-O-substitution (37%) for

exclusively α-1→4-linked amyloses reacted in an aqueous paste

[3]. The heterogeneity parameter H1 indicates the average devi-

ation of experimental data from a random distribution, taking

into account the relative partial DS values (xi) found for the

various OH groups. A DS dependency of H1 is inherent when

employing this equation, since DS is limited to the range of

0–3. The highest heterogeneity can be calculated at medium DS

values of around 1.5. Approximating the limits (DS = 0 and 3),

less deviation is possible. The evaluated heterogeneity values

are low, as was expected for a thermodynamically controlled

reaction [38]. Minor deviations from the random model are

within experimental error. Corresponding graphics are shown in

Figure 7 and Figure 8.

By all three of the methods applied, similar DS values were

obtained. Elementary analysis is a fast method employing the

entire material. However, it is important not only to take the

nitrogen content for the estimation of DS, but also to check

whether the relative amounts of C and H are in accordance with

this, since the N content can be lowered by nitrogen-free impu-

rities or be enhanced by residual side products from the reagent.

DSGC values calculated by including the O-carboxyethyl

derivatives were in good agreement with the DSEA. The DSGC

calculated values without these side products were decreased.

This is plausible, since the side reaction mentioned makes the

product pattern even more complex and does not allow detec-

tion and identification of all minor components, thus discrimi-

nating the DS. NMR spectroscopy can be applied to the intact

polymer and gives more detailed information than EA.

However, broadening and splitting of peaks into different types

of H1 depending on the position of linkage and substitution

makes it difficult to assign and integrate all relevant resonance

signals. This is obvious from the differences obtained when

employing different signals for the calculation (Equation 1 and

Equation 3). Only after depolymerization it was possible to

determine the detailed substitution pattern by GLC analysis.

In general, good isolated yields in the range from 72 to 86%

were achieved (Table 1). The DS values strongly increased

upon the addition of acetone as a solubility mediator (CED-2

and CEP-2). No side products, such as amides or carboxylates,

or only traces thereof, were detectable for the CE glucans, as

proved by IR and NMR measurements (1H and 13C). A

homopolymerization of acrylonitrile could be excluded since

the DSEA from N and C/N were very close and only moder-

ately enhanced compared to the DSGC.
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Figure 7: Experimentally determined substituent distribution in the glucosyl units (glc) of cyanoethyldextrans CED-1–3 (blue) compared with a random
distribution (gray). Left: ci = the fraction of i-fold-substituted glucosyl units (mol %); right: un = unsubstituted glc; the numbers assign the substituted
positions, e.g., 234 = 2,3,4-tri-O-cyanoethyl glc; H1 heterogeneity parameter for the standard deviation as defined in Table 2.

Nanostructures of cyanoethylglucans
In the next step the ability of cyanoethylglucans to form

nanoparticles was investigated [12-14,39]. DMSO solutions of

the cyanoethylpolysaccharides CEP-3 (DSGC = 2.42) and

CED-3 (DSGC = 2.40) were submitted to dialysis against water.

Only the derivatives with a DS value >2 formed regular parti-

cles that were stable in water for several weeks without precipi-

tation [13]. Furthermore, the same procedure was performed in

the presence of ferromagnetic iron oxide nanoparticles. The

magnetic cores were prepared by a precipitation process of

Fe(II) and Fe(III) chlorides (molar ratio 1.7:1.0) with aqueous

ammonia solution [40,41]. After ultrasonic treatment the

resulting particles were fixed with strong magnets and washed

with distilled water. Monodisperse and regularly shaped iron

oxide nanoparticles were obtained as shown by TEM (Figure 9).

The iron concentration of the nanoparticle dispersion, as

analyzed with inductively coupled plasma optical emission

spectroscopy (ICP–OES), was 37.2 g/kg. The particle size was

calculated by image data processing of the TEM micrograph

resulting in a mean diameter of 12.2 nm ± 2.6 nm. The hydro-
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Figure 8: Experimentally determined substituent distribution in the glucosyl units (glc) of cyanoethylpullulans CEP-1–3 (green) compared to a random
pattern (gray). Left: ci = the fraction of i-fold-substituted glucosyl units (mol %); right: un = unsubstituted glc; the numbers assign the substituted posi-
tions, e.g., 234 = 2,3,4-tri-O-cyanoethyl glc; H1 heterogeneity parameter for the standard deviation as defined in Table 2.

dynamic diameter was estimated at 27 nm by dynamic light

scattering (DLS) measurements. Agglomeration or aggregation

processes were prohibited by pH stabilization. At pH 2 the iron

oxide dispersion is stable for several months without precipita-

tion.

After the dialysis process of the high-DS cyanoethyldextran and

pullulan (20 mg, CED-3, DSGC = 2.40; CEP-3, DSGC = 2.42)

the hydrodynamic diameter of the particles was determined

by DLS. Additionally, scanning electron microscopy (SEM)

micrographs were recorded. Using SEM the morphology of

polysaccharide particles is accessible. The parameters and

results of the DLS and SEM measurements are summarized in

Table 3.

DLS measurements were in good agreement with the evalua-

tion of the electron microscopy images. According to the micro-

graphs, the morphology of the cyanoethyl nanoparticles can be

considered as spherical. Representative SEM pictures of CEP-3

+ Fe-np (Table 3, entry 2) are shown in Figure 10.
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Table 3: Parameters and characterization of nanostructures formed from CED-3 and CEP-3, in the absence and presence of ferromagnetic nanoparti-
cles, by DLS and SEM measurements; 20 mg of cyanoethylglucan was used for each entry (= 0.07 mmol glucosyl units).

sample CE-glucana iron oxide
nanoparticle dispersion diameter

[μL] Fe [mmol]
DLS SEM ± b

[nm] [nm] Noc

1 CEP-3 10 0.0067 611 613 ± 174 (69)
2 CEP-3 20 0.0133 399 388 ± 93 (335)
3 CED-3 10 0.0067 337 514 ± 205 (92)
4 CED-3 20 0.0133 444 451 ± 113 (27)
5 CED-3 200 0.1332 252 –
6 CEP-3 – – 241 260 ± 57 (182)
7 CED-3 – – 203 331 ± 71 (308)

a20 mg (= 0.07 mmol glucosyl units, or 0.165 mmol CE); bstandard deviation; cnumber of evaluated particles

Figure 10: SEM micrographs of CEP-3 with iron oxide nanoparticles, (Table 3, entry 2).

Figure 9: TEM micrograph of iron oxide nanoparticles prepared from
an aqueous dispersion.

The influence of different amounts of ferromagnetic nanopar-

ticle dispersion was investigated (10–200 μL or equivalently

0.0067–0.1332 mmol Fe/0.07 mmol glucosyl units, or

0.165 mmol CE). Independent preparation of the ferromagnetic

nanoparticles has the advantage that nanostructuring can be

performed on a small scale. Coprecipitation methods, in which

magnetic particles are formed and simultaneously coated,

require higher amounts of polymer [42] (up to gram scale) and

deliver irregularly shaped particles [13]. Increasing the amount

of metal oxide from 0.0133 to 0.1332 mmol iron (20–200 μL)

with 20 mg polymer (= 0.07 mmol glucosyl units, respective

0.165 mmol CE) resulted in smaller particles (Table 3). The

upper limit is 200 μL ferrofluid (0.1332 mmol Fe/0.165 mmol

CE). Below this limit the whole of the iron core is entrapped.

Higher amounts of iron oxide resulted in multimodal, aggre-

gated particles and precipitation. Interestingly, the smallest

particles were formed without iron oxide (Table 3, entry 6 and

7, 260 nm, respectively 331 nm). Magnetic properties depend

on the amount of iron and can be adjusted by varying the
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Figure 11: TEM micrograph of (a) uncoated iron oxide nanoparticles; (b) of CEP-3 + iron oxide nanoparticles (no stain), Table 3, entry 1; (c) PEELS
measurements of uncoated iron oxide particles (red line), polysaccharide coated particles (blue line) and the Fe(0) atlas reference spectrum (black,
dashed line); PEELS measuring areas are shown as aperture in A and circle in B; for details see text.

doping of the glucan particles with iron. Nanostructuring of

cyanoethyldextrans and cyanoethylpullulans show no signifi-

cant differences, although in one case a branched polymer with

6 kDa and on the other hand a 100 kDa linear macromolecule

was employed.

Energy-filtered transmission electron microscopy (EF–TEM) is

an appropriate method to characterize the structure, morphology

and the redox state of metal-containing nanoparticles. Parallel

electron energy loss spectroscopy (PEELS) analyses were

performed with the uncoated and coated iron oxide nanoparti-

cles in Figure 11. The energy loss functions have been summed

from 690 to 740 eV. Figure 11c shows the Fe L2,3 edge spectra

of the uncoated iron oxide particles (red line) relative to the

polysaccharide coated particles (blue line) and a reference iron,

Fe(0) spectrum (dashed black line) [43]. The intensity is compa-

rably low (Figure 12c) due to the particle size, exceeding the

ideal thickness of 30 to 40 nm for EELS analysis. Nevertheless,

a typical intensity profile of Fe L2,3 can be seen, at an energy

resolution of 1.2 eV. The uncoated metal oxide particles show
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maxima of 708.2 eV and 720.7 eV for the L3 respective L2

edge. In the case of the coated particles, the maxima were deter-

mined at 711.4 eV for L3 and 728.9 eV for the L2 edge,

showing a significant chemical shift, and differences in the spin

orbit splitting, i.e., 17.5 eV for coated iron oxide cores versus

12.5 eV for noncoated particles were observed, based on indi-

vidual measurements. The L3–L2 peak maxima distance is

defined as the spin orbit splitting for “white-line” elements,

such as transition elements and lanthanides, and the L3/L2 ratio

is indicative of the oxidation state of the element [44,45].

Cressey described the possibility to characterize multiple

valence states of 3d metals by L-edge spectra [46]. By

comparing our data with theirs, it is shown that Fe2+ and Fe3+

are present. The spin orbit splitting reflects the influence of the

electronic state of the iron oxide core and obviously an inter-

action with the nitrile groups should be considered [45,47].

Entrapping of iron oxide cores during the carbohydrate nano-

structuring process is proven by the electron micrographs.

Figure 12 shows the net iron distribution, colored red, in the

multicore particles in detail. Due to the material thickness,

which is beyond the ideal 30–40 nm, common for EELS

measurements, only iron oxide particles near the surface show

strong intensity signals. No free iron particles were detected on

the carbon foil of the electron microscopic grid or in the waste

water after the dialysis step, proving that all of the iron was

specifically bound by the cyanoethylglucans. The hydrophobic

cyanoethyl groups are expected to “hide” inside the particles,

but depending on the distribution of these residues, some can

also be directed towards the water phase. These substituents

may bind iron oxide particles additionally. This observation

could indicate that some cyanoethyl groups are available for

further transformation of the outer sugar shell, e.g., amino func-

tionalization followed by coupling with bioactive molecules. In

conclusion, it was shown, that the magnetic iron cores were

captured by the cyanoethyl-functionalized polysaccharides.

Conclusion
Cyanoethylation by Michael addition is a versatile tool for poly-

saccharide modification. The hydrophobic substituents were

introduced up to a DS of ca. 2.4 through choice of the appro-

priate conditions. Average reactivity of the α-glucans dextran

and pullulan was very similar. The order of substitution was

O-2 > O-4 > O-3 for dextran, while the relative degree of

conversion changed with the DS from O-2 > O-4 > O-6 > O-3,

in favor of primary O-6 for pullulan. The substituents present

are randomly distributed in the glucosyl units, which is typical

for reversible reactions and always favored in aqueous systems.

High cyanoethylated glucans form regularly shaped nanostruc-

tures with diameters in the range of 260 to 613 nm. When dial-

ysis was performed in the presence of ferromagnetic nanoparti-

Figure 12: ESI Fe distribution maps of CEP-3 with iron oxide nanopar-
ticle (Table 3, entry 1). (A) Net Fe, shown in red. Because of the signal
dimensions, much of the signal intensity is lost, leading to only a weak
mapping signal within the corresponding particles; (B) Fe map (red)
overlaid on the zero-loss image.

cles, glucan-coated multicore ferromagnetic nanostructures

were formed. Quantitative entrapment of iron oxide during dial-

ysis is obviously based on interactions of the cyanoethyl

residues with the iron oxide core particles, as is indicated by

TEM and PEELS measurements. Further modification of the

cyanoethylglucans and their respective nanostructures by trans-

formation to aminopropyl derivatives is under progress. These

new particles possess great potential as precursors for amino-

functionalized, magnetic architectures and electrochemical

applications.
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Experimental
Materials
Dextran from Leuconostoc ssp. (6 kDa) and pullulan (100 kDa)

were purchased from Fluka. Acrylonitrile (AN) was supplied

from Janssen. DMSO [puriss, absolute, over molecular sieves

(H2O ≤ 0.01%), ≥ 99.5% (GC)] was obtained from Sigma-

Aldrich. Deionized water was used. Dialysis was performed

with molecular porous dialysis membranes (molecular weight

cut off 3.5 kDa) from Spectrum Laboratories. Bidistilled water

was chosen for ICP–OES sample preparation.

Instrumentation
1H NMR spectra were acquired on a Bruker AMX 300 spec-

trometer or a Bruker AMX 400 MHz Advance spectrometer at

rt (around 5 mg sample in D2O or DMSO-d6). Chemical shifts

are given in ppm relative to the residual solvent signals.

ATR–IR spectra were recorded by using a Bruker Tensor 27

attenuated total reflectance infrared (ATR–IR) spectrometer.

Elementary analysis (EA) was performed on a Thermoquest EA

1112 analyser. The data given is always the average of two

measurements.

Gas–liquid chromatography (GLC) analysis was carried out

with a GLC–FID instrument Shimadzu GC 2010 with a

Phenomenex Zebron ZB5-MS column (30 m, i.d. 0.25 mm, film

thickness 0.25 mm and 1.5 m). H2 (40 cm s−1, linear velocity

mode) was used as a carrier gas. Data were recorded with a

Shimadzu GC Solution Chromatography Data System (version

2.3). Peaks were identified by gas chromatography/mass spec-

trometry (GLC–MS) analysis. Conditions: injector 250 °C,

temperature program: 60 °C (1 min); 20 °C/min to 130 °C,

4 °C/min to 260 °C, 50 °C/min to 310 °C (10 min), splitless.

GLC–MS: Agilent 6890 GC (ZB5-MS column, 30 m, inner

diameter 0.25 mm, film thickness 0.25 mm and 1.5 m) and a

JEOL GC mate II bench-top double-focusing magnetic sector

mass spectrometer. The iron content was determined with a

Radialen ICP–OEC Vista MPX, from Varian, (power 1.20 kW,

plasma gas 15 L/min (Ar), auxiliary gas 1.5 L/min (Ar), atom-

izer pressure 240 kPa, pump speed 20 rps). Atom emission

lines: ion emission lines: 234.350/238.204/239.563/259.940/

260.709/261.187 nm, and internal reference line: Ar,

470.067 nm. Sample preparation: 0.408 g iron nanoparticle

dispersion was dissolved by adding 5 mL HCl (37%) and subse-

quently diluted to 100 mL with bidistilled water (ultrapure).

Calibration was carried out with an external standard solution:

Fe 10.000 mg/L (Specpure, Fa. Alfa Aesar).

Particle size determination
The hydrodynamic size was determined by using a Zetasizer

Ver 6.0.1, Malvern Instruments Ltd. Scanning electron micro-

graphs were recorded with a Hitachi S-4800 FE-SEM (Tokyo,

Japan) at KTH, Sweden. Samples were prepared by putting a

drop of each sample on the carbon film covered the metal studs

and allowing it to dry. Samples were kept for at least 48 h in the

desiccator prior to the analysis. Transmission electron micro-

graphs were obtained by using a EF–TEM Libra 120 plus Zeiss

microscope operated at 120 kV. The samples were adsorbed to

a hydrophilized carbonfilm, which was supported by a Cu grid

(carbon only, copper 300 square mesh) and dried at rt. All

images, PEELS and ESI-sets were recorded with a 2×2k

SharpEye cooled CCD camera (Tröndle, Moorenweiss,

Germany) and directed by the ITEM software (OSIS, Münster,

Germany). PEELS spectra (main settings: emission current =

2 µA; spectrum magnification 100×; illumination aperture =

0.5 mrad; spectrum registration = 5 s;) and ESI series (magnifi-

cation 12500×; spectrometer entrance aperture = 100 µm; slit

width = 9 eV; illumination aperture = 0.8 mrad; image registra-

tion = 50 s; Emax: 712 eV; W1: 690 eV; W2: 660 eV; emission

current: 2 µA) of Fe and oxygen were processed, following

adaptively the workflow as described by Hedrich et al. [48].

Cyanoethylation
Samples with DS < 2
The glucan (1200 mg, 7.4 mmol glc 100 kDa pullulan or 6 kDa

dextran) was dissolved in water, and NaOH (60 mg, 0,2 equiv/

glc) and acrylonitrile (1,941 μL, 4 equiv/glc) were added. In

syntheses of CED-2 and CEP-2 1 mL, acetone was added. The

mixture was stirred at 45 °C for 30 min. The product was puri-

fied from low-molecular-weight reagents and by-products by

dialysis and freeze dried.

Samples with DS > 2
According to Onda [4], acrylonitrile (4.65 mL, 23 equiv/glc)

and acetone (4.75 mL) were added to a solution of the polysac-

charide (500 mg, 3.08 mmol glc 100 kDa pullulan or 6 kDa

dextran) in water and NaOH (250 mg, 2 equiv/glc). The solu-

tion was stirred for 24 h at rt. The product was dissolved by the

addition of acetone and precipitated by adding water three

times.

Elementary analysis: CED-1: C, 47.65; H, 6.12; N, 5.79; CED-

2: C, 50.06; H, 5.82; N, 8.53; CED-3: C, 54.60; H, 5.96; N,

12.23; CEP-1: C, 47.08; H, 6.27; N, 5.99; CEP-2: C, 50.10; H,

6.02, N 8.10; CEP-3: C, 54.55; H, 6.23; N, 11.41.

IR (diamant–ATR):  = 3465 (s, OH, depending on DS), 2923,

2893 (m, CH, CH2, aliph.), 2252 (w, C≡N, nitrile), 1640 (m,

OH), 1167, 1467, 1409, 1324, 1271 (m, CH), 1099, 1009 (s,

C-O).

1H NMR of CED-1 and CED-2: 1H NMR (D2O, 300 MHz) δ

(ppm) 5.19 (1H, H-1,substituted at position 2), 5.00 (1H, H-1,
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unsubstituted), 4.20–3.37 (6H + DS × 2H, H-2,3,4,5,6a,b +

OCH2), 2.82 (2H, CH2CN); CED-3: 1H NMR (DMSO-d6,

400 MHz) δ (ppm) 5.03 (1H, H-1), 5.40–4.64 OH-4, OH-3,

OH-2 overlapped by H-1 shifted due to substitution), 4.10–3.62

(6H + DS × 2H, H-2,3,4,5,6,ab + OCH2), 2.76 (2H, CH2CN).

1H NMR of CEP-1 and CEP-2: 1H NMR (D2O, 300 MHz) δ

(ppm) 5.77–4.86 (OH-2, OH-3, of glucosyl unit A, B and C +

H-1, substituted and unsubstituted of glucosyl unit A, B and C),

4.21–3.36 (6H, H-2,3,4,5,6,a,b + OCH2), 2.80 (2H, CH2CN);

CEP-3: 1H NMR (DMSO-d6, 400 MHz) δ (ppm) 5.95–4.75

(OH-2, OH-3, of glucosyl unit A, B and C + H-1, substituted

and unsubstituted, glucosyl unit A,B and C), 4.11–3.20 (6H,

H-2,3,4,5,6,a,b + OCH2), 2.77 (2H, CH2CN).

Monomer analysis of cyanoethylpolysaccha-
rides
The monomer composition of cyanoethyl derivatives was deter-

mined by GLC (twofold determination) after hydrolysis and

trimethylsilylation according to [3]. The effective carbon

response concept was applied for quantitative GLC–FID evalu-

ation [37]. Peak areas were corrected by multiplication with the

following factors: TMS O-CE/O-TMS-Glc: un- ≡ 1.0000,

mono- 1.0694, di- 1.1491, and trisubstituted 1.2416;

carboxyethyl-TMS-ester (from hydrolysis of the nitrile group):

mono- 0.9250,  di-  0 .9840 (CH2CH2COOTMS/CE),

0.8605 (2 × CH2CH2COOTMS), trisubstituted 1.0511 (2 ×

CH2CH2COOTMS/CE).

Preparation of nanoscaled structures
Iron nanoparticle dispersion
A solution of a mixture of Fe(II) and Fe(III) chlorides in a

molar ratio of 1.7:1.0 was prepared in distilled water. Aqueous

ammonia solution (25 mL, 25%) was added and the mixture

was heated at 70 °C for 30 min. After ultrasonic treatment the

resulting particles were fixed with strong magnets, and the

nonmagnetic products were removed by washing with distilled

water three times and adjusted to pH 2.1 with HCl [17,40,41].

Polysaccharide nanoparticles
Polysaccharide (20 mg) was dissolved in 5 mL DMSO.

Nanoparticles of cyanoethylglucans were prepared by a dialysis

process against water [12]. For entrapping of iron oxide

nanoparticles, various portions were mixed with the

cyanoethylpolysaccharides before dialysis.
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Abstract
The O-allylphenyl (AP) anomeric moiety was investigated as a new leaving group that can be activated for chemical glycosylation

under a variety of conditions, through both direct and remote pathways. Differentiation between the two activation pathways was

achieved in a mechanistic study. The orthogonal-type activation of the AP moiety along with common thioglycosides allows for the

execution of efficient oligosaccharide assembly.
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Introduction
Current knowledge about the key roles of carbohydrates is still

limited. However, thanks to the explosive growth of the field of

glycobiology in recent years, we have already learned that

carbohydrates are involved in a broad range of vital biological

processes (e.g., fertilization, anti-inflammation, immuno-

response, joint lubrication, antigenic determination) [1]. Carbo-

hydrates are also involved in many harmful processes (e.g.,

bacterial and viral infections, development of tumors, metas-

tasis, tissue rejection, congenital disorders). The fact that many

of these processes are directly associated with the pathogenesis

of deadly diseases, including AIDS, cancer, pneumonia,

septicemia, hepatitis and malaria [2-4], has been particularly

stimulating for major scientific efforts in the field of modern

glycosciences. The traditional chemical synthesis of oligo-

saccharides is lengthy because it involves multiple manipula-

tions of protecting and/or leaving groups between glycosylation

steps [5]. Many advanced strategies that shorten the oligo-

saccharide assembly by minimizing or even eliminating

additional manipulations between coupling steps, are based

either on chemoselective or on selective activation of leaving

groups [6]. The use of selective activation [7] offers more

flexibility than that of the chemoselective activation which

relies on the nature of the protecting groups [8], and Ogawa’s

orthogonal strategy is conceptually the most attractive approach

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:demchenkoa@umsl.edu
http://dx.doi.org/10.3762%2Fbjoc.8.66


Beilstein J. Org. Chem. 2012, 8, 597–605.

598

Scheme 1: Orthogonal strategy introduced by Ogawa et al.

that has been developed to date [9-12]. This technique implies

the use of two orthogonal leaving groups, LGa and LGb, the

selective activation of which can be reiterated to give stream-

lined access to oligosaccharides (Scheme 1).

Yet, the orthogonal strategy remains underdeveloped, with too

few examples to become universally applicable. Only Ogawa’s

S-phenyl (SPh) versus fluoride [9,10,13] and our thioimidate-

based approaches [14-16] are known. A very promising orthog-

onality was shown for O-pentenyl versus O-propargyl glyco-

sides by Hotha et al. [17] and for S-glycosyl O-methyl phenyl-

carbamothioate (SNea) versus thioglycosides/thioimidates by us

[18], but still their applicability to multistep synthesis remains

to be proven. Working to expand this concept, our group

reported a related, albeit less flexible, semiorthogonal approach

with the use of S-ethyl and O-pentenyl leaving groups [19],

which was later extended to fluoride/O-pentenyl combination

by Fraser-Reid and Lopez [20]. Oxygen- [21] and sulfur-based

[22] leaving groups fit into many expeditious strategies for

oligosaccharide synthesis [6]. However, suitable reaction condi-

tions for the orthogonal activation of these two classes of

leaving groups are yet to be found. Commonly, O-glycosides

are too stable to be used as effective glycosyl donors [21]. Pent-

4-enyl O-glycosides introduced by Fraser-Reid are unique in

this category of leaving groups, because they can be glycosi-

dated under mild conditions by using I+ generated in situ. Also

this method has its limitations since I+ can also activate thiogly-

cosides. Indeed, only the semiorthogonality of the O-pentenyl

and SEt leaving groups could be established [19]. Additionally,

4-pentenol is rather expensive ($ 323/50 g, Aldrich), and

although O-pentenyl can be introduced from the anomeric

acetate directly, the most economical synthesis includes a three-

step protocol, with halide, orthoester, and the rearrangement of

the latter to glycoside.

Results and Discussion
As a part of the ongoing research effort to develop versatile

building blocks, we present herein the development of a new

ortho-allylphenyl (AP) leaving group. In line with other efforts

[23-26], the AP group was specifically designed to address the

drawbacks of O-pentenyl glycosides and to create a more flex-

ible approach for oligosaccharide synthesis. Concomitantly with

our studies, Hung et al. came up with essentially the same idea

and reported the synthesis of AP mannosides and their acti-

vation for O-mannosylation in the presence of ICl/AgOTf [27].

The following considerations driving our efforts were of par-

ticular relevance. First, chemists have been making aryl glyco-

sides for some 130 years [28], and many excellent protocols for

their synthesis are available [29]. We determined that AP glyco-

sides can be readily obtained from the corresponding peracetate

by using inexpensive 2-allylphenol ($ 35/100 g, Aldrich) in the

presence of BF3·Et2O. For instance, acetylated AP β-D-gluco-

pyranoside was obtained in 92% yield. Second, we anticipated

that the same promoters used for O-pentenyl activation [30] can

also activate the AP leaving group. However, since AP glyco-

sides bear structural features of both aryl and pentenyl glyco-

sides, they should offer a more versatile activation profile than

either class of the leaving group. Our working hypothesis is that

activation of the AP leaving group with I+ takes place by the

formation of an epi-iodonium ion, which is then opened with

the anomeric oxygen, similarly to that known for O-pentenyl

glycosides [30]. It is possible that the activation of the AP

leaving group can also be achieved with TMSOTf or BF3·Et2O

via the direct anomeric activation pathway, which was expected

to become the key feature of the AP-mediated glycosylation

approach in comparison to that of both O-pentenyl or thioglyco-

sides. As a result, this pathway may offer a suitable platform for

developing a fully orthogonal approach in combination with

thioglycosides.

To pursue this methodology we obtained a range of differently

protected AP glucosides, including perbenzylated 1a, perben-

zoylated 1b, and derivative 1c equipped with the superarming

protecting-group pattern (2-O-benzoyl-3,4,6-tri-O-benzyl) [31].

For comparison, we also obtained the AP donor 1d of the

D-galacto series. With glycosyl donors 1a–d in hand, we began

evaluating their applicability to chemical glycosylation using a

range of standard glycosyl acceptors 2–5 [18]. Encouragingly,

the reaction of glycosyl donor 1a with the primary glycosyl

acceptor 2 in the presence of TMSOTf was completed within

15 min and provided the corresponding disaccharide 6a in 82%
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Table 1: Glycosylation of AP glycosyl donors 1a–d.

entry donor + acceptor conditionsa time product (yield, α/β ratio)

1 1a + 2 TMSOTf, rt 15 min 6a (82%, 2.7/1)
2 1a + 2 MeOTf, rt 24 h no reaction
3 1a + 2 NIS/TMSOTf, 0 °C 40 min 6a (80%, 1.4/1)
4 1a + 2 NIS/TfOH, 0 °C 15 min 6a (90%, 1/1.5)
5 1a + 3 NIS/TfOH, 0 °C 4 h 7a (73%, 1.2/1)
6 1a + 4 NIS/TfOH, 0 °C 30 min 8a (82%, 1.0/1)
7 1a + 5 NIS/TfOH, 0 °C 3 h 9a (72%, 1/1.3)
8 1b + 2 MeOTf, rt 24 h no reaction
9 1b + 2 TMSOTf, rt 24 h no reaction
10 1b + 2 NIS/TMSOTf, 0 °C 6 h 6b (77%, β only)
11 1b + 2 NIS/TfOH, 0 °C 2 h 6b (71%, β only)
12 1b + 5 NIS/TfOH, 0 °C 3 h 9b (78%, β only)
13 1c + 2 MeOTf, rt 24 h no reaction
14 1c + 2 TMSOTf, −20 °C 2.5 h 6c (73%, β only)
15 1c + 2 NIS/TMSOTf, 0 °C 10 min 6c (84%, β only)
16 1c + 2 NIS/TfOH, −20 °C 15 min 6c (93%, β only)
17 1d + 2 NIS/TfOH, 0 °C 15 min 6d (85%, 1.5/1)
18 1d + 3 NIS/TfOH, 0 °C 4 h 7d (81%, 1.2/1)
19 1d + 4 NIS/TfOH, 0 °C 30 min 8d (82%, 1.0/1)
20 1d + 5 NIS/TfOH, 0 °C 2 h 9d (80%, 3.0/1)

aperformed in the presence of molecular sieves 4 Å (or 3 Å in MeOTf-promoted reactions, entries 2, 8, and 13).

yield (Table 1, entry 1). As expected, when a control experi-

ment was set up with MeOTf, no glycosylation of 2 took place

(Table 1, entry 2). The fact that the AP group in 1a can be acti-

vated with TMSOTf, but not with MeOTf, offers a basis for

exploring its orthogonality to thioglycosides. This is because

thioglycosides show a completely opposite reactivity trend,

namely no reaction with TMSOTf and smooth glycosylation

with MeOTf [32].
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NIS/TMSOTf is a powerful promoter for the activation of

both O-pentenyl and thioglycosides. It was also found to

be effective for the activation of AP glycosyl donor 1a,

upon which disaccharide 6a was obtained in 80% yield.

Even faster reaction and higher yield was obtained by

using the NIS/TfOH promoter system, wherein the resulting

disaccharide 6a was obtained in 90% yield (Table 1, entry 4).

The latter reaction conditions were chosen for use in the investi-

gation of the glycosylation of the secondary glycosyl acceptors

3–5.

These couplings were also proven to be feasible, and the corres-

ponding disaccharides 7a–9a were obtained in 72–82% yield

(Table 1, entries 5–7). As anticipated, the reactivity of the

perbenzoylated (disarmed) counterpart 1b was significantly

lower than that of 1a, and TMSOTf-promoted glycosylation of

1b was practically ineffective (Table 1, entry 9). This observa-

tion along with the fact that the armed AP leaving group in 1a

can be readily activated with TMSOTf (Table 1, entry 1)

suggests that AP glycosides can be applied in accordance with

the classic armed–disarmed strategy [33]. NIS-promoted glyco-

sylations of 1b have proven to be of preparative value and the

desired disaccharides 6b and 9b were isolated in 71–78% yield

(Table 1, entries 10–12). In order to gain a more flexible acti-

vation profile for the synthesis of 1,2-trans glycosides, we also

investigated AP glycosyl donor 1c, bearing a superarming

protecting-group pattern [31]. As expected, all of the previ-

ously established activation conditions were very effective, and

glycosylation of 1c with acceptor 2 readily produced

disaccharide 6c (Table 1, entries 14–16). Again, particularly

efficient was the NIS/TfOH-promoted reaction wherein

disaccharide 6c was isolated in 93% yield (Table 1, entry 16).

To broaden the scope of the AP approach, we tested its applic-

ability to the synthesis of D-galactosides, which are a highly

important and abundant sugar series. All glycosylations of AP

donor 1d proceeded smoothly in the presence of NIS/TfOH and

the corresponding disaccharides 6d–9d were obtained in

80–85% yield (Table 1, entries 17–20). To verify the two antici-

pated activation pathways by which the AP group may depart,

all components of the key experiments (Table 1, entries 1 and 3)

wherein glycosyl donor 1a reacted with glycosyl acceptor 2 in

the presence of TMSOTf and NIS/TMSOTf, respectively, were

separated and analyzed. In the TMSOTf-promoted reaction,

(o-allylphenoxy)trimethylsilane (10) was isolated and identi-

fied by comparison with analytical data obtained from a

commercial sample. This result suggests that the activation of

the AP moiety with TMSOTf takes place through the anomeric

oxygen atom (A, Pathway A, Scheme 2). In the NIS/TMSOTf-

promoted reaction, 2-iodomethyl-2,3-dihydrobenzofuran (11)

[34] was isolated and its identity was proven by spectral

methods indicating that activation with I+ takes place through

the remote allyl moiety (B, Pathway B). In addition, in the latter

experiment we detected the presence of adduct 12, which was

formed as the result of a competing attack of the glycosyl

acceptor oxygen, as opposed to endocyclization of B

through the anomeric oxygen leading to oxacarbenium inter-

mediate C.

In accordance with Fraser-Reid’s armed–disarmed approach,

electronically activated (armed) glycosyl donors are chemose-

lectively activated over deactivated (disarmed) glycosyl accep-

tors bearing the same type of leaving group [30,35]. To explore

this avenue, we obtained a disarmed (benzoylated) 6-OH AP

glycosyl acceptor 13 (Supporting Information File 1), which

was coupled with the armed AP glycosyl donor 1a in the pres-

ence of TMSOTf. As anticipated, this reaction was feasible and

the expected disaccharide 14 was obtained in 78% yield

(Table 2, entry 1). With the ultimate goal of developing distinct

orthogonal differentiation of AP and thioglycosides, we next

obtained glycosyl acceptor 15 [36] equipped with an ethylthio

leaving group. TMSOTf-promoted chemoselective glycosyl-

ation between building blocks 1a and 15 produced the expected

disaccharide 16 in 71% yield (Table 2, entry 2).

In a selective activation fashion, glycosyl acceptors 17 [37] and

19 [38], equipped with S-tolyl (STol) and S-phenyl leaving

groups, respectively, were glycosylated with AP glycosyl donor

1a to afford disaccharides 18 and 20 in 75 and 90% yield, res-

pectively (Table 2, entries 3 and 4). Also the disarmed SPh

acceptor 21 [39] led to disaccharide 22 in 98% yield. The syn-

thesis of a 1,2-trans-linked disaccharide was also possible with

glycosyl donor 1c leading to the corresponding β-linked disac-

charide 23 in 75% yield (Table 2, entry 6). This series of experi-

ments clearly demonstrates that the AP leaving group can be

reliably activated with TMSOTf in the presence of S-alkyl/aryl

leaving groups. We next investigated glycosyl acceptor 25

equipped with the AP leaving group. MeOTf-promoted

glycosylation of SEt, STaz, STol, and SPh glycosyl donors 24

[40], 27 [14], 28 [41], and 29 [42], respectively, with acceptor

25 afforded the respective disaccharide 26 in 78–97% yield

(Table 2, entries 7–10). These series of results indicates a

completely orthogonal character of AP and the thioglycosides.

To expand this observation, disaccharide 26 was coupled with

thioglycoside acceptor 21 in the presence of TMSOTf leading

to trisaccharide 30 in 90% (Scheme 3). Since 30 is equipped

with the SPh anomeric leaving group, it is available for further

chain elongation directly. In a similar fashion, thioglycoside

disaccharide 16 was coupled with AP acceptors 25 and 13 in the

presence of MeOTf to afford trisaccharides 31 and 32 in 50 and

80% yield, respectively. Since these trisaccharides are equipped

with the AP leaving group, their direct application to further

chain elongation can be envisaged.
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Scheme 2: Determination of the AP activation pathways.

Table 2: AP glycosides as glycosyl donors and acceptors in chemoselective and selective activations.

entry donor;
acceptor

promotera time product (yield, α/β ratio)

1 1a (LG1 = OAP, R1 = R2 = Bn);
13 (LG2 = OAP, R3 = Bz) A 10 min 14 (78%, 1.0/1)

2 1a;
15 (LG2 = SEt, R3 = Bn) A 15 min 16 (71%, 1.0/1)

3 1a;
17(LG2 = STol, R3 = Bz) A 1 h 18 (75%, 2.4/1)

4 1a;
19 (LG2 = SPh, R3 = Bn) A 1 h 20 (90%, 1.0/1)

5 1a;
21 (LG2 = SPh, R3 = Bz) A 2 h 22 (98%, 1.8/1)

6 1c (LG1 = OAP, R1 = Bz, R2 = Bn);
21 A 30 min 23 (75%, β only)
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Table 2: AP glycosides as glycosyl donors and acceptors in chemoselective and selective activations. (continued)

7 24 (LG1 = SEt, R1 = R2 = Bn);
25 (LG2 = OAP, R3 = Bn) B 2 h 26 (82%, 1.8/1)

8 27 (LG1 = STaz, R1 = R2 = Bn);
25 B 1 h 26 (78%, 1.0/1)

9 28 (LG1 = STol, R1 = R2 = Bn);
25 B 4 h 26 (97%, 1.2/1)

10 29 (LG1 = SPh, R1 = R2 = Bn);
25 B 6 h 26 (90%, 1.0/1)

aperformed in the presence of molecular sieves 4 Å (A: TMSOTf) or 3 Å (B: MeOTf) at rt or 0 °C (entry 6).

Scheme 3: AP building blocks in oligosaccharide synthesis.

Conclusion
In conclusion, we investigated the O-allylphenyl (AP) anomeric

moiety as a new leaving group that can be activated for chem-

ical glycosylation under a variety of conditions including Lewis

acid and iodonium ion mediated pathways. The two activation

pathways were confirmed by a mechanistic study. We also

demonstrated that the application of the AP moiety allows

executing oligosaccharide assembly by an orthogonal concept.

The application of the AP glycosides may stretch well beyond

their initial intended purpose because the alkene moiety can be

utilized in a variety of other modes. Similar to that of

O-pentenyl [30], it can be temporarily deactivated toward the I+

activation pathway by the addition of Br2, which can be

reverted as needed (active–latent strategy). Direct conjugation

of the AP moiety to biomolecules, monolayers, arrays, etc.,

should be possible by executing thiol–ene chemistry [43],

ozonolysis/reductive amination [44-46], or other ligation proto-

cols [47,48].

Experimental
General remarks
Column chromatography was performed on silica gel 60

(EM Science, 70–230 mesh), reactions were monitored by TLC

on Kieselgel 60 F254 (EM Science). The compounds were

detected by examination under UV light and by charring

with 10% sulfuric acid in methanol. Solvents were removed

under reduced pressure at <40 °C. CH2Cl2 and ClCH2CH2Cl

were distilled from CaH2, directly prior to application.
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Anhydrous DMF (EM Science) was used as received.

Methanol was dried by heating under reflux with magnesium

methoxide, distilled and stored under argon. Pyridine and

acetonitrile were dried by heating under reflux with

CaH2 and then distilled and stored over molecular sieves (3 Å).

Molecular sieves (3 Å or 4 Å), used for reactions, were

crushed and activated in vacuo at 390 °C during 8 h in the first

instance and then for 2–3 h at 390 °C directly prior to

application. DOWEX MONOSPHERE 650C (H) was washed

three times with MeOH and stored under MeOH. Optical

rotations were measured with a Jasco P-1020 polarimeter.
1H NMR spectra were recorded in CDCl3 at 300 MHz;
13C NMR spectra were recorded in CDCl3 at 75 MHz (Bruker

Avance) or 125 MHz (Varian). Anomeric ratios were deter-

mined by comparison of the integral intensities of the respec-

tive groups of signals in the 1H NMR spectra. HRMS determi-

nations were made with the use of a JEOL MStation (JMS-700)

mass spectrometer.

Synthesis of glycosides
Typical MeOTf-promoted glycosylation procedure

(Method A). A mixture of glycosyl donor (0.11 mmol),

glycosyl acceptor (0.10 mmol), and freshly activated molecular

sieves (3 Å, 300 mg) in 1,2-dichloroethane (1.4 mL) was stirred

under argon for 1 h. MeOTf (0.33 mmol) was added and the

reaction mixture was monitored by TLC. Upon completion

(Table 1, Table 2), the solid was filtered off and the residue was

rinsed with CH2Cl2. The combined filtrate (30 mL) was washed

with 20% aq NaHCO3 (10 mL) and water (3 × 10 mL). The

organic layer was separated, dried with MgSO4 and concen-

trated in vacuo. The residue was purified by silica gel column

chromatography (ethyl acetate/hexanes gradient elution) to

afford the corresponding oligosaccharide.

Typical TMSOTf-promoted glycosylation procedure

(Method B). A mixture of glycosyl donor (0.11 mmol),

glycosyl acceptor (0.10 mmol), and freshly activated molecular

sieves (4 Å, 150 mg) in 1,2-dichloroethane (1.6 mL) was stirred

under argon for 1 h. TMSOTf (0.22 mmol) was added and the

reaction mixture was monitored by TLC. Upon completion

(Table 1, Table 2), the solid was filtered off and the residue was

rinsed with CH2Cl2. The combined filtrate (30 mL) was washed

with 20% aq NaHCO3 (10 mL) and water (3 × 10 mL). The

organic layer was separated, dried with MgSO4 and concen-

trated in vacuo. The residue was purified by silica gel column

chromatography (ethyl acetate/hexanes gradient elution) to

afford the corresponding oligosaccharide.

Typical NIS/TfOH-promoted glycosylation procedure

(Method C). A mixture of glycosyl donor (0.11 mmol),

glycosyl acceptor (0.10 mmol), and freshly activated molecular

sieves (4 Å, 150 mg) in 1,2-dichloroethane (1.6 mL) was stirred

under argon for 1 h. NIS (0.22 mmol) and TfOH (0.022 mmol)

were added and the reaction mixture was monitored by TLC.

Upon completion, the mixture was diluted with CH2Cl2, the

solid was filtered off, and the residue was rinsed with CH2Cl2.

The combined filtrate (30 mL) was washed with 10% aq

Na2S2O3 (10 mL) and water (3 × 10 mL). The organic layer

was separated, dried with MgSO4 and concentrated in vacuo.

The residue was purified by silica gel column chromatography

(ethyl acetate/hexanes gradient elution) to afford the corres-

ponding oligosaccharide.

Typical NIS/TMSOTf-promoted glycosylation procedure

(Method D). A mixture of glycosyl donor (0.11 mmol),

glycosyl acceptor (0.10 mmol), and freshly activated molecular

sieves (4 Å, 150 mg) in 1,2-dichloroethane (1.6 mL) was stirred

under argon for 1 h. NIS (0.22 mmol) and TMSOTf

(0.022 mmol) were added and the reaction mixture was moni-

tored by TLC. Upon completion, the mixture was diluted with

CH2Cl2, the solid was filtered off, and the residue was rinsed

with CH2Cl2. The combined filtrate (30 mL) was washed with

10% aq Na2S2O3 (10 mL) and water (3 × 10 mL). The organic

layer was separated, dried with MgSO4 and concentrated in

vacuo. The residue was purified by silica gel column chroma-

tography (ethyl acetate/hexanes gradient elution) to afford the

corresponding oligosaccharide.

Supporting Information
Supporting Information File 1
Experimental procedures, extended experimental data,
1H and 13C NMR spectra for all new compounds.
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supplementary/1860-5397-8-66-S1.pdf]
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Abstract
Mycoplasma fermentans possesses unique α-glycolipid antigens (GGPL-I and GGPL-III) at the cytoplasm membrane, which carry a

phosphocholine group at the sugar primary (6-OH) position. This paper describes a practical synthetic pathway to a GGPL-I homo-

logue (C16:0) and its diastereomer, in which our one-pot α-glycosylation method was effectively applied. The synthetic GGPL-I

isomers were characterized with 1H NMR spectroscopy to determine the equilibrium among the three conformers (gg, gt, tg) at the

acyclic glycerol moiety. The natural GGPL-I isomer was found to prefer gt (54%) and gg (39%) conformers around the lipid tail,

while adopting all of the three conformers with equal probability around the sugar position. This property was very close to what

we have observed with respect to the conformation of phosphatidylcholine (DPPC), suggesting that the Mycoplasma glycolipids

GGPLs may constitute the cytoplasm fluid membrane together with ubiquitous phospholipids, without inducing stereochemical

stress.
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Introduction
Mycoplasmas constitute a family of gram-positive microbes

lacking rigid cell walls. They are suspected to be associated

with human immune diseases, in either direct or indirect ways,

although the molecular mechanism is not fully understood [1].

In recent biochemical studies, Mycoplasma outer-membrane

lipoproteins [2,3] and glycolipids [4-6] are thought to serve not

only as the main antigens but also as probable pathogens. Also

in our research team, Matsuda et al. [7-10] isolated a new class

of α-glycolipid antigens (GGPL-I and GGPL-III, Figure 1) from

M. fermentans. Another α-glycolipid (MfGL-II), which has a

chemical structure very close to GGPL-III, was identified and

characterized by other groups [11-14].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:YNishida@faculty.chiba-u.jp
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Scheme 1: An established synthetic pathway to α-glycosyl-sn-glycerols 4a and 5a. A reagent combination of CBr4 and Ph3P (Appel–Lee reagent) is
utilized in either CH2Cl2 or DMF as solvent.

Figure 1: Absolute chemical structures of M. fermentans
α-glycolipid antigens, GGPL-I and GGPl-III (GGPL: Glycosyl-sn-glyc-
erophospholipid).

Absolute chemical structures of GGPL-I [15] and GGPL–III

[16] have already been established by chemical syntheses of

stereoisomers; these α-glycolipids have a common chemical

backbone of 3-O-(α-D-glucopyranosyl)-sn-glycerol carrying

phosphocholine at the sugar primary (6-OH) position. The fatty

acids at the glycerol moiety are saturated, namely palmitic acid

(C16:0) and stearic acid (C18:0). GGPL-I has a structural feature

analogous to 1,2-di-O-palmitoyl phosphatidylcholine (DPPC) as

a ubiquitous cell membrane phospholipid. Apparently, GGPLs

are amphiphilic compounds that can form certain self-assem-

bled structures under physiological conditions [12,13] and may

give physicochemical stress on the immune system of the host

[17]. In fact, our research team has proven that these

α-glycolipid antigens have certain pathogenic functions [18,19].

In order to exploit their biological functions in detail, it is

necessary to obtain these α-glycolipids in sufficient amounts.

Thus, both genetic [20-22] and chemical synthetic approaches

[23,24] are being followed, although no practical way has yet

been established. In this paper, we report a chemical access to

both a natural GGPL-I homologue (C16:0) and its diastereomer

I-a and I-b, in which our one-pot α-glycosylation methodology

[25,26] is effectively applied. The two GGPL-I isomers

prepared thereby were characterized with 1H NMR spec-

troscopy, in terms of configuration and conformation at the

asymmetric glycerol moiety.

Results and Discussion
A practical synthetic access to GGPL-I homo-
logues
GGPL-I provides two key asymmetric centers to be controlled,

literally, in the synthetic pathway. One is the configuration at

the chiral glycerol moiety, and another is the sugar α-glycoside

linkage. In former synthetic works on 3-O-(α-D-glycopyra-

nosyl)-sn-glycerol [27-30], chiral 1,2-O-isopropylidene-sn-gly-

cerol has often been employed [29,30] as the acceptor substrate

for different α-glycosylation reactions. In this case, however,

attention should be paid to the acid-catalyzed migration of the

dimethylketal group [23,29-31]. In our synthetic pathway, chiral

(S)- or (R)-glycidol is employed as an alternative source of the

chiral glycerol to circumvent this problem. In an established

synthetic approach, 6-O-acetyl-2,3,4-tri-O-benzyl protected

sugar 1 [23] is used as the donor and treated with a reagent

combination of CBr4 and Ph3P (Appel–Lee reagent) in either

CH2Cl2 or DMF solvent, or a mixture of the two (Scheme 1).

For the reaction in CH2Cl2, N,N,N’,N’-tetramethylurea (TMU)

is added after in situ formation of α-glycosyl bromide 2, which
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Scheme 2: Syntheses of GGPL-I homologue I-a and its isomer I-b. Conditions: (a) K2CO3, CH3OH; (b) cesium palmitate in DMF; (c) TBDMS chlo-
ride then palmitoyl chloride in pyridine + DMAP; (d) TFA in CH3OH; (e) (i) 2-cyanoethyl-N,N,N’,N’-tetraisopropyl phosphorodiamidite, 1H-tetrazole and
MS-4 Å in CH2Cl2; (ii) choline tosylate, 1H-tetrazole, (iii) mCPBA, (iv) aq. NH3 in CH3OH, (f) H2, Pd(OH)2/C in CH3OH.

equilibrates with a more reactive β-glycosyl bromide species

[32]. In the pathway using DMF, the α-glycosylation is routed

via α-glycosyl cationic imidate 3, which was predicted in

former studies [33] and evidenced in our preceding NMR and

MS study [25,26].

The reaction between 1 and (S)-glycidol in CH2Cl2 (+ TMU)

gave a mixture of epoxy compound 4a (60–70%) and bromide

5a (30–40%). In 5a, the oxirane ring was opened by nucle-

ophilic Br− ions produced by Ph3P and CBr4. Also in the DMF-

promoted reaction, a mixture of 4a (70–90%) and 5a (10–30%)

was derived. In both reaction pathways, however, the glycosyl-

ation was α-selective (α:β ≥ 90:10, yields >80%) and not

accompanied by isomerization at the glycerol moiety.

A mixture of 4a and 5a was used in the following chemical

transformation (Scheme 2). First, a lyso-glycolipid 6a was

derived after deprotection at the sugar hydroxymethyl position

and SN2 substitution with cesium palmitate at the glycerol sn-1

position. Then, this compound was converted to glycolipid 8a

after sequential reaction of the temporary tert-butyl-

dimethylsilyl (TBDMS) -protected sugar, and O-acylation at the

glycerol 2-OH position to give 7a, followed by removal of the

TBDMS protecting group. For introducing the phosphocholine

group at the sugar 6-OH position, we employed a phospho-

roamidite method using 1H-tetrazole as a promoter [34]. First,

8a was treated with 2-cyanoethyl-N,N,N’,N’-tetraisopropyl

phosphorodiamidite in the presence of 1H-tetrazole, and then

with choline tosylate to give 9a. After removal of the sugar

O-benzyl group by catalytic hydrogenolysis, the GGPL-I homo-

logue I-a was obtained. In the same way, the GGPL-I sn-isomer

I-b was derived from a mixture of 4b and 5b available from the

reaction between 1  and (R)-glycidol (Scheme 1 and

Scheme 2b).
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Figure 2: 1H NMR spectra of I-a and I-b (500 MHz, 25 °C, CDCl3/CD3OD 10:1). The assignment of sn-glycerol methylene protons (HproR and HproS)
was performed on the basis of our preceding studies on deuterium-labeled glycerols [35-37] and α(1→6)-linked disaccharides [38-40].

Table 1: 1H NMR data (500 MHz) of I-a, I-b, and their precursors (9a and 9b).

δ [ppm] ( 3J and 2J [Hz] )

Compound glucose sn-glycerol moiety

H-1’ H-1 H-2 H-3

proR proS proR proS

I-aa 4.80 (3.5) 4.14 (6.5) 4.40 (3.5, 12.0) 5.24 3.76 (5.5) 3.61 (5.5, 11.0)
9a 4.70 (3.5) 4.17 (6.5) 4.38 (3.0, 12.0) 5.22 3.72 (5.5) 3.52 (6.0, 11.0)
I-ba 4.80 (3.5) 3.80 (6.0) 3.57 (5.5,11.0) 5.23 4.34 (3.5) 4.20 (6.5,12.0)
9b 4.74 (3.5) 3.76 (5.5) 3.57 (5.5, 11.0) 5.23 4.37 (3.0) 4.19 (6.5, 12.0)

aThese α-glycolipids were dissolved in a mixture of CDCl3 and CD3OD (10:1) at 11.2 mM concentration.

1H NMR characterization of I-a, I-b and the
related glycerolipids
1H NMR spectroscopy provides a useful tool for discriminating

between the two GGPL-I isomers as shown in Figure 2. A clear

difference was observed in the chemical shifts of the glycerol

methylene protons as designated by “a” and “b”. Conversely,

little difference was observed between the sn-isomers at the

sugar H-1 signal as well as at the glycerol H-2 (Table 1).

Natural GGPL-I and GGPL-III gave 1H NMR data very close to

those of I-a, indicating that both have a common skeleton of

3-O-(α-D-glucopyranosyl)-sn-glycerol [15,16].

The glycerol moiety has two C–C single bonds. By free rota-

tion, each of them is allowed to have three staggered

conformers of gg (gauche-gauche), gt (gauche-trans) and tg

(trans-gauche) (Figure 3). In solution and also in self-



Beilstein J. Org. Chem. 2012, 8, 629–639.

633

Figure 3: Distributions of gg, gt and tg-conformers in 3-substituted sn-glycerols at 11 mM in solutions of CDCl3 and CD3OD (10:1) at 298 K.

contacting liquid-crystalline states, these conformers are

thought to equilibrate with each other. In this study, we calcu-

lated time-averaged populations of the three conformers by

means of 1H NMR spectroscopy. As we reported in a preceding

paper [41], the Karplus-type equation proposed by Haasnoot et

al.[42] was adapted as follows:

2.8gg + 3.1gt + 10.7tg = 3JH2,H1S (or 3JH2,H3R)

0.9gg + 10.7gt + 5.0tg = 3JH2,H1R (or 3JH2,H3S) and

gg + gt + tg = 1.

In this equation, a perfect staggering (Φ1 and Φ2 = +60, −60 or

180 degree) is assumed for every conformer. Figure 3 summa-

rizes the results for a series of 3-substituted 1,2-di-O-palmitoyl-

sn-glycerols, which involve tripalmitin (Figure 3, entry 1),

DPPC (1,2-di-O-palmitoylphosphatidylcholine) (Figure 3, entry

2), and GGPL-I homologues (Figure 3, entries 3–5). In a solu-

tion state with a mixture of CDCl3 and CD3OD (10:1) as the

solvent and at a concentration of 11.2 mM, tripalmitin adopts

the three conformers in the ratio of gt (45%), gg (37%) and tg

(18%). In comparison with this symmetric lipid, the asym-

metric phospholipid (DPPC) favors the gt-conformer more

strongly around the tail lipid moiety along the sn-1,2 position,

while disfavoring the tg-conformer, in the ratio of gt (59%), gg
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Figure 4: Distributions of gg, gt and tg-conformers in 1-substituted sn-glycerols. In these sn-isomers, Φ1 and Φ2 represent the dihedral angles
around the C–C single bond at the glycerol sn-2,3 and 1,2-position, respectively.

(34%) and tg (7%). The head phosphate moiety along the sn-2,3

position adopts the three conformers in equilibrated popula-

tions (gg = gt = tg).

3-O-(α-D-glucopyranosyl)-sn-glycerolipids 10 and 11

(Figure 3, entries 3 and 4) were found to have conformational

properties very similar to DPPC; the lipid tail moiety prefers the

gauche conformations (gt and gg), while the sugar moiety

allows a random conformation. Here, it should be mentioned

that the conformer distribution coincides between I-a (Figure 3,

entry 5) and DPPC (Figure 3, entry 2) at the head moiety [gt

(33%), gg (34%) and tg (33%)].

The above analysis was carried out also for the stereoisomer I-b

and the related glycolipids (Figure 4, entries 6–8). The isomer

(Figure 4, entry 8) showed an overall conformational property

similar to I-a and DPPC (Figure 5), although a small difference

was observed in the conformer distribution at the sugar head

moiety. However, it should be recognized here that the helical

direction (helicity) of the gt conformer in I-b is reversed (anti-

clockwise) from the case of DPPC and GGPL-I (clockwise), as

depicted in Figure 3 and Figure 4.

Figure 5: A common conformational property of GGPL-I and DPPC.
The tail lipid moiety favors two gauche-conformers of gt and gg (gt >
gg >> tg), while the head moiety takes three conformers in averaged
populations (gt = gg = tg).
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Conclusion
We have proposed a synthetic pathway to a GGPL-I homo-

logue and its stereoisomer, in which our one-pot α-glycosyl-

ation methodology was effectively applied. We envisage that

the simple method will allow us to prepare a variety of

α-glycolipid antigens other than GGPLs and to prove their bio-

logical significance [43]. By the 1H NMR conformational

analysis, which was based on our former studies on deuterium-

labeled sn-glycerols and sugars, we have proven that GGPL-I

and other 3-O-(α-D-glucopyranosyl)-sn-glycerolipids have a

common conformational property at the chiral glycerol moiety:

The lipid tail moiety prefers two gauche-conformations (gg and

gt) in the order gt > gg >> tg, while the sugar head moiety

adopts three conformers in an averaged population (gg = gt =

tg). At the lipid tail position, the gt-conformer with clockwise

helicity is predominant over the anticlockwise gg-conformer.

The observed conformation was very close to what we have

seen in DPPC (Figure 5). Although these results were based on

the solution state in a solvent mixture of CHCl3 and CH3OH

(10:1), it may be possible to assume that the mycoplasma

GGPLs and the related 3-O-(α-D-glycopyranosyl)-sn-glycero-

lipids can constitute cytoplasm membranes in good cooperation

with ubiquitous phospholipids without inducing stereochemical

stress at the membrane.

The GGPL-I isomer I-b showed an overall conformational

property similar to the natural isomer I-a and DPPC. However,

it should be mentioned here that the chiral helicity of

gt-conformers in I-b is reversed (anticlockwise) from the clock-

wise helicity of DPPC and GGPL-I. The difference in chirality

seems critical in biological recognition events and also in

physicochemical contact with other chiral constituents in cell

membranes [44,45].

Experimental
General methods
Infrared (IR) spectra were recorded on a JASCO FT/IR-230

Fourier transform infrared spectrometer on KBr disks. All 1H

NMR (500 MHz) spectra were recorded by using a Varian

INOVA-500 or Varian Gemini 200. 1H chemical shifts are

expressed in parts per million (δ ppm) by using an internal stan-

dard of tetramethylsilane (TMS = 0.000 ppm). Mass spectra

were recorded with a JEOL JMS 700 spectrometer for fast atom

bombardment (FAB) spectra. Silica gel column chromatog-

raphy was performed on silica gel 60 (Merck 0.063–0.200 mm

and 0.040–0.063 mm) and eluted with a mixture of toluene and

ethyl acetate or a mixture of CHCl3 and CH3OH in gradient

modes (100:0 to 80:20). For purification of phosphocholine-

containing products, a chromatographic column packed with

Iatrobeads (IATRON LABORATORIES INC., 6RS-8060) was

applied and eluted with a mixture of CH3OH and CHCl3 in

gradient modes. For thin-layer chromatography (TLC) analysis,

Merck precoated TLC plates (silica gel 60 F254, layer thickness

0.25 mm) and Merck TLC aluminum roles (silica gel 60 F254,

layer thickness 0.2 mm) were used. All other chemicals were

purchased from Tokyo Kasei Kogyo Co., Ltd., Kishida Chem-

ical Co., Ltd., and Sigma–Aldrich Chemical Company Co, Int.,

and were used without further purification.

A typical procedure for the one-pot α-glycosylation: CBr4

(1.6 g, 6.09 mmol) and Ph3P (2.02 g, 6.09 mmol) were added to

a solution of 6-O-acetyl-2,3,4-tri-O-benzyl-D-glucose (1) (1.0

g, 2.03 mmol) in 10 mL of DMF and stirred for 3 h at rt. Then,

(S)-glycidol (301 mg, 4.06 mmol) was added to the reaction

mixture and stirred for 14 h at rt. Products were diluted with a

mixture of toluene and ethyl acetate (10:1), and the solution was

washed with saturated aq. NaHCO3 and aq. NaCl solution, dried

and concentrated. The residue was purified by silica gel column

chromatography in toluene and ethyl acetate to give a mixture

of 4a and 5a (the ratio changed with reaction time) as

colorless syrup. The total yield of 4a and 5a was between 80%

and 90%.

3-O-(2,3,4-tri-O-benzyl-α-D-glucopyranosyl)-1,2-di-O-

palmitoyl-sn-glycerols 8a and 8b: K2CO3  (379 mg,

2.74 mmol) was added to the mixture of 4a and 5a (1 g,

1.83 mmol based on 4a) in CH3OH (20 mL) and stirred for 1 h

at rt. The reaction mixture was neutralized, washed with water,

dried, and concentrated. The residue was dried under reduced

pressure and directly subjected to the next reaction. A mixture

of caesium palmitate (2.7 g, 7.3 mmol) in DMF (40 mL) was

heated at 100–110 °C, to which the DMF solution of the above

residue was added slowly. The reaction mixture was stirred for

2 h at 110 °C, cooled to rt, and then filtered through a pad of

Celite powder with ethyl acetate. The filtrate was washed with

saturated aq. NaCl solution, dried, and concentrated. The

residue was purified by silica gel column chromatography to

give 6a as a colorless syrup (830 mg, 60% yield). To a solution

of 6a (300 mg, 0.39 mmol) in pyridine (20 mL), TBDMS chlo-

ride (107 mg, 0.71 mmol) and 4-N,N-dimethylaminopyridine

(cat.) were added. The reaction mixture was stirred for 12 h at

rt, treated with methanol (2 mL) for 3 h and concentrated. The

residue was purified by silica gel column chromatography in a

mixture of toluene and ethyl acetate. The main product was

dissolved in pyridine (20 mL) and then reacted with palmitoyl

chloride (162 mg, 0.59 mmol) for 3 h at rt. The reaction mix-

ture was treated with methanol (2 mL) and then concentrated

with toluene. The residue was dissolved in a mixture of CH3OH

and CH2Cl2 (1:1, 20 mL) and treated with trifluoroacetic acid

(1 mL) for 2 h at rt. After concentration, the residue was puri-

fied by silica gel column chromatography in a mixture of

toluene and ethyl acetate to give 8a as a white waxy solid
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(0.32 g, 81% yield from 6a). [α]D
30 +21.1 (c 1.0, CHCl3); IR

(KBr, film): 3413, 2923, 2853, 1736, 1630, 1457, 1361, 1158,

1069, 736 cm−1; 1H NMR (500 MHz, CDCl3): δH 7.40–7.23

(m, 5H × 3, -CH2C6H5), 5.23 (m, 1H, glycerol H-2), 4.96–4.64

(d, 2H × 3,-CH2C6H5), 4.70 (d, 1H, J = 3.5 Hz, H-1), 4.40 (dd,

1H, J = 4.0 and 12.0 Hz, glycerol H-1proS), 4.19 (dd, 1H, J =

6.0 and 12.0 Hz, glycerol H-1proR), 3.96 (dd, 1H, J = 9.5 and

9.5 Hz, H-3), 3.72 (dd, 1H, J = 5.5 and 10.5 Hz, glycerol

H-3proR), 3.72 and 3.66 (b, 2H, H-6ProR and H-6proS), 3.65 (m,

1H, H-5), 3.54 (dd, 1H, J = 5.5 and 10.5 Hz, glycerol H-3proS),

3 .50  (dd ,  1H,  J  =  9 .5  and  10 .0  Hz ,  H-4) ,  3 .49

(dd, 1H, J = 3.5 and 9.5 Hz, H-2), 2.29 (m, 2H × 2,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 5 8  ( b ,  2 H  ×  2 ,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 5  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); FABMS m/z: [M + Na]+ 1023.7.

In the same way as derived for the synthesis of 8a, (R)-glycidol

and 6b (0.30 g, 0.39 mmol) was used for the synthesis of 8b

(0.30 g, 77% yield). [α]D
32 +18.5 (c 1.0, CHCl3); IR (KBr,

film): 3452, 2924, 2854, 1739, 1586, 1455, 1296, 1159, 1095,

710 cm−1; 1H NMR (500 MHz, CDCl3): δH 7.40–7.23 (m, 5H ×

3, -CH2C6H5), 5.23 (b, 1H, glycerol H-2), 4.96–4.63 (d, 2H ×

3,-CH2C6H5), 4.75 (d, 1H, J = 3.5 Hz, H-1), 4.38 (dd, 1H, J =

3.5 and 12.0 Hz, glycerol H-3proR), 4.21 (dd, 1H, J = 6.5 and

12.0 Hz, glycerol H-3proS), 3.96 (dd, 1H, J = 9.5 and 9.5 Hz,

H-3), 3.73 (dd, 1H, J = 6.0 and 11.0 Hz, glycerol H-1proS), 3.76

and 3.66 (b, 2H, H-6ProR and H-6proS), 3.65 (m, 1H, H-5), 3.57

(dd, 1H, J = 5.5 and 11.0 Hz, glycerol H-1proR), 3.51 (dd, 1H, J

= 9.5 and 10.0 Hz, H-4), 3.50 (dd, 1H, J = 3.5 and 9.5 Hz, H-2),

2.29 (b, 2H × 2, -OCOCH2CH2(CH2)12CH3), 1.59 (b, 2H × 2,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 5  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); FABMS m/z: [M + Na]+ 1023.7.

A phosphorodiamidite method for the syn-
thesis of I-a
(a) The reaction vessel was kept under anhydrous conditions

with Ar gas in the presence of molecular sieves (50%w/w), and

a solution of 8a (0.20 g, 0.20 mmol) and 2-cyanoethyl-

N,N,N',N'-tetraisopropyl phosphorodiamidite (90.4 mg, 0.30

mmol) in 10 mL of CH2Cl2 was injected. 1H-tetrazole (28.4

mg, 0.40 mmol) was added and stirred for 2 h at rt. Then

1H-tetrazole (42.6 mg, 0.60 mmol, 3.0 equiv) and choline tosy-

late (220.3 mg, 0.8 mmol: thoroughly dried overnight under

vacuum) were added to the reaction mixture and stirred for

1.5 h at rt. The reaction was quenched by the addition of water

(1 mL), and then m-chloroperbenzoic acid (51.8 mg, 0.3 mmol)

was added at 0 °C and stirred for 10 min at rt. The reaction mix-

ture was washed with 10 % aq. Na2SO3 solution, saturated aq.

NaHCO3 solution, water and saturated aq. NaCl solution, dried

and concentrated. The residue was dissolved in a mixture of

CH3OH (10 mL) and 30% aq. NH3 (1 mL) and stirred for

15 min at rt. The reaction mixture was concentrated, and the

res idue  was  pur i f ied  by  co lumn chromatography

(IATROBEADS in a mixture of CHCl3 and CH3OH) to give 9a

(186 mg, 80% yield). [α]D
26 +13.0 (c 0.45, CHCl3); IR (KBr,

film): 3301, 2929, 2856, 2537, 1731, 1577, 1419, 1216, 1093,

925, 788, 746; 1H NMR (500 MHz, CDCl3): δH 7.35–7.25 (m,

5H × 3, -CH2C6H5), 5.22 (m, 1H, glycerol H-2), 4.93–4.61 (d,

2H × 3, -CH2C6H5), 4.70 (d, 1H, J = 3.5 Hz, H-1), 4.38 (dd,

1H, J = 3.0 and 12.0 Hz, glycerol H-1proS), 4.19 (b, 2H, choline

-CH2CH2N+(CH3)3), 4.17 (dd, 1H, J = 6.5 and 12.0 Hz, glycer-

ol H-1proR), 4.15 and 4.02 (m, 2H × 2, H-6ProR and H-6proS),

3.93 (dd, 1H, J = 9.0 and 9.5 Hz, H-3), 3.72 (dd, 1H, J = 5.5

and 11.0 Hz, glycerol H-3proR), 3.71 (b, 1H, H-5), 3.62 (t, 1H,

H-4), 3.58 (b, 2H, choline -CH2CH2N+(CH3)3), 3.52 (dd, 1H, J

= 6.0 and 11.0 Hz, glycerol H-3proS), 3.46 (dd, 1H, J = 3.5 and

9.5 Hz,  H-2),  3.15 (s ,  9H, -POCH2CH2N+(CH3)3) ,

2.28 (m, 2H × 2, -OCOCH2CH2(CH2)12CH3), 1.58 (b, 2H × 2,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 5  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); FABMS m/z: [M + Na]+ 1188.7.

(b) Compound 9a (0.18 g, 0.15 mmol) was hydrogenated with

Pd(OH)2/C (8 mg) under atmospheric pressure in a mixture of

CH3OH (10 mL) and acetic acid (0.1 mL) for 7 h at rt. The

reaction mixture was neutralized by the addition of Et3N,

filtered and concentrated. The residue was purified by column

chromatography with IATROBEADS (CH3OH and CHCl3) to

give I-a (101 mg, 75% yield). [α]D
31 +18.7 (c 1.0, CHCl3/

CH3OH 10:1); IR (KBr, film): 3372, 2927, 2852, 1731, 1573,

1469, 1112, 975, 727; 1H NMR (500 MHz, CDCl3/CD3OD

10:1): δH 5.23 (m, 1H, glycerol H-2), 4.80 (d, 1H, J = 3.5 Hz,

H-1), 4.39 (dd, 1H, J = 3.5 and 12.0 Hz, glycerol H-1proS), 4.30

(b, 2H, -CH2CH2N+(CH3)3), 4.24 and 3.95 (b, 2H, H-6ProR and

H-6proS), 4.14 (dd, 1H, J = 6.5 and 12.0 Hz, glycerol H-1proR),

3.75 (dd, 1H, J = 5.5 and 11.0 Hz, glycerol H-3proR), 3.67 (b,

2H, choline-CH2CH2N+(CH3)3), 3.65 (b, 1H × 2, H-3 and H-5),

3.61 (dd, 1H, J = 5.5 and 11.0 Hz, glycerol H-3proS),

3.56 (b, 1H, H-4), 3.46 (b, 1H, H-2), 3.22 (s,  9H,

- P O C H 2 C H 2 N + ( C H 3 ) 3 ) ,  2 . 3 1  ( m ,  2 H  ×  2 ,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 6 0  ( b ,  2 H  ×  2 ,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 5  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); HRMS–FAB (m/z): [M + Na]+

calcd for C46H90NO13PNa, 918.6048; found, 918.6028.

In the same way as described above, 9b (180 mg) was derived

from 8b (200 mg, 0.20 mmol) in 76% yield and converted to the

GGPL-I isomer I-b [70 mg, 81% yield from 9b (120 mg)]. 9b:

[α]D
26 +8.1 (c 0.62, CHCl3); IR (KBr, film): 3413, 2923, 2857,
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1735, 1461, 1241, 1097, 744, 495, 445; 1H NMR (500 MHz,

CDCl3): δH 7.35–7.23 (m, 5H × 3, -CH2C6H5), 5.23 (b, 1H,

glycerol H-2), 4.94–4.64 (d, 2H × 3,-CH2C6H5), 4.74 (d, 1H, J

= 3.5 Hz, H-1), 4.37 (dd, 1H, J = 3.0 and 12.0 Hz, glycerol

H-3proR), 4.23 (b, 2H, choline-CH2CH2N+(CH3)3), 4.19 (dd,

1H, J = 6.5 and 12.0 Hz, glycerol H-3proS), 4.16 and 4.09 (b,

2H, H-6proR and H-6proS), 3.94 (dd, 1H, J = 9.5 and 9.5 Hz,

H-3), 3.76 (dd, 1H, J = 5.5 and 11.0 Hz, glycerol H-1proS), 3.72

(m, 1H, H-5), 3.61 (dd, 1H, J = 9.0 and 9.5 Hz, H-4), 3.60 (b,

2H, choline-CH2CH2N+(CH3)3), 3.57 (dd, 1H, J = 5.5 and 11.0

Hz, glycerol H-1proR), 3.49 (dd, 1H, J = 3.5 and 9.5 Hz, H-2),

3.20 (s, 9H, choline-CH2CH2N+(CH3)3), 2.28 (dd, 2H × 2, J =

7.5 and 15 Hz, -OCOCH2CH2(CH2)12CH3), 1.58 (b, 2H × 2,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 5  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); FABMS m/z: [M + Na]+ 1188.7.

I-b: [α]D
31= +10.7 (c 1.0, CHCl3/CH3OH 10:1); IR (KBr film):

3390, 2919, 2856, 1731, 1463, 1228, 1074, 964, 711; 1H NMR

(500 MHz, CDCl3/CD3OD 10:1): δH 5.24 (m, 1H, glycerol

H-2), 4.80 (d, 1H, J = 3.5 Hz, H-1), 4.34 (dd, 1H, J = 3.5 and

12.0 Hz,  glycerol  H-3proR) ,  4 .28 (b,  2H, choline-

CH2CH2N+(CH3)3), 4.25 and 3.97 (b, 2H, H-6ProR and

H-6proS), 4.20 (dd, 1H, J = 7.0 and 12.0 Hz, glycerol H-3proS),

3.80 (dd, 1H, J = 6.0 and 11.0 Hz, glycerol H-1proS), 3.63 (b,

1H × 2, H-3 and H-5), 3.63 (b, 2H, choline-CH2CH2N+(CH3)3),

3.58 (dd, 1H, J = 5.5 and 11.0 Hz, glycerol H-1proR), 3.55 (b,

1H, H-4), 3.46 (dd, 1H, H-2), 3.22 (s, 9H, choline-

CH2CH2N+(CH3)3), 2.31 (dd, 2H × 2, J = 7.5 and 15 Hz,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 6 0  ( b ,  2 H  ×  2 ,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 6  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); HRMS–FAB (m/z): M + Na]+

calcd for C46H90NO13PNa, 918.6048; found, 918.6078.

3-O-(α-D-glucopyranosyl)-1,2-di-O-palmitoyl-sn-glycerol

(10, entry 3): Compound 10 was obtained as a waxy solid (73

mg, 83% yield) from 8a (120 mg, 0.12 mmol) by catalytic

hydrogenation under the same reaction conditions as those

described above for the preparation of I-a. [α]D
30 +27.2 (c 1.0,

CHCl3/CH3OH 10:1); IR (KBr, film): 3411, 2919, 2851, 1739,

1587, 1465, 1158, 1053, 720 cm−1; 1H NMR (500 MHz,

CDCl3/CD3OD 10:1): δH 5.25 (m, 1H, glycerol H-2), 4.83 (d,

1H, J = 3.5 Hz, H-1), 4.40 (dd, 1H, J = 3.5 and 12.0 Hz, glycer-

ol H-1proS), 4.16 (dd, 1H, J = 6.5 and 12.0 Hz, glycerol

H-1proR), 3.82 (dd, 1H, J = 5.5 and 10.5 Hz, glycerol H-3proR),

3.78 (d, 2H, J = 3.5 Hz, H-6proR and H-6proS), 3.65 (t, 1H, J =

9.5 and 9.5 Hz, H-3), 3.62 (dd, 1H, J = 6.0 and 10.5 Hz, glycer-

ol H-3proS), 3.56 (dt, 1H, H-5), 3.44 (dd, 1H, J = 3.5 and 9.5

Hz, H-2), 3.42 (dd, 1H, J = 8.5 and 10.0 Hz, H-4), 2.32

(dt, 2H × 2, -OCOCH2CH2(CH2)12CH3), 1.61 (b, 2H × 2,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 6  ( b ,  2 4 H  ×  2 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 2, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); HRMS–FAB (m/z): [M +

Na]+calcd for C41H78O10Na, 753.5493;found, 753.5519.

3-O-(6-O-palmitoyl-α-D-glucopyranosyl)-1,2-di-O-palmi-

toyl-sn-glycerol (11, entry 4): A mixture of 8a (120 mg, 0.12

mmol) and palmitoyl chloride (165 mg, 0.6 mmol) in pyridine

was stirred at rt for 3 h and then treated with CH3OH (1 mL) for

3 h. After concentration in vacuo, the residue was purified on

silica gel (toluene/ethyl acetate). The main product (138 mg)

was dissolved in a mixture of cyclohexene/ethanol 1:4 and

subjected to catalytic hydrogenation at atmospheric pressure in

the presence of Pd(OH)2/C (50 mg). The product was purified

by silica gel column chromatography (CH3OH/CHCl3) to afford

11 (99 mg, 85% yield from 8a). [α]D
30 +20.9 (c 1.0, CHCl3/

CH3OH 10:1); IR (KBr, film): 3414, 2919, 2851, 1739, 1605,

1465, 1375, 1176, 1054, 720 cm−1; 1H NMR (500 MHz,

CDCl3/CD3OD 10:1): δH 5.25 (m, 1H, glycerol H-2), 4.82 (d,

1H, J = 4.0 Hz, H-1), 4.40 (dd, 1H, J = 3.5 and 12.0 Hz, glycer-

ol H-1proS), 4.34 and 4.30 (dd × 2, 2H, J = 5.0 and 12.0, 2.5 and

12.0 Hz, H-6proR and H-6proS), 4.16 (dd, 1H, J = 6.5 and 12.0

Hz, glycerol H-1proR), 3.82 (dd, 1H, J = 5.0 and 10.5 Hz, gly-

cerol H-3proR), 3.73 (m, 1H, H-5), 3.65 (dd, 1H, J = 9.0 and 9.5

Hz, H-3), 3.61 (dd, 1H, J = 5.5 and 10.5 Hz, glycerol H-3proS),

3.45 (dd, 1H, J  = 4.0 and 9.5 Hz, H-2), 3.33 (dd,

1H, J  = 9.0 and 10.0 Hz, H-4),  2.33 (m, 2H × 3,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 6 1  ( b ,  2 H  ×  3 ,

- O C O C H 2 C H 2 ( C H 2 ) 1 2 C H 3 ) ,  1 . 2 6  ( b ,  2 4 H  ×  3 ,

-OCOCH2CH2(CH2)12CH3), 0.88 (t, 3H × 3, J = 7.0 Hz,

-OCOCH2CH2(CH2)12CH3); HRMS–FAB (m/z): [M + Na]+

calcd for C57H108O11Na, 991.7789; found, 991.7832.
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Abstract
An approach to enantiopure hydroxylated 2H-1,2-oxazine derivatives is presented utilizing the [3 + 3] cyclisation of lithiated

alkoxyallenes and an L-erythrose-derived N-glycosyl nitrone as precursors. This key step proceeded only with moderate diastereo-

selectivity, but allowed entry into both enantiomeric series of the resulting 3,6-dihydro-2H-1,2-oxazines. Their enol ether double

bond was then subjected to a hydroboration followed by an oxidative work-up, and finally the auxiliary was removed. The

described three-step procedure enabled the synthesis of enantiopure hydroxylated 1,2-oxazines. Typical examples were treated with

samarium diiodide leading to enantiopure acyclic aminopolyols. We also report on our attempts to convert these compounds into

enantiopure hydroxylated pyrrolidine derivatives.
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Introduction
During the last few decades carbohydrate-derived nitrones have

turned out to be particularly attractive tools for the synthesis of

structurally complex compounds [1-4]. Employed mainly as

1,3-dipoles in cycloadditions [5,6] or as imine analogues in

nucleophilic additions [7,8], these nitrones very often furnish

the corresponding products in a highly selective manner. In this

context, reactions of lithiated alkoxyallenes with enantiopure

nitrones are particularly of interest since they lead by a [3 + 3]

cyclisation process to 1,2-oxazine derivatives with excellent

diastereoselectivity [9]. We previously reported on the unusu-

ally diverse synthetic potential of carbohydrate-derived 1,2-

oxazines allowing the smooth and flexible preparation of

various highly functionalised compounds, including de novo

syntheses of carbohydrates and their mimetics, as well as

N-heterocycles [10-12]. Although the reactions of lithiated

alkoxyallenes, with nitrones bearing substituents with stereo-

genic centres at the carbon atom, were studied in our group in

great detail [13], N-glycosyl-substituted nitrones have so far not

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:hreissig@chemie.fu-berlin.de
http://dx.doi.org/10.3762%2Fbjoc.8.74
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Scheme 2: Additions of lithiated alkoxyallenes to L-erythrose-derived nitrone 1a leading to 3,6-dihydro-2H-1,2-oxazine derivatives 3 via the respective
N-hydroxylamines 2.

been used as electrophiles for this purpose. This type of nitrone

has been introduced and broadly studied by Vasella and

co-workers [14-20] and has also been used by other groups [21-

25]. They observed moderate to high diastereoselectivities for

1,3-dipolar cycloadditions and for nucleophilic additions.

Successful applications of these easily removable auxiliaries in

the syntheses of biologically active agents were also reported

[26-31]. Apart from the obvious reactivity of N-glycosyl

nitrones of type 1 leading to five-membered heterocycles A or

to N,N-disubstituted hydroxylamine derivatives B, a twofold

nucleophilic addition of an excess of organometallic reagents

furnishing compounds of type C (Nu1 = Nu2) was described

and discussed by Goti et al. (Scheme 1) [32]. In selected

examples, the synthesis of differently substituted products (Nu1

≠ Nu2) was possible by consecutive additions of the appro-

priate Grignard reagents [33]. Here we report on the applica-

tion of a nitrone with an L-erythronolactone-derived auxiliary

for the synthesis of 3,6-dihydro-2H-1,2-oxazine derivatives of

type D. Their selected transformations, including hydrobora-

tion of the enol ether moiety, oxidative work-up, glycosyl

cleavage, and samarium diiodide-induced reactions, are

presented as well.

Results and Discussion
In continuation of our recent exploration of L-erythrose-derived

nitrones for the synthesis of 3,6-dihydro-2H-1,2-oxazine deriva-

tives [34], we turned our attention to benzaldehyde-derived

nitrone 1a, which is readily available in a three-step procedure

starting from L-arabinose. L-Erythronolactone was first

Scheme 1: Reactivity of N-glycosyl nitrones 1 towards dipolarophiles
and nucleophiles leading to products of type A, B, C and D.

prepared [35] and was subsequently treated with N-benzylhy-

droxylamine [36], and the resulting product was oxidised with

activated MnO2 [37] to furnish the desired compound 1a in

51% overall yield. The initial experiment with 1a was carried

out under typical conditions with 2.4 equiv of lithiated

methoxyallene at −78 °C in THF. Similarly to previous results

for more rigid cyclic nitrones [38], the formation of the inter-

mediate N-hydroxylamines 2 (Scheme 2) was clearly observed.

These primarily formed compounds were not isolated, but (in

the presence of a drying agent) they underwent slow cyclisation

in Et2O solution at room temperature to furnish the desired 1,2-

oxazine derivative as a mixture of separable diastereomers (3S)-
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Table 1: Selected reaction conditions of nitrone 1a with lithiated methoxyallene.

entry lithiated methoxyallene (equiv)a T (°C) time (h) (3S)-3a / (3R)-3a ratiob yieldc [%]

1 10.0 −78 1.0 – tracesd

2 3.0 −78 1.0 3:1 26
3 2.4 −78 1.0 3:1 33
4 2.2 −78 1.0 3:1 38
5 1.5 −78 1.0 2.5:1 26
6 2.2 −100 → −80 1.0 2:1 51
7 2.2 −130 → −80 1.5 2:1 75

aReactions performed in 1.1 mmol scale with respect to 1a. bCrude product. cCombined yield of isolated (3S)-3a and (3R)-3a. dOnly the major dia-
stereomer (3S)-3a was detected.

3a and (3R)-3a in 25% and 8% yield, respectively (Table 1,

entry 3). The 1,2-oxazines were accompanied by a complex

mixture of by-products, from which only two compounds 4

(1%) and 5 (3%) could be isolated in pure form (Figure 1).

After tedious optimisation with respect to stoichiometry,

temperature, time, concentration, etc. (selected results are

presented in Table 1), we found that running the reaction from

−130 to −80 °C, followed by standing overnight at room

temperature, allowed the synthesis of 3a with an overall yield of

75% and a ratio of diastereomers of ca. 2:1 (49% and 22% after

separation of the isomers, Table 1, entry 7). When the reaction

was scaled up to 3.50 g of 1a the expected diastereomers of 1,2-

oxazines 3a were obtained with no decrease in yield (78%). As

illustrated in Scheme 2, lithiated (2-trimethylsilyl)ethoxyallene

and benzyloxyallene were also examined under the optimised

reaction conditions and furnished the expected diastereomers of

1,2-oxazine derivatives 3b and 3c in 51% and 65% yield, res-

pectively.

Figure 1: By-products 4 and 5 isolated from the reaction of nitrone 1a
with lithiated methoxyallene.

The mixtures of diastereomers of crude 1,2-oxazines 3a–c were

easily separated by standard column chromatography and char-

acterised by spectroscopic methods. However, in certain cases

additional purification was necessary to obtain analytically pure

samples. The absolute configuration of the newly generated

stereogenic centre could not be determined based on NMR tech-

niques. For instance, in the 1H NMR spectra of the diastereo-

meric products (3S)-3a and (3R)-3a, the signals of the benzylic

Figure 2: Single-crystal X-ray analysis of (3R)-3a (ellipsoids are drawn
at a 50% probability level).

protons assigned to C-3 of the 1,2-oxazine ring appear as sing-

lets at 4.85 and 4.48 ppm, respectively. Due to the unhindered

rotation of the auxiliary moiety similar correlation peaks in

NOE experiments were observed for both isomers. Fortunately,

the minor product (3R)-3a isolated as an amorphous solid could

be recrystallised from ethyl acetate solution to give crystals

suitable for an X-ray crystallographic analysis (Figure 2). The

X-ray analysis of (3R)-3a shows a well-defined half-chair con-

formation of the 1,2-oxazine ring, with four carbon atoms in

plane and with ONCC and OCCC torsion angles of −60° and

13°, respectively. The bulky N-substituent occupies a pseudo-

equatorial position and the phenyl group is in a pseudo-axial

position. Since characteristic shift patterns in the 1H NMR

spectra for both diastereomeric series are observed, the con-
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figuration at C-3 of the TMSE derivatives (b) and benzyloxy

analogues (c) could be assigned as well with high certainty.

The stereochemical outcome observed for the reactions studied

also deserves some comment. Whereas lithiated methoxy- and

TMS-ethoxyallene yielded the diastereomers in ca. 2:1 ratio, in

the case of lithiated benzyloxyallene a significant switch of the

selectivity to an approximate 1:2 ratio was observed. According

to the model proposed in the literature [7,18,20] for the add-

ition of nucleophiles, the stereochemical course is governed by

a competition of steric and electronic effects. As presented in

Figure 3, the bulky benzyloxy substituent favours the anti-add-

ition and hence yields the (3R)-configured product as the major

compound. In contrast, the less hindered lithiated methoxy-

allene enables a syn-attack supported by a “kinetic anomeric

effect”, stabilizing the respective transition state [20] and

furnishing the (3S)-configured 1,2-oxazine. In all tested

examples the level of diastereoselectivity was only low to

moderate, and the interpretation should therefore not be exag-

gerated. Alternative conformations explaining the results are

certainly possible.

Figure 3: Model proposed for the addition of lithiated allenes to nitrone
1a.

The fragmentation of the primarily formed allenyl

N-hydroxylamines of type 2 leading to 1,3-dienes such as 4

(Figure 1) by retro-nitroso-ene reaction was discussed in earlier

work [13], but the formation of pyrrole derivative 5 is unpre-

cedented for the reactions of nitrones and lithiated alkoxyal-

lenes. The 1H NMR spectrum of 5 shows four singlets (3H

each) assigned to three methyl groups and one methoxy

substituent. Additionally, a broad singlet at δ = 8.98 ppm attrib-

uted to the NH functionality, an OH group at 2.11 ppm (dd, J ≈

4.0, 8.1 Hz) coupling with the adjacent methylene group, and a

characteristic set of multiplets of the [1,3]dioxolane and the

phenyl moieties could be found. The signals of four quaternary

carbon atoms in the 13C NMR spectrum evidenced the pres-

ence of the pyrrole structure. Finally, the HMBC experiment

proved the proposed substitution pattern at the pyrrole ring.

HRMS and elemental analysis allowed identification of 5 as a

2,3,4,5-tetrasubstituted pyrrole derivative.

As shown in Table 1, entries 1–3, a higher excess of lithiated

methoxyallene resulted in a significant decrease in the yield of

1,2-oxazine derivatives. For example, in the case of 10 equiv of

lithiated methoxyallene (Table 1, entry 1) only a trace amount

of (3S)-3a (<5%) and numerous side products were found in the

crude product, including compound 5. On the other hand, no

pyrrole 5 could be detected when only a slight excess of

methoxyallene was used (Table 1, entry 5) or when the reaction

was performed at lower temperatures (Table 1, entries 6 and 7).

These observations prompted us to postulate that the surprising

formation of 5 is the result of a double addition of lithiated

methoxyallene to nitrone 1a as illustrated in Scheme 3, the

crucial step being the (reversible) opening of the tetrahydro-

furan ring of the primary addition product E. The resulting new

nitrone F can then react with the second equiv of lithiated

methoxyallene to give the double adduct G. After aqueous

work-up, hydroxylamine derivative H underwent a ring-closure

to 1,2-oxazetidine derivative I. It is known that this class of

compounds can suffer a thermally induced [2 + 2] cyclorever-

sion involving N–O bond cleavage [39,40], which, in our case,

led to the formation of methyl acrylate and imine J. This imine

underwent subsequent cyclisation to zwitterion K and two

proton shifts, probably via 3-exomethylene compound L, finally

led to pyrrole 5. This mechanism is certainly speculative but

offers a possibility to explain the formation of the tetrasubsti-

tuted pyrrole 5. The structure of the intermediate double-add-

ition product H suggests that other by-products may be formed,

e.g., two different N-allenylmethyl-substituted 3,6-dihydro-2H-

1,2-oxazines or an isomeric pyrrole derivative. The numerous

sets of signals in the 1H NMR spectrum as well as additional

spots seen on TLC of the crude reaction mixtures support this

assumption, but none of these possible by-products could be

isolated.

With respect to the enormous importance of polyhydroxylated

N-heterocycles as carbohydrate-mimicking glycosidase inhibi-

tors [41-45], the introduction of an additional hydroxyl moiety

into 1,2-oxazine derivatives was an essential goal in several

studies by our group [34,46-48]. A series of 5-hydroxy-1,2-

oxazine derivatives was successfully prepared by the well

known hydroboration/oxidation protocol, with yields and

selectivities strongly depending on the relative configuration of

the employed 1,2-oxazine derivative and on the presence of

additives [34,48]. In general, syn-configured 1,2-oxazines (with

respect to the relative configuration at C-3 and the neigh-

bouring stereogenic centre at the carbohydrate-derived C-3-

substituent) were found to be excellent substrates, leading to the

desired alcohols exclusively with very high degrees of stereose-
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Scheme 3: Speculative mechanistic suggestion for the formation of tetrasubstituted pyrrole derivative 5.

Scheme 4: Introduction of a 5-hydroxy group into 1,2-oxazine derivatives 3 by a hydroboration/oxidation protocol; (a) BH3·THF (4.0 equiv), THF,
−30 °C to rt, 3 h; (b) NaOH, H2O2 (30%), −10 °C to rt, overnight.

lectivity. In an extension of these studies, selected compounds

of type 3 were hydroxylated following the general methodo-

logy. As shown in Scheme 4, each of the (3S)-configured 1,2-

oxazines 3a and 3b furnished a pair of hydroxylated products 6,

7 and 8, 9, respectively, in high combined yields (83% and

93%) and almost the same ratio (approximately 3:2) of cis-

trans/trans-trans isomers. The stereoselectivity for this series is

apparently only low. On the other hand, for (3R)-3a a ca. 3:1

ratio of hydroxylated products was observed based on the
1H NMR spectrum of the crude mixture; however, the minor

product 10 was isolated in 13% yield only, whereas the major

product was obtained in a satisfying 66% yield. We assume that

the observed low facial selectivity results predominantly from

the moderate hindrance exhibited by the neighbouring phenyl

substituent, which in the case of the (3S)-series probably occu-

pies a pseudo-equatorial position in the half-chair conformation

of the 3,6-dihydro-2H-1,2-oxazine derivatives 3. The higher

stereoselectivity of the hydroboration of (3R)-3a is probably

caused by the pseudo-axial location of the phenyl group (as evi-

denced by the X-ray analysis, Figure 2), shielding one side

more efficiently. The carbohydrate-derived N-substituent is

relatively far away from the two reacting carbon atoms and very

likely has no strong, direct influence on the observed diastereo-

selectivities.
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Table 2: Acid-induced cleavages of N- and O-protective groups of 5-hydroxy-1,2-oxazine derivatives 6–11; conditions: (a) HCl (1 M) in MeOH, 40 °C,
3.5 h; (b) DOWEX-50, EtOH, 50 °C, 4 d; (c) BBr3 (3 equiv), CH2Cl2, −78 °C (1 h) then rt, overnight.

entry N-glycosyl 1,2-oxazine conditions product yield mp/[α]D22

1

6

(a)

12

79%
110–112 °C/

+60.1 (c 1.05,
CHCl3)

2

7

(a)

13

83%
112–113 °C/

+47.9 (c 1.00,
CHCl3)

3

8

(b)a

14

78%
153–154 °C/

+33.8 (c 1.05,
CH3OH)

4

9

(a) then (b)

15

75%b
190–192 °C/

+65.6 (c 1.26,
CH3OH)

5

10

(a)

ent-12

84%
110–112 °C/
−61.5 (c 1.18,

CHCl3)

6

11

(a)

ent-13

92%
110–113 °C/
−48.8 (c 1.10,

CHCl3)

7

12

(c)

14

18% —c

aReaction time prolonged to 10 days; boverall yield for two steps; cmelting point and spectroscopic data correspond with the sample of compound 14
obtained from 8 (Table 2, entry 3).

All products 6–11 obtained by the hydroboration/oxidation

protocol were easily purified and separated by column chroma-

tography and finally deprotected by treatment with acid. This

afforded a series of the desired, highly functionalised

tetrahydro-2H-1,2-oxazine derivatives 12–15, including ent-12

and ent-13 (Table 2). Reaction of the trans-trans-configured

4-methoxy-1,2-oxazines 6 and 10 with a methanolic solution of

HCl (1 M) at elevated temperatures enabled the smooth
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cleavage of the glycosyl bond to give the N-unsubstituted

derivatives 12 and ent-12 in high yields (Table 2, entries 1 and

5). The cis-trans-configured compound pair 7 and 11 provided

similar results, yielding the expected enantiomers 13 and ent-13

(Table 2, entries 2 and 6). As expected, the enantiomers show

nicely matching optical rotations with opposite sign. In the case

of the TMSE-protected derivative 9, selective removal of the

N-protective group could be achieved under the applied condi-

tions. After prolonged reaction times (16 h) there was no

significant change in the tested sample. A complete deprotec-

tion of 9 leading to dihydroxylated compound 15 was possible

in high overall yield (75%) by using ion-exchange resin

DOWEX-50 at 50 °C (Table 2, entry 4). As shown for com-

pound 8, simultaneous cleavage was also possible, and the

analytically pure compound 14 was isolated in comparable yield

(Table 2, entry 3). Alternatively, demethylation of 12 by treat-

ment with boron tribromide at low temperatures [49] also

provided the expected compound 14 (Table 2, entry 7); how-

ever, the analytically pure sample of this compound could only

be isolated in 18% yield. Therefore, the protocol applying a

TMS-ethyl substituent as a more easily removable O-protective

group turned out to be much more effective. All enantiopure

1,2-oxazines 12–15 were isolated as colourless crystals, which

were prone to sublimation.

The 1H NMR spectrum of trans–trans configured 14 also

deserves a short comment. Similarly to the previously described

2,4- and 2,5-dimethyltetrahydro-1,2-oxazine derivatives [50],

significant long-range couplings could be observed in the
1H NMR spectrum. The low-field shifted multiplet (4.12–4.19

ppm) assigned to the equatorial 6-H showed additional coup-

lings of <2.5 Hz. However, due to 4-H/5-H overlapping,

selective decoupling of this complex spin system was not

possible. An indirect proof for the observed phenomenon was

found in the 1H NMR spectrum (Supporting Information File 2)

of 14 prior to purification, i.e., still containing BBr3, which acts

here as a shift reagent. The influence of the coordinated boron

species resulted not only in a strong low-field shift but it also

simplified the spectrum, and thus, only geminal and vicinal

couplings (J = 12.2 Hz and J = 5.4 Hz) for the equatorial 6-H

could be found. On the other hand, a possible nitrogen and/or

ring inversion usually measurable at lower temperatures should

be taken into account [51]. As expected, no significant changes

in the shift pattern were observed in a series of 1H NMR spectra

measured at elevated temperatures, both in methanol-d4 (up to

50 °C) and DMSO-d6 (up to 80 °C). Moreover, in the 13C NMR

spectrum only one set of sharp signals was observed.

Due to their similarity to carbohydrate derivatives, hydroxylated

1,2-oxazines such as 12–15 may already have interesting bio-

logical activity, but their functional groups also open several

options for subsequent transformations into other relevant com-

pound classes. By reductive ring opening the corresponding

amino polyols should be accessible. Since compounds of type

12 contain a benzylamine substructure, standard methods that

may possibly attack this moiety, such as catalytic hydrogena-

tion, should be avoided. As an alternative, samarium diiodide is

an attractive reagent for this purpose. Apart from its extra-

ordinary potential for the formation of new carbon–carbon

bonds [52-54], the cleavage of N–O bonds in a chemoselective

fashion is also well documented [55-57]. The application of

samarium diiodide for 1,2-oxazine ring opening allowed effi-

cient syntheses of numerous polyhydroxylated heterocycles,

such as pyrrolidine [46], azetidine [47], furan [58], and pyran

derivatives [59]. Gratifyingly, the treatment of tetrahydro-2H-

1,2-oxazine derivatives 12 and 13 with an excess of SmI2 in

tetrahydrofuran smoothly provided the expected amino alco-

hols 16 and 17 in excellent yields (Scheme 5).

Scheme 5: Samarium diiodide-induced ring opening of tetrahydro-2H-
1,2-oxazine derivatives 12 and 13.

In order to compare the behaviour of a compound still bearing

the N-auxiliary, we converted tetrahydro-2H-1,2-oxazine 7 into

the O-benzylated derivative 18 under standard conditions

(Scheme 6). Treatment of this protected compound with

samarium diiodide furnished a complex mixture of products

from which only the two amino alcohols 19 and 20 were isol-

ated, in low yield. The formation of 20 could be explained by a

subsequent SmI2-mediated reduction of the C=N bond formed

by ring opening of 19, which contains a hemiaminal moiety.

This suggestion is supported by the 1H NMR spectrum of 19 in

which a second set of signals could be easily detected. Thus, the

direct use of 1,2-oxazine derivatives still containing the carbo-

hydrate-derived auxiliary at the nitrogen is apparently not suffi-

ciently selective during samarium diiodide-promoted reactions.
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Scheme 6: Reaction of tetrahydro-2H-1,2-oxazine 18 with samarium diiodide. (a) NaH (1.4 equiv), BnBr (1.2 equiv), DMF, 0 °C to rt, overnight.

Scheme 7: Attempted synthesis of pyrrolidine derivatives from precursor 13. (a) TMSCl (1.5 equiv), imidazole, DMAP, CH2Cl2, rt, overnight; (b) SmI2,
THF, 1.5 h, rt; (c) CHCl3, rt, overnight; (d) MsCl (4 equiv), Et3N, CH2Cl2, rt, overnight.

The successful transformation of N-benzyl-substituted

tetrahydro-2H-1,2-oxazine derivatives into polyhydroxylated

pyrrolidine derivatives [46] prompted us to select compound 13

as a precursor and to examine the described methods with this

substrate. First, the free hydroxy group was protected as a

trimethylsilyl ether and, after SmI2-induced ring opening, the

expected product 22 was clearly identified based on TLC moni-

toring. However, the attempted isolation and purification of this

compound by column chromatography provided amino alcohol

17 as the only product in high yield (92%). The limited stability

of the TMS protective group is evident from the results

presented in Scheme 7. Treatment of freshly prepared unpuri-

fied 22 with an excess of mesyl chloride and triethylamine

yielded a complex product mixture. The isolated compounds

23–26 clearly indicate that the migration of the TMS group not

only takes place in an intramolecular fashion to the terminal

hydroxy function to furnish 24, but it also occurs intermolecu-

larly leading to the disilylated mesylamide 23. The desired

pyrrolidine derivative 25 was obtained only as a minor product

(5%). The major isolated component, N,O-dimesylated

pyrrolidine 26 (35%) derives from 25 by TMS-cleavage and

subsequent mesylation of the OH group.

To overcome these apparent difficulties, tert-butyldimethylsilyl-

protected compound 27 was prepared. Samarium diiodide-

mediated ring opening under standard conditions furnished the

expected amino alcohol 28 in excellent yield (Scheme 8). An

attempted cyclisation of 28 using tosyl chloride in the presence

of triethylamine was not successful but led to N-tosylated com-

pound 31 in 24% yield. A partial epimerisation at the benzylic

position and slow decomposition of precursor 28 could also be

observed under the reaction conditions applied, and none of the

desired pyrrolidine derivatives could be found in the crude

product. Purification on a silica gel column yielded two

fractions containing a mixture of the C-4 epimeric N,O-di-

tosylated compounds (14%, ca. 1:1 ratio) and a mixture of the

respective tosylamides (41%, ca. 4:1 ratio). Additional chroma-

tography of the latter fraction enabled isolation of compound 31

in the pure state (24%). Isolation of other by-products was not

possible.

Fortunately, the use of mesyl chloride was more efficient to

achieve cyclisation of 28. Application of this reagent afforded

pyrrolidine derivative 29 in acceptable overall yield. The

different reaction outcome observed for the transformations of
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Scheme 8: Synthesis of TBS-protected tetrahydro-2H-1,2-oxazine 27 and its transformation into pyrrolidine derivatives 29, 30 and 32. (a) TBSCl (2.0
equiv), imidazole, DMAP, CH2Cl2, rt, 5 d; (b) SmI2, THF, 1.5 h, rt; (c) MsCl (2.0 equiv), Et3N, CH2Cl2, rt, overnight; (d) LDA (5.4 equiv), rt, 16 h;
(e) pTsCl (2.2 equiv), Et3N, CH2Cl2, rt, overnight; (f) CBr4 (1.2 equiv), PPh3 (1.2 equiv), Et3N (1.1 equiv), CH2Cl2, rt, overnight; (g) HCl (1 M) in
MeOH, rt, 3 d.

28 with the two sulfonyl chlorides is probably a consequence of

the bulkiness of the TBS group. The small sulfene intermediate,

generated from mesyl chloride, smoothly reacts with the

terminal OH group to give the respective mesylate, which

subsequently cyclises to afford pyrrolidine 29. On the other

hand, the more bulky tosyl chloride competitively attacks the

amino group. As illustrated in Scheme 8, the attempted conver-

sion of 29 into the free secondary amine 30 by treatment with

LDA [60] was not very efficient. The target compound was

accompanied by a mixture of dihydropyrrole derivatives, which

were very likely formed by deprotonation at the benzylic pos-

ition and subsequent elimination.

Finally, freshly prepared unpurified 28 was subjected to the

conditions of an Appel reaction [61] providing, after 16 hours at

room temperature, pyrrolidine derivative 30 in 33% yield.

Again, the relatively low efficacy could be explained by the

destructive role of the base required for the subsequent cyclisa-

tion step. Cleavage of the TBS-moiety under acidic conditions

furnished the desired hydroxylated pyrrolidine 32 in good yield.

An attempted direct conversion of the unprotected amino diol

17 into 32 by treatment with tetrabromomethane in the pres-

ence of triphenylphosphine gave no satisfactory results,

possibly due to the formation of the corresponding oxirane and

its diverse, subsequent reactions.

Conclusion
We achieved the efficient synthesis of enantiopure hydroxylated

tetrahydro-2H-1,2-oxazine derivatives using, in the key step,

lithiated alkoxyallenes and a phenyl-substituted nitrone 1a

bearing an L-erythronolactone-derived auxiliary as starting ma-

terials. Moderate levels of diastereoselectivity were observed

for the formation of the 1,2-oxazine ring and for the subsequent

hydroboration step. However, due to the easy separation of the

formed products by standard column chromatography, the

presented protocol opens up access to enantiopure products with

both absolute configurations in different relative configurations,

in a relatively short time. The described procedure supplements

known protocols employing terpene units [62] and carbo-

hydrate-derived auxiliaries [63,64] for the asymmetric syn-

thesis of the 1,2-oxazine derivatives. More recently, the use of

(–)-menthol as a chiral auxiliary was presented for the sep-

aration of diastereomeric 6H-1,2-oxazines [65,66]. Subsequent

transformations of the newly prepared tetrahydro-2H-1,2-

oxazines, utilizing samarium diiodide as the key reagent for the

chemoselective ring opening, enable a smooth access to novel

phenyl-substituted aminopolyols. Their transformation into

hydroxylated pyrrolidine derivatives so far proceeds only with

moderate efficacy, but this may certainly be optimised in the

future.

Experimental
General methods. Reactions were generally performed under

an inert atmosphere (argon) in flame-dried flasks. Solvents and

reagents were added by syringe. Solvents were purified with a

MB SPS-800-dry solvent system. Triethylamine was distilled

from CaH2 and stored over KOH under an atmosphere of argon.

Other reagents were purchased and used as received without

further purification unless stated otherwise. Products were puri-

fied by flash chromatography on silica gel (230–400 mesh,

Merck or Fluka). Unless stated otherwise, yields refer to analyt-

ically pure samples. NMR spectra were recorded with Bruker

(AC 250, AC 500, AVIII 700) and JOEL (ECX 400,

Eclipse 500) instruments. Chemical shifts are reported relative
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to TMS or solvent residual peaks (1H: δ = 0.00 ppm [TMS],

δ = 3.31 ppm [CD3OD], δ = 7.26 ppm [CDCl3]; 13C:

δ = 49.0 ppm [CD3OD], δ = 77.0 ppm [CDCl3]). Integrals

are in accordance with assignments and coupling constants

are given in Hertz. All 13C NMR spectra are proton-decoupled.

For detailed peak assignments, 2D spectra were measured

(COSY, HMQC, HMBC). IR spectra were measured with a

Nexus FT-IR spectrometer fitted with a Nicolet Smart

DuraSample IR ATR. MS and HRMS analyses were performed

with a Varian Ionspec QFT-7 (ESI–FT ICRMS) instrument.

Elemental analyses were obtained with a Vario EL or a Vario

EL III (Elementar Analysensysteme GmbH) instrument.

Melting points were measured with a Reichert apparatus

(Thermovar) and are uncorrected. Optical rotations ([α]D) were

determined with a Perkin–Elmer 241 polarimeter at the

temperatures given. Single crystal X-ray data were collected

with a Bruker SMART CCD diffractometer (Mo Kα radiation,

λ = 0.71073 Å, graphite monochromator); the structure solution

and refinement was performed by using SHELXS-97 [67] and

SHELXL-97 [67] in the WINGX system [68]. CCDC-864241

contains the supplementary crystallographic data for this paper.

These data can be obtained free of charge from the Cambridge

Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/

data_request/cif.

Typical procedure for the preparation of 1,2-
oxazine derivatives by addition of a lithiated
alkoxyallene to nitrone 1a (Procedure 1)
Lithiated methoxyallene was generated under an atmosphere of

dry argon by treating a solution of methoxyallene (357 mg,

0.42 mL, 5.06 mmol) in dry THF (20 mL) with n-BuLi (2.5 M

in hexanes; 2.0 mL, 5.0 mmol) at −40 °C. After 5 min, the

resulting mixture was cooled to −130 °C (n-pentane/liq. N2

bath), and a solution of nitrone 1a (606 mg, 2.30 mmol) in dry

THF (15 mL) was added under vigorous stirring. The partially

solidified mixture was allowed to reach −80 °C within 1.5 h and

was quenched with water. Then, warming to room temperature

was followed by extraction with Et2O (3 × 25 mL), and the

combined organic layers were stirred overnight with the drying

agent (MgSO4). When cyclisation of the primarily formed

allene adducts was complete (TLC monitoring, hexane/ethyl

acetate 4:1, p-anisaldehyde stain) the solvents were removed in

vacuo to yield a light orange oil (763 mg). The crude material

was filtered through a short silica gel pad (hexane/ethyl acetate

3:1) to yield a mixture of diastereomers (574 mg, 75%, 2:1

ratio), which were separated by column chromatography (silica

gel, hexane/ethyl acetate 7:1, gradient to 5:1) to give (3S)-3a

(380 mg, 49%, first eluted) as a pale yellow oil and (3R)-3a

(170 mg, 22%) as a colourless solid. An analytically pure

sample of (3R)-3a was obtained by recrystallisation from ethyl

acetate.

(3S,3a’S,4’S,6a’S)-2-(2’,2’-Dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4’-yl)-4-methoxy-3-phenyl-3,6-dihydro-2H-

[1,2]oxazine ((3S)-3a):  +133.4 (c 1.12, CHCl3); 1H NMR

(CDCl3, 700 MHz) δ 1.32, 1.41 (2 s, 3H each, 2 Me), 3.47 (s,

3H, OMe), 4.03 (d, J = 9.5 Hz, 1H, 6’-H), 4.23–4.27 (ddbr, J ≈

3.5, 9.5 Hz, 1H, 6’-H), 4.30 (dd, J = 4.3, 13.7 Hz, 1H, 6-H),

4.40 (s, 1H, 4’-H), 4.62 (dtbr, J ≈ 2.0, 13.7 Hz, 1H, 6-H), 4.85

(sbr, 1H, 3-H), 4.87 (dtbr, J ≈ 1.3, 4.3 Hz, 1H, 5-H), 4.88–4.90

(m, 2H, 3a’-H, 6a’-H), 7.26–7.33, 7.34–7.38 (2 m, 5H, Ph)

ppm; 13C NMR (CDCl3, 126 MHz) δ 24.5, 26.3 (2 q, 2 Me),

54.8 (q, OMe), 63.5 (d, C-3), 67.3 (t, C-6), 76.6 (t, C-6’), 81.2,

84.2 (2 d, C-3a’, C-6a’), 92.1 (d, C-5), 94.7 (d, C-4’), 111.6 (s,

C-2’), 128.0, 128.3, 129.7, 136.2 (3 d, s, Ph), 154.9 (s, C-4)

ppm; IR (ATR) : 3085–2840 (=C-H, C-H), 1670 (C=C), 1225,

1075, 1055 (C-O) cm−1; ESI–TOF (m/z): [M + Na]+ calcd for

C18H23NNaO5, 356.1474; found, 356.1479; Anal. calcd for

C18H23NO5 (333.4): C, 64.85; H, 6.95; N, 4.20; found: C,

64.81; H, 6.98; N, 4.15.

(3R,3a’S,4’S,6a’S)-2-(2’,2’-Dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4’-yl)-4-methoxy-3-phenyl-3,6-dihydro-2H-

[1,2]oxazine ((3R)-3a): mp 110–113 °C; crystals suitable for

X-ray analysis were obtained from AcOEt solution by cooling

(fridge); Crystal data: C18H23NO5, M = 333.37, orthorhombic,

a = 5.6042(12) Å, b = 16.756(4) Å, c = 17.839(4) Å, α =

90.00°, β = 90.00°, γ = 90.00°, V = 1675.2(6) Å3, T = 133(2) K,

space group P2(1)2(1)2(1), Z = 4, Mo Kα, 23651 reflections

measured, 4186 independent reflections (Rint = 0.0178). R1 =

0.0307 (I > 2σ(I)); wR(F2) = 0.0782 (all data); GOOF(F2) =

1.048.  −87.0 (c 1.36, CHCl3); 1H NMR (CDCl3, 500

MHz) δ 1.34, 1.44 (2 s, 3H each, 2 Me), 3.49 (s, 3H, OMe),

3.89 (d, J = 9.9 Hz, 1H, 6’-H), 4.03 (dd, J = 4.0, 9.9 Hz, 1H,

6’-H), 4.41 (ddd, J = 1.7, 3.2, 14.3 Hz, 1H, 6-H), 4.48 (sbr, 1H,

3-H), 4.54 (ddd, J = 1.6, 2.4, 14.3 Hz, 1H, 6-H), 4.72 (s, 1H,

4’-H), 4.80 (dd, J = 4.0, 6.1 Hz, 1H, 6a’-H), 4.90 (tbr, J ≈ 3.0

Hz, 1H, 5-H), 5.03 (d, J = 6.1 Hz, 1H, 3a’-H), 7.27–7.34,

7.36–7.40 (2 m, 5H, Ph) ppm; 13C NMR (CDCl3, 126 MHz) δ

24.7, 26.3 (2 q, 2 Me), 54.6 (q, OMe), 63.6 (d, C-3), 65.2 (t,

C-6), 74.5 (t, C-6’), 81.1 (d, C-6a’), 81.5 (d, C-3a’), 91.7 (d,

C-5), 96.4 (d, C-4’), 112.0 (s, C-2’), 127.8, 128.3, 129.0, 138.1

(3 d, s, Ph), 153.1 (s, C-4) ppm; IR (ATR) : 3060–2840 (=C-

H, C-H), 1675 (C=C), 1220, 1100, 1050 (C-O) cm−1; ESI–TOF

(m/z): [M + Na]+ calcd for C18H23NNaO5, 356.1474; found,

356.1470; Anal. calcd for C18H23NO5 (333.4): C, 64.85; H,

6.95; N, 4.20; found: C, 64.85; H, 6.83; N, 4.11.

Typical procedure for hydroborations of 1,2-
oxazines (Procedure 2)
To a solution of 1,2-oxazine (3S)-3a (268 mg, 0.80 mmol) in

dry THF (20 mL), a solution of BH3·THF (1 M in THF, 3.2 mL,

3.2 mmol) was added at −30 °C. The solution was warmed to

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
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room temperature and stirred for 3 h, then cooled to −10 °C and

an aq NaOH solution (2 M, 4.8 mL) followed by H2O2 (30%,

1.6 mL) were added. Stirring at room temperature was

continued overnight. After addition of a sat. aq Na2S2O3 solu-

tion, the layers were separated, the water layer was extracted

with Et2O (3 × 15 mL), the combined organic layers were dried

with MgSO4 and filtered, and the solvents were removed under

reduced pressure. The crude products (321 mg, 3:2 ratio) were

separated by chromatography column (silica gel, hexane/ethyl

acetate 1:1) to give 5-hydroxy-1,2-oxazines 6 (92 mg, 33%, first

eluted) and 7 (141 mg, 50%) as hygroscopic, colourless

semisolids.

(3S,4S,5S,3’aS,4’S,6’aS)-2-(2’,2’-Dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4’-yl)-4-methoxy-3-phenyl-[1,2]oxaz-

inan-5-ol (6):  +131.2 (c 1.02, CHCl3); 1H NMR (CDCl3,

500 MHz) δ 1.28, 1.35 (2 s, 3H each, 2 Me), 2.60 (d, J = 1.9

Hz, 1H, OH), 2.90 (s, 3H, OMe), 3.41 (ddd, J = 1.4, 6.7, 9.4 Hz,

1H, 4-H), 3.66–3.72 (m, 2H, 5-H, 6-H), 3.93 (d, J = 9.4 Hz, 1H,

3-H), 3.93 (d, J = 9.5 Hz, 1H, 6’-H), 4.07 (dd, J ≈ 11, 16 Hz,

1H, 6-H), 4.19 (dd, J = 4.4, 9.5 Hz, 1H, 6’-H), 4.41 (s, 1H,

4’-H), 4.81 (dd, J = 4.4, 6.1 Hz, 1H, 6a’-H), 4.86 (d, J = 6.1 Hz,

1H, 3a’-H), 7.28–7.42 (m, 5H, Ph) ppm; 13C NMR (CDCl3, 126

MHz) δ 24.5, 26.2 (2 q, 2 Me), 60.5 (q, OMe), 67.6 (d, C-3),

70.6 (d, C-5), 71.4 (t, C-6), 77.4 (t, C-6’), 81.3 (d, C-6a’), 84.4

(d, C-3a’), 87.6 (d, C-4), 94.8 (d, C-4’), 111.7 (s, C-2’), 128.3,

128.8*, 136.8 (2 d, s, Ph) ppm; *higher intensity; IR (ATR) :

3440 (O-H), 3090–2830 (=C-H, C-H), 1205, 1055 (C-O) cm−1;

ESI–TOF (m/z): [M + Na]+ calcd for C18H25NNaO6, 374.1580;

found, 374.1581; Anal. calcd for C18H25NO6 (351.4): C, 61.52;

H, 7.17; N, 3.99; found: C, 61.43; H, 7.15; N, 3.85.

(3S,4R,5R,3a’S,4’S,6a’S)-2-(2’,2’-Dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4’-yl)-4-methoxy-3-phenyl-[1,2]oxaz-

inan-5-ol (7):  +138.2 (c 1.41, CHCl3); 1H NMR (CDCl3,

500 MHz) δ 1.28, 1.34 (2 s, 3H each, 2 Me), 2.44 (d, J = 7.7

Hz, 1H, OH), 3.10 (s, 3H, OMe), 3.21 (mc, 1H, 4-H), 3.75 (sbr,

1H, 5-H), 3.82 (d, J = 12.2 Hz, 1H, 6-H), 3.94 (d, J = 9.4 Hz,

1H, 6’-H), 4.21 (dd, J = 4.6, 9.4 Hz, 1H, 6’-H), 4.36 (dd, J =

1.4, 12.2 Hz, 1H, 6-H), 4.45 (d, J = 2.3 Hz, 1H, 3-H), 4.60 (s,

1H, 4’-H), 4.81 (tbr, J ≈ 5.2 Hz, 1H, 6a’-H), 4.94 (d, J = 6.1 Hz,

1H, 3a’-H), 7.24–7.31, 7.42–7.45 (2 m, 5H, Ph) ppm; 13C NMR

(CDCl3, 126 MHz) δ 24.5, 26.3 (2 q, 2 Me), 59.3 (q, OMe),

62.7 (d, C-3), 65.3 (d, C-5), 71.0 (t, C-6), 77.5 (t, C-6’), 80.4 (d,

C-4), 81.1 (d, C-6a’), 84.5 (d, C-3a’), 95.6 (d, C-4’), 111.6 (s,

C-2’), 127.8, 128.3, 129.5, 136.4 (3 d, s, Ph) ppm; IR (ATR) :

3455 (O-H), 3090–2830 (=C-H, C-H), 1215, 1085, 1050 (C-O)

cm−1; ESI–TOF (m/z): [M + Na]+ calcd for C18H25NNaO6,

374.1580; found, 374.1579; Anal. calcd for C18H25NO6

(351.4): C, 61.52; H, 7.17; N, 3.99; found: C, 61.43; H, 7.17; N,

3.87.

Typical protocol for glycosyl bond cleavage
(Procedure 3)
1,2-Oxazine 6 (425 mg, 1.21 mmol) was dissolved in 1 N HCl

in MeOH (14 mL) and heated at 40 °C for 3.5 h (TLC moni-

toring, hexane/AcOEt 1:2, potassium permanganate stain). Then

the mixture was allowed to reach room temperature, quenched

with sat. aq NaHCO3 solution and extracted with Et2O (3 ×

30 mL). The combined organic layers were dried with MgSO4

and filtered, and the solvents were removed. The purification by

column chromatography (silica gel, dichloromethane/methanol

40:1) yielded 12 (201 mg, 79%) as a colourless solid.

(3S,4S,5S)-4-Methoxy-3-phenyl-[1,2]oxazinan-5-ol (12): mp

110–112 °C;  +60.1 (c 1.05, CHCl3); 1H NMR (CDCl3,

500 MHz) δ 3.02 (s, 3H, OMe), 3.37 (tbr, J ≈ 8.5 Hz, 1H, 4-H),

3.71–3.81 (m, 2H, 5-H, 6-H), 3.91 (d, J = 9.2 Hz, 1H, 3-H),

4.14 (dd, J = 4.1, 9.7 Hz, 1H, 6-H), 2.60, 5.48 (2 sbr, 2H, NH,

OH), 7.31–7.38, 7.40–7.43 (2 m, 5H, Ph) ppm; 13C NMR

(CDCl3, 126 MHz) δ 60.4 (q, OMe), 67.0 (t, C-3), 70.9 (d, C-5),

72.3 (t, C-6), 86.9 (d, C-4), 128.4, 128.6, 128.7, 136.3 (3 d, s,

Ph) ppm; IR (ATR) : 3405–3260 (O-H, N-H), 3065–2830

(=C-H, C-H), 1105, 1055 (C-O) cm−1; ESI–TOF (m/z): [M +

H]+ calcd for C11H16NO3, 210.1130; found, 210.1127; Anal.

calcd for C11H15NO3 (209.2): C, 63.14; H, 7.23; N, 6.69;

found: C, 63.14; H, 7.23; N, 6.66.

Typical procedure for the reactions with
samarium diiodide (Procedure 4)
To a solution of SmI2 (ca. 0.1 M in THF, 15 mL, ~1.5 mmol) at

room temperature was added dropwise a solution of 5-hydroxy-

1,2-oxazine 12 (102 mg, 0.49 mmol) in degassed THF (10 mL).

After the mixture was stirred for 3 h it was quenched with sat.

aq sodium potassium tartrate solution and extracted with Et2O

(20 mL), and then with CH2Cl2 (3 × 15 mL). The combined

organic layers were dried with MgSO4, filtered and the solvents

were removed under reduced pressure to give the spectroscopic-

ally pure product as a yellow oil in almost quantitative yield.

Filtration through a short silica gel pad (dichloromethane/meth-

anol 15:1) yielded 16 (97 mg, 94%) as a colourless oil.

(2S,3S,4S)-4-Amino-3-methoxy-4-phenylbutane-1,2-diol

(16):  +12.2 (c 1.48, CHCl3); 1H NMR (CDCl3, 500 MHz)

δ 3.31 (dd, J = 2.1, 5.3 Hz, 1H, 3-H), 3.39 (s, 3H, OMe), 3.57

(dd, J = 4.6, 11.1 Hz, 1H, 1-H), 3.72 (dd, J = 6.1, 11.1 Hz, 1H,

1-H), 3.77–3.80 (m, 1H, 2-H), 4.58 (d, J = 5.3 Hz, 1H, 4-H),

7.28–7.33, 7.36–7.43 (2 m, 5H, Ph) ppm; 13C NMR (CDCl3,

126 MHz) δ 55.9 (d, C-4), 59.3 (q, OMe), 63.4 (t, C-1), 70.7 (d,

C-2), 83.0 (d, C-3), 127.1, 128.1, 128.8, 138.6 (3 d, s, Ph) ppm;

IR (ATR) : 3490–3230 (O-H, N-H), 3065–2810 (=C-H, C-H),

1075 (C-O) cm−1; ESI–TOF (m/z): [M + H]+ calcd for

C11H18NO3, 212.1292; found, 212.1282.
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Abstract
Herein, we report on our findings of the Sonogashira–Hagihara reaction with 1-iodinated and 2-brominated glycals using several

aromatic and aliphatic alkynes. This Pd-catalyzed cross-coupling reaction presents a facile access to alkynyl C-glycosides and sets

the stage for a reductive/oxidative refunctionalization of the enyne moiety to regenerate either C-glycosidic structures or pyran

derivatives with a substituent in position 2.
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Introduction
Carbohydrates are key players in a plethora of biological

processes, such as cell-development, metastasis, cell–cell

aggregation and viral infection [1-4]. Many different monosac-

charide units and the large variety of possibilities to link two

subunits result in an immense variety of highly complex

biomolecules [5-7]. In order to mimic certain subunits of oligo-

saccharides, e.g., for the inhibition of glycosidases or glycosyl-

transferases, modified mono- or disaccharides have come into

the focus of medicinal chemists [8,9]. An important class of

carbohydrate mimetics are the C-glycosides [10-13]. In such

compounds the oxygen of the O-glycosidic bond is substituted

by a methylene unit rendering them stable to enzymatic degrad-

ation or hydrolysis. During the past decades C-glycosides have

emerged as valuable synthetic targets, not only for medicinal

chemists, but also for methodologists [8]. In particular, glycals

have transpired as versatile building blocks in the synthesis of

various C-glycosides. Most of the reported preparations of

alkyl- and aryl-C-glycosides rely on glycals as starting ma-

terials. Transition-metal-catalyzed cross-coupling reactions play

a key role in the assembly of these structures; thus, many metal-

ated glycals have been employed in their synthesis. Scheme 1

provides a brief overview.

In 1990 Beau and co-workers utilized 1-stannylated glycals

of type 1 in a Stille cross-coupling for the synthesis of aryl-

C-glycosides such as 2 (R = Ar) [14,15]. To generate these

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Different strategies to access C-glycosides starting from 1-substituted glycals.

1-substituted glycals a prefunctionalization of the pseudo-

anomeric carbon is mandatory. Recent advances in the field of

C–H functionalization allowed for the mild and selective

borylation of unfunctionalized glycals. Starting from

persilylated glycals Ishikawa and Miyaura applied an Ir-cata-

lyzed C–H-functionalization with B2pin2 to obtain 1-borylated

glycals, such as 3, in excellent yields and selectivity. They eleg-

antly demonstrated the use of these compounds in the synthesis

of aryl-, allyl- and benzyl-C-glycosides [16]. The group of

Minehan described another fascinating approach to aryl-

C-glycosides in 2003 [17]. They showed that aryl-C-glycosides

can be prepared from glycalyl indium(III) compounds (e.g., 4)

in a Pd-catalyzed cross-coupling reaction with iodoarenes.

However, it is not only metalated sugar derivatives that have

prevailed in the synthesis of C-glycosides, but also some elec-

trophilic coupling reagents, such as glycalyl phosphates, and

bromo- and iodoglycals. Glycal phosphates of type 5 were

employed as electrophiles in a Stille cross-coupling reaction

[18]. These building blocks exhibit a high stability and effi-

ciency in their formation and are therefore particularly interest-

ing. In a careful optimization study, Tan and co-workers found

that several alkenes hydroborated in situ with 9-BBN can be

utilized in a Suzuki–Miyaura coupling with iodoglucals 6 to

yield aliphatic C-glycosides [19]. This method impressively

demonstrates the power of the Suzuki–Miyaura coupling in the

formation of C(sp2)–C(sp3) bonds for the preparation of carbo-

hydrate mimetics. Friesen and co-workers reported on a syn-

thesis of aryl-C-glycosides employing different metalated

arenes with persilylated 1-iodoglucals [20]. These proved to be

particularly reactive to organozinc and organoboron com-

pounds, whereas Hayashi successfully disclosed an approach to

react simple stannylated or even electron-poor olefins with

2-bromoglucals in Stille and Heck reactions, respectively [21].

The dienes obtained during these transformations were success-

fully converted in Diels–Alder reactions to afford carbocyclic

chiral compounds with a sugar backbone.

In 2008, Gagné introduced a Ni-mediated Negishi coupling to

synthesize alkyl- and aryl-C-glycosides from glycosyl halides

[22]. Worthy of note is that this transformation displays a

C(sp3)–C(sp3) coupling in the case of alkyl-C-glycosides and a
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Table 1: Sonogashira–Hagihara reactions of 1-iodoglucal 7 with different alkynes 8a–8h.

entry alkyne product yield [%]a

1

8a
9a

92

2

8b
9b

72

3

8c
9c

86

C(sp2)–C(sp3) coupling in the preparation of aryl-C-glycosides.

Although the diasteroselectivity of the reaction is highly

dependent on the type of monosaccharide, this approach is

unique due to its use of fully functionalized sugars, thus

avoiding further refunctionalization steps to obtain the native

C-glycoside.

Results and Discussion
Despite the numerous organometallic reactions performed with

substituted glycals, to the best of our knowledge there has been

no in-depth study of the synthesis of 1- and 2-alkynylated

glycals by means of the Sonogashira–Hagihara reaction to date.

Herein, we wish to report on our findings with respect to the

reaction of persilylated 1-iodoglucal 7 and peracetylated

2-bromogalactal 10 with readily available alkynes 8a–8h. We

became interested in this chemistry whilst searching for a

method to synthesize (1→6)-linked C-glycosidic disaccharide

mimetics [23]. The simplicity of the transformation, the mild

reaction conditions, and the commercial availability of the cata-

lyst render this method highly useful for the preparation of

internal alkynes [24].

We started our investigations with the persilylated 1-iodoglucal

7, which is easily available by a sequence of lithiation and

iodination from the parent, fully TIPS-protected congener [25].

The Sonogashira reaction was carried out under standard condi-

tions. Pd(PPh3)2Cl2 was used as catalyst, and CuI served as

cocatalyst. The reaction was performed at room temperature for

12 h in neat triethylamine acting as the solvent as well as base.

As coupling partners, a variety of commercially available

alkynes as depicted in Table 1 were investigated. The yields

proved to be good to excellent (72% to 92%). Aromatic as well

as aliphatic alkynes could be employed for this reaction leading

to excellent results. Fluorinated alkynyl-C-glycosides (Table 1,

entry 4) may be readily functionalized at the aromatic core,

whereas TMS-protected enynes (Table 1, entry 6) allow for

further manipulations on the alkynyl residue. Our previous

studies also revealed that even carbohydrate-derived alkynes

can be utilized under these reaction conditions in an efficient

manner [23].

Our recent interest in domino reactions starting with 2-bromin-

ated glycals [26-28] motivated us to investigate also the behav-
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Table 1: Sonogashira–Hagihara reactions of 1-iodoglucal 7 with different alkynes 8a–8h. (continued)

4

8d
9d

82

5

8e
9e

90

6
8f

9f

79

7
8g

9g

83

8
8h

9h

90

aIsolated yields.

Scheme 2: Sonogashira–Hagihara reaction of 1-iodo-2-chloroglucal 12 with phenylacetylene (8a) to afford 13.

iour of peracetylated 2-bromogalactal 10 in Sonogashira–Hagi-

hara reactions (Table 2). We found that 10 is much less reactive

than 7. This may be due to a more facile oxidative addition to

the C–I bond compared to the C–Br bond. Furthermore, we

assume that the electron density at C-2 of the sugar core is

particularly high, rendering the 2-palladated glycal a bad elec-

trophile towards electron-poor or electron-neutral alkynes. To

push the reaction an elevated temperature was necessary, and

only moderate yields were obtained.

Efforts to react perbenzylated 2-chloro-1-iodoglucal 12 in a

twofold Sonogashira reaction with an excess of phenylacetylene

resulted in a chemoselective monoalkynylation of the pseudo-

anomeric position in quantitative yield (Scheme 2). Even the

use of an elevated temperature did not lead to the formation of

an enediyne. Further refunctionalization of the enynes was

achieved by selective reduction of the triple bond by making

use of Raney nickel (Table 3). We found that the electron-rich

enol ether moiety remains untouched, when reaction times of

less than four hours were chosen in the case of the enynes

9e–9h. It should be noted that methanol was a crucial part of the

solvent mixture, otherwise no reaction was observed. Interest-

ingly, when we employed the perbenzylated enyne 9ea the yield

of the alkyne-reduced product decreased tremendously. A mix-

ture of completely reduced products was obtained. Thus, we

assume that not only electronic effects, but also the sterically

encumbered TIPS groups render the reduction of the olefinic

moiety much more difficult.
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Table 2: Sonogashira–Hagihara reactions of 2-bromogalactal 10 with different alkynes.

entry alkyne product yield [%]a

1

8a

11a

66

2
8f

11b

45

3
8g

11c

traces

aIsolated yields.

Table 3: Reduction of carbohydrate-derived enynes 9e–9h and 11a–11b.

entry substrate time [h] solvent product yield [%]a

1

9e

3 MeOH:THF
(1:1)

14a

88

2

9ea

12 MeOH:THF
(1:1)

14b

11
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Table 3: Reduction of carbohydrate-derived enynes 9e–9h and 11a–11b. (continued)

3

9h

4 MeOH:THF
(1:1)

14c

63

4

9e

4 THF

14c

0

5

9e

7 MeOH:THF
(1:1)

14c

58

6b,c

11a

12 MeOH:DCM:EtOAc
(3:1:1)

14d

97

7b

11b

12 MeOH:DCM:EtOAc
(3:1:1)

14e

86

aIsolated yields; bPearlman’s catalyst (Pd(OH)2/C) was used instead of Raney-Ni; cFully reduced carbohydrate mimetic was observed; a final proof of
the stereochemistry by NOESY effects was not possible due to strongly overlapping signals. However, the stereochemistry given is highly reasonable
because of the shielding of the top face by three substituents [29].

In contrast to the other enynes the carbohydrate derivative 11a

was fully reduced in a diastereoselective manner and in excel-

lent yield to the pyran 14d by employing Pearlman’s catalyst

(rt, overnight), whereas in the case of enyne 11b, under the

same reaction conditions, only the triple bond was reduced to

furnish enol ether 14e selectively.

In three cases we further functionalized the 1-alkylated glycals

by an epoxidation/epoxide-opening sequence [30-33].

Dimethyldioxirane (DMDO) was used as a neutral epoxidation

reagent leading to a facial-selective epoxide formation [34-36].

The so-obtained highly reactive acetal epoxide was either

attacked by a superhydride, such as LiBHEt3 [31], or by a

Lewis acidic hydrogen transfer agent, such as DIBAL-H

[32,33]. In the former case, an SN2-type reaction takes place

leading to the α-gluco-configured C-glycoside 15a in a

moderate yield of 30% (Table 4). The aluminium centre

coordinates the epoxide oxygen allowing the hydride to attack

from the same side, leading to β-configured alkyl-C-glycosides.

The epoxidation/ring-opening sequence of TIPS-protected

glucals proved to be challenging; for the respective product 15c

only a yield of 13% was observed.

Conclusion
We investigated the behaviour of 1-iodinated and 2-brominated

glycals in Sonogashira–Hagihara cross-coupling reactions with

various alkylated and arylated alkynes. 1-Alkynylated glycals

were obtained in very good yields whereas the alkynylation in

position 2 gave poorer results. Chemoselective reduction of the

triple bond in the resulting enyne system by the action of

Raney-Ni furnished enol ethers, which could be readily refunc-

tionalized. Methanol proved to be an essential co-solvent in

order to execute the Ni-catalyzed reduction. The enol ether

double bond could be further hydroxylated by an epoxidation/
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Table 4: Diastereoselective epoxidation/epoxide opening sequence employing different hydride sources to afford 15a–15c.

entry substrate product yield [%]a

1b

14b
15a

30

2c

14b
15b

40

3c

14c 15c

13

*Stereochemistry depending on the hydride source; aIsolated yields; bLiBHEt3 was employed as a hydride source; cDIBAL-H was employed as a
hydride source.

epoxide opening sequence. Depending on the hydride source

α- and β-configured alkyl-C-glycosides were obtained diaste-

reoselectively in moderate yield. These investigations with

respect to the Sonogashira–Hagihara coupling complement the

rich organometallic chemistry that has already been performed

with borylated, stannylated and phosphorylated glycals.
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Abstract
The influenza virus infection remains a significant threat to public health and the increase of antiviral resistance to available drugs

generates an urgent need for new antiviral compounds. Starting from the natural, antivirally active compound glycyrrhizin, spacer-

bridged derivatives were generated with improved antiviral activity against the influenza A virus infection. Simplified analogues of

the triterpene saponin glycyrrhizin containing 1-thio-β-D-glucuronic acid residues have been prepared in good yields by alkylation

of 3-amino and 3-thio derivatives of glycyrrhetinic acid with a 2-iodoethyl 1-thio-β-D-glucopyranosiduronate derivative. The

spacer-connected 3-amino derivatives were further transformed into N-acetylated and N-succinylated derivatives. The deprotected

compounds containing these carboxylic acid appendices mimic the glycon part of glycyrrhizin as well as the hemisuccinate deriva-

tive of glycyrrhetinic acid, carbenoxolone. Antiviral activities of the compounds were determined in a biological test based on

influenza A virus-infected cells, wherein the 3-(2-thioethyl)-N-acetylamino- and 3-(2-thioethyl)-thio-linked glucuronide derivatives

were effective inhibitors with IC50 values as low as 54 µM.

705

Introduction
The triterpene saponin glycyrrhizin (GL) and its aglycon

glycyrrhetinic acid (GA) are the main triterpene components of

licorice roots and harbor various pharmacological activities,

including antitumor, anti-inflammatory, antioxidant and

antiviral properties [1,2]. The antiviral activities have been

reported to be directed against a broad spectrum of viruses

comprising herpes-, corona-, alpha-, and flaviviruses, HIV,

Epstein–Barr virus, influenza A virus (IAV), vaccinia and

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:paul.kosma@boku.ac.at
http://dx.doi.org/10.3762%2Fbjoc.8.79
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Figure 1: Structure of glycyrrhizin (GL), carbenoxolone (CBX), and spacer analogues.

Scheme 1: Synthesis of methyl 2-haloethyl 1-thio-glucuronide derivatives: (a) 1 M NaOMe, MeOH, −60 °C to −45 °C, 89% ; (b) Br(CH2)2Br, NaH,
DMF, −5 °C (80% for 4, 3% for 5); (c) NaI, acetone, 4 °C, 16 h, 95%.

polio type I viruses as examples [3-8]. In particular anti-

influenza virus activities have been described, although the

underlying mechanisms of action are diverse [9-12]. In order to

evaluate the potential antiviral properties of glycyrrhizin deriva-

tives, we set out to modify the chemical environment in the

vicinity of ring A of glycyrrhetinic acid. The envisaged modifi-

cations should assess the impact of acidic groups, which reside

at the glucuronic acid residues in the β-(1→2)-linked disaccha-

ride unit of GL, with respect to antiviral properties (Figure 1).

Previously, ring A modified derivatives of glycyrrhetinic acid

were prepared containing 3-amino, 3-thio and 1-thio groups,

allowing for an extension of the oleanolic acid unit with spacer

groups as well as facile covalent attachment of carboxyalkyl

groups by alkylation or acylation reactions [13,14]. For the

compounds included in this investigation, the size of the spacer

group was selected to closely match the formal distances

between the A-ring and the carboxylic acid function present in

the glucopyranosiduronic residues of the parent compound

glycyrrhizin (GL) and in the hemisuccinate moiety of the

glycyrrhetinic acid derivative carbenoxolone (CBX) [15]

(Figure 1). For the sake of clarity, the nomenclature and

numbering for the triterpene system as used throughout this

report is illustrated in Figure 1. In order to enhance resistance

against enzymatic cleavage by glucuronidases, the glucuronic

acid residue was introduced through a stable thioglycosidic

linkage.

Results and Discussion
Synthesis of 3-amino derivatives
Commercially available methyl (2,3,4-tri-O-acetyl-D-glucopy-

ranosyl)uronate bromide (1) was first reacted with potassium

thioacetate in DMF to furnish the known 1-thioacetyl deriva-

tive 2 in 82% yield [16]. Subsequent treatment of 2 with sodium

methoxide, under controlled conditions at low temperature

(−60 °C → −45 °C), provided the corresponding glucuronyl

1-thiol 3 in 89% yield [17,18]. Reaction of 3 with an excess of

1,2-dibromoethane (3–4 equiv) in DMF in the presence of

sodium hydride, with the strict exclusion of oxygen, afforded

the 2-bromoethyl 1-thioglycoside 4 in 80% yield. Under these

conditions formation of the bis-substitution product 5 (3%) and

the disulfide oxidation product of 1-thiol 3 was observed in only

very minor quanities. The corresponding 2-iodoethyl derivative

6 was prepared by a Finkelstein reaction from the bromoethyl

1-thioglycoside 4 in 95% yield (Scheme 1).

The previously reported 3β-amino derivative of the diphenyl-

methyl ester of glycyrrhetinic acid 7 [19] was then used for the

introduction of the spacer-extended 1-thio-glucopyra-

nosiduronate residue. Coupling of the 3β-amino derivative 7

with two equivalents of the 2-iodoethyl glycoside 6 in DMF in

the presence of Hünig base proceeded smoothly to provide the

alkylated amine 8 in 79% yield without the formation of a bis-

alkylated product (Scheme 2), whereas the use of the corre-

sponding bromide 4 resulted in a significantly slower reaction.
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Scheme 2: Synthesis of thioalkylglucuronide GA derivatives: (a) DMF, DIPEA, 45–50 °C, 16 h, 79%; (b) TEA, Ac2O, DCM, 0 °C, 2 h, 96%; (c)
anisole, TFA, DCM, rt, 3 h (75% for 10, 89% for 11); (d) 0.1 M NaOMe, MeOH, 0 °C (89% for 12, 97% for 14, 99% for 18); (e) 0.2 M NaOH, MeOH, rt,
3 h (91% for 13, ~quant. for 15, 99% for 19); (f) MeO2C(CH2)2COCl in DCM, DIPEA, 0 °C to rt, 90 min, then anisole, TFA, DCM, 0 °C, 3 h, 83% for
two steps.

At elevated temperature, elimination leading to the correspond-

ing hexenuronic acid derivative was observed (structure not

shown). The secondary amino group in compound 8 was

subjected to further derivatization by N-acetylation (triethyl-

amine, acetic anhydride), which gave compound 9 in 96% yield.

Deprotection of the ethyl 1-thio-glucuronide derivatives 8 and 9

was achieved by acid-catalyzed cleavage of the diphenylmethyl

ester group with TFA/anisole (as carbocation scavenger), giving

the monoacid derivatives 10 and 11 in 75% and 89% yield, res-

pectively. Subsequent transesterification of 10 and 11 with

methanolic NaOMe afforded the deacetylated methyl ester

glucuronide derivatives 12 and 14, respectively, which were

finally fully deprotected by hydrolysis of the methyl ester group

with 0.2 M methanolic NaOH to furnish the diacid derivatives

13 and 15, in high overall yield.

A second series of compounds was designed as glucuronide-

extended amide derivatives of the previously reported

carbenoxolone analogue 16 [20,21]. Reaction of the 3-amino

group of 8 with the monomethyl ester of succinic acid chloride

in dichloromethane in the presence of Hünig base was followed

by deblocking of the diphenylmethyl ester group to afford 17 in

a combined yield of 83%. The acetyl groups of 17 were

removed under Zemplén conditions to afford the dimethyl ester

18. Alkaline hydrolysis of the ester groups eventually gave the

triacid derivative 19 in good yield. In contrast to the straightfor-

ward chemical transformations, analysis of the NMR spectra of

this series of compounds was challenging and the N-acylated

derivatives 9, 11, 14, 15 and 17–19 revealed complex spectra.

Whereas the secondary amides of 3β-amino-glycyrrhetinic acid

derivatives displayed coherent NMR signals [22,23], the tertiary

amides frequently exist as mixtures of cis/trans rotamers

leading to the duplication of signals [24,25]. The steric conges-

tion at position 3 exerted by the two adjacent methyl groups

may additionally contribute to the restricted rotation of the

amide linkage. Thus, in the 1H NMR spectra of the N-acetyl-
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Figure 2: 400 MHz 1H NMR expansion plots of the carbohydrate region of compound 11, recorded at various temperatures.

and N-succinyl derivatives, recorded at room temperature, two

sets of signals in an approximate 6:4 ratio were observed. Re-

versible coalescence of these signal groups was observed upon

heating a solution of the N-acetyl derivative 11 up to 100 °C in

DMSO-d6 and subsequent cooling to room temperature

(Figure 2), supporting the assignment of two signal data sets for

two rotamers. The orientation of the amide carbonyl group in

the rotamers also had a pronounced effect on the NMR chem-

ical shifts of carbon and proton signals in ring A, which led to a

shift of H-3 to lower field (δ 4.47) and to a shielding of C-3

(δ 59.9) for the minor isomer, whereas the inverse effects were

seen for the major rotamer (δ for H-3 at 3.36 and δ for C-3 at

66.7). Similar, but less-pronounced effects were observed for

the respective 1H and 13C signals at position 5 of ring A (see

Supporting Information File 1).

Synthesis of 3-thio derivatives
Complementing the series of the 3β-amino series, related 3-thio

derivatives were employed for the spacer elongation [14]. The

previously reported 1,2-dehydro-3-thiol derivative 20 was

subjected to alkylation with the 2-iodoethyl 1-thioglucuronide

compound 6 in the presence of K2CO3 to furnish the thioether-

bridged glucuronide triterpene 21 in 60% yield. Deprotection of

21 was performed in two steps as described for 10, which

furnished the methyl ester derivative 22 and the glucuronic acid

compound 23, respectively, in good yields (Scheme 3).

Antiviral activities
For biological testing the compounds were dissolved in DMSO

and diluted in cell culture medium to a maximum final DMSO

concentration of 1%. For determination of the cytotoxicity of

the compounds, MDCK cells were treated with compound

concentrations ranging from 3.1 µM to 250 µM for 48 h and

then cell viability was determined as a surrogate endpoint for

cytotoxicity. Except for the aglycons of GL, namely glycyrrhe-

tinic acid (GA) and the hemisuccinate carbenoxolone (CBX),

which showed CC50 values (half-maximal cytotoxic concentra-

tion) of 7.4 µM and 17.8 µM, respectively, none of the com-

pounds tested were toxic at concentrations up to 250 µM. GL

was not toxic at 2500 µM (Table 1). The antiviral activity of the

compounds was determined by infecting MDCK cells with

influenza A H3N2 virus and treating them with different

concentrations of compounds at the same time. Most com-

pounds prevented virus-induced cytopathicity and restored cell

viability compared to virus-infected control cells. The antiviral

activity of glycyrrhizin (GL) against influenza and other viruses
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Scheme 3: Synthesis of 3-thioether-bridged glucuronide derivatives: (a) K2CO3, acetone, 60%; (b) 0.8 M NaOMe, MeOH, 71%; (c) 0.2 M NaOH,
MeOH, 95% .

Table 1: Cytotoxic concentration 50% (CC50) of compound-treated uninfected cells and antiviral activities, shown as half-maximal inhibitory concen-
tration (IC50) values of glycyrrhizin (GL) analogues.

Compound Substructure CC50 [µM] IC50 [µM]

GL >2500 1026 ± 181

GA 7.4 ± 0.05 nda

CBX 17.8 ± 2.3 nda

12 >250 220.4 ± 41

reported in the literature was confirmed in this study resulting in

an IC50 of 1026 µM (Table 1). GA and CBX did not show any

antiviral activity at nontoxic concentrations. Compounds 12, 13,

14, 15, 18 and 19, which possess a (1-thio-β-D-glucopyranosyl-

uronic acid)ethylamino substituent at position 3 of GA did not

show toxicity at concentrations up to 250 µM, but showed

enhanced antiviral activity compared to GL. Good activities

were found for compounds 12 and 18 with IC50 values of

220.4 μM and 125 µM, respectively, being between 4.7-fold to

8-fold more active compared to the lead compound GL. The

methyl ester 14 containing the N-acetylated spacer group was

approximately 14-fold more active compared to GL, reflected

by an IC50 value of 72.1 µM. The free acid 15 displayed an

IC50 value in the same range as the methyl ester 14. Replace-

ment of the N-acetyl group of 14 with a methylsuccinyl group

(18) did not improve the activity; however, the compound was

still active with an IC50 value of 125 µM. The cleavage of both

methyl ester groups of this compound resulted in compound 19

and led to the loss of antiviral activity up to the highest concen-

tration tested (250 µM). Compound 16 containing only the

N-succinyl substituent is a close analogue to CBX bearing an

amide instead of the ester group. Unlike CBX, which is toxic at

low concentrations, 16 was not toxic but inactive, indicating

that the glucuronic acid moiety is associated with the antiviral

properties. This was further supported by the data obtained with

compound 23 containing a 1-thioethyl-linked glucuronic acid

residue at position 3 of 1,2-dehydro-glycyrrhetinic acid. Com-

pound 23 showed good activity with an even lower IC50 value

of 54 µM compared to 15, and exhibited also no cytotoxicity at

the concentrations tested.
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Table 1: Cytotoxic concentration 50% (CC50) of compound-treated uninfected cells and antiviral activities, shown as half-maximal inhibitory concen-
tration (IC50) values of glycyrrhizin (GL) analogues. (continued)

13 >250 nd (>250)b

14 >75 72.1 ± 19.1c

15 >250 87 ± 7.9

16 >250 nd (>250)b

18 >250 125 ± 15.9

19 >250 nd (>250)b

23 >250 54 ± 13

and not determined due to cytotoxicity; bnd (>250) no detectable antiviral activity up to 250 µM; capproximate value, since the compound precipitates
at concentrations >75 μM.

Conclusion
3-Amino and 3-thio derivatives of glycyrrhetinic acid served as

versatile scaffolds for the attachment of glycosyl extensions

through high-yielding alkylation reactions. The glucuronide

derivatives linked via a thioethyl spacer group to the oleanolic

acid unit exhibited no toxicity at concentrations up to 250 μM

and significantly enhanced the anti-influenza virus activity of

the natural triterpene glycoside glycyrrhizin.

Supporting Information
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Abstract
The importance of glycans in biological systems is highlighted by their various functions in physiological and pathological

processes. Many glycan epitopes on glycoproteins and glycolipids are based on N-acetyllactosamine units (LacNAc;

Galβ1,4GlcNAc) and often present on extended poly-LacNAc glycans ([Galβ1,4GlcNAc]n). Poly-LacNAc itself has been identi-

fied as a binding motif of galectins, an important class of lectins with functions in immune response and tumorigenesis. Therefore,

the synthesis of natural and modified poly-LacNAc glycans is of specific interest for binding studies with galectins as well as for

studies of their possible therapeutic applications. We present the oxidation by galactose oxidase and subsequent chemical or

enzymatic modification of terminal galactose and N-acetylgalactosamine residues of poly-N-acetyllactosamine (poly-LacNAc)

oligomers and N,N-diacetyllactosamine (LacDiNAc) by galactose oxidase. Product formation starting from different poly-LacNAc

oligomers was characterised and optimised regarding formation of the C6-aldo product. Further modification of the aldehyde

containing glycans, either by chemical conversion or enzymatic elongation, was established. Base-catalysed β-elimination, coup-

ling of biotin–hydrazide with subsequent reduction to the corresponding hydrazine linkage, and coupling by reductive amination to

an amino-functionalised poly-LacNAc oligomer were performed and the products characterised by LC–MS and NMR analysis.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:l.elling@biotec.rwth-aachen.de
http://dx.doi.org/10.3762%2Fbjoc.8.80
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Remarkably, elongation of terminally oxidised poly-LacNAc glycans by β3GlcNAc- and β4Gal-transferase was also successful. In

this way, a set of novel, modified poly-LacNAc oligomers containing terminally and/or internally modified galactose residues were

obtained, which can be used for binding studies and various other applications.
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Introduction
N-Acetyllactosamine (LacNAc; Galβ1,4GlcNAc) structures are

important carriers of glycan epitopes, such as ABH or Lewis

blood group determinants. Some of these are present on

extended poly-N-acetyllactosamine glycans (poly-LacNAc;

[Galβ1,4GlcNAc]n) which serve as spacers and additional

information carriers [1-5]. Poly-LacNAc itself was identified as

a recognition motif of galectins, which are an important class of

mammalian lectins [6,7]. Another LacNAc related epitope is

LacDiNAc (GalNAcβ1,4GlcNAc), which is especially well-

known from parasitic nematodes and trematodes [8,9]. In

humans, LacDiNAc-containing glycans trigger the cellular

immune response of natural killer cells [10-12]. Scientific

interest in the synthesis of naturally occurring and modified

LacNAc and poly-LacNAc glycans is high, as they can be used

for the detailed investigation of lectin binding modes

and their biological function, and as possible diagnostic markers

or therapeutic agents [13-16]. Naturally occurring poly-LacNAc

glycans and furthermore epitopes thereof, such as fucosylated,

sialylated and branched glycans, are widely used in the analysis

of galectin–glycan interaction in glycan arrays [7,17-19].

Efforts have especially been made regarding the development

and evaluation of galectin inhibitors as therapeutic

agents [20-23]. For example, chemically modified mono- and

disaccharides as well as thiodigalactosides have been

investigated [21,24-27]. Another modification strategy is the

use of galactose oxidase, which can be combined with

different chemical modifications. Galactose oxidase is a copper-

containing enzyme that catalyses the oxidation of the

C6-hydroxyl group of nonreducing D-galactose residues

[28,29]. Several subsequent modifications, such as site-specific

labelling of glycoconjugates with hydrazide or hydroxylamine

reagents [30-34], coupling with amino-modified glycan

moieties [35], chemical oxidation of the carbonyl to a carboxyl

group in the synthesis of immunoreactive neo-glycosamino-

glycans [12], and the synthesis of deoxysugars [36], have been

reported. The specific properties of galactose oxidase, such as

activity and substrate spectrum, have been altered by directed

evolution [34,37]. However, although galactose oxidase

was discovered decades ago [38,39] and is widely used, the

formation of different products during the enzymatic conver-

sion of D-galactose is still not yet completely understood

and controllable. The main products of the galactose oxidase

reaction are the aldehyde, which occurs as a hydrate in

aqueous solution, the corresponding galacturonic acid, and an

α,β-unsaturated aldehyde as a dehydrated side product

[40-42]. The occurrence of these products seems to vary

depending on the synthesis parameters in different applications

[12,42-44].

We here investigate the oxidation of LacNAc and LacDiNAc

terminated poly-N-acetyllactosamine glycans, recently synthe-

sised by our group [11,45], with subsequent chemical conver-

sion of the 6-aldehyde group to the corresponding α,β-

unsaturated aldehyde by base-catalysed β-elimination

(Scheme 1). The galactose 6-aldehydes of poly-LacNAc

oligomers were chemically converted to their corresponding

α,β-unsaturated aldehydes under elevated temperature at

alkaline pH in almost quantitative yield. In this way defined

oxidised poly-LacNAc oligomer structures are easily obtained

by galactose oxidase treatment and subsequent heating of the

reaction mixture. The corresponding 6-aldehyde LacNAc

oligomers were used as substrates in further elongation reac-

tions with glycosyltransferases (Scheme 2). Remarkably, the

terminally oxidised poly-LacNAc oligomers could be elong-

ated by β3GlcNAc-transferase and subsequently by β4Gal-

transferase. These results pave the way for the synthesis of a set

of novel, modified poly-LacNAc glycan structures containing

terminally and/or internally oxidised galactose residues for

further chemical conversions. As an example, the 6-aldehydes

of poly-LacNAc oligomers were converted with (+)-biotinam-

idohexanoic acid hydrazide (BACH), resulting in biotin-

labelled poly-LacNAc glycans (Scheme 3). Moreover, the

amine group obtained after deprotection of the NH2-linker of

poly-LacNAc oligomers was utilised for the reductive amina-

tion of 6-aldehyde groups of oxidised poly-LacNAc oligomers

(Scheme 4). In this way, chemically branched poly-LacNAc

glycans are synthesised that resemble natural, branched poly-

LacNAc glycans (I-antigens) of glycoproteins and glycolipids.

Results and Discussion
Evaluation of Gal- and GalNAc terminated
poly-LacNAc oligomers as substrates of
galactose oxidase
The activity of galactose oxidase from Dactylium dendroides

with LacNAc 1a, Gal-terminated poly-LacNAc oligo-

saccharides 1b–d and LacDiNAc 2 (Scheme 1) was investi-

gated by a photometric-activity assay and by HPLC analysis.

Compared to methyl β-D-galactopyranoside the galactose

oxidase showed a relative activity of about 4% for all tested
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Scheme 1: Reaction scheme of terminal galactose in poly-LacNAc-glycans (1a–d) or GalNAc in LacDiNAc (2) by galactose oxidase, to the corres-
ponding 6-aldehyde (3a–d, 4). Subsequent further oxidation yields the corresponding galacturonic acids (5a–d, 6), and chemical β-elimination the
corresponding α,β-unsaturated aldehydes (7a–d, 8).

saccharides (1a–d and 2 were measured at a standard concentra-

tion of 1 mM glycan, Figure S2 in Supporting Information

File 1), which is sufficient for the semipreparative production of

oxidised products. The methyl β-galactoside was chosen as a

reference substance because of the comparable linkage at the

anomeric C-atom and its known high activity [38]. No activity

could be seen with odd-numbered (GlcNAc-terminated) poly-

LacNAc–linker–t-Boc oligosaccharides, either by photometric

or by HPLC analysis, even after long reaction times (data not

shown). This confirms that galactose oxidase accepts only

terminal galactose residues of poly-LacNAc glycans, as previ-

ously concluded for the oxidation of raffinose and plant

arabinogalactan polysaccharides [36,46]. Standard enzymatic

reactions were performed in sodium phosphate buffer pH 6 and

analysed by HPLC after the enzymatic reaction was stopped at

95 °C at different reaction times. Three main products could be

detected with all tested substrates (Scheme 1, Figure S3 in

Supporting Information File 1). The products from the conver-

sion of the tetrasaccharide 1b and LacDiNAc 2 could be

assigned according to their molecular mass as the corres-

ponding aldehydes 3b and 4, the corresponding α,β-unsaturated

aldehyde products 7b and 8, and the galacturonic acid products

5b and 6, as depicted in Table S1 in Supporting Information

File 1 [42,44]. The formation of the corresponding uronic acids,

whether chemically or enzymatically catalysed, was not further

investigated. The formation of the 6-aldehydes 3a and 3c and

the α,β-unsaturated aldehydes 7a and 7c for the conversion of

1a and 1c, was also confirmed by ESI–MS analysis (Table S1

and Figure S13 in Supporting Information File 1). Conversion

of 1d (Figure S4 in Supporting Information File 1, compared to

1c) was followed by HPLC and gave similar product patterns to

those seen for 1a, 1b and 1c.

However, we asked if β-elimination is catalysed by galactose

oxidase or is chemically driven by the applied reaction condi-

tions. The products (88% 3b, 10% 5b and 2% 7b) obtained after

conversion of 1b and termination of the galactose oxidase reac-

tion by heat were incubated in 50 mM sodium phosphate buffer

(varying pH as indicated) at different temperatures for different

time periods, without the addition of enzyme (Figure S5 in
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Table 1: Conversion of poly-LacNAc oligomers 1a–d with galactose oxidase under optimised conditions (pH 6, 24 h, 10 µmol substrate, 15.5 U
galactose oxidase and 322 U peroxidase). The 6-aldehydes 3a–d were obtained in 84–94% yield. A small fraction of α,β-unsaturated aldehydes 5a–d
was formed due to termination of the reaction by heating for 3 min at 95 °C.

substrate peak fraction according to HPLC analysis (%)

educt
1a–d

6-aldehyde
3a–d

galacturonic acid
5a–d

α,β-unsaturated aldehyde
7a–d

1a 9 84 2 5
1b 0 94 1 5
1c 0 94 1 5
1d 0 92 0 8

Supporting Information File 1). We observed that the α,β-

unsaturated aldehyde 7b is formed independently of the

enzyme. We concluded that dehydration of the 6-aldehyde 3b

occurs chemically at high temperatures and alkaline pH values.

Similar reactions at elevated temperatures and different pH

values were previously described for the synthesis of α,β-

unsaturated aldehydes of α,β-galactosides, lactose, and raffinose

[36,42,47]. In summary, the detailed product analysis by HPLC

and ESI–MS provides evidence for the chemical conversion of

the aldehyde to the corresponding α,β-unsaturated aldehyde by

base-catalysed β-elimination.

Optimisation of galactose oxidase reaction
with poly-LacNAc glycans as substrates for
the synthesis of 6-aldehydes
In the following experiments the oxidation of 1b was optimised

for the formation of the 6-aldehyde 3b. No significant effect of

pH (between 5 and 8) could be detected for the initial reaction

rate of galactose oxidase (between 20 and 23% conversion in

the first 15 min) and no marked effect on enzyme stability for

the tested reaction times was detected. The pH optimum for

galactose oxidase is described to be neutral to slightly acidic

[48]. Different pH values were chosen for the oxidation reac-

tion in previous studies [33,42,44,49]. We found a small prefer-

ence for the formation of galacturonic acid at neutral pH, as

previously described by Parikka and Tenkanen [42]. Taking

these data and our results regarding the formation of acid and

α,β-unsaturated aldehyde into account, we chose pH 6 for

further galactose oxidase reactions.

Hydrogen peroxide is known to inhibit galactose oxidase

activity [50,51]. Therefore, we tested reaction mixtures with

catalase and a mixture of catalase and peroxidase, as well as

peroxidase alone, for their conversion capabilities. All tested

mixtures led to the same maximum, almost quantitative conver-

sion after 24 h reaction time at pH 6, while a control sample

without any additional catalase or peroxidase showed a

distinctly reduced conversion. Surprisingly, the use of peroxi-

dase alone already showed optimal conversion rates at least as

good as with catalase, although a classical, appropriate donor

substrate for the peroxidase was not present in the reaction. In

other studies peroxidase has been shown to increase the activity

of galactose oxidase, which may improve the reaction in such a

way as to overcome the inhibitory effects [42,52,53]. The

surface-to-volume-ratio was kept high to ensure sufficient

oxygen transfer through the solvent surface. Accordingly,

(semi-)preparative reactions were performed in open glass

vessels to increase the transfer rate in comparison to closed

ones.

Optimised reaction conditions for the conversion of 1b yielded

94% 6-aldehyde 3b with minimum formation of the α,β-

unsaturated aldehyde 7b (Table 1). Substrates 1a, 1c and 1d

gave comparable conversion rates and yields (Table 1 and

Figure S4 in Supporting Information File 1). In addition, com-

pound 2 was oxidised with basically the same conversion rate

and in similar yields. Quantitative conversion of all the

substrates to their corresponding 6-aldehydes without the for-

mation of α,β-unsaturated aldehydes was achieved by avoiding

heat treatment and by removal of galactose oxidase by ultra-

filtration instead. In contrast, small amounts of α,β-unsaturated

aldehydes were formed when the reactions were stopped with

heat, as shown in Table 1.

Semipreparative synthesis (>5 mg scale) of the 6-aldehydes

3a–c was performed for subsequent further modification. Prod-

uct isolation was accomplished by preparative HPLC with

overall yields (based on substrate amount) of 35 to 55%. The

products 3a, 3b and 3c were characterised by LC–ESI–MS

(Table S1 and Figure S13 in Supporting Information File 1). 3a

and 3b were additionally confirmed by 1H- and 13C NMR

analysis (Experimental section and Table NMR 1 and Table

NMR 2 in Supporting Information File 2). During evaporation

of the solvents under moderate heat (40–60 °C), small amounts

of α,β-unsaturated aldehyde impurities 7a–c (approx. 1–5%)

were formed. The corresponding LacDiNAc 6-aldehyde 4 was
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Figure 2: HPLC analysis for the conversion of modified LacNAc oligomers 3a, 15a, and 7a with β3-GlcNAc-transferase and MBP-His6-α3Gal-trans-
ferase. LacNAc–linker–t-Boc 1a served as control. The upper panel (black) shows the substrates under the initial reaction conditions. The middle
panel (blue) depicts the conversion with β3-GlcNAc-transferase after 23 h and the lower panel (magenta) the conversion with MBP-His6-α3Gal-trans-
ferase after 23 h. The 6-aldehyde of LacNAc (3a) and the C6-biotinylated LacNAc (15a) are substrates for enzymatic elongation, while the α,β-
unsaturated aldehyde derivative of LacNAc (7a) is not accepted by either glycosyltransferase.

produced and isolated on a smaller scale (<1 mg) and analysed

by LC–ESI–MS (Table S1 and Figure S13 in Supporting

Information File 1).

Chemical conversion of 6-aldehydes to their
corresponding α,β-unsaturated aldehydes
As the α,β-unsaturated aldehydes (7a–d) may also be interest-

ing products for the evaluation of protein–glycan interactions,

we decided to produce these for further analysis. To charac-

terise and optimise the chemical conversion of 6-aldehydes to

their corresponding α,β-unsaturated aldehydes (Scheme 1) the

time course of the conversion of the 6-aldehydes 3a and 3b at

pH 9 and 95 °C was monitored. HPLC analyses revealed the

formation of the desired α,β-unsaturated aldehydes and several

separated side products (Figure S6 in Supporting Information

File 1). Complete conversion of 3a (Figure S7 in Supporting

Information File 1) and 3b (Figure 1) was achieved within

30 min reaction time at pH 9 and 95 °C. After 15–20 min reac-

tion time the product mixture contained up to 90% α,β-

unsaturated aldehyde. However, with longer incubation the

fraction of side products increased. Schoevaart et al. assumed

the formation of more than 30 products under conditions of

heat, with increased production rates at alkaline pH [43]. There-

fore the side products were not further investigated.

The semipreparative synthesis of the α,β-unsaturated aldehydes

7a–c was accomplished by the conversion of 3a–c at 95 °C at

pH 9 for 15 min. The products were isolated by preparative

HPLC and characterised by LC–ESI–MS (Table S1 and Figure

S13 in Supporting Information File 1). 1H- and 13C NMR

analysis (Table NMR 3 and Table NMR 4 in Supporting

Information File 2) was performed for 7a and 7b. The corres-

ponding LacDiNAc α,β-unsaturated aldehyde 8 was synthe-

sised on an analytical scale and analysed by ESI–MS (Table S1

and Figure S13 in Supporting Information File 1). This proves

Figure 1: Conversion of 3b (squares) to the corresponding α,β-
unsaturated aldehyde 7b (triangles) and side products (circles) at
95 °C and pH 9. Percentages of the products were calculated by inte-
gration of HPLC signals at 254 nm in relation to the sum of all peak
integrals at 254 nm. Shown are single values of two independent
conversions.

the formation of an α,β-unsaturated product also for the

GalNAc-residue, which has, to the best of our knowledge, not

been reported before.

Enzymatic elongation of modified poly-
LacNAc oligomers
The 6-aldehydes 3a,b (see Scheme 2A for 3a), the α,β-

unsaturated aldehydes 7a,b, and the biotinylated poly-LacNAc

glycans 15a,b (see Scheme 3B) were tested as substrates for

further enzymatic conversion with β3GlcNAc-transferase and

MBP-His6-α3Gal-transferase [45,54] on an analytical scale.

HPLC analysis indicated that 3a,b as well as 15a,b were

accepted as substrates by both glycosyltransferases (Figure 2

and Figure S8 in Supporting Information File 1). In contrast, the

α,β-unsaturated aldehydes 7a,b are not accepted as substrates

by the tested glycosyltransferases.
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Scheme 2: Enzymatic modifications of oxidised poly-LacNAc oligomers. A: Elongation of LacNAc-6-aldehyde 3a by β3-N-acetylglucosaminyltrans-
ferase (β3GlcNAc-transferase) leads to internally modified trisaccharide 9a. B: The trisaccharide 9a was further elongated by β4-galactosyltrans-
ferase (β4GalT) to yield the di-LacNAc derivative 10a with an internal C6-oxidised galactose moiety. This reaction proves the synthesis of poly-
LacNAc oligomers with internal C6-oxidised galactose units. C: Subsequent oxidation of the terminal galactose unit of 10a showing the potential to
produce terminally as well as internally oxidised and modified poly-LacNAc oligomers (11a).

The reaction of 3a with β3GlcNAc-transferase (Scheme 2A)

was analysed by ESI–MS (Table S1 and Figure S13 in

Supporting Information File 1) and revealed the formation of

trisaccharide 9a with an internal 6-aldehyde group. Moreover,

further elongation of 9a by β4Gal-transferase yielded the prod-

uct 10a (Scheme 2B) as analysed by ESI–MS (Table S1 and

Figure S13 in Supporting Information File 1). A second oxi-

dation round led to the production of a tetrasaccharide that

shows an internal and a terminal 6-aldehyde group (11a, see

Scheme 2C, Table S1 and Figure S13 in Supporting Informa-

tion File 1). These results open a range of new possibilities to

synthesise poly-LacNAc glycans with internally and/or termin-

ally modified galactose moieties.

Labelling of 6-aldehydes of poly-LacNAc
oligomers
The 6-aldehyde products of poly-LacNAc oligomers 3a–c were

further reacted with BACH (12) to incorporate a site-specific

biotin label for subsequent detection of immobilised glycans.

Conversion with 12 and subsequent reduction were performed

according to a standard procedure optimised in our laboratory

[33]. The reactions were followed by HPLC analysis (Figure S9

and Figure S10 in Supporting Information File 1). Conversion

rates of substrates 3a–c were comparable, leading to 80–85%

conversion after 24 h with no improvement for longer incuba-

tion times. Reduction with Na[BH3(CN)] was performed in a

frozen state at −20 °C leading to complete reduction after 24 h

(Scheme 3A). Products 15a–c were purified by preparative

HPLC in yields between 32 and 72% (based on initial 6-alde-

hyde amount) and confirmed by ESI–MS (Table S1 and Figure

S13 in Supporting Information File 1). The structures of

products 15a and 15b were characterised by 1H- and 13C NMR

analysis (Experimental section and Table NMR 5–NMR 7 in

Supporting Information File 2). The product 9a, bearing an

internal aldehyde group, was also modified with 12 yielding

14a, as shown in Scheme 3A and Figure S11 in Supporting

Information File 1.

Chemical conjugation at 6-aldehydes of
modified poly-LacNAc oligomers
An especially interesting coupling reaction was performed to

yield chemically branched poly-LacNAc oligomers (Scheme 4).

The 6-aldehyde products 3a as well as 10a were used for coup-

ling of a deprotected poly-LacNAc–linker–NH2 glycan (17),

which was synthesised as described previously [45,55]. On an

analytical scale, a heptasaccharide–linker–NH2 glycoconjugate

17 was coupled to the aldehyde groups of 3a or 10a by

reductive amination leading to the chemically branched poly-

LacNAc glycan structures 18 and 19, respectively. Products 18

and 19 were isolated by analytical HPLC and confirmed by

ESI–MS (Table S1 and Figure S13 in Supporting Information

File 1). Our first experiments gave only low product yields of

about 10–15% before purification, due to the formation of

different side products at a reaction temperature of 60 °C and

long incubation time (Figure S12 in Supporting Information

File 1). No further optimisation was performed but would be

required for better conversion of poly-LacNAc oligosaccharide

substrates, especially regarding the reaction temperature as
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Scheme 3: A: Labelling of poly-LacNAc oligomers 3a–c and 9a with biotin hydrazide derivative BACH (12) yielding the hydrazone products (13a–c
and 14a); 13a–c and 14a were subsequently reduced with Na[BH3(CN)] to the corresponding hydrazines (15a–c and 16a). B: Elongation of
biotinylated LacNAc (15a) and biotinylated tetrasaccharide (15b) by β3-N-acetylglucosaminyltransferase (β3GlcNAc-transferase) leads to an intern-
ally modified trisaccharide 16a as the enzymatic elongation of the biotinylated LacNAc 13a shown in A, or pentasaccharide (16b), respectively.
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Scheme 4: Chemical conjugation of oxidised poly-LacNAc oligomers with heptasaccharide–linker–NH2 (17) by reductive amination. Beside the main
products (18 and 19) several byproducts are formed.

heating of the reaction mixture leads to the formation of α,β-

unsaturated aldehydes. By branching, the avidity of glycans has

been shown to increase, which is important for the binding

affinity of lectins [56,57]. The chemically branched poly-

LacNAc glycans may, moreover, serve as analogues to natur-

ally occurring I-antigens (β1,6-branched poly-LacNAc) [58,59].

The I-antigen structures have so far been synthesised by chem-

ical routes [60,61]. A similar coupling of oligosaccharides has

already been shown by Rodriguez et al. on peptides, but no

branching site in the glycans was introduced in their study [35].

In summary, these novel neo-glycoconjugates are interesting

tools for extensive binding studies of a variety of glycan

binding proteins (lectins, antibodies) and for possible thera-

peutic applications.

Conclusion
Novel poly-LacNAc derivatives have been produced on a

micro-gram scale, which can be used for binding studies with

different glycan-binding proteins, for the evaluation of binding

mechanisms and biological functions. Our present study gives

further insight into the reaction of galactose oxidase with poly-

LacNAc substrates and has led to optimised reaction conditions,

proving also the chemical conversion of 6-aldehydes under

alkaline conditions to the corresponding α,β-unsaturated alde-

hydes. By means of ultrafiltration instead of heating, at

moderate pH values, the chemical formation of α,β-unsaturated

aldehydes was avoided, giving rise to a series of poly-LacNAc

oligomer 6-aldehydes as a novel class of neo-glycoconjugates.

We here also demonstrate, for the first time, that poly-LacNAc

oligomers with terminal galactose 6-aldehyde moieties are

substrates for glycosyltransferases. In this way, further poly-

LacNAc glycans carrying terminal and/or internal galactose

6-aldehyde units can be built up. Incorporation of the aldehyde

group gives rise to further modification with different amines,

hydroxylamines, and hydrazides. Thereby modifications that

introduce various chemical properties can be incorporated and

tested for their influence on protein binding and biological func-

tion. The synthesised products could be valuable tools to follow
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glycan immobilisation on biomaterial surfaces. Preliminary

results already demonstrate that biotinylated poly-LacNAc

oligosaccharides (with deprotected NH2-linker) are detectable

by streptavidin-peroxidase-detection after immobilisation on

amine-reactive microtiter plates (data not shown). These

products offer also the possibility of direct comparison between

binding to soluble and immobilised poly-LacNAc glycans. This

is especially important as it was shown that the presentation

mode and the valency of glycans have a high impact on protein-

binding regulation [62,63]. Binding analysis of different

galectins to these novel poly-LacNAc derivatives is currently

under investigation.

The production of poly-LacNAc chains with one or more modi-

fied galactose residues will allow further insight in detailed

protein-glycan binding mechanisms. In the past mainly glycan-

modified poly-LacNAc structures have been used to evaluate

galectin affinity for internal and terminal galactose moieties

[7,64]. In contrast, modified poly-LacNAc structures synthe-

sised in this study could refine binding analysis by the incorpor-

ation of bulky residues, such as biotin, or more subtle modifica-

tions, such as an aldehyde group [65,66]. Terminal and internal

aldehyde groups could be further used for the introduction of

different functionalities, such as alkyne or azide groups, to

facilitate orthogonal click-chemistry reactions [67]. Moreover,

branched poly-LacNAc glycan structures were synthesised,

which are interesting binding ligands for a variety of glycan-

binding proteins. These novel chemically branched structures

may serve as analogues for branched N-glycans.

Experimental
Materials
Galactose oxidase was purchased from Worthington (Lake-

wood, NJ) and peroxidase from Merck (Darmstadt, Germany).

Restriction enzymes and alkaline phosphatase were supplied by

Fermentas (St. Leon Roth, Germany). The used chemicals were

purchased either from Sigma-Aldrich (Taufkirchen, Germany)

or Carl Roth (Karlsruhe, Germany) and used without further pu-

rification.

Analytical methods
Chromatography and mass spectrometry
Analytical HPLC measurements were carried out on a Dionex

LC–MS System using LiChrospher® 100RP 18-5µ EC or

Multokrom 100-5 C18 250 × 4 mm (both CS Chromatographie,

Langerwehe, Germany) columns. The following methods were

used: A: Isocratic separation of poly-LacNAc–linker–t-Boc

glycans by using 15% MeCN in water with 0.1% formic acid

added as a mobile phase at 0.5 mL/min flow rate. B: Gradient

separation of LacDiNAc-compounds by applying a gradient

from 11–50% MeCN in water over a time course of 50 min at a

flow rate of 0.5 mL/min. C: Gradient separation of oxidation

products was performed by the use of 10–15% MeCN in water

at 0.5 mL/min flow rate. For preparative purification of poly-

LacNAc–linker–t-Boc compounds, a HPLC-system from

Knauer (Berlin, Germany) was used in combination with a

Eurospher 100-10 C18, 250 × 20 mm column (Knauer, Berlin,

Germany), which was generally described elsewhere [45]. Puri-

fication took place with the same mobile phases as described

above but at a flow rate of 12.5 mL/min. The products were

fractionated manually. Detection of all glycans was possible at

205 nm and 254 nm. Qualitative fast monitoring of reaction

progress was also done by thin-layer chromatography on

0.2 mm silica gel 60 (ALUGRAM® Xtra SIL G/UV254,

Macherey&Nagel, Germany) with either isopropanol/30%

ammonia/H2O (7:2:1) or ethylacetate/methanol/H2O/acetic acid

(4:2:1:0.1) as mobile phases. Isolated products were analysed

by HPLC/ESI mass spectrometry (Thermo Finnigan Surveyor®

MSQ™) using the following settings: negative ESI ionization,

probe temperature: 400 °C; needle voltage: 4.5 kV; cone

voltage: 100 V. Ten microlitres of a 0.1 mM glycan solution

were concentrated on a Multospher 120 RP 18 HP-3µ (60 ×

2 mm), applying a flow rate of 0.2 mL/min using 50% MeCN in

water as a mobile phase. Nonpurified products 5b and 6 were

analysed from the reaction mixture by using HPLC method A

without formic acid and ESI mass spectrometry as described.

NMR spectroscopy
NMR spectra and data may be found in Supporting Information

File 2. NMR spectra were measured on a Bruker AVANCE III

600 MHz spectrometer (600.23 MHz for 1H, 150.93 MHz for
13C, and 60.82 MHz for 15N) in D2O at 30 °C. The residual

signal of the solvent was used as an internal standard (δH

4.508). The carbon spectra were referenced to the signal of

acetone (δC 30.50). 1H NMR, 13C NMR, COSY, HSQC,

HMBC, HSQC-TOCSY, and 1-D TOCSY spectra were meas-

ured by using the standard software from the manufacturers.

Chemical shifts are given in δ-scale [ppm], and coupling

constants in hertz. The digital resolution enabled us to report

chemical shifts of protons to three and carbon chemical shifts to

two decimal places. Some hydrogen chemical shifts were read

out from HSQC and are reported to two decimal places. For

compounds 3a and 3b the anomeric configuration (β) of

galactose units was determined from the JH-1,H-2 coupling

constants. The glycosidic linkage was deduced by using hetero-

nuclear correlations in the HMBC experiment (bold printed in

tables) and confirmed by the downfield glycosylation shift of

the involved carbons (C-4 for Glc, C-3 for Gal). Chemical shifts

of GlcNAc carbons C-2 agree with N-acetylation. Because of

isomerism on the NH-C=S bond, signals of H-1A and CS were

not detected. Chemical shifts of terminal C-6 and H-6 (87.98

and 4.861 ppm in 3a, 88.14 and 4.955 ppm in 3b) indicate the
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presence of a geminal diol (the hydrate was formed). The NMR

structure assignment of 7a and 7b was achieved as described for

the above-mentioned products 3a and 3b. The α,β-unsaturated

aldehyde structure of compounds 7a and 7b was proven by the

presence of a C4–C5 double bond in the terminal saccharide

unit. For compounds 15a and 15b the HSQC-TOCSY experi-

ment was fundamental for the assignment of particular proton

spin systems of individual saccharide units, the –N(CH2)2N–

and –(CH2)5N– groups of spacers, and the spin system

–(CH2)4CHCH(N–)CH(N–)CH2– of biotin. The anomeric

configuration (β) of all saccharide units was determined from

the JH-1,H-2 coupling constants. Chemical shifts of GlcNAc

carbons C-2 agree with N-acetylation. Because of isomerism on

the NH–C=S bond, protons H-1A resonate as two broad sing-

lets. The above-mentioned spin systems were put together by

using information extracted from the 1H,13C HMBC experi-

ment (diagnostic correlations are bold printed in the Tables

NMR 5 and NMR 6 in Supporting Information File 2). The

glycosidic linkage was also demonstrated by the downfield

glycosylation shift of the involved carbons (C-4 for Glc, C-3 for

Gal). The structure of 15b was supported by the 1H,15N HMBC

experiment. The extracted 1H,15N contacts of seven nitrogen

atoms (see the Table NMR 7 in Supporting Information File 2)

confirmed the connection of particular spin systems; the

remaining three nitrogens in the molecule were not detected.

Synthesis and isolation of linear poly-
LacNAc–linker–t-Boc glycans
Linear poly-LacNAc–linker–t-Boc oligomers with defined

chain length (1a–d and protected 17) were synthesised as

described previously with minor variations [45]. Briefly, two

Leloir-glycosyltransferases, human β1,4-galactosyltransferase-1

(β4Gal-transferase) [68] and the β1,3-N-acetylglucosaminyl-

transferase from Helicobacter pylori (β3GlcNAc-transferase)

[69], as well as UDP-Glc/GlcNAc 4'-epimerase from

Campylobacter jejuni [70] were recombinantly produced in

E. coli, purified and combined in a one-pot-synthesis.

LacNAc–linker–t-Boc (5 mM), synthesised as described previ-

ously [45,55], was incubated as starting acceptor substrate

together with UDP-α-D-glucose (UDP-Glc) and UDP-α-D-N-

acetylglucosamine (UDP-GlcNAc) as donor substrates in

100 mM HEPES-NaOH-buffer pH 7.2, 25 mM KCl, 1 mM

DTT, 1 mM MnCl2, 1 mM MgCl2, 2 U/mL alkaline phos-

phatase approx. 5 mU/mL β4Gal-transferase, approx.

25 mU/mL β3GlcNAc-transferase and approx. 3.5 U/mL UDP-

Glc/GlcNAc 4'-epimerase for 48 h to 72 h. In order to yield

even- or odd-numbered poly-LacNAc glycans, the reactions

were stopped by ultrafiltration (molecular weight cut off at

30 kDa) and subsequently terminated by the addition of β4Gal-

transferase, UDP-Glc/GlcNAc 4'-epimerase and UDP-Glc, or

β3GlcNAc-transferase and UDP-GlcNAc, as described above,

and incubation for 24 h. The isolation of single, defined poly-

LacNAc–linker–t-Boc-glycans (1a–d and protected 17) out of

the product mixture was carried out by preparative reversed-

phase HPLC (method A mobile phase). After evaporation of the

solvent, the products were dissolved in water and appropriate

stock solutions were stored at −20 °C. Reaction progress and

final products (1a–d and protected 17) were analysed by

analytical reversed-phase HPLC applying method A and

assigned by comparison to defined standards [45]. Concentra-

tion was determined by integration of the peak area and

calculated against a linear calibration regression of

GlcNAc–linker–t-Boc.

Synthesis and isolation of LacDiNAc-t-Boc
LacDiNAc-t-Boc (2) was synthesised as described previously

with some modifications [11]. To increase enzyme stability

after purification, the buffer was exchanged to storage buffer

(100 mM MOPS, 25 mM KCl, pH 6.8) and 20% glycerol was

added to reduce protein precipitation. To reach an improved

conversion of the acceptor substrate, UDP-GlcNAc was used

in  1 .25-fold  excess .  React ion  mixtures  of  5  mM

GlcNAc–linker–t-Boc, 6.25 mM UDP-GlcNAc, recombinant

mutant human galactosyltransferase 1 (His6-propeptide-cat-β4-

galactosyltransferase Y284L) (approx. 5 mU/mL), recombinant

UDP-Glc/GlcNAc 4'-epimerase from Campylobacter jejuni

(approx. 3.5 U/mL), 2 mM MnCl2 and 2 U/mL alkaline phos-

phatase were incubated for 48 h to 72 h to achieve quantitative

or almost quantitative conversion. Isolation of 2 was performed

as described above by preparative reversed-phase HPLC

applying the mobile phase of method B. The reaction progress

and final product were analysed with HPLC, method B.

Deprotection of heptasaccharide–linker–NH2:
synthesis of 17
Deprotection of the poly-LacNAc oligomer (17) was performed

as described previously, except that sugars were not lyophilised

but instead dissolved in water and stored at −20 °C [55]. Depro-

tection was controlled by HPLC using method A. As for

protected glycans, the concentration was determined by

integration of the peak area and calculated against the

GlcNAc–linker–t-Boc standard regression curve.

Photometric galactose oxidase activity assay
Galactose oxidase activity was determined by the oxidation of

2,2'-azino-bis(3-ethylbenzothiazolin-6-sulfonic acid) (ABTS) as

described previously with some modifications [71]. The assay

was performed on microtiter plates by using 100 µL total

volume. The standard assay contained 100 mM sodium phos-

phate buffer pH 6 (saturated with oxygen by flushing pure

oxygen into the buffer for 10 min), 2 mM ABTS, 1 mM sub-

strate (methyl β-D-galactoside as standard, 1a–d and 2) and
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6 U/mL peroxidase. The reaction was started by the addition of

0.5 U/mL galactose oxidase. The reaction mixture was incu-

bated at 30 °C and an increase of absorption at 405 nm was

detected. Enzyme activity was determined from the linear reac-

tion rate.

Oxidation of 1a–d and 2
Standard oxidation reactions were performed in oxygen-

saturated sodium phosphate buffer (50 mM, pH 6, saturated by

flushing pure oxygen into the buffer for 10 min). Open

glass vessels were used to allow easy oxygen transfer, and the

reaction mixtures were incubated at 30 °C under gentle mixing

at 60 rpm for 5.5 h. For the oxidation of 10 µmol t-Boc-

saccharide (1a–d, 2), 15.5 U galactose oxidase and 322 U

peroxidase were used. Samples were taken to control the

progress of the synthesis and the reactions were stopped for

5 min at 95 °C, unless mentioned differently. After centrifuga-

tion for 20 min the supernatant was analysed as described

below. Preparative batch reactions were stopped by ultrafiltra-

tion (molecular weight cut off at 10 kDa) to reduce the forma-

tion of α,β-unsaturated aldehydes. On an analytical scale, vari-

ations of the standard procedure were assessed, for example,

different pH values, enzyme amounts or reaction time. For the

analysis of oxidation reactions, reversed-phase HPLC utilizing

method C was performed. Qualitative fast monitoring of the

reaction progress was also done by TLC. Isolation of single

products (3a–c, 4) was performed by preparative HPLC as

described above with the mobile phase of method C. NMR

analysis confirmed the structure of products 3a (Figure NMR 1

and Table NMR 1 in Supporting Information File 2) and 3b

(Figure NMR 2 and Table NMR 2 in Supporting Information

File 2).

Chemical conversion of 6-aldehydes to α,β-
unsaturated aldehydes
To analyse the chemical conversion of 6-aldehydes (3a,b) to the

corresponding α,β-unsaturated aldehydes (7a,b), purified alde-

hydes or mixtures from a galactose oxidase reaction (88% alde-

hyde 3b, 2% α,β-unsaturated aldehyde 7b and 10% acid 5b)

were incubated in 50 mM sodium phosphate buffer as indicated

at different pH values and various temperatures, for specific

time periods. After incubation the sample was directly cooled

down on ice. Formation of α,β-unsaturated aldehyde was

monitored by reversed phase HPLC with method A. The

conversion for Figure 1 was calculated as

The structures of 7a and 7b were confirmed by NMR experi-

ments. The corresponding spectra and data are shown in

Supporting Information File 2 (Figure NMR 3 and Table NMR

3 represent 7a and Figure NMR 4 and Table NMR 4 represent

7b).

Biotinylation of 6-aldehydes of poly-LacNAc
oligomers
The biotinylation of 6-aldehydes 3a–c was performed using

biotin-amidohexanoic acid hydrazide (12) (BACH) according to

a modified protocol from our previous work [33,49]. BACH

(3.5 equiv) was added to 1 equiv isolated aldehyde (3a–c), or

oxidation reaction mixture containing 3a-c, in 25 mM sodium

phosphate buffer (pH 6). The reaction was controlled directly

by reversed-phase HPLC (method B) or TLC (isopropanol/30%

ammonia/water 7:2:1). After 24–48 h at maximum conversion,

30 equiv of Na[BH3(CN)] (with reference to t-Boc-glycan)

were added to the reaction mixture and the mixture was frozen

at −20 °C. Samples were analysed again by HPLC and TLC.

The product was purified by preparative HPLC as described

above (mobile phase of method B), and the structure of 15a and

15b was confirmed by NMR analysis. The measured spectra

and assigned data are found in Supporting Information File 2.

Figure NMR 5 and Table NMR 5 correspond with 15a, while

Figure NMR 6 as well as Table NMR 6 and Table NMR 7 show

the results for 15b.

Enzymatic elongation of modified poly-
LacNAc oligomers
Modified di- and tetra-saccharides (3a,b, 7a,b and 15a,b) were

incubated with β3GlcNAc-transferase and 1.2-fold excess of

UDP-GlcNAc, as described above. Elongation of 3a,b, 7a,b and

15a,b with recombinant murine α3-galactosyltransferase (MBP-

His6-α3Gal-transferase) was performed in 100 mM

MES–NaOH pH 6, 25 mM KCl, 2 mM MnCl2 using 1.2-fold

excess of UDP-α-D-galactose (UDP-Gal). MBP-His6-α3Gal-

transferase was cloned from an expression plasmid previously

used by our group [54]. NdeI and XhoI restriction sites were

incorporated by PCR. The primer sequences were:

5 ′-GGGAATTCCATATGGGCCATCATCATCATCAT-

CACAGTTCGAGTGTCGAGAC-3 ′  and 3 ′-CCGTCT-

GTTTTCTCATATTAAACCAATCTTTATTACAGATTAT-

TGAGCTCCGCCC-5′. The insert was digested with restriction

enzymes NdeI and XhoI and ligated into the pCWori+ derivate

JHP1032 described by Logan et al., which was digested with

restriction enzymes NdeI and SalI, resulting in the expression

vector pMisGali [69]. Expression was performed in E.coli

BL21(DE3) in a 2.5 L Minifors fermenter (Infors HT,

Bottmingen, Switzerland) by using 1.5 L TB medium

containing 100 mM phosphate buffer, maintaining a pH of 7.5,

and 100 µg/mL Ampicillin. After inoculation with 40 mL

preparatory culture, fermentation was performed at 37 °C,

1100 rpm and 4.0 vvm mass flow. Upon reaching the stationary



Beilstein J. Org. Chem. 2012, 8, 712–725.

723

phase, a change of the fermentation temperature to 25 °C was

followed by the addition of isopropyl β-D-thiogalacto-

pyranoside (IPTG) yielding a concentration of 1 mM. Addition-

ally a feed (approx. 0.1 mL/min) of 50% (v/v) glycerol in water

was applied. Cultivation was terminated 2 h after IPTG addi-

tion, yielding 60 g cells (wet weight) per litre of media. Purifi-

cation was done by IMAC as described elsewhere [45]. Reac-

tions were controlled by using reversed-phase HPLC (method

B). Elongation of 9a with galactose was performed by incuba-

tion with approx. 5 mU/mL β4Gal-transferase and 1.2-fold

excess of UDP-Gal, as described previously for the synthesis of

poly-LacNAc glycans [45].

Reductive amination of poly-LacNAc alde-
hydes 3a and 10a with deprotected poly-
LacNAc-linker glycan 17
Aldehyde-modified glycans (3a and 10a) were incubated with

two-fold excess of deprotected hepta-saccharide–linker–NH2

(17), 1.5-fold excess of picoline–borane complex and two-fold

excess of acetic acid in methanol:H2O mixture (approx. 6:1)

[72-74]. Reaction mixtures were incubated at 60 °C for 19 h.

The analysis and small-scale isolation of products 18 and 19

were performed by reversed-phase HPLC using method A and

ESI–MS.

Supporting Information
Supporting Information File 1
Additional diagrams, HPLC chromatograms and ESI–MS

spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-80-S1.pdf]

Supporting Information File 2
NMR data and spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-80-S2.pdf]
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Abstract
Derivatives of an antifungal agent that targets the β-(1,3)-D-glucan synthase, papulacandin D, were synthesized and tested for

activity. The papulacandin D structure contains a challenging benzannulated spiroketal unit, which is introduced in a palladium-

catalyzed cross-coupling reaction of a glycal silanolate and an aryl iodide followed by an oxidative spiroketalization. Four different

variants were made, differing in the nature of the acyl side chain with respect to the length, and in the number and stereochemistry

of the double bonds. Moderate biological activity was observed for the derivatives with a side chain based on palmitic acid and

linoleic acid.
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Introduction
In recent years, a steady increase in the incidence of oppor-

tunistic fungal infections in immunocompromised patients has

been observed [1]. Treatment failure is frequent and mortality is

unacceptably high in high-risk patients [2]. Reasons for this

include delayed diagnosis, toxicity and low bioavailability of

current drugs, and the development of antifungal drug resis-

tance [1]. Clearly, there is a need for new antifungal therapeu-

tics. The papulacandins are a series of naturally occurring anti-

fungal agents whose isolation and characterization were initially

reported by Traxler and co-workers in 1977 (Figure 1) [3,4].

They contain a benzannulated spiroketal unit, which has been

the signature of a wide series of bioactive natural products [5]

and has inspired ample synthetic activity [5-8]. The papulacan-

dins A–E were isolated from the fermentation broths of Papu-

laria sphaerosperma [3]. They block the synthesis of β-(1,3)-D-

glucan by inhibition of β-(1,3)-D-glucan synthase [9-12]. The

β-(1,3)-D-glucan is an integral and essential component of the

fungal cell wall [13] and the dominant glucan in the cell wall of

most medically important fungi, and therefore it is a target that

is being actively pursued [14]. The papulacandins have demon-

strated a very high specific activity against several yeasts, but

they are largely inactive against filamentous fungi, bacteria and

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:R.J.Pieters@uu.nl
http://dx.doi.org/10.3762%2Fbjoc.8.82
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protozoa [3]. Recently, in a direct comparison, papulacandin B

was shown to be superior in some aspects compared to the drug

caspofungin and a few drug candidates [15]. Its interesting bio-

logical activity has stimulated the search for new members of

the papulacandin family, and several new compounds that are

structurally related have been isolated, such as chaetiacandein

[16,17], L-687,781 [18,19], Mer-WF3010 [20,21], BU-4794F

[22], fusacandins [23,24], saricandin and PF-1042 [25],

corynecandin [26,27] and the F-10748 series [28]. These struc-

tures vary mostly with respect to the two partially unsaturated

acyl chains on the sugars. Small changes in these fatty acid tails

have only small effects on the activity. However, more drastic

changes in these tails or the lack of one of the tails drastically

reduce activity, in comparison with the most active member of

this family: papulacandin B. For the papulacandins it was

shown that the substituted galactose is not essential for activity,

since papulacandin D is still active, but it does increase the

potency. Apparently, the situation is different for the related

disaccharide saricandan carrying different acyl chains, for

which the monosaccharide analogue was not active [29].

Removing the galactose acyl chain from papulacandin B results

in material that can still inhibit the target (in a spheroplasts

glucan synthesis assay) but cannot reach the target site of C.

albicans [12]. The same is true for the hydrogenated form of

papulacandin D [12]. Clearly some form of unsaturation is

needed to maintain biological activity, but it is not known to

what extent unsaturation (and alkylation and/or hydroxylation)

needs to be present for the compound to reach the target site.

Figure 1: The papulacandins.

Scheme 1: (a) H2SO4, MeOH, reflux, 18 h, 3: 98%; (b) BnBr, K2CO3,
acetone, reflux, 18 h; (c) LiAlH4, THF, rt, 10–30 min, 7: 92% over three
steps, 8: 65% over three steps; (d) NIS, CHCl3, rt, 18 h, 9 and 11
quant. or I2, CF3COOAg, CHCl3, rt, 1 h, 10: 96%; (e) pivaloyl chloride,
pyridine, CH2Cl2, rt, 3–18 h, 12: 95% over 2 steps, 13: 96%, 14: 98%.

The papulacandins represent a synthetic challenge and as such

the class has stimulated numerous synthetic studies. So far, only

the total synthesis of papulacandin D, the simplest member of

the family, has been published. This was reported by two

different research groups [30-33] and additionally a number of

different synthetic routes [34-38] to the spiroketal core struc-

ture have been published, including a hetero Diels–Alder reac-

tion [39], a palladium(0)-catalyzed coupling [40-45] and a con-

densation reaction [46,47]. We herein report our efforts on the

synthesis of papulacandin derivatives by total synthesis and the

evaluation of their antifungal properties. The synthetic ap-

proach is largely based on the Denmark route [31] with a few

notable deviations.

Results
The synthesis started with the anomeric aromatic group, i.e., the

eventual spiroketal group of the glucose, to be introduced as an

aryliodide with an ortho hydroxymethylene as in 12. The

commercially available 3,5-dihydroxybenzoic acid (1) was

esterified, followed by benzylation of the aromatic hydroxy

groups and reduction of the ester to the primary alcohol to give

7 (Scheme 1). This compound was iodinated by using

N-iodosuccinimide (NIS), and finally the free hydroxy group

was protected with a pivaloyl group to give aryl iodide 12.

Derivatives 13 and 14, providing alternative core structures,

were prepared similarly.
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Scheme 3: (a) Pd2(dba)3∙CHCl3, NaOt-Bu, toluene, 50 °C, 6–20 h, 23: 72%, 24: 79%, 25: 62%; (b) DiBAL-H, CH2Cl2, −78 °C to rt, 0.5–1 h, 26: 86%,
27: 70%, 28: 75%; (c) m-CPBA, NaHCO3, CH2Cl2, 0 °C to rt, 2–2.5 h; (d) HCl, CHCl3, rt, 1 h, 32: 91% over two steps, 33: 83% over two steps, 34:
86% over two steps.

The glucose moiety at the core of the structure, as present in

papulacandin D, was approached from glycal 15. The aim was

to obtain a silanol such as 22 for coupling to an aryl iodide in

the palladium-catalyzed cross-coupling reactions of silanolates,

as pioneered and applied by the Denmark group (Scheme 2)

[48]. The synthesis started with the saponification of 15, fol-

lowed by the protection of O-4 and O-6 by using di-tert-

butylsilyl bis(trifluoromethanesulfonate). Subsequent protec-

tion of O-3 with TES-Cl, gave the fully protected glucal 18.

According to Denmark et al. [31], lithiation and silylation of 18

should give 20, but in our hands a more complicated mixture

resulted. We concluded that under our conditions deprotonation

of the protecting group (protons α to silicon) may be competi-

tive with the desired α-lithiation next to oxygen. Use of the

more substituted TIPS silyl protecting group in 19 indeed

solved this problem and yielded 21 in almost quantitative yield.

Additional test reactions confirmed this trend as the corres-

ponding 3,4,6-tri-O-(triisopropylsilyl)-D-glucal (52) yielded a

single product after lithiation (Supporting Information File 1)

and the 3,4,6-tri-O-(tert-butyldimethylsilyl)-D-glucal gave a

mixture of products. Finally, compound 21 was oxidized to give

silanol building block 22.

With building blocks 13 and 22 in hand, the palladium-

catalyzed cross-coupling reaction was performed by using

Scheme 2: (a) NaOMe in MeOH, MeOH, rt, 1 h, 96%; (b)
(t-Bu)2Si(OTf)2, pyridine, DMF, −40 °C to rt, 2 h, 90%; (c) TESCl, pyri-
dine, CH2Cl2, rt, 18 h, 93%; (d) TIPSCl, imidazole, DMF, 60 °C, 2 d,
74%; (e) t-BuLi, Me2SiHCl, Et2O, −78 °C to rt, 3 h, 20: no yield, 21:
99%; (f) [RuCl2(p-cymene)]2, H2O, benzene/CH3CN, rt, 4 h, 95%.

Pd2(dba)3 to give 23 (Scheme 3). Then the pivaloyl ester was

selectively cleaved by using DIBAL-H, followed by oxidative

spiroketalization under basic conditions to give the α- and

β-anomers 29, which were separable using column chromatog-
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Scheme 4: (a) Pd/C, NaHCO3, H2, THF, rt, 1.5 h, 98%; (b) MOMCl, DiPEA, DMAP, CH2Cl2, rt, 4 d, 78%; (c) TBAHF, THF, rt, 2 d, 84%; (d)
TBAF∙3H2O, THF, rt, 3 d; (e) t-Bu2Si(OTf)2, pyridine, DMF, −40°C to rt, 2 h, 84% over two steps; (f) RCOOH, NEt3, 2,4,6-trichlorobenzoyl chloride,
toluene, rt, 1 h, 39, DMAP, toluene, rt, 3 h, 40: 89%, 41: quant., 42: 92%, 43: 90%; (g) TBAHF, THF, rt, 2–3 d, 44: 25%, 45: 85%, 46: 86%, 47: 39%;
(h) Dowex 50 × 8, MeOH, 50 °C, 20 h 48: 13%, 50: 43%, 51: 7% or Sc(OTf)3, 1,3-propanediol, CH3CN, 50 °C, 3 h, 49: 9%, isolated yields after
preparative HPLC and lyophilization.

raphy. However this was not necessary: The β-anomer could

readily be converted into the more stable α-anomer 32 by using

a solution of 0.1 M HCl in chloroform. Similarly, the related

iodides 14 and 15 performed well in this sequence yielding 33

and 34.

The first step in the synthesis of the mimics of papulacandin D

was debenzylation of 32, since these groups cannot be removed

in the presence of olefines in the final product side chain

(Scheme 4). The liberated hydroxy groups were reprotected

with MOM groups by using MOM-Cl to give 36. Then the

glucose O(3) needed to be selectively deprotected for the

incorporation of the fatty acid tail. Unfortunately, this was not

possible from 36 because of the use of the more stable TIPS

group in this synthesis. Therefore, the cyclic silyl protecting

group was first removed by using TBAHF in THF, followed by

the deprotection of the TIPS group with TBAF and reintroduc-

tion of the cyclic silyl protecting group, giving 39. To circum-
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vent this problem a silanol building block analogue of 22

bearing three TIPS protecting groups was also used (Supporting

Information File 1).

At this stage, four commercially available side-chain acids,

comprising variations in their degree of unsaturation, length and

branching, were coupled: sorbic acid (sor), palmitic acid (pal),

linoleic acid (lin) and trans-retinoic (ret) acid. Their coupling

by 2,4,6-trichlorobenzoyl chloride to 39 gave the desired com-

pounds 40–43 in good yields. Following this the cyclic disilyl

protecting group was removed by TBAHF yielding 44–47.

Finally, removal of the MOM group proved to be a challenge.

The use of Dowex (50 × 8) acidic resin in dry MeOH gave the

most consistent results, but also the use of Sc(OTf)3 in dry

acetonitrile in the presence of 1,3-propanediol [49] yielded the

deprotected product. The final compounds were purified by

preparative HPLC. Due to some degradation during deprotec-

tion, the final yields were low. For 51 no clear NMR spectra

could be obtained, possibly caused by aggregation. This was not

a problem for the other three compounds.

The final products were tested for inhibition of Candida albi-

cans. No inhibition was observed for the all-trans-retinoic acid

derivative 51 and the sorbic acid derivative 48. The MIC for the

linoleic acid derivative 50 was measured as 100 μg/mL. The

saturated palmitic acid derivative 49 was slightly more potent

with an MIC of 88 μg/mL.

Discussion
Starting from glycal the synthesis of papulacandin D deriva-

tives was undertaken with an initial focus on the acyl side chain,

a clearly sensitive area for activity. The synthesis followed the

general approach of Denmark et al. [31] with the palladium-

catalyzed cross-coupling reactions of silanolates as its main

feature. In our hands the reaction between glycal 18 and t-BuLi

gave a mixture of products, possibly due to competing deproto-

nation of the hydrogens α to the Si in the TES group. Moving to

the more substituted TIPS group at this position gave a clean

reaction and allowed us to proceed, albeit with a more compli-

cated endgame. It should be pointed out that the unplanned syn-

thetic route eventually taken here due to the troublesome lithia-

tion of glycal 18, led us to compound 37. This compound opens

the way to a total synthesis of disaccharides such as the papula-

candins A–C. Selective protection of the hydroxy group of C(6)

followed by glycosylation of the hydroxy group at C(4), should

accomplish this.

In our biological assay we did not see any activity for the sorbic

acid derivative 48, suggesting that this tail may be too short to

be effective. The same was true for the retinoic acid derivative

51, but its identity was also uncertain due to instability. Some

activity was observed for linoleic acid derivative 50, which

contains two cis double bonds in contrast to the four trans

double bonds of papulacandin D. The highest activity was

observed for the saturated palmitic acid derivative 49, whose

tail was of the same length as the one from papulacandin D. The

fact that we observed some activity with 49 is encouraging,

since this was not the case for the hydrogenated form of papula-

candin D [12], although that compound was able to block the

target in vitro. This could be the case for the compounds

described here as well, but this was not investigated. In

summary, we synthesized a number of papulacandin D deriva-

tives with differing acyl side chains. Even though the com-

pounds were moderately active at best it is clear that the side

chains are of crucial importance. The synthetic route taken will

allow future variation of the aromatic core and will extend the

synthesis to the more potent disaccharide papulacandins.

Supporting Information
Supporting Information File 1
Synthetic procedures, the biological assay procedure and

spectral data.
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Abstract
Glycans functionalised with hydrophobic trityl groups were synthesised and adsorbed onto polystyrene and glass slides in an array

format. The adsorbed glycans could be analysed directly on these minimally conducting surfaces by MALDI-TOF mass spectrome-

try analysis after aluminium tape was attached to the underside of the slides. Furthermore, the trityl group appeared to act as an

internal matrix and no additional matrix was necessary for the MS analysis. Thus, trityl groups can be used as simple hydrophobic,

noncovalently linked anchors for ligands on surfaces and at the same time facilitate the in situ mass spectrometric analysis of such

ligands.

753

Introduction
Microarrays have become valuable tools in the high-throughput

analysis of biological interactions and have promising applica-

tions for the development of diagnostic devices in clinical

environments [1]. The initial success with DNA microarrays

has prompted investigations into other biomolecular ligands,

such as protein, peptide and carbohydrate arrays [2,3]. An
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Figure 1: Carbohydrate arrays on polystyrene slides can be obtained by noncovalent immobilisation of tritylated saccharide derivatives. (A) Lectin-
mediated analysis of carbohydrate arrays [7]. (B) The new concept of label-free MALDI-TOF MS analysis by aluminium-backing of polystyrene or
glass slides.

important aspect of this field is the immobilisation of such

ligands on solid array surfaces, which can be polymers, such as

polystyrene, or glass or gold, i.a. [4-7]. The challenge for

immobilisations is in the efficiency of coupling and analysis of

the attached ligands to ensure quality control.

Noncovalent attachment of biomolecules to hydrophobic

surfaces has been used for a long time in ELISA assays and is

attractive because no coupling reagents are required. However,

it requires inherent hydrophobicity in the biomolecule or attach-

ment of a hydrophobic tether. The latter has been used highly

successfully by the Feizi group as part of the neoglycolipid

array technology [8]. More recently, two groups [7,9] have

reported the application of hydrophobic tethers for binding to

polystyrene slides for glycan analysis. Initially, simple alkyl

chains were used as tethers [9] but more recently, Wong and

co-workers improved on this technology by using trityl-derived

glycans, which are easily attached to glycans and were reported

to bind strongly to polystyrene (Figure 1A) [7].

The attachment of glycans to the surface was generally

confirmed indirectly by lectin binding, which severely limits the

ligands that can be interrogated to those that can be detected by

carbohydrate-binding proteins.

To overcome this limitation, we were interested in developing

label-free methods for ligand detection on these polystyrene

surfaces, and have investigated the use of matrix-assisted laser

desorption/ionisation time-of-flight (MALDI-TOF) mass spec-

trometry (MS) analysis (Figure 1B), which has been highly

successful on ligands immobilised on gold plates [10]. MALDI-

TOF MS requires an electrically conducting surface and a

matrix for analysis. The matrix is typically cocrystallised with

the sample, which can lead to irregular surfaces, which can be a

problem for reproducible analysis, especially when used in

array format as a high-throughput tool. To avoid the use of such

a matrix, we were interested in investigating trityl functionalisa-

tion, which has the potential for self-formation of a matrix (self-

matrix) for MS analysis, at the same time as acting as a hydro-

phobic tether [11-13]. However, polystyrene has only minimal

innate electrical conductivity and to our knowledge has never

been used successfully, unmodified, as a target for MALDI-

TOF MS analysis. Based on previous work one predicts that

photoelectrons generated by UV laser irradiation are not dissip-

ated by the polymeric surface. These photoelectrons distort the

local electric field causing a significant loss in resolution of the

analyte ions and a nonlinear shift in the mass-to-charge ratio

[14].

Previous attempts to get around this issue have involved coating

polymer or glass surfaces with a thin membrane of conductive

material, such as gold, carbon or indium-tin oxide [15-17], or

the addition of electron-accepting additives, such as methyl

viologen dichloride hydrate [14]. The addition of electron-

accepting additives, however, did not completely suppress the

mass shifts observed during MALDI-TOF MS on low-conduc-
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Scheme 1: Synthesis of the tritylated compounds 3 [28], 5 and 7: (a) dichloromethane, 2.5 h, rt, 98%, (b) HBTU/DIPEA, dry DMF, overnight, rt, 74%,
(c) HATU/DIPEA, dry DMF, 3 h, rt, 71%.

tivity supports. Additionally, glass slides coated with conduc-

tive material are expensive and limited in their utility [14].

In order to address these issues, we have investigated a simple

and cheap method to enable MALDI-TOF MS analysis on

minimally conductive supports by applying a commercially

available aluminium tape to the underside of glass and poly-

styrene slides. This has allowed us to make standard micro-

scope slides suitable for MALDI-TOF MS analysis.

Results and Discussion
The hydrophobic trityl tethers chosen for our studies consisted

of S-tritylated instead of N-tritylated groups, which were used

previously [7]. This followed the idea of “orthogonal” surface

functionalisation. Thus, a thiol group would make the tethers

generally compatible with other platforms in our laboratories,

such as through the formation of SAMs on gold [18] or by

coupling into maleimide-functionalised surfaces in a chemose-

lective fashion [19].

For the initial studies two carbohydrate derivatives, 5 and 7,

were synthesised. The α-D-mannoside 5 would be useful in a

bacterial adhesion inhibition assay against the bacterial lectin

FimH [20,21]. The second glycoside 7 has been used previ-

ously for well-established enzymatic surface modifications [22].

Both these compounds can be synthesised by starting from

commercially available 11-mercaptoundecanoic acid (1), which

is tritylated with 2 in a straightforward synthesis, in 98% yield,

following the procedure of Kovács et al. [23] (Scheme 1). The

acid 3 was coupled with either of the aminoethyl glycosides 4

[24-26] or the GlcNAc derivative 6 [27], which were prepared

according to literature procedures. For the coupling a combina-

tion of HBTU/DIPEA or HATU/DIPEA in dry DMF was

applied yielding 74% of 5 and 71% of 7.

The analysis of molecules on materials such as polystyrene by

MALDI-TOF MS is difficult and irreproducible, largely due to

their minimal electrical conductivity. To our knowledge,

successful MS analysis on such surfaces has not been reported.

In order to circumvent this issue, commercially available

aluminium tape was applied to the underside of a polystyrene

microscope slide.

The tape significantly enhanced both the signal intensity and

resolution of MALDI-TOF MS analysis of the Man–Trt com-

pound 5 (Figure 2). Furthermore, we observed that analysis of

the Man–Trt compound 5 could not only be performed in the

absence of any additional matrix [11,12], but under these condi-

tions a modest increase in mass-spectrometric resolution was

also observed. Such self-matrix properties are very convenient,

yielding more robust and reproducible analyses, and negating

the need to search for “sweet spots”, as no crystal formation is

required, in contrast to conventional MALDI-TOF MS analysis.

Interestingly, both Na and K cation adducts of Man–Trt 5 and

its disulfide 8 were observed (Scheme 2). The relative ratios of

the monomer 5 and the disulfide 8 were found to be concentra-

tion-dependent in the analysis on stainless steel (Supporting
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Figure 2: Comparison of the polystyrene and glass surfaces with and without aluminium backing by matrix-free MALDI-TOF MS analysis. Each spot
contains 15 nmol Man–Trt (5): (A) polystyrene without aluminium; (B) glass without aluminium; (C) polystyrene with aluminium and (D) glass with
aluminium. The peaks at m/z of 688.3, 704.3, 867.5 and 883.4 correspond to [5 + Na]+, [5 + K]+, [8 + Na]+, and [8 + K]+, respectively.

Scheme 2: The Man–Trt compound 5 forms the disulfide 8 during UV ionisation in MALDI-TOF MS analysis.
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Figure 3: Limit-of-detection analysis of 5 on aluminium-backed glass and polystyrene slides. Both systems showed the MALDI-TOF MS detection
limit at 0.5 nmol. The peaks at m/z of 688.3, 704.3, 867.4 and 883.4 correspond to [5 + Na]+, [5 + K]+, [8 + Na]+, and [8 + K]+, respectively.

Information File 1). It was observed that at 15 nmol, almost

exclusively the disulfide 8 was detected. Conversely at 50 pmol

only K+ and Na+ adducts of Man–Trt 5 were found.

We were interested to see whether the addition of the

aluminium tape would also enhance signals on surfaces other

than polystyrene, and we therefore assessed the influence of the

conductive tape on analysis using glass slides, which are widely

used in protein-, peptide- and glycoarrays [2,29,30]. As

observed with the polystyrene slides, the resolution and signal

intensity of MALDI-TOF MS analysis (Figure 2) was dramati-

cally improved following application of the aluminium tape to

the back of the glass slides.

Next, the limit of detection of MS analysis of aluminium-

backed polystyrene and glass slides was compared (Figure 3),

using dilutions of the analyte Man–Trt 5 from 15 nmol to

50 pmol. The resolution between the two supports was compar-
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Figure 4: Comparison of MALDI-TOF MS spectra on the aluminium-backed polystyrene and glass slides after washing. (A) At 7.5 nmol following
washing procedure 1 and (B) at 15 nmol following washing procedure 2.

able and analysis showed that Man–Trt 5 could still be detected

at a concentration of 0.5 nmol for aluminium-backed poly-

styrene and glass slides.

After application of trityl samples, the polystyrene and glass

slides were gently washed with 1 μL of water (washing proce-

dure 1). Subsequent analysis by MALDI-TOF MS showed no

noticeable change to the prewashed samples, confirming the

trityl-group-mediated noncovalent adhesion of the ligands to the

surfaces. On the other hand, much more rigorous washing under

running distilled water (washing procedure 2) caused a signifi-

cant reduction in signal on the polystyrene slide (Figure 4).

Analysis of the glass slide, however, showed only a slight

decrease in signal intensity even after three rigorous washes.

We were intrigued by the role of the aluminium backing and

decided to investigate it in more detail. The aluminium backing

was applied in three different ways: First, the entire underside

of the slide was covered as in the previous experiments. Second,

only a narrow strip of tape was applied to the back of the slide,

making sure that the strip was in contact with the frame of the

slide adapter (Figure 5). This configuration should still allow

for efficient dissipation of any produced photoelectrons. Spots

were analysed directly over and also next to the strip. The

results showed similar intensity and resolution as for the fully

aluminium-backed polystyrene slide (Supporting Information

File 1, Figures S2 and S3). Third, only a small aluminium rect-

angle was attached to the back of the polystyrene slide, this time

making sure that there was no electrical contact to the slide
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frame (Supporting Information File 1, Figures S4 and S5). In

this last case very poor signals, both in resolution and intensity,

were observed, which were analogous to the non-aluminium-

backed polystyrene slide. Thus, contact of the tape to the slide

adapter frame appears to be essential for good signal intensity,

but it is not necessary to cover the slide fully.

Figure 5: Photo of the aluminium strip on the back of the polystyrene
support.

Given that the MS analysis on the polystyrene was successful,

we attempted an enzymatic galactosylation of GlcNAc–Trt 7

using bovine β-(1→4)-galactosyltransferase (β-(1→4)-GalT,

EC 2.4.1.38) on the polystyrene slides. This enzymatic trans-

formation has proven to be a very reproducible and robust reac-

tion, which appears to proceed to completion on gold arrays

[31] and is routinely performed in our laboratory. After treat-

ment of slides containing GlcNAc–Trt 7 with the enzyme by

using previously reported procedures [31], followed by washing

procedure 1, neither product nor starting material could be

observed by MALDI-TOF MS analysis. In fluorescence-

assisted studies this problem is mostly overcome by blocking

with nonfluorescent milk proteins or BSA; however, in

MALDI-TOF MS analysis the blocking proteins would also be

ionised and consequently quench the signal [32].

Conclusion
Successful MALDI-TOF MS analysis on minimally conductive

surfaces was achieved by application of aluminium tape. Poly-

styrene and glass surfaces were spotted with the analyte

Man–Trt 5 and were analysed over a range of concentrations

and after washing. This new technique enables the direct

analysis of any noncovalent glycoarray on glass and poly-

styrene. So far, our attempts to study enzymatic reactions on the

modified polystyrene surface have been unsuccessful and will

require further investigation.

Experimental
General experimental section for the
saccharide synthesis
Commercially available starting materials and reagents were

used without further purification. Reactions requiring dry condi-

tions were performed under an atmosphere of nitrogen. Anhy-

drous DMF was purchased.

2-Aminoethyl α-D-mannopyranoside (4) [24-26] and 2-amino-

ethyl 2-acetamido-2-deoxy-β-D-glucopyranoside (6) [27] were

prepared according to the literature. Reactions were monitored

by thin-layer chromatography using silica gel 60 GF254 on

aluminium foil (Merck) with detection by UV light and char-

ring with sulfuric acid in EtOH (10%). Preparative MPLC was

performed on a Büchi apparatus using a LiChroprep Si 60

(40–60 mm, Merck) column for normal-phase silica-gel chro-

matography. Analytical HPLC was performed on a Merck

Hitachi LaChrom L-7000 series apparatus with a LiChrospher

100 RP-8 (5 μm, Merck) column. 1H and 13C NMR spectra

were recorded on a Bruker DRX-500 spectrometer. NMR

spectra were calibrated with respect to the solvent peak. 2D

NMR techniques (COSY, HSQC, HMBC) were used for full

assignment of the spectra. ESI-MS measurements were

performed on a Mariner ESI-TOF 5280 instrument (Applied

Biosystems). High-resolution mass spectra (HRMS) were

obtained with the Waters Micromass LCT-TOF mass spectro-

meter. MALDI-TOF mass spectra were recorded on a Bruker

Biflex-III 19 kV instrument with Cl-CCA (4-chloro-α-cyano-

cinnamic acid) or DHB (2,5-dihydroxybenzoic acid) as matrix.

Optical rotation was measured on a Perkin-Elmer polarimeter

341 (Na-D-line: 589 nm, length of cell 1 dm). IR spectra were

recorded on a Perkin-Elmer Paragon 1000 FTIR spectrometer.

For sample preparation a Golden Gate diamond ATR unit with

a sapphire stamp was used.

11-Tritylsulfanylundecanoic acid (3) [28]
Chlorotriphenylmethane (2, 2.53 g, 9.07 mmol) was dissolved

in dichloromethane. 11-Mercaptoundecanoic acid (1, 2.00 g,

9.15 mmol) dissolved in dichloromethane (60 mL) was added

dropwise over 1 h. The reaction mixture was stirred for 1.5 h at

ambient temperature until TLC (cyclohexane/ethyl acetate 3:1)

indicated no further conversion. The reaction mixture was

washed with H2O (50 mL), the organic layer was dried over

MgSO4, and the solvent was removed under reduced pressure.

The crude product was purified by MPLC (100 g silica column,

A: cyclohexane, B: ethyl acetate, A: 90% → 40%, 120 min)

yielding 3 (4.10 g, 8.90 mmol, 98%) as a colourless solid.

Rf 0.61 (methanol/dichloromethane 3:18); mp 80–82 °C; HPLC

tR 7.31 min (A = water, B = methanol, A: 20%, 10 min,

1.2 mL/min); 1H NMR (500 MHz, CD3OD, 300 K) δ 7.38 (mc,

6H, Haryl,Trt), 7.25 (mc, 6H, Haryl,Trt), 7.19 (mc, 3H, Haryl,Trt),

2.18 (t, 3J = 7.6 Hz, 2H, HO(O)CCH2CH2), 2.11 (t, 3J = 7.4 Hz,

2H, CH2STrt), 1.59 (q, 3J = 7.9 Hz, 3J = 7.0 Hz, 2H,

HO(O)CCH2CH2), 1.37–1.09 (m, 14H, CH2CH2CH2) ppm;
13C NMR (125 MHz, CD3OD, 300 K) δ 179.3 (C(O)OH),

146.5 (3 Caryl,Trt), 130.8 (6 CHaryl,Trt), 128.8 (6 CHaryl,Trt),

127.6 (3 CHaryl,Trt), 67.6 (Cquart,Trt), 36.5 (HO(O)CCH2CH2),

32.9 (CH2STrt), 30.5, 30.4, 30.4, 30.3, 30.1, 30.0, 29.7 (7
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CH2CH2CH2), 26.9 (HN(O)CCH2CH2) ppm; MALDI-TOF MS

(DHB) m/z: 483.13 [M + Na]+, 499.10 [M + K]+; HRMS–ESI

(m/z): [M + Na]+ calcd for C30H36NNaO2S, 483.2328; found,

483.2343; IR (ATR–IR) : 3384, 3189, 3056, 2923, 2850,

1651, 1594, 1489, 1444, 1419, 1032, 770, 740, 695, 674,

621 cm−1.

2-((11-Tritylsulfanylundecanoyl)amino)ethyl α-D-
mannopyranoside (5)
11-Tritylsulfanylundecanoic acid (3, 750 mg, 1.63 mmol) and

HBTU (743 mg, 1.96 mmol) were dried for 2 h under vacuum,

and then dry DMF (5 mL) and DIPEA (400 μL, 2.33 mmol)

were added, and the mixture was stirred for 20 min under a

nitrogen atmosphere at ambient temperature. Simultaneously, in

a different reaction vessel aminoethyl mannoside 4 (438 mg,

1.96 mmol) was dried for 2 h under vacuum, and then dissolved

in dry DMF (5 mL), and DIPEA (160 μL, 931 μmol) was

added. The mixture was stirred for 20 min under a nitrogen

atmosphere at ambient temperature. The reaction mixture with

the preactivated 11-tritylsulfanylundecanoic acid (3) was cooled

to 0 °C, the solution of mannoside 4 was added and the

resulting mixture was stirred under a nitrogen atmosphere at

ambient temperature overnight. All volatile compounds were

removed under reduced pressure and the crude product was

subjected to MPLC (150 g silica column, A: dichloromethane,

B: methanol, A: 99% → 90%, 120 min) and another round of

MPLC (125 g silica column, A: ethyl acetate, B: methanol, A:

99% → 90%, 120 min) yielding 5 (808 mg, 1.21 mmol, 74%) as

a colourless foam.

Rf 0.16 (methanol/dichloromethane, 1:9); HPLC tR = 5.49 min

(A = water, B = methanol, A: 20%, 10 min, 1.2 mL/min);

 +23.7 (c 0.5, MeOH); 1H NMR (500 MHz, CD3OD,

300 K) δ 7.38 (mc, 6H, Haryl,Trt), 7.27 (mc, 6H, Haryl,Trt), 7.20

(dt, 3J = 7.3 Hz, 4J = 1.3 Hz, 3H, Haryl,Trt), 4.76 (d, 3J = 1.7 Hz,

1H, H1Man), 3.83 (dd, 2J = 11.6 Hz, 3J = 2.3 Hz, 1H, H6aMan),

3.80 (dd, 3J = 1.7 Hz, 3J = 3.3 Hz, 1H, H2Man), 3.77–3.67 (m,

3H, OCHHCH2NH, H3Man, H6bMan), 3.60 (dd~t, 3J = 9.5 Hz,

1H, H4Man), 3.56–3.50 (m, 2H, H5Man, OCHHCH2NH), 3.41

(ddd, 2J  = 14.0 Hz, 3J  = 6.3 Hz, 3J  = 4.6 Hz, 1H,

OCH2CHHNH), 3.35 (ddd, 2J = 14.0 Hz, 3J = 6.7 Hz, 3J = 4.7

Hz, 1H, OCH2CHHNH), 2.19 (t ,  3J  = 7.6 Hz, 2H,

HN(O)CCH2CH2), 2.12 (t, 3J = 7.4 Hz, 2H, CH2STrt), 1.59 (q,
3J = 7.6 Hz, 3J = 7.3 Hz, 2H, HN(O)CCH2CH2), 1.38–1.10 (m,

14H, 7 CH2CH2CH2) ppm; 13C NMR (125 MHz, CD3OD,

300 K) δ 176.5 (C(O)NH), 146.5 (3 Caryl,Trt), 130.8 (6

CHaryl,Trt), 128.8 (6 CHaryl,Trt), 127.7 (3 CHaryl,Trt), 101.7

(C1Man), 74.8 (C5Man), 72.6 (C3Man), 72.1 (C2Man), 68.6

(C4Man), 67.3 (Cquart,Trt), 67.3 (OCH2CH2NH), 62.9 (C6Man),

40.2 (OCH2CH2NH), 37.1 (HN(O)CCH2CH2), 32.9 (CH2STrt),

30.5, 30.4, 30.4, 30.3, 30.1, 30.0, 29.7 (7 CH2CH2CH2), 27.0

(HN(O)CCH2CH2) ppm; MALDI-TOF MS (DHB) m/z: 688.11

[M + Na]+, 704.08 [M + K]+; HRMS–ESI (m/z): [M + Na]+

calcd for C40H54N2NaO7S, 729.3544; found, 729.3506; IR

(ATR–IR) : 3293, 2923, 2852, 1645, 1548, 1488, 1443, 1253,

1132, 1057, 1031, 975, 810, 741, 697, 676, 616 cm−1.

2-((11-Tritylsulfanylundecanoyl)amino)ethyl 2-acet-
amido-2-deoxy-β-D-glucopyranoside (7)
11-Tritylsulfanylundecanoic acid (3, 18.2 mg, 39.5 μmol) and

HATU (30.0 mg, 79.0 μmol) were dried for 1 h under vacuum.

Then, dry DMF (2 mL) and DIPEA (7.00 μL, 40.9 μmol) were

added, and the mixture was stirred for 20 min under a nitrogen

atmosphere at ambient temperature. Simultaneously, in a

different reaction vessel 2-aminoethyl 2-acetamido-2-deoxy-β-

D-glucopyranoside (6, 11.5 mg, 43.5 μmol) was dried for 1 h

under vacuum and dissolved in dry DMF (1 mL), and then

DIPEA (7.00 μL, 40.9 μmol) was added. The mixture was

stirred for 20 min under a nitrogen atmosphere at ambient

temperature. The solution of 6 in dry DMF was added to the

preactivated 11-tritylsulfanylundecanoic acid (3) and it was

stirred under a nitrogen atmosphere at ambient temperature for

3 h. All volatile compounds were removed under reduced pres-

sure and the crude product was subjected to MPLC (50 g silica

column, A: dichloromethane, B: methanol, A: 99% → 85%,

180 min) yielding 7 (19.7 mg, 27.9 μmol, 71%) as a colourless

lyophylisate.

Rf 0.21 (methanol/dichloromethane, 3:18); HPLC tR 5.44 min

(A = water, B = methanol, A: 20%, 10 min, 1.2 mL/min);

 −1.6 (c 0.1, methanol); 1H NMR (500 MHz, CD3OD,

300 K) δ 7.39 (mc, 6H, Haryl,Trt), 7.28 (mc, 6H, Haryl,Trt), 7.21

(mc, 3H, Haryl,Trt), 4.39 (d, 3J = 8.4 Hz, 1H, H1GlcNAc), 3.88

(dd, 2J = 11.8 Hz, 3J = 2.2 Hz, 1H, H6aGlcNAc), 3.82 (ddd, 2J =

10.6 Hz, 3J = 6.7 Hz, 3J = 4.5 Hz, 1H, OCHHCH2NH), 3.67

(dd, 2J = 11.8 Hz, 3J = 5.8 Hz, 1H, H6bGlcNAc), 3.67–3.59 (m,

2H, H2GlcNAc, OCHHCH2NH), 3.43 (dd, 3J = 10.4 Hz, 3J =

8.3 Hz, 1H, H3GlcNAc), 3.40–3.36 (m, 1H, OCH2CHHNH),

3.40–3.26 (m, 3H, OCH2CHHNH, H4GlcNAc, H5GlcNAc), 2.18

(t, 3J = 7.6 Hz, 2H, HN(O)CCH2CH2), 2.12 (t, 3J = 7.4 Hz, 2H,

C H 2 S T r t ) ,  1 . 9 8  ( s ,  3 H ,  N H A c ) ,  1 . 5 9  ( m ,  2 H ,

HN(O)CCH2CH2), 1.38–1.10 (m, 14H, 7 CH2CH2CH2) ppm;
13C NMR (125 MHz, CD3OD, 300 K) δ 176.4 (HNC(O)CH2),

173.9 (HNC(O)CH3), 146.5 (3 Caryl,Trt), 130.8 (6 CHaryl,Trt),

128.8 (6 CHaryl,Trt), 127.7 (3 CHaryl,Trt), 102.9 (C1GlcNAc), 78.0

(C5GlcNAc),  76.1 (C3GlcNAc),  72.1 (C4GlcNAc),  69.2

(OCH2CH2NH), 67.3 (Cquart,Trt), 62.8 (C6GlcNAc), 57.3

(C2GlcNAc), 40.6 (OCH2CH2NH), 37.1 (HN(O)CCH2CH2),

32.9 (CH2STrt), 30.5, 30.4, 30.4, 30.3, 30.1, 30.0, 29.7 (7

CH2CH2CH2), 27.0 (HN(O)CCH2CH2), 23.0 (HNC(O)CH3)

ppm; MALDI-TOF MS (DHB) m/z: 729.48 [M + Na]+, 745.45

[M + K]+ ;  HRMS–ESI (m /z) :  [M + Na]+  calcd for
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C40H54N2NaO7S, 729.3544; found, 729.350; IR (ATR–IR) :

3270, 2924, 2852, 1640, 1549, 1488, 1443, 1373, 1156, 1109,

1080, 1033, 896, 742, 698, 616 cm−1.

Array washing
Washing procedure 1
Distilled water (1 μL) was spotted over the dried analyte spot

and was subsequently drawn back up with the pipette. This was

repeated three times. The slides were then allowed to dry under

atmospheric conditions.

Washing procedure 2
The MALDI target slide was washed with cool distilled water

(making sure the spot was not directly under the tap) for 6 s at a

flow rate of 3 L/min and then dried under a stream of nitrogen.

MALDI-TOF MS analysis of tritylated com-
pounds
Unless otherwise stated all MALDI-TOF MS experiments were

carried out on an Ultraflex II instrument (Bruker Daltonics,

USA) in positive reflectron mode in the absence of a matrix.

Spectra were acquired over the mass range 600–2500 m/z with

500 shots (57% laser energy) per spectrum and a laser firing

rate of 200 Hz. Data were processed and analysed with Flex-

Analysis software (Bruker Daltonics, USA) by using the default

integration settings. Smoothing and baseline subtraction was

performed on each spectrum by using the default settings in

FlexAnalysis. Calibration was either performed before the

analysis on the Ultraflex II instrument or afterwards in Flex-

Analysis by using Man–Trt 5 as an internal calibrant for poly-

styrene and glass slides and a tryptic digest of Qcal protein as

the calibrant for the steel target [33].

Polystyrene slides were manufactured by Goodfellows, U.K.,

and standard glass microscope slides, purchased from Yancheng

Huida Medical Instruments Co., China, were used. Conductive

aluminium tape was purchased from Farnell, U.K., and at-

tached to the back of the nonconductive polystyrene and glass

slides. The slides were mounted on to MTP Slide-Adapter II

(Bruker) for analysis. Tritylated sugar in methanol (0.5 µL) was

applied to the surface and the solvent was allowed to evaporate

under atmospheric conditions. Unless otherwise stated, the

spots were washed by following procedure 1.

Supporting Information
Supporting Information File 1
Enzyme expression and MALDI MS spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-86-S1.pdf]
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Abstract
Two new triterpenoid saponins 1 and 2 were isolated from the methanol extract of the roots of Acanthophyllum gypsophiloides

Regel. These saponins have quillaic acid or gypsogenin moieties as an aglycon, and both bear similar sets of two oligosaccharide

chains, which are 3-O-linked to the triterpenoid part trisaccharide α-L-Arap-(1→3)-[α-D-Galp-(1→2)]-β-D-GlcpA and pentasac-
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charide β-D-Xylp-(1→3)-β-D-Xylp-(1→3)-α-L-Rhap-(1→2)-[β-D-Quip-(1→4)]-β-D-Fucp connected through an ester linkage to

C-28. The structures of the obtained saponins were elucidated by a combination of mass spectrometry and 2D NMR spectroscopy.

A study of acute toxicity, hemolytic, anti-inflammatory, immunoadjuvant and antifungal activity was carried out. Both saponins 1

and 2 were shown to exhibit immunoadjuvant properties within the vaccine composition with keyhole limpet hemocyanin-based

immunogen. The availability of saponins 1 and 2 as individual pure compounds from the extract of the roots of A. gypsophiloides

makes it a prospective source of immunoactive agents.
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Introduction
Triterpenoid saponins [1] occur in many plant species and have

a diverse range of properties [2]. Nowadays, a steadily growing

number of publications [3-10] are aimed at research on saponins

as potential adjuvants, with an urgent demand due to the fast

development of immunotherapy methods. Among the most effi-

cient saponin adjuvants are the components of a complex mix-

ture of triterpenoids extracted from the bark of Quillaja

saponaria Molina, which are used in veterinary vaccines [4].

One of the best known products of this origin is the less toxic

and more stable fraction QS-21 [8], which is included now into

a vast range of pilot vaccine compositions against viral infec-

tions [11-13] and cancer [14-17].

Meanwhile, the search for abundant, nontoxic, stable and indi-

vidual saponin adjuvants is still urgent. This explains the enor-

mous interest in investigations into saponins, particularly

concerning the study of the relationships between their struc-

ture, adjuvant activity and toxicity [5,7]. In this paper we report

the isolation and structural assessment of two saponins from the

roots of A. gypsophiloides Rgl. (Turkestan soap root) with the

further investigation of their toxicity, hemolytic activity, anti-

inflammatory, antifungal and adjuvant properties. The roots of

A. gypsophiloides Rgl. are an easily available raw material,

which was reported [18] to comprise a saponin with a structure

that is close to that of the extremely efficient adjuvant QS-21.

A. gypsophiloides Rgl. is a member of the genus Caryophyl-

laceae (for other saponins see [19-22]), which is widely spread

in mountain areas of central Asia. The crude saponin-containing

fraction from the roots of A. gypsophiloides Rgl. has been

known to be an excellent foaming agent for food and nutrition

industry, and its composition has previously been under investi-

gation [18].

Results and Discussion
The methanolic extract of the dried powdered roots of A.

gypsophiloides was concentrated, and the crude mixture of

saponins was precipitated from methanol by the addition of

acetone and subjected to reversed-phase С18 HPLC. Com-

pounds 1 and 2 (Figure 1) were isolated as white amorphous

powders. Compound 1 exhibited in the HRMS (ESI) the

[M + Na]+ peak at m/z 1681.7071, indicating a molecular

weight compatible with the molecular formula C75H118O40.

Compound 2 exhibited the [M + Na]+ peak at m/z 1665.7181,

consistent with the molecular formula С75H118O39. GLC

analysis of the acetylated (S)-2-octyl glycosides derived after

full acid hydrolysis of compound 1 revealed the presence of

D-galactose (D-Gal), L-arabinose (L-Ara), 6-deoxy-D-glucose

(D-Qui), D-xylose (D-Xyl), L-rhamnose (L-Rha), D-fucose

(D-Fuc), and D-glucuronic acid (D-GlcA). Similar investi-

gation of compound 2 revealed the same sugar composition as

for compound 1.

Figure 1: Saponins from A. gypsophiloides 1, R = OH and 2, R = H.

The structures of both compounds 1 and 2 were confirmed on

the basis of their 1H NMR, 13C NMR, APT, COSY, TOCSY,

ROESY, HSQC, and HMBC spectra. In accordance with the

earlier reports [18] on structures of saponins from A.

gypsophiloides, the aglycons of compound 1 and 2 were

supposed to comprise quillaic acid (16-α-hydroxygypsogenin)

and gypsogenin, respectively. This assumption was in good

agreement with the detection of characteristic signals for six

methyl groups in the 1H (Table 1) and 13C NMR (Table 2)

spectra of 1 and 2. Furthermore, the presence of these aglycons

was unambiguously confirmed by the good agreement between
13C NMR shifts of aglycon moieties of 1 and 2 and signals of

aglycons for described bidesmosides comprising quillaic acid

[21] and gypsogenin [21].
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Table 1: 1H and 13С NMR data (δ, ppm) of the triterpene units of compounds 1 and 2 (500 MHz, pyridine-d5/D2O 1:1).a

Comp. C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-15
H-1 H-2 H-3 H-5 H-6 H-7 H-9 H-11 H-12 H-15

1 38.3 25.2 85.3 55.9 48.3 20.7 32.8 40.4 47.0 36.3 23.9 122.7 144.1 42.2 35.9
1.53 2.28 4.06 1.37 1.40 1.62 1.75 1.91 5.37 2.04
0.91 1.97 1.01 1.49 1.86 1.89

2 38.2 25.1 85.4 56.0 48.2 20.8 32.6 40.2 47.8 36.3 23.8 122.8 144.1 42.5 28.7
1.51 2.29 4.10 1.43 1.43 1.62 1.66 1.87 5.37 1.81
0.94 1.97 1.08 1.48 1.82 1.42

Comp. C-16 C-17 C-18 C-19 C-20 C-21 C-22 C-23 C-24 C-25 C-26 C-27 C-28 C-29 C-30
H-16 H-18 H-19 H-21 H-22 H-23 H-24 H-25 H-26 H-27 H-29 H-30

1 73.9 47.9 41.6 47.4 29.3 35.8 31.5 211.6 10.7 16.0 17.6 27.3 177.1 33.1 24.6
5.01 3.27 2.57 2.19 2.28 9.71 1.43 0.88 0.96 1.68 0.94 0.96

1.24 1.26 2.04
2 23.3 47.9 42.1 46.4 30.8 33.9 32.4 211.5 10.7 15.8 17.5 26.1 176.4 33.2 23.7

2.05 2.99 1.68 1.25 1.82 9.63 1.43 0.85 0.92 1.24 0.93 0.85
1.75 1.17 1.14 1.66

a1H NMR chemical shifts are italicized.

Table 2: 1H and 13С NMR data (δ, ppm; J, Hz) for carbohydrate units of compounds 1 and 2 (500 MHz, pyridine-d5/D2O 1:1).

Units, atoms 1 2

δC δH (J) δC δH (J)

→2,3)-GlcA (a)
1 103.4 4.83, d (7.8) 103.4 4.82, d (7.3)
2 77.7 4.26 77.7 4.27
3 85.0 4.30 85.0 4.31
4 71.6 4.16 71.6 4.17
5 77.7 4.26 77.7 4.27
6 175.2 175.2

Gal (b)
1 103.2 5.33, d (7.7) 103.2 5.33, d (7.5)
2 72.8 4.14 72.8 4.14
3 74.4 4.09 74.5 4.08
4 70.3 4.31 70.3 4.31
5 76.5 3.97 76.5 3.97
6(a, b) 62.2 4.33, 4.17 62.1 4.35, 4.17

Ara (c)
1 104.0 5.16, d (7.5) 104.0 5.17, d (7.5)
2 72.4 4.23 72.4 4.23
3 73.7 4.12 73.8 4.12
4 69.3 4.28 69.4 4.28
5(a, b) 67.2 4.34, 3.95 67.2 4.34, 3.95

→2,4)-Fuc (d)
1 94.4 5.78, d (8.1) 94.5 5.80, d (8.1)
2 74.6 4.43 75.1 4.41
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Table 2: 1H and 13С NMR data (δ, ppm; J, Hz) for carbohydrate units of compounds 1 and 2 (500 MHz, pyridine-d5/D2O 1:1). (continued)

3 76.3 4.20 76.0 4.19
4 83.2 4.12 83.0 4.12
5 71.9 4.03 71.8 4.02
6 17.1 1.52 17.1 1.52

Qui (e)
1 105.6 4.92, d (7.8) 105.6 4.92, d (7.8)
2 75.6 3.81 75.6 3.80
3 77.0 3.99 77.1 4.00
4 76.1 3.53 76.1 3.53
5 72.9 3.69 72.9 3.70
6 18.2 1.51 18.2 1.51

→4)-Rha (f)
1 101.2 6.01 s (<1) 101.2 5.97 s (<1)
2 71.1 4.62 71.1 4.62
3 71.8 4.41 71.8 4.43
4 83.7 4.15 83.7 4.18
5 68.3 4.26 68.7 4.28
6 18.3 1.65 18.4 1.68

→3)-Xyl (g)
1 106.1 5.06, d (8.5) 105.9 5.09, d (7.7)
2 74.7 3.92 74.7 3.91
3 86.5 4.02 86.4 4.01
4 68.8 3.99 68.8 4.00
5(a, b) 66.2 4.18, 3.58 66.2 4.18, 3.58

Xyl (h)
1 104.9 5.03, d (8.8) 104.9 5.04, d (7.6)
2 74.7 3.92 74.7 3.91
3 77.0 4.01 77.1 4.01
4 70.2 4.09 70.2 4.09
5(a, b) 66.5 4.30, 3.69 66.5 4.30, 3.68

Analysis of COSY and TOCSY spectra of both 1 and 2 revealed

the presence of the following residues: β-GlcpA (residue a),

β-Galp (residue b), α-Arap (residue c), β-Fucp (residue d),

β-Quip (6-deoxy-β-Glcp, residue e), α-Rhap (residue f), β-Xylp

(residues g and h). The HSQC spectrum confirmed the struc-

tures of the triterpene aglycon and showed the positions of the

substitutions within the oligosaccharide fragments (Table 1 and

Table 2). The ROESY spectra (identical for compounds 1 and

2) disclosed the sequence of the residues in two oligo-

saccharides and their location at the C-3 and C-28 of the

aglycon. Thus, the location of GlcA (residue a) at the position 3

of the triterpene was established from the presence of a correla-

tion peak 1a/3Agl (Figure 2 and Figure 3). Correlation peaks

1b/2a and 1c/3a correspond to substitutions of the residue a by

terminal b at the position 2 and by terminal c at the position 3.

Esterification of the position 1 of Fuc (residue d) with the

carboxy group of the triterpene was unambiguously shown by

the high-field shift of C-1 (94.4 ppm), being indirectly

confirmed with the long-range correlation peak in the ROESY

spectra 16Agl/3d. The sequence of the other residues was

disclosed from the presence of the correlation peaks 1e/4d,

1f/2d, 1g/4f and 1g/4h (Figure 2). HMBC spectra finally

confirmed the structure of the aglycons and the sequence of the

residues. Thus, the correlation peak 1d/28Agl evidenced the

location of Fuc (residue d) as the esterified substituent at C-28

of the triterpene (Figure 4). The other inter-residue correlation

peaks were in agreement with the structure of oligosaccharides

established from analysis of the ROESY spectra.

Characteristic chemical shifts in the 13C NMR spectrum of 2

(δC 85.4 ppm for C-3 and δC 176.4 ppm for C-28 of the

aglycon) evidence the bidesmosidic nature of the genin, which

is glycosydated at C-3 and esterified to an oligosaccharide. The

structures of both the trisaccharide and pentasaccharide frag-
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Figure 2: Part of a 2D ROESY spectrum of compound 1. The corresponding parts of the 1H NMR spectrum are shown along the axes. Arabic
numerals refer to atoms in sugar residues denoted by letters, as shown for compounds 1 and 2. Slashes are used for the designation of inter-residual
interactions.

Figure 3: Key ROESY (dashed line) correlations for compound 1.
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Figure 4: Part of the HMBC spectrum of compound 1. 1H and 13C NMR spectra are shown along the horizontal and vertical axes, respectively. Arabic
numerals before a slash refer to protons and after a slash refer to carbons in sugar residues denoted by letters, as shown for compounds 1 and 2.

Table 3: Hemolytic activities (%) of compounds 1 and 2 at different concentrations. The hemolytic activities of saline and distilled water were used as
minimal and maximal hemolytic controls, respectively. n = 3 tests. Mean p < 0.05 vs saline group.

Saponin Percentage of hemolysis (concentration of saponin in saline, µg/mL)

1 84.5 ± 4.4 (62.5) 76.5 ± 3.3 (25) 75.1 ± 1.6 (12.5) 8.6 ± 3 (5) 8.3 ± 2.4 (2.5) 0.7 ± 1.2 (0.5) 0 ± 1.6 (0)
2 93.4 ± 4.5 (62.5) 90.8 ± 4.2 (25) 15.8 ± 1.4 (12.5) 12.0 ± 1.7 (5) 11.2 ± 2.3 (2.5) 10.0 ± 1.4 (0.5) 0 ± 1.6(0)

ments of compound 2 are similar to those established for com-

pound 1. Thus the structure of 2 was elucidated as gypsogenin

28-O-β-D-xylopyranosyl-(1→3)-β-D-xylopyranosyl-(1→3)-α-

L-rhamnopyranosyl-(1→2)-[6-deoxy-β-D-glucopyranosyl-

(1→4)]-β-D-fucopyranosyl ester 3-O-α-L-arabinopyranosyl-

(1→3)-[β-D-galactopyranosyl-(1→2)]-β-D-glucuronopyra-

noside.

It should be noted that the elucidated structures of 1 and 2 are

different from those reported earlier [18]. In the published struc-

tures β-D-Quip (residue e) is located at O-2 of the β-Fucp

(residue d), and the trisaccharide moiety β-D-Xyl-(1→3)-β-D-

Xyl-(1→3)-α-L-Rha is at O-4.

The acute-toxicity study of saponins 1 and 2 was carried out on

albino mice. The median lethal dose (LD50) was determined

after a single dose administered through the oral or intraperi-

toneal route. The obtained data show that, in the case of oral

administration of the studied compounds, LD50 was in the range

of 304 ± 55 mg/kg for compound 1 and 252 ± 57 mg/kg for

compound 2 with p < 0.05 (t). In the case of intraperitoneal

administration, the LD50 was in the range of 15.1 ± 5.6 mg/kg

for compound 1 and 5.4 ± 2.8 mg/kg for compound 2 with

p < 0.05 (t). The immense difference between the values of

LD50 in oral and intraperitoneal tests evidences low or no

absorption of saponins in the intestine. However, it remains to

be studied whether traces or decomposition products of ingested

saponins enter the blood stream through the permeable

membranes of mucosal cells.

For compounds 1, 2 and saponin from Quillaja bark (Sigma) as

a reference compound, the study on in vitro hemolysis was

carried out. The obtained data confirmed high hemolytic

activity of the Quillaja bark saponin, which caused 100% of

hemolysis at a minimal hemolytic concentration of 5.5 μg/mL.

Saponins 1 and 2 exhibited much lower hemolytic activity

(Table 3): 50% hemolysis was observed at concentrations

11–18 μg/mL. Hemolysis of 85–95% for compounds 1 and 2

was observed at 62.5 μg/mL, whereas saponins QS-17, 18, and

21 from Quillaja bark were reported [23] to cause hemolysis at
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Table 4: Anti-inflammatory effect of compounds 1 and 2 (oral administration).

parameter dose in mg/kg

Water 1, 20 2, 20 1, 50 2, 50 Indomethacin, 20
Index of edema (%) 23.51 ± 5.18 20.23 ± 4.97 16.39 ± 5.49* 19.14 ± 5.79 24.57 ± 5.81*** 15.79 ± 5.17*

*p < 0.05, ***p < 0.001 compared with control.

Table 5: Anti-inflammatory effect of compound 1 and 2 (intraperitoneal administration).

parameter dose in mg/kg

Water 1, 1.25 2, 1.25 1, 2.5 2, 2.5 Indomethacin, 20
Index of edema (%) 28.22 ± 6.07 24.06 ± 9.11 17.32 ± 7.6** 14.88 ± 5.17*** 12.28 ± 3.94*** 19.43 ± 6.7*

*p < 0.05, ** p < 0.01, ***p < 0.001 compared with control.

concentrations of 7–25 μg/mL. These results are in good agree-

ment with our expectations based on the factors that are known

to accompany low hemolytic activity, i.e., the bidesmosidic

nature of compounds 1 and 2, the presence of glucuronic acid at

C-3 of the aglycone, and the absence of a lipid moiety.

Histamine-induced acute inflammation in the paws of the mice

was used as a classical model of edema formation for the study

of the anti-inflammatory activity of saponins. Two methods of

saponin administration were used, namely oral (Table 4) and

intraperitoneal (Table 5). In the first experiment, six groups of

eight mice each were treated orally with compound 1

(20 mg/kg, 50 mg/kg), compound 2 (20 mg/kg, 50 mg/kg),

indomethacin (20 mg/kg), and water (control). One hour after

receiving the agents, each animal received a subcutaneous injec-

tion of 0.05 mL 0.1% histamine in the right, hind paw. The

edema was measured 5 hours after the histamine injection. The

anti-inflammatory effect was assessed by the decrease in the

index of edema compared with the control group, which is

defined as the percentage difference between the mass of the

healthy and the inflamed paw, relative to the mass of the

healthy paw.

In general, the anti-inflammatory effect of saponins 1 and 2

given intraperitoneally was dose-dependent, whereas that in the

experiment with oral administration was not. Within the experi-

ment based on oral administration, compound 1 did not show

any reliable anti-inflammatory action. Data given in Table 5

evidences the more pronounced anti-inflammatory properties of

compound 2 as compared to compound 1 in the experiment

based on intraperitoneal administration.

The influence of saponins 1 and 2 on the vessel endothelium

was assessed via determination of interleukin-6 (IL-6) produc-

tion in primary human umbilical vein endothelial cells

(HUVEC). These cells were found to express various pattern-

recognizing receptors (PRRs), including TLR4 [24], and can

produce pro-inflammatory cytokines, including IL-6, IL-8 and

IL-1β, upon stimulation with bacterial and viral components,

such as lipopolysaccharides (LPS) and double-stranded RNA

(dsRNA) [25].

HUVEC were cultivated in the presence of saponins 1 and 2 at

nontoxic concentrations, i.e., 1 and 5 μg/mL, as determined by

EZ4U test, and reference compounds LPS from E. coli and

dsRNA analogue poly(I:C). Measurement of IL-6 production

did not show any effect of saponins 1 and 2 on IL-6 secretion,

either by testing intact endothelial cells or cells pre-stimulated

with LPS or poly(I:C) (Figure 5), indicating that at nontoxic

concentrations saponins are not able to induce an innate

immune response in endothelium. Thus we can conclude that

compounds 1 and 2 are not prone to cause inflammation of the

vessel endothelium.

Figure 5: IL-6 production of primary endotheliocytes in the presence of
compounds 1 and 2. Error bars represent the standard deviation in
each point.
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To estimate the adjuvant properties of compounds 1 and 2 a

series of test immunizations was carried out by using the syn-

thetic vaccine neoglycoconjugate α-NeuAc-(2→3)-β-Galp-

(1→4)-β-Glcp-KLH (3’SL-KLH) on the basis of 3’-sialyllacto-

side (3’SL) ligands and keyhole limpet hemocyanin (KLH)

protein carrier [26]. Four groups of mice were immunized with

40 µg of 3’SL-KLH together with 50 µg of compound 1 or 2, or

saponin from Quillaja bark, or without an adjuvant, and the

specific anti-3’SL IgM and IgG responses were evaluated. For

saponins 1 and 2, a significant specific response was observed

in comparison with the control vaccine formulation with antigen

alone (Table 6). High serum titers of IgM and IgG antibodies

were registered in the vaccination with compound 1 as adjuvant,

though the IgG level did not achieve the level measured in the

experiment with saponin from Quillaja bark. Titers of those

antibodies in the experiment with saponin 2 were rather low.

We can conclude, that in combination with 3’SL-KLH, antigen

compound 1 showed significant adjuvant properties and, hence,

can be considered as a prospective component of vaccine

formulations.

Table 6: Serum titer data for antisera against 3’SL-polyacrylamide
cover antigen obtained by immunization with 3’SL-KLH neoglycoconju-
gate with adjuvants 1, 2, and saponin from Quillaja bark, or without an
adjuvant.

adjuvant IgM IgG

no adjuvant 1/1600 1/800
saponin 1 1/102400 1/51200
saponin 2 1/12800 1/6400
saponin from
Quillaja bark

1/25600 1/204800

As many saponins are known to exhibit antifungal activities [2],

we examined the ability of compounds 1 and 2 to suppress the

proliferation of four test cultures: Basidiomycetous yeasts Cryp-

tococcus terreus, Filobasidiella neoformans, and ascomycetous

yeasts Saccharomyces cerevisiae and Саndida albicans. The

data in Table 7 demonstrate that compounds 1 and 2 exhibit

antifungal activity against both ascomycetous and basidiomyce-

tous yeasts, including the medically important C. albicans and

F. neoformans. Saponins are known to be more effective

against basidiomycetous yeast and at acidic pH act similarly to

natural detergents, such as cellobiose lipids [27]. Growth inhibi-

tion experiments showed (Figure 6, Table 7), that the lower

pH 4.0 favored antifungal activity of saponins 1 and 2. At

pH 7.0 neither compound 1 nor 2 inhibited the growth of

C. albicans and F. neoformans. However, at pH 4.0 both

saponins exhibited suppressing properties against these two

strains. Notably, compound 2 was totally inactive against S.

cerevisiae at both pH values. The liquid medium test involving

Table 7: Growth inhibition zones (Figure 6) of C. terreus (C.t.), S. cere-
visiae (S.c.), F. neoformans (F.n.) and C. albicans (C.a.) in the pres-
ence of compounds 1 and 2 at pH 7.0 and 4.0.

pH compound amount, diameter of growth inhibition
zone, mm

mg/disc C.t. S.c. F.n. C.a.

7.0 1 1.0 n.d.a n.d. 0 0
0.5 12 10 0 0
0.25 7 0 0 0
0.1 0 0 0 0
0.05 0 0 0 0

2 1.0 n.d. n.d. 0 0
0.5 0 0 0 0
0.25 0 0 0 0
0.1 0 0 n.d. n.d.
0.05 0 0 n.d. n.d.

4.0 1 1.0 n.d. n.d. n.d. 14
0.5 18 10 15 10
0.25 14 5 10 0
0.1 10 0 n.d. n.d.
0.05 0 0 n.d. n.d.

2 1.0 n.d. n.d. n.d. 14
0.5 13 0 15 7
0.25 10 0 0 0
0.1 10 0 n.d. n.d.
0.05 0 0 n.d. n.d.

an.d. not determined.

Figure 6: Growth inhibition zones for F. neoformans IGC 3957 in the
presence of compounds 1 and 2 at pH 4.0. Compound 1: (1) 0.25 mg/
disc, (2) 0.5 mg/disc; compound 2: (3) 0.25 mg/disc, (4) 0.5 mg/disc.
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F. neoformans showed only slight differences between saponins

1 and 2 (Table 8).

Table 8: Viability (%) of F. neoformans IGC 3957 treated with com-
pounds 1 and 2 at pH 4.0.

concentration, mg/mL

compound 0 0.49 0.97 1.87

1 100 66 ± 5.6 11 ± 0.1 4 ± 0.3
2 100 93 ± 7.2 18 ± 1.8 6 ± 0.5

Conclusion
Thus, the structures of two easily available novel saponins 1

and 2 were elucidated, and they were shown to exhibit low

hemolytic activity, low oral and intraperitoneal toxicity, and an

inability to induce inflammation in the vessel endothelium.

Meanwhile, compounds 1 and 2 exhibited prominent immune-

stimulating properties and can be considered as a prospective

adjuvant in combination with KLH-based neoglycoconjugates.

The antifungal activity of saponins 1 and 2 was also examined

on four yeast species.

Experimental
General experimental procedures. Optical rotation values

were measured on a JASCO DIP-360 polarimeter at 22 ± 2 °C.

NMR spectra were recorded on Bruker DRX-500 and Bruker

AM-300 instruments in D2O/pyridine-d5 with TMS as internal

reference. High-resolution mass spectra (HRMS) were

measured on a Bruker micrоTOF II instrument by using electro-

spray ionization (ESI) [28]. The measurements were done in a

positive-ion mode (interface capillary voltage: 4500 V) or in a

negative-ion mode (3200 V); mass range from m/z 50–3000 Da;

external or internal calibration was achieved with electrospray

calibrant solution (Fluka). A syringe injection was used for

solutions in acetonitrile, methanol, or water (flow rate

3 μL/min). Nitrogen was applied as a dry gas; the interface

temperature was set to 180 °C. High-performance liquid chro-

matography (HPLC) was carried out on a C18 reversed-phase

column (Ascentis C18, 5 μm, 250 × 21.2 mm, 65% MeOH,

35% of 0.05 M aq. solution of NH4HCO3) with the use of a UV

detector at 210 nm. Analysis of purity was carried out on a C18

reversed-phase column (IBM C18, 5 μm, 250 × 4.5 mm) with

eluent and detection as described above.

Statistical analysis. Statistical significance was determined by

the Student’s t-test. P values less than 0.05 were considered to

be significant. The Kaplan–Meier and one-way ANOVA

analysis was used to establish statistical significance for the in

vivo experiments.

Plant material. The roots of A. gypsophiloides Rgl. were

collected in September 2005 on a mountainside in the Chimkent

region, Kazakhstan and were identified by Prof. P. G. Gorovoi

(G.B. Elyakov Pacific Institute of Bioorganic Chemistry, Far

Eastern Branch, Russian Academy of Sciences). A herbarium

specimen (herbarium no. 03025) has been deposited at the

Herbarium of Novosibirsk Botanical Garden; Russia. Saponin

from Quillaja bark was purchased from Sigma–Aldrich (S4521)

and used without further purification.

Extraction and isolation. Dried and finely powdered roots of

A. gypsophiloides  (490 g) were heated in methanol

(5 × 800 mL) under reflux for 10 h, filtered, and concentrated to

yield the extract (86.5 g, 17.6%). This extract was dissolved in

methanol (87 mL) and precipitated by the addition of acetone

(750 mL). The resulting precipitate was filtered and dried in a

vacuum desiccator over dry KOH (fraction A, 14.5 g, 3.0%).

The mother liquid was concentrated and subjected to silica gel

column chromatography; elution with a mixture of CHCl3/

MeOH/H2O 130:70:15 gave 29.3 g of an amorphous residue,

which was dissolved in 500 mL of 2-propanol and 0.2 mL of

acetic acid and evaporated under reduced pressure to remove

residual water. The residue was triturated with 20 mL of

methanol and the slurry was diluted with acetone (160 mL). The

formed precipitate was filtered and dried to give 22.2 g of total

glycosides (fraction B). Combined fractions A and B (36.7 g)

were subjected to preparative HPLC (Ascentis C18, 5 μm, 250

× 21.2 mm) using a mixture of 65% methanol and 35% 0.05 M

aq. solution of NH4HCO3 to yield 18.35 g of compound 1

(3.7% starting from the root powder) and 15.42 g of compound

2 (3.1% starting from the root powder) as ammonium salts. The

purity of 1 and 2 was assessed by analytical C18 reversed-phase

HPLC and varied in a range of 97–99%.

Monosaccharide analyses. Compounds 1 and 2 were

hydrolyzed with 2 M CF3CO2H (120 °C, 2 h) and the absolute

configurations of the monosaccharides were determined by

GLC of acetylated (S)-(+)-2-octyl glycosides according to the

published method [29]. GLC was performed using an Agilent

7820A chromatograph equipped with an HP-5 fused silica

column (0.25 mm × 30 m) using a temperature program of

160 °C to 290 °C (7 °C min−1).

3-O-[β-D-Galactopyranosyl-(1→2)-[α-L-arabinopyranosyl-

(1→3)]-β-D-glucuronopyranosyl]quillaic acid 28-β-D-

xylopyranosyl-(1→3)-β-D-xylopyranosyl-(1→3)-α-L-

rhamnopyranosyl-(1→2)-[6-deoxy-β-D-glucopyranosyl-

(1→4)]-β-D-fucopyranosyl ester (1): white amorphous solid;

[α]20
D −5.0 (с 1, Н2О); 1H and 13C NMR data, see Table 1 and

Table 2;  HRMS–ESI+  (m /z) :  [M + Na]+  calcd for

C75H118O40Na, 1681.7097;  found,  1681.7071.
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3-O-[β-D-Galactopyranosyl-(1→2)-[α-L-arabinopyranosyl-

(1→3)]-β-D-glucuronopyranosyl]gypsogenin 28-β-D-xylopy-

ranosyl-(1→3)-β-D-xylopyranosyl-(1→3)-α-L-rhamnopyra-

nosyl-(1→2)-[6-deoxy-β-D-glucopyranosyl-(1→4)]-β-D-

fucopyranosyl ester (2): white amorphous solid; [α]20
D 5.0

(с 1, Н2О); 1H and 13C NMR data, see Table 1 and Table 2;

HRMS–ESI+ (m/z): [M + Na]+ calcd for С75H118O39Na,

1665.7148; found, 1665.7181.

Acute-toxicity assay. Albino, nonbreeding, sexually mature

male mice from SPF-vivarium of SB RAS weighing 20–25 g

were used in the test. All research involving laboratory animals

was carried out in accordance with The Guidelines for the Care

and Use of Laboratory Animals. Mice were housed in appro-

priate caging facilities and allowed food and water ad libitum.

Oral route: The experiment involved 50 male mice. Animals

were selected at random and divided into five groups, each

consisting of 10 mice. The control group received only pelleted

food and water. The other four groups received pelleted food

and water along with varying doses of compounds 1 or 2, at

either 50.0 mg/kg, 100.0 mg/kg, 250.0 mg/kg or 500.0 mg/kg.

Saponins were given by single oral gavage in the prescribed

doses by using a feeding cannula. The acute LD50 toxicity of

saponins 1 and 2 was calculated on the basis of the mortality

data collected within seven days by using Probit Analysis 1.0

software with p < 0.05.

Intraperitoneal route. The experiment involved 50 male mice.

Animals were selected at random and divided into five groups,

each consisting of 10 mice. The control group received only

pelleted food and water. The other four groups received pelleted

food and water and were inoculated once intraperitoneally with

solutions of varying doses of saponins 1 or 2, at either

0.50 mg/kg, 5.0 mg/kg, 10 mg/kg or 50.0 mg/kg in saline. The

acute LD50 toxicity of saponins 1 and 2 was calculated on the

basis of the mortality data collected within seven days using

Probit Analysis 1.0 software with p < 0.05.

Hemolysis assay. Red blood cells were obtained from Wistar

sexually mature rats of both sexes from SPF-vivarium of SB

RAS, weighing 200–250 g. Blood was collected from neck

vessels in standard plastic tubes containing 3.8% solution of

sodium citrate. Aliquots of 7 mL of citrated blood (volume ratio

of blood to sodium citrate 9:1) were washed with sterile non-

pyrogenic saline (0.89% sodium chloride). Washing was

performed by adding an equal volume of saline solution to an

aliquot of citrated blood and subsequent centrifugation at 180 g

for 5 min, after which the supernatant was discarded, and the

procedure repeated three times. Harvested erythrocytes were

diluted with saline to obtain a suspension of 0.5% hematocrit.

Samples containing 0.5 mL of cell suspension were mixed with

0.5 mL of saline solutions (145 mM, isotonic conditions)

containing the investigated saponins in concentrations of 5, 10,

15, 25, 50, 75, 100, 250, 500 μg/mL. Samples were stirred

continuously for 30 min at 37 °C and then centrifuged at 70g for

10 min. The content of free hemoglobin in the supernatant

was measured by spectrophotometric analysis at a wavelength

of 412 nm (spectrophotometer Cary 50, Varian). Hemoglobin

concentration in the supernatant was expressed as a

percentage of hemoglobin concentration in the supernatant of

cells, which were totally hemolysed by the addition of distilled

water. The absorbance of samples with 0% hemolysis was

registered for samples with saline and used as a blank measure-

ment. The degree of hemolysis, depending on the concentration

of saponin was calculated by using Probit Analysis 1.0 soft-

ware.

Anti-inflammatory activity. Albino, nonbreeding, sexually

mature male mice from SPF-vivarium of SB RAS weighing

20–25 g were used in the test. All research involving laboratory

animals was carried out in accordance with The Guidelines for

the Care and Use of Laboratory Animals. Mice were housed in

appropriate caging facilities and allowed food and water ad

libitum.

Oral route: Six groups of eight mice were treated orally with

saponin 1 (20 mg/kg, 50 mg/kg), saponin 2 (20 mg/kg,

50 mg/kg), and indomethacin (20 mg/kg) in Twin-80 water

solution (control). One hour after receiving the agents, each

animal received a subcutaneous injection of 0.05 mL 0.1% hist-

amine in the right hind paw. The edema was measured 5 h after

the histamine injection as the difference in weight between the

paw that was administered histamine, and a healthy paw. The

anti-inflammatory effect was assessed by the decrease in index

of edema compared with the control group. The index of edema

is defined as the ratio of the difference between the masses of

the inflamed and healthy paws to the mass of the healthy paw in

percent: (Mi − Mh) / Mh × 100%; Mi: mass of inflamed paw,

Mh: mass of healthy paw. A probability of p < 0.05 was consid-

ered significant.

Intraperitoneal route: Six groups of eight mice were treated

intraperitoneally with saponin 1 (1.25 mg/kg, 2.5 mg/kg),

saponin 2 (1.25 mg/kg, 2.5 mg/kg) and indomethacin orally

(20 mg/kg) in Twin-80 water solution (control). One hour after

receiving the agents, each animal received a subcutaneous injec-

tion of 0.05 mL 0.1% histamine in the right hind paw. The

edema was measured 5 h after the histamine injection as the

difference in weight between the paw that was administered

histamine, and a healthy paw. The anti-inflammatory effect was

assessed as described above.



Beilstein J. Org. Chem. 2012, 8, 763–775.

773

Cytotoxicity, cell proliferation test and endo-
toxin test
Cell cultures: Primary endothelial cells were obtained from the

human umbilical vein [30] and cultivated in Iscove's Modified

Dulbecco's Medium (IMDM, Gibco, USA, 42200-014) with

10% fetal bovine serum (FBS) (Gibco, USA, 10106),

100 μg/mL streptomycin, and 100 μg/mL penicillin (IMDM-

FBS) at 37 °С with 5% СО2. Primary endotheliocytes were

seeded on 0.5% gelatin precoated (Sigma, USA, G-2500)

culture dishes or microplate wells and were detached with 0.1%

collagenase solution (Gibco, USA, 17104-019). To examine the

cytotoxic and pro-inflammatory effects of saponins, primary

endotheliocytes were seeded at a density of 7 × 103 cells per

well of a 48-well microplate. Sixteen hours after seeding, cells

were washed with IMDM, and 200 μL (48-well plate) of

IMDM-FBS with saponins (from 1 to 100μg/mL) was added

and cultivated for a subsequent 24 h.

EZ4U test: After incubation with saponins, cells were washed

with IMDM-FBS and cultivated with 100 μL of fresh IMDM-

FBS containing components of EZ4U kit (EZ4U, Biomedica,

Austria) for a subsequent 24 h. After incubation, the culture

supernatants were transferred into a 96-well plate and the

optical density was registered in a Multiscan plate reader at

450 nm (SDB NP Puschino, Russia). All experiments were

performed in triplicate.

LAL test: All components contacting with cells were tested for

endotoxin contamination by using the LAL gel clot test as

recommended by the producers (Associate of Cape Cod Incor-

porated, USA).

IL-6 release assay: Primary endothelicytes were incubated in

the IMDM-FBS with saponins at noncytotoxic concentrations

(1 and 5 μg/mL) in the absence or in presence of LPS

(100 ng/mL) or poly-(I:C) (Sigma, USA, P9582, 100 μg/mL) at

37 °С, 5% СО2 for 24 h. For positive control, cells were incu-

bated in the presence of 100 μg/mL of poly-(I:C) or 100 ng/mL

of LPS from E. coli (LPS) (Sigma, USA, L2755). Cells were in-

cubated in IMDM-FBS for 24 h, culture medium was removed,

and cells were centrifuged at 1500g and preserved at −20 °С.

The IL-6 concentration in the samples was determined by using

a commercial ELISA kit (Vector-Best, Russia, A-8768)

according to the protocol suggested by the manufacturer. All

experiments were performed in triplicate.

Studies of adjuvant activity: Animals. Female Swiss mice

(eight weeks old) of the C57B1/6J breed were purchased from

the “Stolbovaya”, Russia, and rodent laboratory chow and tap

water were provided ad libitum. Mice were maintained under a

controlled temperature (22 ± 2 °С) and humidity under a

12/12 h light/dark cycle. All the procedures were carried out in

strict accordance with the International Legislation on the Use

and Care of Laboratory Animals.

Glycoconjugate vaccine preparation: Conjugate (3’SL-KLH

[28]) of α-NeuAc-(2→3)-β-Galp-(1→4)-β-Glcp ligands with

keyhole limpet hemocyanin carrier (KLH), bearing 5% mass of

indicated carbohydrate, was used as an immunogen, and

saponins 1 and 2 and saponin from Quillaja bark were used as

adjuvants. All samples were filtered through 0.22 μm Micro-

pore® filters and kept at 4 °C prior to use.

Immunization: Four groups of seven mice each were immu-

nized intramuscularly thrice, on days 0, 14, and 84 with a mix-

ture of 40 μg of conjugate and 50 μg of different saponins (or

without adjuvant for the control group) in PBS as a vehicle in a

total vaccine volume of 200 μL.

ELISA: Sera from inoculated mice were collected on day 91

post-inoculation (p.v.) of the first dose of vaccine and pooled.

The titers for IgG and IgM against α-NeuAc-(2→3)-β-Galp-

(1→4)-β-Glcp were determined in an indirect ELISA as previ-

ously described [31]. ELISA plates (96-well, Nunc Maxisorp)

were coated with a cover polyacrylamide antigen [28] with

α-NeuAc-(2→3)-β-Galp-(1→4)-β-Glcp moieties. Coating was

performed with a 10 μg/mL in 0.1 M bicarbonate buffer solu-

tion at 4 °C overnight. Wells were washed three times with PBS

containing 0.05% Tween 20 (PBS-T) and blocked with 1%

solution of HSA in PBS-T. Diluted sera (100 µL) collected

from the mice in PBS-T was added to wells and incubated

overnight at 4 °C. The plates were washed three times with

PBS-T, and goat anti-mouse IgG or IgM peroxidase conjugate

(Jackson Immuno Research) in 1:1500 dilution (PBS-T) was

added to the wells. Plates were then incubated for 1 h at 37 °C

and washed, and substrate (o-phenylenediamine, 0.4 mg/mL in

0.1 M phosphate-citrate buffer with 0.0013% H2O2) was added

to each well. Plates were then incubated for 25 min at 37 °C,

after which the reaction was terminated by adding 50 μL per

well of 2 N H2SO4. The optical density (OD) was measured in

an ELISA plate reader at 492 nm. Data were expressed as the

mean OD value of the samples minus the mean OD value of the

control wells. The value of the OD for the control group was

less than 0.1 (dilution 1/100 and more). Antibody levels in the

sera of all samples were higher than the control (p < 0.05).

Antifungal activity
Strains and culture conditions: The basidiomycetous yeasts

Cryptococcus terreus VKM Y-2253 (All-Russian Collection of

Microorganisms), Filobasidiella neoformans IGC 3957

(Portuguese Yeast Culture Collection, Centro de Biologia,

Portugal), and ascomycetous yeasts Saccharomyces cerevisiae
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VKM Y-1173 (All-Russian Collection of Microorganisms),

Candida albicans JCM 1542 (Japan Collection of Microorgan-

isms) were used as test-cultures. Strains were maintained on

malt agar slants at 5 °C. S. cerevisiae VKM Y-1173 was grown

in YPD medium containing glucose (20 g/L), yeast extract

(10 g/L) and peptone (20 g/L; Sigma, USA) under shaking at

30 °C for 24 h. Candida albicans, Filobasidiella neoformans,

and Cryptococcus terreus were grown under the same condi-

tions for 48 h in YPD medium containing glucose (20 g/L),

yeast extract (4 g/L), peptone (5 g/L).

Antifungal activity assay: Sterile 5 mm diameter glass

microfiber filter discs GF/A (Whatman, UK) were placed onto

the surface of a solid medium in Petri dishes inoculated with

test cultures. Two media were used: YPD containing 0.5%

glucose, 0.2% yeast extract, 0.25% peptone, 2% agar, and

0.04 M citrate–phosphate buffer (pH 4.0), and YPD with 2%

agar (pH 7.0). Aliquots of saponin solutions in deionized water

were pipetted onto discs. The plates were incubated at 24 °C for

2–3 days until growth of the lawn strain appeared, and the

diameters of the growth inhibition zones were measured. For

the assay of cell viability the suspension of the cells F. neofor-

mans (3 × 106 cells mL−1) was treated with saponins in 0.01 M

citrate buffer (pH 4.0) at room temperature for 1 h. Thereafter,

the samples were diluted by the same buffer and inoculated on

YPD agar. Three days later, the number of colonies was deter-

mined. The samples without saponins were used as a control.

All experiments were repeated twice. Fresh solutions of

saponins in deionized water were used.
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Abstract
Oligosaccharides aberrantly expressed on tumor cells influence processes such as cell adhesion and modulation of the cell’s

microenvironment resulting in an increased malignancy. Schmidt’s imidate strategy offers an effective method to synthesize

libraries of various oligosaccharide mimetics. With the aim to perturb interactions of tumor cells with extracellular matrix proteins

and host cells, molecules with 3,4-bis(hydroxymethyl)furan as core structure were synthesized and screened in biological assays for

their abilities to interfere in cell adhesion and other steps of the metastatic cascade, such as tumor-induced angiogenesis.

The most active compound, (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF), inhibited the acti-

vation of matrix-metalloproteinase-2 (MMP-2) as well as migration of the human melanoma cells of the lines WM-115 and

WM-266-4 in a two-dimensional migration assay. GSF inhibited completely the adhesion of WM-115 cells to the extracellular

matrix (ECM) proteins, fibrinogen and fibronectin.

In an in vitro angiogenesis assay with human endothelial cells, GSF very effectively inhibited endothelial tubule formation and

sprouting of blood vessels, as well as the adhesion of endothelial cells to ECM proteins. GSF was not cytotoxic at biologically

active concentrations; neither were 3,4-bis{[(β-D-galactopyranosyl)oxy]methyl}furan (BGF) nor methyl β-D-galactopyranoside nor

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:r.s-albiez@dkfz.de
http://dx.doi.org/10.3762%2Fbjoc.8.89
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3,4-bis(hydroxymethyl)furan, which were used as controls, eliciting comparable biological activity. In silico modeling experiments,

in which binding of GSF to the extracellular domain of the integrin αvβ3 was determined, revealed specific docking of GSF to the

same binding site as the natural peptidic ligands of this integrin. The sulfate in the molecule coordinated with one manganese ion in

the binding site.

These studies show that this chemically easily accessible molecule GSF, synthesized in three steps from 3,4-

bis(hydroxymethyl)furan and benzoylated galactose imidate, is nontoxic and antagonizes cell physiological processes in vitro that

are important for the dissemination and growth of tumor cells in vivo.
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Introduction
Adhesion of mammalian cells to the extracellular matrix (ECM)

is mediated by protein–protein and protein–carbohydrate inter-

actions. Alterations in the expression of cell-surface molecules

lead to the dissemination of metastatic cells from tumor tissue

[1,2]. Cell surface molecules in melanoma, which are important

for their metastatic property, have been intensely investigated.

Among these, integrins, which are hetero-dimeric integral

membrane proteins, are involved in protein–protein mediated

adhesion of cells to the extracellular matrix (ECM).

Aberrant levels of several integrins have been observed in

malignant melanomas. While some integrins such as α6β1 and

αvβ5 are down-regulated, others such as αvβ3, α4β1 and α3β1 are

up-regulated [3]. Integrins bind to ECM-proteins and this

constitutes the strongest interaction in the adhesion processes.

The importance of the fibrinogen receptor αvβ3 in malignancy is

well described for melanomas [4]. It is also a prerequisite for

the activation of pro-MMP-2, a secreted metalloprotease impor-

tant for cell migration through the basal layer [5].

Due to the vast variability of branched saccharide chains, more

specific interactions between cells and the ECM and among

cells are mediated by binding of proteins such as lectins to

oligosaccharides. Upon progression to higher malignancy, the

glycosylation patterns of glycoproteins and glycosphingolipids

on tumor cell surfaces undergo several alterations [6]. These

changes are closely associated with distinct cellular processes,

such as adhesion to the ECM, and modulation of the tumor-

associated microenvironment, which represent advantages for

the capacity of the cell to invade the host tissue and to secure

undisturbed growth [7]. The glycosylation pattern of tumor cells

is therefore the focus in the development not only of new tools

for tumor diagnosis and monitoring but also in the design of

new anticancer drugs [8]. Attempts have been made to mount

an immune response against tumor oligosaccharides by carbo-

hydrate vaccines [9] and also to inhibit adhesive processes, such

as the interaction between oligosaccharides and lectins, by syn-

thetic carbohydrate analogues [10-13].

Based on Schmidt’s imidate strategy [14], we have developed a

method for the synthesis of a library of saccharide-mimetics

containing furans. Furan, especially as its bis-hydroxymethyl-

ated derivative, was chosen as a core molecule because it

mimics a furanose but without an optically active center,

making the synthesis of defined molecules much easier than on

a furanose core. Synthetically it is easily accessible and is a

dienophile, which allows attachment of marker molecules in a

Diels–Alder reaction, leaving the hydroxy groups of the carbo-

hydrate moieties unaffected [15]. With biotin-labeled

Diels–Alder products of branched saccharide mimetics, discrete

staining patterns were observed on surfaces of human epithelial

tumor cells, but not on immortalized normal fibroblasts.

Screening of the library to find members with anti-adhesive

properties showed that 3,4-bis{[(β-D-galactopyrano-

syl)oxy]methyl}furan (BGF) could inhibit the adhesion of

murine B16F10 melanoma cells to several ECM-proteins [15].

Probably, more important than uncharged saccharides are

carbohydrates that contain acidic residues, such as sialic acids

or sulfated saccharides. Glycosaminoglycans (GAG) are long

polysaccharide chains containing sulfated saccharides of uronic

acids (either iduronic or glucuronic acid) and glucosamine or

galactosamine as repetitive disaccharide units. GAGs exist at

the cell-surface as well as in the ECM and are attached to

proteins [16]. Furthermore, the overexpression of the charged

blood group antigen sialyl Lewisx consisting of the terminal

NeuNAcα2-3Galβ1-4(Fucα1-3)GlcNAc-group is correlated

with carcinogenesis. It is recognized and bound by selectins,

which are a subgroup of lectins that play an important role as

cell-surface molecules [17]. Molecular dynamics simulations

have shown that furans with two saccharides bound to hydroxy-

methyl groups show a nearly perfect alignment with each of the

three terminal saccharides in Lewisy [15], another member of

the Lewis histo blood group family, which is involved in tumor

cell adhesion [18] as well as in tumor-induced angiogenesis

[19]. To further develop the molecules found to be biologically

active in our earlier study, and because charged saccharides are

important in tumor cell interactions, we decided to include a

charged pharmacophor. Here, we describe the synthesis of

(4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl

hydrogen sulfate (GSF), which is a bifunctional saccharide

mimetic consisting of a bis-hydroxymethylated furan core, a
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Scheme 1: Synthesis of (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF, 5) and 3,4-bis{[(β-D-
galactopyranosyl)oxy]methyl}furan (BGF, 7); (a) 1 equiv 3,4-bis(hydroxymethyl)furan (1) and 1 equiv imidate 2 in CH2Cl2, TMSOTf, 0 °C, 2 h, yield:
48%; (b) 1 equiv 3 with 5 equiv NMe3·SO3 in DMF, 55 °C, 5 h, yield: 95%; (c) NaOMe in MeOH, 10 h, rt, adjustment to pH 7.2 with 0.1 M HCl, yield:
85%; (d) 1 equiv 3,4-(bis-hydroxymethyl)furan (1) and 2.5 equiv imidate 2 in CH2Cl2, TMSOTf, 0 °C, 2 h, yield: 60%; (e) NaOMe in MeOH at 50 °C,
neutralization with Dowex WX8 H+, yield: 61%.

galactose residue and a sulfate group. It represents a mimetic of

the GAG-subunit and may interact with the cell-surface or the

ECM. We report the inhibitory capacity of the lead compound

GSF to block adhesion and migration both of tumor cells and

vascular endothelial cells and endothelial-cell-mediated

angiogenesis. Surprisingly, GSF may not only block carbohy-

drate–protein interactions but also integrin-mediated

protein–protein interactions, and thus, represents a strong candi-

date for the design of saccharide mimetics to be used as anti-

tumor drugs.

Results and Discussion
Syntheses of saccharide mimetics
Glycosylation of 3,4-bis(hydroxymethyl)furan (1) with 1.0

equiv imidate 2 in CH2Cl2 afforded 48% of monosaccharide 3.

The synthesis of (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-

3-yl)methyl hydrogen sulfate (GSF, 5) was modified by using

trimethylamine sulfur trioxide instead of pyridinsulfoxide. The

advantage was a short reaction time of 5 h at 50–55 °C instead

of at room temperature (rt). One equiv of the benzoylated furan

galactoside 3 was reacted with five equiv of trimethylamine

sulfur trioxide in DMF at 55 °C. After purification on silica

with CH2Cl2/CH3OH (5:1) the sulfate 4 was isolated in a yield

of 95%.

Deprotection of the sulfated benzoylated furan 4 was carried out

with freshly prepared sodium methylate in methanol at rt. After

10 h GSF (5) was obtained in a yield of 85%. It was found to be

important that after the debenzoylation the aqueous medium be

neutralized with 0.1 M HCl under control of a pH-meter, to pH

7.2. Under the highly acidic conditions induced by a Dowex H+

ion-exchange resin, the free sulfate decomposes. The product

was purified by silica gel chromatography (CH3CN/H2O, 95:5).

3,4-bis{[(β-D-galactopyranosyl)oxy]methyl}furan (BGF, 7)

was synthesized by glycosylating 1 with 2.5 equiv of imidate 2

to yield 60% benzoylated BGF 6. After deprotection with

CH3ONa in CH3OH, the reaction mixture was neutralized by

the addition of ion-exchange resin (Dowex WX8 H+) to yield

61% BGF (7) after recrystallization (Scheme 1).
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Analysis of cytotoxic effects of GSF toward
human cells
Two human melanoma cell lines, WM-115, isolated from a pri-

mary cancer, and WM-266-4, isolated from its cutaneous metas-

tasis, were used to initially screen the compounds. To exclude

the idea that the observed effects of the synthesized compounds

on the cell properties were caused by the compound killing the

cells, the cytotoxicity was determined over time with the

sulforhodamine-B assay. As an example, the growth of

WM-115 cells over a period of 72 h with increasing concentra-

tions of GSF is shown in Figure 1.

Figure 1: Effects of increasing concentrations of (4-{[(β-D-galactopyra-
nosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF) upon the
growth of human melanoma cells WM-115. Cell densities were
measured by staining adherent and fixed cells with sulforhodamine-B
and solubilizing the dye with Tris base. Absorbance was determined at
546 nm. Absorbance values are proportional to cell numbers.

GSF had a cytostatic effect at 2.5 mM beyond 24 h and exhib-

ited cytotoxic effects after 48 h at 5 mM. We also performed

cytotoxicity assays by counting cells after trypan-blue staining

for disrupted membranes, but the standard deviations are quite

high with this assay. Here, 5 mM GSF resulted in 40% dead

WM-266-4 cells after 48 h, while only 10% of the WM-115

cells were dead. At earlier time points, which are relevant for

the assays described below, only 10 mM GSF was toxic to

WM-266-4, and lower concentrations had no effect. The

melanoma cells isolated from the cutaneous metastasis there-

fore seem to be a bit more sensitive. Therefore, GSF is a mildly

toxic compound with an IC50 of more than 10 mM after 48 h.

In the cell adhesion assays described, cells were exposed to

GSF for a very short period of 2 h. Up to 6 h no effect of GSF

up to a concentration of 10 mM was observed (Figure 1). In

addition, the viability of the cells in cell adhesion assays after

incubation with the test compounds was checked in each assay

by using trypan blue, and even at the highest concentration of

40 mM no cytotoxicity was detectable.

BGF up to a concentration of 40 mM was neither cytotoxic nor

cytostatic to cells of these two melanoma lines. The human

endothelial cells HBMEC-60 showed a similar sensitivity to

GSF as the WM-115 cells, for which incubations beyond 72 h

led to the arrest of cell growth at 5 mM, and 10 mM was cyto-

toxic after these long incubation times.

Inhibition of melanoma cell adhesion by a
sulfated saccharide mimetic
In order to investigate the potential of the synthesized saccha-

ride mimetics to interfere with the binding of the human

melanoma line WM-115 to ECM proteins, we used a standard

adhesion assay. Cells were radioactively labeled with [methyl-
3H]-thymidine and we found a linear relation between the incor-

porated radioactivity and the number of cells, between 1 × 104

and 7 × 104 cells. To find the optimal conditions for WM-115

cells, their adhesion to increasing amounts of fibrinogen and

fibronectin from 0.1–2 µg per well was measured. WM-115

cells showed maximum adhesion to both proteins at amounts of

0.5 µg/well, when wells were coated as described in the experi-

mental section. The number of adherent cells varied between

40% and 70% of the 5 × 104 cells added to one well. Repro-

ducible values of around 50% adherence of cells were reached

when cells were grown for 48 h before radioactive labeling. In

general, more cells adhered to fibronectin than to fibrinogen.

WM-266-4 cells derived from the metastasis show a completely

different growth and adhesion behavior compared to the cells

isolated from the primary melanoma. Only 20–30% of the cells

seeded on fibronectin or fibrinogen attached after 1 h. Results

with inhibitors were therefore very difficult to perform, because

the variation in attached cells in control wells was very high.

Under normal culture conditions we always observed a lot of

detached but viable cells. In wound-healing assays WM-266-4

cells very rapidly closed the wounds but were never as dense as

WM-115 cells upon confluence. We therefore only used

WM-115 cells for adhesion assays. These properties may point

to high motility of a metastasis-derived cell line.

Our earlier results had shown oligosaccharide mimetics

containing furan as the core molecules to modulate cell–ECM

interactions. Especially 3,4-bis{[(β-D-galactopyrano-

syl)oxy]methyl}furan (BGF) had shown bioactivity by blocking

the adhesion of murine B16F10 melanoma cells to murine

fibronectin [15]. We have now obtained similar results with the

human WM-115 melanoma, for which we observed a 30%

reduction of the adhesion to human fibrinogen without any dose

dependence between 5–40 mM BGF (Figure 2A). One-way
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Figure 2: Inhibition of adhesion of WM-115 cells to fibrinogen (A), or to fibronectin (B) with increasing concentrations of (4-{[(β-D-
galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF) (blue bars), 3,4-bis{[(β-D-galactopyranosyl)oxy]methyl}furan (BGF) (red bars),
3,4-bis(hydroxymethyl)furan (green bars), or methyl β-D-galactopyranoside (grey bars). Radioactively labeled cells were exposed to the compounds in
medium for 1 h, then aliquots of the medium with 5 × 104 cells were seeded into a well precoated with the extracellular matrix protein and incubated
for a further 1 h. Nonadherent cells were washed off and adherent cells quantified by liquid scintillation counting. Means of four values ± SD relative to
cells adhering in the absence of the compounds are shown.

ANOVA analysis of variance showed the inhibition to be

significant (p < 0.001) pointing to an optimal concentration of

10–20 mM BGF. In the presence of GSF we obtained a signifi-

cant concentration-dependent decrease of adhesion to

fibrinogen (one-way ANOVA p < 0.001), down to 3% adherent

cells with 10 mM GSF. No inhibition could be seen with methyl

β-D-galactopyranoside or 3,4-bis(hydroxymethyl)furan, demon-

strating the importance of the sulfate- and the galactosyl-group

as bioactive parts of the molecule.

The cell adhesion to fibronectin decreased significantly (one-

way ANOVA p < 0.001) in a dose-dependent manner in the

presence of GSF until cell binding was completely blocked at

40 mM (Figure 2B). No significant inhibition by either BGF,

3,4-bis(hydroxymethyl)furan, or methyl β-D-galactopyranoside

was observed. In both experiments data analysis by two-way

ANOVA showed significance for substance and concentration

both with p < 0.001. The extent of inhibition of adhesion to

fibronectin by GSF was weaker than to fibrinogen.

In the GSF molecule both the sugar and the sulfate moiety can

interfere in several ways with cell–ECM binding. Carbohy-

drate–protein interactions may be inhibited by GSF binding to

cell surface lectins, thereby perturbing the binding of the cell to

the highly glycosylated ECM proteins [20], or by binding to

lectin-like domains on fibronectin. The negatively charged

sulfate group could also block cell–ECM interactions by inter-

fering with heparin binding sites on fibronectin [21] and

fibrinogen [22], which recognize the sulfated groups of cell-

surface-expressed GAGs. GSF could mimic the highly sulfated

GAG-building block. The result would be a reduction of free

binding sites on the cell surface for natural ligands, such as

sialyl-Lewisx, sialyl-Lewisa or GAG.

By completely blocking the cell adhesion of WM-115 cells to

fibrinogen and fibronectin with GSF we inhibited all interac-

tions of cells with the ECM. To characterize the affected inter-

actions in more detail, cells were incubated with peptidic inte-

grin ligands and GSF in combination.

The RGD motif (an arginine–glycine–aspartic acid peptide

sequence) is recognized and bound by several integrins

inc luding αvβ3  and  α5β1 .  The  sequence  g lu tamic

acid–isoleucine–leucine–aspartic acid–valine (EILDV) is the

binding motif of ligands of the α4β1 integrin. Both motifs are

part of the amino acid sequence of fibronectin.

In initial experiments we investigated the inhibition of cell

adhesion to fibronectin with increasing concentrations of the

RGD-containing peptide: glycine–arginine–glycine–aspartic

acid–serine–proline (GRGDSP) or EILDV. Neither peptide, up

to 2 mM, completely inhibited adhesion of WM-115 cells to

fibronectin. We then decided to combine the peptidic integrin

ligands with GSF to see if an antagonism or additive effect

upon cell adhesion occurs. For these experiments we chose

1 mM GRGDSP, 2 mM EILDV and 5 mM GSF.



Beilstein J. Org. Chem. 2012, 8, 787–803.

792

A complete inhibition of cell adhesion to fibronectin was

observed in the presence of 1 mM GRGDSP plus 2 mM EILDV

(Figure 3), and, as shown in Figure 2B, with GSF concentra-

tions of 40 mM. On the one hand, there was no detectable

carbohydrate–protein interaction, because the combined syn-

thetic peptidic integrin ligands completely blocked cell adhe-

sion to fibronectin, but on the other hand, cell adhesion could be

inhibited with the sulfated saccharide mimetic GSF, probably

by interfering with protein–protein interactions. The effects of

the single agents were additive, showing that they probably

interact at different sites that are important for adhesion. The

effect of GSF on cell adhesion is dependent on ECM proteins,

since WM-115 cell adhesion on plastic was not influenced by

GSF up to 20 mM. At 40 mM, only 40% inhibition of adhesion

was observed (data not shown).

Figure 3: Inhibition of adhesion of melanoma cells WM-115 to
fibronectin-coated plastic by 5 mM (4-{[(β-D-
galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF),
1 mM glycine–arginine–glycine–aspartic acid–serine–proline
(GRGDSP), 2 mM glutamic acid–isoleucine–leucine–aspartic
acid–valine (EILDV), 1 mM GRGDSP plus 5 mM GSF, 2 mM EILDV
plus 5 mM GSF, 1 mM GRGDSP plus 2 mM EILDV. Cells were
radioactively labeled and incubated in the presence of the compounds
indicated for a total of 2 h. Nonattached cells were then washed away
and the remaining cells quantified by their radioactivity. Means of four
values ± SD relative to cells adhering in the absence of the com-
pounds are shown. One-way ANOVA followed by Bonferroni’s Multiple
Comparison Test showed combinations with GSF to be significant as
indicated; * = p < 0.05, *** = p < 0.001.

Moitessier et al. [23] synthesized a combinatorial library of

carbohydrate mimetics, based on xylose, as inhibitors of the

integrins αIIbβ3 and αvβ3 and blocked binding to the natural

ligand RGD, as reviewed by Gruner et al. [24]. Gottschalk and

Kessler [25] created a β-D-mannose-containing inhibitor of

α4β1 based on in silico modeled structures.

In silico analysis of GSF interaction with
integrins
Our data showing similar inhibition of melanoma cell attach-

ment to fibronectin by GSF as by the combined integrin ligand

peptides, also points to an interaction of GSF with integrins. To

find possible binding sites for GSF, we used a “blind docking”

approach to screen the protein surface of the extracellular

domain of αvβ3, the crystal structure of which was published by

Xiong et al. [26]. In an initial validation study, we performed

multiple blind-docking experiments using the cyclic peptide

Cilengitide® (cyclo-[RGDfN(Me)V]) [27] as a ligand. The

orientation of the pentapeptide Cilengitide and its binding to the

binding site formed by the α and β chains of αvβ3 reproduced

the published X-ray structure with high accuracy.

The method thus validated was then used to dock GSF in silico

to the same surface area. This resulted in two binding sites. One

site was identical to the binding site described for the RGD

motif [28] of the cyclic peptide and a second binding site was

located inside the β-propeller domain of the αv domain

(Figure 4A). This binding site is probably a nonfunctional site

since it is most likely not accessible for “surface bound” mole-

cules such as ECM proteins. It is therefore possible that GSF

blocks the functional binding site of natural ligands and the syn-

thetic cyclic peptide Cilengitide (Figure 4B), explaining the

observed interference with the adhesion of melanoma (Figure 2)

and endothelial cells (Figure 7) to the extracellular matrix

protein.

In order to investigate the molecular interactions of GSF in the

RGD binding site of the integrin molecule in more detail we

performed molecular dynamics (MD) simulation in explicit

water. The MD simulation was started from the docked pos-

ition of the GSF ligand. GSF slightly changed its position

during the MD simulation, in which the sulfate group moved to

the position that was occupied by the carboxylate group of the

aspartic acid in the cyclic peptide (Figure 4C). The galactose

forms several hydrogen bonds with the protein. A surface-water

density analysis based on a MD simulation of the unligated

protein in water revealed that the furan oxygen atom in

GSF occupies the position of a (predicted) surface water-

binding site.

Impact of (4-{[(β-D-galactopyrano-
syl)oxy]methyl}furan-3-yl)methyl hydrogen
sulfate (GSF) on melanoma cell migration
Migration of malignant tumor cells is an important step in the

process of metastasis. Diverse members of the integrin family

as well as MMPs have been shown to play a crucial role in the

motility of cells [29-31]. Using a two-dimensional migration

assay, we observed the effect of GSF on migration of the human
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Figure 4: In silico blind-docking (A, B) and molecular dynamic simulations (C) of (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen
sulfate (GSF) on the extracellular domain of the integrin αvβ3. A: The blind-docking studies showed a preferred binding of GSF (red) to the binding site
of the natural peptide ligands on αvβ3 (yellow arrow). An additional binding site was predicted to be located inside the β-propeller domain of the α
chain (blue arrow). B: Close-up of the binding site between the αv (blue) and the β3 (red) chain of the integrin showing the synthetic pentapeptide
cyclo-[RGDfN(Me)V] with thin lines and GSF in broader lines. Carbon, oxygen, nitrogen and sulfur are shown in blue, red, dark blue, and yellow, res-
pectively. The manganese ions are represented as green spheres. C: Molecular dynamics simulation in water of the GSF molecule showing hydrogen
bonds of the galactose moiety with the amino acids in the binding site of integrin αvβ3 (Gal(OH4) with ASP218 and Gal(OH6) with ASP219/ALA552).
The sulfate coordinates with one of the manganese ions.

Figure 5: Intact cell monolayers of WM-115 cells in 12-well plates were wounded with a 100 µL pipette tip and washed three times with serum-free
medium. Complete medium either containing 5 mM (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF) (upper row) or
without GSF (lower row) was added to the wells, and cell migration into the wound was observed by microscopy after 0, 4, 8 and 24 h.

melanoma lines WM-115 and WM-266-4 into a wound

scratched into an intact cell monolayer.

The migration rates of the two untreated cell lines are clearly

different. While WM-115 cells from the original tumor needed

about 24 h for the wound to close (Figure 5), the WM-266-4

cells derived from the metastasis of the same primary tumor are

about three times faster, almost completely closing the wound

within 8 h.

Incubation of the WM cells with GSF at concentrations that

inhibit integrin-mediated cell adhesion, leads also to interfer-

ence of the cell migration. GSF at a concentration of 5 mM

diminished the number of WM-115 cells migrating into the

wound after 24 h (Figure 5), and as shown in Figure 1 this is not

due to a toxic effect of GSF. The influence on WM-266-4 cells

was even more pronounced. These cells changed their

morphology after 8 h by rounding up without complete detach-

ment of the cells. After 24 h no more attached cells could be
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Figure 6: A: Zymograms (color inverted) of serum-free conditioned medium of melanoma cells treated with (4-{[(β-D-
galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF) for 24 h at the concentrations indicated. Dark bands are the result of gelati-
nolytic activity of the proteins migrating into the gel. Molecular weights in kilodalton (kD) are indicated on the left. B: Western blot on the left analyzed
with anti-MMP-2 antibodies showing that the gelatinolytic activity determined in parallel in the gel on the right is caused by activated MMP-2. “Control”
lane is a molecular weight standard (albumin).

detected, but the detached cells were still viable (trypan-blue

exclusion test) (data not shown). Binding of GSF to αvβ3 prob-

ably leads to the loosening of focal adhesion plaques and

detachment of cells from their adjacent matrix. This interaction

would also explain a weaker effect of GSF on WM-115 cells,

because their star-like, lamellipodic structure contains more

focal adhesions than the filopodia of WM-266-4. These results

confirm the assumption of an antagonistic effect of GSF on cell-

surface molecules such as integrins.

Impairment of MMP-2 activity by GSF
Matrix metalloproteinases (MMP) play a critical role in the

invasion of tumor cells and metastasis formation. MMP-2, an

ECM degrading gelatinase, is directly associated with tumor

progression in a variety of cancer diseases [32]. The impor-

tance of active MMP-2 in melanoma progression is summa-

rized in a review [33].

Because GSF inhibited the αvβ3-mediated adhesion of WM-115

cells to fibrinogen, it may also influence the activation of

MMP-2. The enzymatic activity of gelatinases such as MMP-2

can be determined in serum-free medium in which cells were

grown for several days, i.e., serum-free conditioned medium

(SFCM). After separation of proteins by electrophoresis in a

polyacrylamide gel containing gelatin, the gelatinolytic activity

can be determined after renaturation of the enzymes and visual-

ized by staining the gel with Coomassie blue, in which white

bands in a blue gel show enzymatic activity at the molecular

weight of the enzymes. This process is called zymography and

was performed to study the activation status of MMP-2 after

incubation of the melanoma cells with GSF. Functionally active

MMP-2 (64 kD) was found in SFCM in which WM-115 and

WM-266-4 cells had been incubated while no bands of the

proforms could be observed (Figure 6A, lanes „control“).

Bands were identified as MMP-2 in a Western blot with an anti-

MMP-2 antibody (Figure 6B). With increasing concentrations

of GSF the active MMP-2 form disappeared and the intermedi-

ate (68 kD) and inactive proform (72 kD) were detectable in

SFCM from both cell lines (Figure 6A). In SFCM of WM-115
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cells an unknown gelatinolytic band of 45 kD appeared in the

samples, which disappeared also with higher concentrations of

GSF. Incubation of the cells with 20 mM GSF showed an

overall reduction of the gelatinolytic activity, probably due to a

cytotoxic effect of GSF at higher concentrations in serum-free

medium, which is a stressful condition for cells routinely culti-

vated in the presence of 10% fetal bovine serum (FBS)

(Figure 1).

Brooks et al. [5] proposed an activation model for MMP-2 in

which the gelatinase is recruited to the cell surface by the

binding of pro-MMP-2 and active MMP-2 to integrin αvβ3.

After cleavage, active MMP-2 is liberated and degrades ECM

components such as collagen type IV. Hofmann et al. [34]

proposed a second activation model, which is also associated

with binding of the pro-MMP-2 to αvβ3 in addition to

membrane-bound matrix metalloprotease MT1-MMP,

suggesting that this integrin plays a crucial role in MMP-2 acti-

vation.

Teti et al. [35] observed increasing MMP-2 activity after incu-

bation with the αvβ3-integrin-ligand GRGDSP, similar to the

activation seen upon binding of cells to fibronectin or

fibrinogen. However, GSF, which inhibits cell adhesion to both

ECM-proteins, inhibits the cleavage of the MMP-2 pro-

sequence.

A GSF–αvβ3 interaction could directly or allosterically inhibit

binding of pro-MMP-2 to the integrin, and our in silico blind-

docking studies (Figure 4) have shown GSF to bind to another

domain on αvβ3 in addition to the RGD binding site. Alter-

natively, GSF could bind to the ECM and thereby inhibit cell

adhesion and MMP-2 activation. The lack of inhibition of cell

adhesion to plastic by GSF points to such a mechanism. A

reduction of the gelatinase MMP-2 and its proforms could also

be caused by lower pro-MMP-2 expression upon GSF binding

or its cellular uptake.

Effects of saccharide mimetics on adhesion,
migration and tubule formation of vascular
endothelial cells
Endothelial cells play a central role in the process of angiogen-

esis, which is stimulated and regulated by a complex network of

chemo- and cytokine-signaling. One of the pivotal angiogenic

factors is the vascular endothelial growth factor (VEGF); in

addition, the initial steps of angiogenesis may also be stimu-

lated by inflammatory growth factors, such as the tumor

necrosis factor (TNF) [35-39]. During the first stages of vessel

formation endothelial cells have to adhere to and migrate along

the extracellular matrix, build contacts between each other, and

finally form tubules [40,41].

In order to evaluate the influence of saccharide mimetics on

endothelial vessel formation we studied the effects of GSF and

BGF in several in vitro endothelial cell assays. For our studies

we used a transformed human endothelial cell line (HBMEC-

60) derived from bone marrow [42], which, in its biological

characteristics, is similar to primary endothelial cells, such as

human umbilical cord vein endothelial cells (HUVEC) [19,43].

The influence of GSF on the adhesion of HBMEC-60 endothe-

lial cells to ECM components was tested using plates coated

with fibronectin, laminin or collagen. Addition of GSF to the

cells in medium inhibited the adhesion of these cells to all three

matrix components in a dose-dependent fashion (Figure 7). Cell

adhesion was strongest to fibronectin and collagen, and weaker

to laminin in the absence of GSF. A significant inhibition of

adhesion to fibronectin was observed at a concentration of

5 mM GSF (approximately 28% inhibition). This result is

similar to that obtained with GSF-mediated inhibition of adhe-

sion of WM-115 melanoma cells to fibronectin (Figure 2). At

concentrations of 10 mM GSF adhesion to all three ECM

components was inhibited by about 40%.

Figure 7: Adhesion of HBMEC-60 to extracellular matrix proteins. Prior
to the adhesion experiments, HBMEC-60 cells were incubated for
30 min with (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl
hydrogen sulfate (GSF) at the concentrations indicated. The cells were
then seeded onto plates coated with fibronectin, collagen or laminin.
After 30 min nonadherent cells were removed, and adherent cells were
fixed, stained with methylene blue, and washed; the cell-bound dye
was then extracted and the absorption determined photometrically. In
some experiments cells were also stimulated with TNF as described in
the Experimental section. TNF pretreatment of cells resulted in virtu-
ally the same adhesive properties as without TNF and with a signifi-
cant inhibition of adhesion by GSF at 5 mM. The values shown are the
mean and SD of six replicates. The same results were obtained in two
independent experiments.

In a subsequent step, we assessed the influence of GSF on the

migration of HBMEC-60 cells through 8 μm pores in polycar-

bonate transwells coated with extracellular matrix proteins. For



Beilstein J. Org. Chem. 2012, 8, 787–803.

796

this assay endothelial cells were stimulated before seeding into

the plates, with either VEGF or TNF as indicated. Inhibition of

migration and adhesion to the lower side of the transwells was

observed at a concentration of 1 mM GSF and increased up to

10 mM for all three matrix components, although to different

extents. Two-way ANOVA analysis showed significant effects

of concentration (p < 0.001) and substance (p < 0.001) on

migration. One-way ANOVA showed significant (p < 0.001)

concentration dependence for GSF on all three matrix proteins.

The strongest inhibitory effects were obtained after TNF stimu-

lation at a concentration of 10 mM GSF on collagen-coated

plates (Figure 8). It has to be noted that BGF, though much

weaker than GSF, also inhibited migration and adhesion (data

not shown).

Figure 8: Effect of (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-
yl)methyl hydrogen sulfate (GSF) on transmigration of HBMEC-60 cells
on transwell plates with 8 μm pores and adhesion to matrix compo-
nents on the lower side of the wells. Cells were stimulated with TNF,
then GSF or 3,4-bis(hydroxymethyl)furan (control), or medium only
(HBMEC), were added. Cells were seeded into transwell inserts
coated with extracellular matrix proteins as indicated. After incubation
for 30 min nonadherent cells were washed away, and cells sticking to
the proteins were fixed, stained and quantified. Shown is an exem-
plary experiment with TNF-stimulated HBMEC-60 cells. The experi-
ments were performed in triplicate and in three independent experi-
ments for each extracellular matrix protein.

As described earlier, migration of WM-115 (Figure 5) and

WM-266-4 melanoma cells observed in a two-dimensional

migration assay system was also inhibited by GSF. It therefore

seems that adhesion and migration both of human tumor and

endothelial cells are affected by GSF, pointing to a more

general mechanism, possibly mediated by several different

forms of integrin that adhere to either, collagen, fibronectin or

laminin. Besides perturbing integrin-ECM protein–protein inter-

actions, GSF may also interfere with ionic forces between

charged ECM proteins and cells due to the negative charge of

the sulfate.

In order to investigate cell biological features that are more

specific for endothelial cells, we looked at contact and network

formation between endothelial cells under the influence of

saccharide mimetics as measured in the matrigel-assay. The

cells were prestimulated with either VEGF or TNF for 24 h and

then added to the plates coated with a complex extracellular

matrix (matrigel). Network formation of cells in the presence of

mimetics was observed after an overnight incubation period. As

shown in Figure 9A, a concentration of 2.5 mM GSF already

severely disturbed the formation of interendothelial cell

contacts, and at higher GSF concentrations no contacts at all

were built. It has to be noted that at a concentration of 5 mM

GSF, and to a somewhat lesser extent also at 10 mM GSF, the

endothelial cells were still viable such that GSF disturbs the

initial phases of their networking rather than their viability and

proliferation.

Although the in silico studies described earlier predict an inter-

action of GSF with the RGD binding site on integrins, and inte-

grin αvβ3 antagonists have been shown to block angiogenesis

[45], we cannot rule out that this saccharide mimetic also

competes with cell-surface-bound oligosaccharides interacting

with the respective binding partners on neighboring cells. In this

respect our results are reminiscent of a previous study in which

we described the inhibition of endothelial networking by mono-

clonal antibodies against the histo blood group oligosaccarides

Lewisy and H and further by siRNA inhibition of the fucosyl-

transferase FUT1 and GDP-4-keto-6-deoxymannose-epimerase/

reductase (FX-protein) [19]. The FX-protein is required for de

novo synthesis of GDP-fucose from GDP-mannose [46],

whereas FUT 1 catalyzes the α2 fucosylation of blood group H

type 1 and Lewisy oligosaccharides. The fucosylated oligo-

saccharides Lewisy and H are strongly expressed on the cellular

extensions that form the first contacts between endothelial cells.

From these experiments we concluded that fucosylation of

oligosaccharide chains is necessary for the first steps in the

lining-up of endothelial cells and ensuing tubule formation. In

our earlier study we reported that bis-glycosylated 3,4-

bis(hydroxymethyl)furan derived saccharide mimetics

containing fucose and galactose or two galactoses showed good

structural agreements with the terminal oligosaccharides of

Lewisy by in silico MD simulation, and at the same time these

mimetics showed biological activities [15]. Lewisy has been

reported to be part of the oligosaccharide moiety of the α5β1

integrin interacting with fibronectin [47]. Therefore, the

inhibitory activity of GSF with regard to integrin-mediated

processes may be caused by blockade of the RGD site as well as

by interfering with the oligosaccharides of the respective inte-

grin. Further studies are needed to show whether GSF indeed

interacts with oligosaccharide binding sites on cells and there-

fore contributes to the inhibition of cell–cell communication.
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Figure 9: Influence of saccharide mimetics on endothelial networking (matrigel-assay) (A) and tube formation (B,C). A: The matrigel-assay is used to
assess the initial stages of tube formation, i.e., the lining-up and subsequent formation of networks between endothelial cells. In the experiment
shown, cells were stimulated with TNF or left untreated for 24 h, then (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (GSF)
was added in the concentrations indicated. The cells were then seeded onto the matrigel, which consists of a solubilized complex basement
membrane of the EHS mouse tumor [44], and incubated overnight. B: The tubing assay measures the formation of endothelial tubules in a coculture
of HUVEC and fibroblast cells (dots seen in the background). VEGF, which is necessary for proper in vitro tubule formation, was added at day 0 to the
cells together with GSF or 3,4-bis{[(β-D-galactopyranosyl)oxy]methyl}furan (BGF) in the concentrations indicated. As one control, tubule formation is
shown with VEGF only (untreated) or with 3,4-bis(hydroxymethyl)furan (5 mM control*). The growth media including growth factors and the respective
mimetics were changed at days 4 and 7. At day 9 the medium was removed and the endothelial cells were stained with a monoclonal antibody
against the cell surface antigen CD31 to allow evaluation of tubule formation. The assay was performed in three independent experiments with the
same results in terms of the GSF effect. C: The tubule formation as observed under the microscopic was quantitatively analyzed using Angiosys 1.0
software, which counts the total tubule length, number of tubules and junctions between different tubules. Here, we show the results for total tubule
length of an experiment performed as shown in panel B. The values are means and standard deviations of three experiments, * = p < 0.05,
*** = p < 0.001 of the GSF exposed cells compared to VEGF alone. ANOVA one-way analysis of variance showed the concentration dependence of
the GSF effect to be significant with p < 0.0001. The results for the other parameters reflected the same tendency of inhibitory capacity of GSF with
increasing concentrations.
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As expected from the results of the matrigel assay, GSF also

inhibited the sprouting of endothelial cells and their tubule for-

mation in the long-term tube-formation assay of HUVEC cells

cocultivated with fibroblasts in a dose-dependent manner

(Figure 9B and Figure 9C). An inhibitory effect of GSF could

be already observed at a concentration of 0.4 mM and increas-

ingly in a dose-dependent manner up to 5 mM GSF. In contrast,

even 5 mM BGF showed a very minor effect on tubule forma-

tion, indicating that GSF had a specific inhibitory effect on in

vitro angiogenesis.

Conclusion
We have described the synthesis of the lead compound (4-{[(β-

D-galactopyranosyl)oxy]methyl}furan-3-yl)methyl hydrogen

sulfate (GSF) and its possible biological application with regard

to the inhibition of tumor cell adhesion to an extracellular

matrix, and to interference with endothelial cell-mediated

angiogenesis. GSF thus targets three important aspects of

metastasis, namely tumor cell invasion, the adhesion of the cells

to extracellular matrix proteins, and the ensuing angiogenesis

enabling tumor growth. These properties make this lead com-

pound interesting for further development as an anti-cancer

drug. The integrins ανβ3 and α5β1 are highly expressed on acti-

vated endothelia of tumor tissues and, thus, represent ideal

targets for cancer treatment. In this respect, GSF may occupy

the same binding site on these integrins as the cyclic RGD

pentapeptide Cilengitide®, which targets the integrins ανβ3 and

α5β1. Cilengitide has been described as a strong inhibitor of

angiogenesis and is currently under investigation in several clin-

ical trials for the treatment of recurrent malignant glioblastoma

[48]. GSF, due to its direct anti-tumor and anti-angiogenic

effect, may represent a new class of small-molecule anticancer

drugs. Although anti-angiogenic drugs such as the monoclonal

antibody Avastin®, which blocks the activity of VEGF, are

already in clinical use for tumor therapy, they cannot prevent

overall progression of malignant cancers. This may be due to

the tumors mounting a resistance against these treatments, e.g.,

by using mechanisms of blood-vessel formation other than

VEGF-mediated ones. Therefore, there is a strong need to

develop new anti-angiogenic drugs for tumor treatment. Saccha-

ride mimetics, as shown here, may have an excellent potential,

not only because of their inhibition of angiogenesis but also

because of their ability to directly interfere with mechanisms

that are essential for metastasis formation.

An advantage of saccharide mimetics such as GSF, also in com-

parison to more complex oligosaccharide mimetics, is their

chemically easy accessibility and their potential for further

derivatization. In this respect, GSF is a lead compound, which

upon minor variations in its molecular structure, such as the

introduction of a second sulfate or the replacement of the sulfate

by a halogen, may become even more potent [49]. Further

systematic tests are needed to investigate the structure–activity

relationship.

Experimental
General
Commercially available reagents and anhydrous solvents were

used without further purification unless stated otherwise.

TMSOTf was from Acros, Geele, Belgium, all other chemicals

were from either Sigma-Fluka, Taufkirchen, Germany, Fisher

Scientific, Schwerte, Germany or Merck Schuchardt, Darm-

stadt, Germany. Thin-layer chromatography was performed on

TLC plates Si 60 F254 (Merck) in petroleum ether (PE), ethyl

acetate (EE) or other solvents as indicated, and compounds

were visualized under UV and after spraying with a cerium-

molybdate spray reagent (20 g ammonium molybdate, 0.4 g

cerium(IV) sulfate in 400 mL 10% sulfuric acid) or

vanillin–sulfuric acid spray reagent (1% vanillin in 15% sulfuric

acid). Column chromatography was performed on silica gel

(63–200 mesh, particle size 60 Å, MP Biomedicals, Eschwege,

Germany), Dowex WX8 H+ was from Serva, Heidelberg,

Germany. Analytical HPLC was performed on a Jasco HPLC

system by using a Lichrosphere-RP18 (e)-5µ, 250/4 mm

column for reversed-phase chromatography unless stated other-

wise. The UV detector was set to 210 nm to monitor the signals

of the analytes.

1H and 13C NMR spectra were recorded on a Bruker AM 250

(250 MHz for 1H and 63 MHz for 13C) instrument (Bruker,

Rheinstetten, Germany) with Me4Si (δ = 0) as the internal stan-

dard. Mass spectrometry electrospray ionization (ESI–MS)

measurements were recorded on a Finnigan MAT TSQ 7000

instrument. All measurements were performed at the central

spectroscopy unit of the DKFZ.

S y n t h e s i s  o f  3 , 4 - b i s { [ ( β - D - g a l a c t o p y r a n o -

syl)oxy]methyl}furan (BGF, 7): 2,3,4,6-Tetra-O-benzoyl-β-D-

galactopyranose was synthesized by ChemCon GmbH

(Freiburg, Germany). 2,3,4,6-Tetra-O-benzoyl-β-D-galactopy-

ranosyl trichloroacetimidate (2) was synthesized according to

Schmidt et al. [14]. 3,4-Bis(hydroxymethyl)furan (1) was

synthesized according to [50].

For  3 ,4-bis{[(2 ,3 ,4 ,6- te t ra-O -benzoyl-β -D-galacto-

pyranosyl)oxy]methyl}furan (6) TMSOTf (100 µL) was added

to a solution of furan 1 (1.28 g, 10 mmol) and imidate 2 (18.5 g,

25.0 mmol) in dry CH2Cl2 (150 mL) at −40 °C. The reaction

was stirred for 2 h at 0 °C and then extracted with aq. NaHCO3

(100 mL) and H2O (100 mL). After evaporation of the solvent

the product was recrystallized from PE/EE, 1:1. The bis-galac-

toside 6 (7.70 g, 6 mmol) was obtained in 60% yield as a white
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foam. TLC (PE/EE 3:1) Rf 0.1; ESI–MS (m/z): 1285.4 [M + H]+

(2), 1302.5 [M + NH4]+ (10), 1307.4 [M + Na]+ (100); HPLC:

(n-hexane/THF 80:20→50:50 in 10 min, Purosphere-Si80-5µ,

125/4 mm) tR7.9 min; 1H NMR (250 MHz, CDCl3) δ 3.80 (dt,

J4´,5´ = 1 Hz, J5´,6a´ = J5´,6b´= 6.5 Hz, 2H, 2 H5´), 4.11 (d, J1´,2´

= 7.8 Hz, 2H, 2 H1´), 4.21 (d, JO-CHa,O-CHb = 11.4 Hz, 2H, 2

O-CHa), 4.34 (dd, J6a´,6b´ = 11.2 Hz, 2H, 2 H6a´), 4.57 (dd, 2H,

2 H6b´), 4.63 (d, 2H, 2 O-CHb), 5.41 (dd, 2H, J2´,3´ = 10.4 Hz,

J3´,4´ = 3.5 Hz, 2 H3´), 5.66 (dd, 2H, 2 H2´), 5.84 (dd, 2H, 2

H4´), 8.09–7.19 (m, 42H, 40 Ar-H, H2, H5); 13C NMR (63

MHz, CDCl3) δ 61.62, 62.00 (2 C6´, 2 O-CH2), 68.06, 69.82,

71.15, 71.40 (2 C2´, 2 C3´, 2 C4´, 2 C5´), 99.68 (2 C1´), 120.32

(C3, C4), 128.30, 128.57, 128.71, 128.83, 129.00, 129.48,

129.63, 129.74, 129.87, 130.02, 133.29, 133.38, 133.59 (48

Ar-C), 142.41 (C2, C5), 164.90, 165.54, 165.98 (8 CO).

D e p r o t e c t i o n  t o  3 , 4 - b i s { [ ( β - D - g a l a c t o p y r a n o -

syl)oxy]methyl}furan (BGF, 7): The bis-galactoside 6 (2.00 g,

1.56 mmol) was added to a freshly prepared solution of sodium

(0.5 g) in methanol (50 mL). The resulting suspension was

heated to 50 °C until it was clear. When debenzoylation of 6

was complete (monitored by TLC) the solution was neutralized

with Dowex WX8 H+, the solvent evaporated, the product

dissolved in H2O (50 mL) and extracted twice with diethylether

(50 mL), the H2O evaporated and the product crystallized from

methanol. BGF (7, 430 mg, 0.95 mmol) was obtained with 61%

yield as a white foam. TLC (CHCl3/EtOH 4:1) Rf 0.8; ESI–MS

(m/z): 453.0 [M + H]+ (12), 470.1 [M + NH4]+ (28), 475.0 [M +

Na]+ (100), 922.5 [2M + H]+ (2), 927.4 [2M + Na]+ (5); HPLC:

(CH3CN/H2O 0:100→100:0 in 40 min) tR 5.8 min; 1H NMR

(250 MHz, D2O) δ 3.53 (dd, J1´,2´ = 7.7 Hz, J2´,3´ = 9.9 Hz, 2H,

2 H2´), 3.63 (dd, J3´,4´ = 3.4 Hz, 2H, 2 H3´), 3.69 (ddd, J4´,5´ =

0.9 Hz, J5´,6a´ = 4.3 Hz, J5´,6b´ = 7.8 Hz, 2H, 2 H5´), 3.75 (dd,

J6a´,6b´ = 11.5 Hz, 2H, 2 H6a´), 3.82 (dd, 2H, 2 H6b´), 3.92 (dd,

2H, 2 H4´), 4.47 (d, 2H, 2 H1´), 4.71 (d, JO-CHa,O-CHb = 11.8

Hz, 2H, 2 O-CHa), 4.92 (d, 2H, 2 O-CHb), 7.64 (s, 2H, H2, H5);
13C NMR (63 MHz, D2O) δ 65.58, 65.80 (2 C6´, 2 O-CH2),

73.25, 75.26, 77.39, 79.73 (2 C2´, 2 C3´, 2 C4´, 2 C5´), 105.90

(2 C1´), 124.83 (C3, C4), 148.07 (C2, C5).

Synthesis of (4-{[(β-D-galactopyranosyl)oxy]methyl}furan-

3-yl)methyl hydrogen sulfate (GSF, 5): 3-Hydroxymethyl-4-

{[(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl-1-yl)-

oxy]methyl}furan (3) was synthesized by adding TMSOTf

(100 µL) to an ice cooled solution of furan 1 (2.92 g,

22.3 mmol) and imidate 2 (17.2 g, 22.3 mmol) in dry CH2Cl2

(150 mL). The reaction was stirred for 2 h at 0 °C, and 1 h at rt,

and then stopped by neutralization with triethylamine. The

solvent was evaporated and the product purified by silica gel

column chromatography (PE/EE = 7:3→1:1). The monoglyco-

side 3 (7.2 g, 10.1 mmol) was obtained with 48% yield as a

white foam. TLC (PE/EE 7:3) Rf 0.27; HPLC: (CH3CN/H2O,

0:100→100:0 in 60 min) tR 53 min; ESI–MS (m/z): 729.4 [M +

Na]+ (100); 1H NMR (250 MHz, CDCl3) δ 4.36 (m, 3H, CH2-

furan, H5´), 4.46 (dd, J5´,6a´ = 6.3 Hz, J6a´,6b´ = 11.4 Hz, 1H,

H6a´), 4.67 (d, J = 12.2 Hz, 1H, CHaOGal), 4.70 (dd, J5´,6b´ =

6.5 Hz, 1H, H6b´), 4.88 (d, 1H, CHbOGal), 4.94 (d, J1´,2´ = 7.9,

1H, H1´), 5.61 (dd, J2´,3´ = 10.4 Hz, J3´,4´ = 3.7 Hz, 1H, H3´),

5.84 (dd, 1H, H2´), 6.00 (dd, 1H, H4´), 7.4–8.12 (m, 22H, 20

Ar-H, H2, H5); 13C NMR (63 MHz, CDCl3) δ 55.62 (CH2OH),

62.21 (CH2OGal), 69.72, 71.15, 71.2, 76.38 (C2´, C3´, C4´,

C5´), 99.7 (C1´), 120.26 (C3), 124.2 (C4), 128.1–133.6 (20 ×

CBz), 142.4 (C2, C5), 164.7–166.1 (4 × CO).

Synthesis of (4-{[2,3,4,6-tetra-O-benzoyl-β-D-galactopyra-

nosyl)oxy]methyl}furan-3-yl)methyl hydrogen sulfate (4): To a

solution of furan 3 (5.0 g, 7.08 mmol) in dry DMF (35 mL),

NMe3·SO3 (4.92 g, 35.4 mmol) was added. The reaction mix-

ture was stirred for 5 h at 55 °C, the solvent evaporated and the

product purified by silica gel column chromatography (CHCl3/

MeOH 5:1). Compound 4 (5.4 g, 6.8 mmol) was obtained in

95% yield as a white solid. TLC (CHCl3/MeOH 5:1) Rf 0.1;

ESI–MS (m/z): 785.2 [M − H]− (100); HPLC: (CH3CN/H2O

0:100→100:0 in 60 min) tR 34 min; 1H NMR (250 MHz,

CDCl3) δ 4.31 (dd, J4´,5´ = 1.4 Hz, J5,6a´ = J5´,6b´ = 6.9 Hz, 1H,

H5´), 4.38 (dt, J6a´,6b´ = 12.2 Hz, 1H, H6a´), 4.48 (d,

JCHaOGal,ChbOGal = 12.8 Hz, 1H, CHaOGal), 4.63 (dd, 1H,

H6b´), 4.65 (d, 1H, CHbOGal), 4.77 (s, 2H, CH2OSO3), 4.96

(d, J1´,2´ = 7.1 Hz, 1H, H1´), 5.64 (dd, J2´,3´ = 11.0 Hz, J3´,4´ =

2.8 Hz, 1H, H3´), 5.69 (dd, 1H, H2´), 5.93 (dd, 1H, H4´),

7.6–8.0 (m, 22H, 20 Ar-H, H2, H5); 13C NMR (63 MHz,

CDCl3) δ 55.06 (CH2OSO3), 61.48 (C6´), 62.07 (CH2OGal),

68.11, 69.08, 70.08, 71.51 (C2´, C3´, C4´, C5´), 100.01 (C1´),

119.23, 120.78 (C3, C4), 128.1–133.5 (20 × CBz),

142.1, 143.06 (C2, C5), 165.50, 165.60, 165.68, 166.64 (4 ×

CO).

Deprotection to (4-{[(β-D-galactopyrano-syl)oxy]methyl}furan-

3-yl)methyl hydrogen sulfate (GSF, 5): Solid, powdered

NaOCH3 (170 mg, 3.15 mmol) was added to a solution of furan

4 (1.0 g, 1.27 mmol) in dry methanol (20 mL), and the reaction

mixture was stirred for 10 h at rt. The solvent was then evapo-

rated, and the product was dissolved in water (10 mL), adjusted

to pH 7.2 with 0.1 M HCl, and extracted three times with

diethyl ether. The aqueous layer was lyophilized. GSF (5, 400

mg 1.08 mmol) was obtained with 85% yield as a white

powder. TLC (CH3CN/H2O 9:1): Rf 0.7; HPLC: (CH3CN/H2O

2:98) tR 5 min; ESI–MS (m/z): 369.0 [M − H]− (100); 1H NMR

(250 MHz, D2O) δ 3.53 (dd, J2´,3´ = 9.8 Hz, J1´,2´ = 7.7 Hz, 1H,

H2´), 3.64 (dd, J3´,4´ = 3.2 Hz, 1H, H3´), 3.73 (ddd, J5´,6a´ = 5.9

Hz, J5´,6b´ = 6.3 Hz, J5´,4´ = 1.6 Hz, 1H, H5´), 3.81 (dd, J6a´,6b =

12.4 Hz, 1H, H6a´), 3.83 (dd, 1H, H6b´), 3.94 (dd, 1H, H4´),
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4.48 (d, 1H, H1´), 4.68 (d, JCHaOGal,ChbOGal = 11.5 Hz, 1H,

CHaOGal), 4.90 (d, 1H, CHbOGal), 5.07 (s, 2H, CH2OSO3),

7.65 (s, 1H, H5), 7.68 (s, 1H, H2); 13C NMR (63 MHz, DMSO-

d6) δ 58.4, 60.5, 60.6 (CH2OSO3, CH2OGal, C6´), 68.2, 70.6,

73.4, 75.2 (C2´, C3´, C4´, C5´), 102.6 (C1´), 121.3, 121.7 (C3,

C4), 141.49, 141.52 (C2, C5).

In silico blind-docking and molecular
dynamics simulations
A flexible docking approach using AUTODOCK 3.05 [51] was

applied to screen a large part of the surface of the protein for

potential binding sites. The complete β-propeller domain of αv

and the βA domain of β3 were extracted from the crystal

structure of the extracellular segment of integrin αvβ3 (pdb

code 1L5G) [26] and used as a (rigid) receptor for docking.

In an initial test calculation the cyclic peptide ligand Cilengi-

tide® (cyclo-[RGDfN(Me)V]) [48] present in the X-ray struc-

ture [26] was redocked to the receptor in a “blind-docking” ap-

proach in which the search space covered almost the complete

receptor surface (grid dimensions: 120 × 80 × 80, resolution

0.75 Å).

The input files for AUTODOCK were created with the help of

“AutoDockTools” [52]. The genetic algorithm with local search

option (GA-LS) as implemented in AUTODOCK was used to

dock the flexible ligand. One hundred AUTODOCK jobs were

started in parallel each performing 10 GA-LS runs, giving rise

to 1000 individual GA-LS docking runs in total. For each

GA-LS docking run 1,000,000 energy evaluations were

performed. The Conformational Analysis Tools (CAT) program

was used to merge the output data of the AUTODOCK runs, to

perform the analysis of the entire dataset, and to organize the

results in such a way that areas on the protein surface exhibit-

ing a strong binding affinity could be easily visualized by using

standard display programs.

In order to refine the docked structure of GSF a molecular

dynamics (MD) simulation of the complex was performed by

using AMBER [53]. The atomic partial charges and the

topology files for GSF were prepared with antechamber. The

final input files for sander were built with tleap. The MD simu-

lations were run at 300 K in explicit water, by using periodic

boundary conditions and following established standard proto-

cols.

Cell lines and culture conditions
The human melanoma cell lines WM-115 and WM-266-4 were

obtained from the American Type Culture Collection

(Manassas, VA). The WM-115 line was derived from a prima-

ry tumor and the WM-266-4 line from a cutaneous metastasis of

the same patient. Both lines were maintained in Eagle’s

minimum essential medium (MEM) with Earle’s salts

(Biochrom, Berlin, Germany), 2 mM L-glutamine (PAA, Cölbe,

Germany), 1 mM sodium pyruvate (Biochrom, Berlin,

Germany), 0.1 mM nonessential amino acids (Biochrom,

Berlin, Germany), 1.5 g/L NaHCO3 (Biochrom, Berlin,

Germany) and 10% fetal bovine serum (FBS) (PAN Biotech,

Aidenbach, Germany). Both lines were grown in a 5% CO2

atmosphere at temperatures of 34.5 °C (WM-115) or 37 °C

(WM-266-4). Cells were passaged once a week by using 0.05%

trypsin, 0.02% EDTA in PBS (PAA, Cölbe, Germany) to detach

cells.

HBMEC-60 (retrovirally immortalized human-bone-marrow-

derived endothelial) cells, kindly provided by Dr. E. van der

Schoot (Sanguin, Amsterdam, The Netherlands) and originally

described by Rood et al. [42], were grown in endothelial-

specific culture medium (endothelial cell basal medium, Promo-

Cell, Heidelberg, Germany), supplemented with 20% (v/v) FBS

(Biochrom, Berlin, Germany), 1 μg/mL hydrocortisone,

0.1 ng/mL human epidermal growth factor and 1ng/mL human

basal fibroblast growth factor, as recommended by the manu-

facturer. Cells used for the assays described below were

mycoplasm free as verified by DAPI-staining of DNA and a

PCR based mycoplasm test (Venor GeM-OneStep, Minerva

Biolabs, Berlin, Germany).

Cytotoxicity test
Cytotoxicity of GSF was tested using the sulforhodamine B

(SRB) assay. Cells (1.3 × 104/ well) were seeded into a 96-well

plate and after 24 h incubation 2.5 to 10 mM of saccharide

mimetics were added to the medium. After 24, 48 or 72 h the

medium was gently removed and cells were fixed for 5 min at

−20 °C with MeOH/HOAc, 95:5. After being washed three

times with H2O and dried, the cells were stained with 0.4%

SRB in 1% HOAc for 30 min. Wells were washed three times

with 1% HOAc before the bound dye was dissolved with

10 mM Tris (pH 10.5). The absorbance at 546 nm was

measured by using a microplate reader (µ-Quant, BIO-TEK

Instruments Inc., Winooski, VT). The means and SD of quadru-

plicates were calculated.

Experimental conditions for human melanoma cells
Adhesion assay: To coat flexible 96-well plates (polyvinyl

chloride (PVC), Falcon, Becton-Dickinson, Heidelberg,

Germany) with human plasma ECM proteins, 0.5 µg human

fibronectin (Invitrogen Karlsruhe, Germany) or 0.5 µg human

fibrinogen (Calbiochem, Schwalbach, Germany) dissolved in

50 µL H2O was added to the wells and incubated overnight at

4 °C. Nonspecific binding sites were blocked with 200 µL of

1% bovine serum albumin (BSA) solution in phosphate-

buffered saline (PBS). To control for nonspecific adherence to
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the PVC surface, cell adhesion was also measured on noncoated

PVC plates.

Nearly confluent monolayers of WM-115 cells (48 h growth)

were labeled with [methyl-3H]-thymidine (spec. activity

1.16–31.5 TBq/mmol, Hartmann Analytic, Braunschweig,

Germany), 1.48 MBq/106 cells/mL and incubated for 16 h at

their respective temperatures. Cells were detached with 0.05%

EDTA and washed three times in assay-medium (serum-free

MEM-medium with Earle’s salts containing 0.25 mM MnCl2

and 0.1% BSA). Test compounds (the compounds described

above, and methyl-β-D-galactose (Fluka, Taufkirchen,

Germany), the peptides GRGDSP (Calbiochem, Darmstadt,

Germany) or EILDV (synthesized by R. Pipkorn, DKFZ) were

dissolved in assay medium and the cells were incubated therein

for 1 h. For the adhesion assays on PVC, the assay medium

contained no BSA. To each coated well 5 × 104 cells were

added, and after 1 h nonadherent cells were removed by three

consecutive washing steps with PBS. Wells were cut out and

transferred into scintillation vials, and then 5 mL scintillation

cocktail (Ultima Gold, PerkinElmer, Boston, MA) was added

and [3H] quantified by using a scintillation-counter (TriCarb

2200CA, Packard, Downers Grove, IL). Attached cells were

quantified with a standard curve, which was performed for each

assay, relating the cell number to [3H]-radioactivity. The

number of adherent cells relative to the 5 × 104 cells/well were

calculated and related to the control incubations without test

compounds. Standard deviations were calculated according to

Bishop [54], taking the SD of the control into account.

Cell migration (wound healing) assay: Intact cell monolayers

of WM-115 or WM-266-4 cells in 12-well plates (Becton Dick-

inson, Heidelberg, Germany) were wounded with a 100 µL

pipette tip and washed three times with serum-free medium.

Complete medium containing GSF was added to the wells and

cell migration into the wound was observed by microscopy after

2, 4, 8 and 24 h and compared with migration in medium

without GSF.

Matrix metalloprotease (MMP) assays: Zymographic

analyses. Cells grown for 48 h were treated with GSF for 24 h

in serum-free medium. Medium was removed and centrifuged

for 8 min at 300g. Samples containing equal amounts of protein

(determined by Lowry’s method) were separated under nonre-

ducing conditions in a 7.5% sodium dodecyl sulfate-polyacryl-

amide gel (SDS-PAGE) polymerized together with 0.1%

gelatin. After electrophoresis, gels were washed twice in 2.5%

Triton X-100 and four times in H2O before overnight incuba-

tion in gelatinase buffer (0.02% Brij 35, Tris-HCl 50 mM, NaCl

150 mM, CaCl2 10 mM, pH 7.6). Gelatinolytic activity was

visualized by Coomassie-blue staining.

Western blot of MMP-2. Samples were prepared as described

for zymography and separated in a 7.5% polyacrylamide gel

under reducing conditions. Proteins were electroblotted onto

nitrocellulose sheets (Schleicher & Schuell, Dassel, Germany)

and the blots blocked for 30 min with 5% milk powder in PBS.

Incubation with the primary mouse anti MMP-2 antibody

(MAB13431, Chemicon, Temecula, Canada) in PBS with 0.5%

human serum albumin was carried out overnight. After washing

with PBS containing 0.1% tween-20 membranes were incu-

bated for 4 h at rt with a rabbit anti-mouse alkaline phosphatase

conjugated antibody (Dako, Glostrup, Denmark) in PBS with

0.5% human serum albumin. After additional washes the

binding of the secondary antibody was visualized by BCIP/

NBT-Blue (Sigma, Taufkirchen, Germany) as substrate.

Experimental conditions for human endothelial cell
assays
Adhesion assay: For endothelial cell adhesion assays we used

96-well microtiter plates precoated either with laminin,

fibronectin (both supplied by Becton Dickinson, Heidelberg,

Germany) or collagen I (supplied by Greiner Bioscience, Frick-

enhausen, Germany). Cells were pre-incubated with the respec-

tive mimetic compounds in the concentrations indicated, for

30 min on ice. Prior to use, microtiter plates were washed with

phosphate-buffered saline (PBS), then 4 × 104 cells/100 μL

culture medium without FBS or growth factors, and with or

without mimetic compounds, were added to each well and culti-

vated for 30 min at 37 °C in a 5% CO2 atmosphere. Subse-

quently, the culture medium was decanted, and then the cells

were washed twice in PBS and adherent cells fixed in 4%

formaldehyde (v/v) in PBS for 5 min at rt. Subsequently, the

fixation solution was removed, the plates were air dried and

washed with 0.01 M borate, and the cells were stained in 1%

methylene blue dissolved in 0.01 M borate for 10 min at rt. The

staining solution was removed, and the cells were washed in

water. The plates were air dried again and incubated with

200 μL/well of extraction buffer (0.1 M HCl/EtOH, 1:1 (v/v))

for 30 min at rt. Absorption was measured in an ELISA reader

at 620 nm to quantify adherent cells. For certain experiments,

cells were stimulated with 40 ng/mL human recombinant tumor

necrosis factor (TNF) (PromoCell) 24 h prior to the test. Experi-

ments were performed with six replicates.

Migration assay: In an endothelial migration assay, polycar-

bonate transwells (8 μm pore size, Corning Costar) were coated

on the lower side with laminin, fibronectin or collagen type I

(10 μg/mL in PBS each for 1 h at 37 °C) and were inserted into

24-well plates. Endothelial cells were plated at a density of

4 × 105 cells/mL (100 μL/insert) into transwells in endothelial

medium as described above, with or without 40 ng/mL TNF or

20 ng/mL VEGF and mimetic compounds, as indicated. After
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incubation for 30 min at 37 °C nonadherent cells were removed,

and cells on the transwells were washed with PBS and fixed in

4% paraformaldehyde for 10 min at rt, washed again and

stained in the dark with Hoechst 33342 DNA dye (Invitrogen),

washed twice with PBS at rt and then stored at 4 °C until photo-

graphical documentation of the microscopy image and further

counting of adherent stained cells.

Matrigel in vitro angiogenesis assay: The assay was

performed as previously described [43]. Cells were preincu-

bated with either 40 ng/mL TNF or 20 ng/mL VEGF for 24 h at

37 °C, before the cells (4 × 104 cells/well in 300 μL medium)

were added to 48-well plates coated with matrigel. The cells on

matrigel plates were incubated overnight, with or without test

compounds, in concentrations as indicated, at 37 °C, before the

cellular networks were documented photographically and the

networks quantified by a computational image-evaluation

program.

Tubing in vitro angiogenesis assay: The cell preparation kit of

TCS (Buckingham, UK) was used to perform the endothelial

tubule formation assay. Cocultures of cells consisting of fibro-

blasts and human umbilical cord vein endothelial cells

(HUVEC) were incubated in 24-well plates. On day 1, VEGF

(20 ng/mL) and the test compounds in concentrations as indi-

cated were added to the cell culture. The growth medium

including growth factors and test substances was changed at

days 4 and 7 of cell culture. At day 9 the medium was removed

from the cell culture, and the cells were washed and fixed in

70% EtOH (v/v) for 30 min at rt, followed by a washing step

and incubation in MeOH/30% H2O2, 40:1 (v/v) for 10 min at rt.

The cells were washed, then incubated with a monoclonal anti-

body against the CD31 antigen (Dako, Hamburg, Germany),

which is specifically expressed on endothelial cells. They were

then diluted 1:20 for 30 min, and, after a washing step, incu-

bated with a secondary goat anti-mouse IgG antibody coupled

to biotin (Dako) for 20 min, followed by a washing step and

incubation with streptavidin coupled to horseradish peroxidase

for 20 min. Antibody reactivity was visualized by adding AEC

(3-amino-9-ethylcarbazole) chromogen substrate (Dako) to the

cells for 14 min in the dark. Enzymatic reaction was stopped by

washing with water. Wells were sealed with mounting medium

and microscopic quantitative analysis of tube formation was

performed with the software Angiosys 1.0, TCS (Cellworks).

Statistical analyses were performed with GraphPad PRISM

version 5.
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Abstract
Over the past few years, synthetic methods for the preparation of complex glycopeptides have been drastically improved. The need

for homogenous glycopeptides and glycoproteins with defined chemical structures to study diverse biological phenomena further

enhances the development of methodologies. Selected recent advances in synthesis and applications, in which glycopeptides or

glycoproteins serve as tools for biological studies, are reviewed. The importance of specific antibodies directed to the glycan part,

as well as the peptide backbone has been realized during the development of synthetic glycopeptide-based anti-tumor vaccines. The

fine-tuning of native chemical ligation (NCL), expressed protein ligation (EPL), and chemoenzymatic glycosylation techniques

have all together enabled the synthesis of functional glycoproteins. The synthesis of structurally defined, complex glycopeptides or

glyco-clusters presented on natural peptide backbones, or mimics thereof, offer further possibilities to study protein-binding events.
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Introduction
The majority of human proteins are co- or post-translationally

modified by mono- or oligosaccharides. The glycoprotein

saccharides contribute physiochemical properties, influencing

protein conformation or increasing stability against proteolytic

activity. With their unique structural diversity and complexity,

carbohydrates attached on proteins or lipids are involved in

numerous cell-surface binding events, such as cell growth and

differentiation, cell proliferation, cell adhesion, binding of

pathogens, fertilization and immune responses [1,2]. Further-

more, glycans assist in intracellular protein folding and trans-

port. Pathogenic processes, such as chronic inflammation, viral

and bacterial infections, tumor growth and metastasis, and auto-

immune disorders, all involve glycan cell–cell or cell–external-

agent communication [3-5]. The availability of structurally

defined glycopeptides and glycoproteins, which contain infor-

mation about the glycan structure and glycosylation sites, is

valuable for functional biological studies. Glycopeptides have,

for instance, been applied to evaluate the role of con-
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Figure 1: Tumor-associated glycosylation on MUC1 tandem repeat peptides.

formational and proteolytic stability [6]. In other studies, syn-

thetic glycopeptides have been employed in vaccines to induce

specific immune responses or for the inhibition of protein-

binding events [7-10]. This review is written with the intention

to highlight a few recent reports describing the synthesis and

application of synthetic glycopeptides and glycoproteins. For a

more detailed description of this field of research, the reader is

guided to other excellent reviews [6-18].

Review
Glycopeptide-based vaccines
Specific immune recognition, in which the glycan and the

peptide backbone contribute to the binding epitope, is of par-

ticular interest for the development of safe immunotherapy and

immunodiagnostics. Since the discovery, by Springer et al., that

glycoproteins on the outer cell membrane of epithelial tumor

cells have an altered glycosylation consisting of the Thomsen-

Friedenreich (T-) antigen and its precursor TN-antigen structure,

the synthesis and evaluation of anti-tumor vaccines have been a

topic of intense research [19]. During the past few years, the

synthesis and evaluation of glycopeptide-based mucin anti-

tumor vaccines have dominated this research area [7,20-24].

Mucins are a class of extensively glycosylated proteins

expressed on the surface of epithelial cells or secreted in mucus.

Among them, mucin 1 (MUC1) is expressed on almost all

epithelial tissues. Changes of the cell-surface protein glycosyl-

ation together with MUC1 protein overexpression, results in the

formation of tumor-specific epitopes consisting of both the

formed short saccharides, e.g., TN, T, sialyl-TN and sialyl-T,

and the mucin tandem repeat peptide region, which is exposed

due to the aberrant glycosylation (Figure 1) [25-27]. A number

of synthetic glycopeptide vaccines with the MUC1 tumor asso-

ciated glycopeptide epitope as target have recently been

prepared. Variation of glycan structure, number of glycans per

repeat, and the sites for glycan attachment on the MUC1

peptide backbone were explored. For the induction of a strong

and specific immune response, different immuno-stimulants

were connected to the mucin glycopeptides. Among the

immuno-stimulants, the Toll-like receptor 2 (TLR2) ligand,

tripalmitoyl-(S)-glyceryl lipopeptide Pam3-Cys-Ser-(Lys)4

(Pam3CSK4) and carrier proteins, such as tetanus toxoid

(T.Tox.), have been successfully applied in MUC1 anti-tumor

vaccines [28-30]. TH-cell peptides included in two- or three-

component vaccines and multivalent glycopeptide dendrimer

vaccines have furthermore been evaluated [31-33].

Synthetic MUC1-tetanus toxoid conjugate vaccines have proven

to be particularly interesting. Tetanus toxoid vaccines conju-

gated to other antigens have been administered to humans.

During immunization in mice, highly specific and strong

immune responses were induced in a number of cases

[28,29,34]. Furthermore, several antibodies induced by the

vaccines showed specific recognition of tumor cells.

The MUC1 tandem repeat glycopeptides were synthesized on

solid-phase, according to the Fmoc strategy, by using Fmoc

protected amino acids and Fmoc glycosyl amino acid building

blocks in a stepwise fashion. After cleavage from resin and

removal of the protecting groups the MUC1 glycopeptides

(1–5) could be conjugated through diethyl squarate to the

tetanus toxoid carrier protein (Scheme 1). Immunological evalu-

ation of MUC1 glycopeptide vaccines containing a sialyl-TN, a

T-antigen, or a difluoro-T-antigen on different positions in the

tandem repeat (6–10), showed that high antibody titers were

induced in almost all of the immunized mice. Evaluation of the

generated antibodies provided evidence that specific immune

responses were elicited towards the MUC1 antigens present in

the vaccines. FACS analysis with serum antibodies induced by

the MUC1 vaccines 7–10 showed that they all recognize MCF-
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Scheme 1: Synthesis of MUC1 tetanus toxoid protein conjugate vaccines.

7 breast-cancer cells. The serum from mice immunized with

vaccine 9 was further evaluated through mammary carcinoma

tissue-staining experiments. A gradual increase of the tissue

staining was found, resulting from a strong binding to the

advanced G3-phase tumor tissue. Taken together, these results

show that a selective immune response discriminating between

healthy and diseased tissue can be efficiently obtained

[28,29,34].

A number of two- or three-component vaccines containing a

Toll-like receptor-2 (TLR2) ligand have, moreover, been

synthesized and evaluated [35-38]. These self-adjuvanting

vaccines avoid invoking an immune response to the immune

carrier, a problem commonly seen upon employing protein

conjugate vaccines. The synthesis of two-component vaccines

with a Pam3Cys TLR2 ligand connected to TN, T and sialyl-T

MUC1 glycopeptides was recently described (Scheme 2) [35].

The Pam3CSK4 lipopeptide fragment 13 was prepared by Fmoc

solid-phase synthesis, including protected amino-acid side

chains after resin cleavage. Subsequently, different TN, T and

sialyl-T MUC1 glycopeptides (2, 11, 12) were prepared and

fully deprotected. Peptide synthesis was followed by fragment

condensation employing HATU and HOAt and after additional

deprotection steps, resulting in the formation of the lipopeptide

vaccine constructs 14–16. Immunization of the vaccines in mice

showed that a specific immune response was induced in all

mice although not with the high antibody titers found upon

employing MUC1 tetanus toxoid vaccines [35]. In a later study,

two- and three-component vaccines were synthesized and

compared by immunological evaluation. The three component

vaccines, containing an extra tetanus toxoid T-cell peptide

epitope, showed a stronger immune response when the MUC1

peptides were glycosylated, whereas the nonglycosylated two-

and three-component vaccines did not show any difference in

antibody titers [36]. Recently, a three-component vaccine

consisting of a MUC1 TN-glycopeptide, a polio peptide T-cell

epitope and the Pam3CSK4 lipopeptide immune-stimulant was

prepared by liposome-mediated native chemical ligation. Mice

immunized with the three-component vaccine were injected

with breast-cancer tumor cells, and were found to be signifi-

cantly more resistant to tumor growth compared to control mice

[37]. Vaccines with multivalent MUC1 T- and TN-glyco-
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Scheme 2: TN, T and sialyl-T MUC1 Pam3Cys two-component vaccines.

peptides were efficiently conjugated through azide/alkyne click

chemistry to the Pam3CSK4 lipopeptide immune-stimulant. The

recently reported vaccines are currently under immunological

investigation [38].

Synthetic glycoproteins
An important task for chemists is to make homogenous glyco-

proteins and complex glycopeptides available for biological

research. Studies of glycosylation effects on protein con-

formation, stability and structure–activity relationships (SAR)

are a few examples of the applications of synthetic glyco-

proteins. Since the discovery of native chemical ligation (NCL)

by Kent and co-workers, numerous efforts have been made to

prepare challenging protein targets [39-44]. In the NCL method,

a native amide bond is formed by coupling of a C-terminal

thioester with the N-terminal cysteine, followed by a S→N acyl

shift. The development of a variant of NCL, namely expressed

protein ligation (EPL), has further made it possible to effi-

ciently prepare large proteins without the size limitations set by

ordinary peptide synthesis [45]. Bertozzi and co-workers intro-

duced the NCL and EPL techniques for glycoprotein synthesis

by preparation of a number of GalNAc containing O-glyco-

proteins, such as the antimicrobial protein diptericin, the

cytokine lymphotactin and the leukocyte adhesion molecule

ligand GlyCAM-1 [46-48]. By repeated NCL couplings of

mucin tandem repeats, MUC2 and MUC1 tandem repeat

polypeptides have been prepared, and such polypeptides are

useful for the development of anti-tumor vaccines [49,50]. The

bovine ribonuclease C glycoprotein (RNase C) has been used as

a model system for the preparation of homogenous N-glyco-

proteins, employing NCL and EPL for coupling between a

N-glycopeptide and other peptide/protein fragments [51-53].

The glycoprotein contains eight cysteines locked up as disul-

fide bridges, which need to be correctly folded to obtain an

active enzyme [54-56]. In one study, a complex type

N-glycopeptide (fragment 17) was prepared by standard Fmoc-

SPPS followed by sequential NCL [51]. The N-glycopeptide

fragment RNase 26–39 (17) was prepared with a thioester in the

C-terminal and a thiazolidine protected cysteine at the

N-terminus. The chemical ligation was performed by coupling

of the N-glycopeptide thioester RNase 26–39 (17) and the

expressed protein fragment 40–124 (18) containing a

N-terminal cysteine, employing thiophenol and tris(2-

carboxyethyl)phosphine (TCEP). The obtained RNase frag-

ment 26–124 (19) was then treated with N-methoxyamine

(0.2 M, pH 3–4, 4 h) to remove the protecting group on the
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Scheme 3: Preparation of RNase C by sequential NCL.

N-terminal cysteine. Ligation of the RNase fragment 26–124

(20) to the thioester peptide fragment RNase 1-25 (21) was fol-

lowed to give RNase fragment 1–124 (22). The formed

RNase C protein was then folded by treatment with glutathione

disulfide (GSSG) resulting in an active RNase C enzyme (23)

(Scheme 3).

Recently, the 111-amino-acid long β-subunit of human follicle-

stimulating hormone (hFSH) glycoprotein was prepared,

containing two complex type N-glycans, modified with core

fucose and terminal sialic acid glycan residues [57]. The FSH

β-subunit was prepared by sequential native chemical ligation.

Initially, a larger C-terminal fragment, (β-FSH 28–111) was

obtained by ligation of two shorter synthetically prepared

peptides followed by sequential coupling of two N-terminal

glycopeptide fragments (β-FSH 1–19 and 20–27) employing

standard NCL conditions. Binding of the hFSH glycoprotein to

its receptor stimulates the maturation of follicles and the

production of estrogene in females, and maintains spermatogen-

esis in males [58]. Recombinant FSH, which is heteroge-

neously glycosylated, is currently used in the clinic for treat-

ment of disorders associated with infertility [59]. Studies on

mice have further indicated that FSHs reduce tumor growth

[60]. The synthesis of different homogenous glycosylated FSH

proteins to investigate SAR would therefore be highly desirable.

Another clinically relevant glycoprotein prepared by NCL and

EPL is erythropoietin (EPO), a red-blood-cell stimulant used for

the treatment of renal anaemia [61]. EPO consists of 166

amino-acid residues with four glycosylation sites, one

O-glycosylation site positioned at serine 126 and three

N-glycosylation sites positioned at aspargines 24, 38 and 83.

EPO has been found to contain multiple glycoforms and the

efficacy of EPO is heavily dependent on the type and extent of

glycosylation [62,63]. The synthesis of homogeneously glyco-

sylated EPO for improvements in therapy is therefore desirable.
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Scheme 4: Preparation of an EPO analogue modified with complex type N-glycans at position 24 and 30.

Kajihara and co-workers have prepared a number of erythro-

poietin analogues by expressed protein ligation [64,65]. Com-

plex-type N-glycans were attached through coupling to side-

chain cysteine residues employing the haloacetamide method,

forming a non-native linkage to the peptide backbone

(Scheme 4). Due to E. coli expression of fragment 33–166, the

natural sites for glycosylation 38, 83 and 126 could not be

modified, and instead, glycosylations were incorporated at other

unnatural positions. The synthetic EPO analogues modified

with two or three complex type N-glycans, were evaluated in a

cell proliferation assay showing that the analogues induced cell-

proliferation in vitro. However, cell-proliferation activity in

vivo was very weak for both analogues.

Danishefsky and co-workers prepared a number of erythro-

poietin glycopeptide fragments to improve the native chemical

ligation methodology [14,66-68]. Recently the complete EPO

protein was prepared by sequential NCL containing four

glycosylation sites [69].

Although traditional NCL has resulted in advancements in the

preparation of synthetic proteins, there is still a need for better

methods that are independent of the relatively low abundance of

the cysteine residue for a broad application of NCL in protein

synthesis. To meet these needs, efforts are being made to

improve the NCL ligation method, e.g., auxiliary based proto-

cols, desulfurization methods or sugar-assisted chemical liga-

tion (SAL) are all examples of expanded NCL techniques [70-

77].

According to the auxiliary-based ligation strategy, a thiol-

containing mimic replaces the N-terminal cysteine; the mimic

group is then cleavable after ligation with the C-terminal

thioester peptide fragment. The auxiliary-based coupling

strategy employing the 4,5,6-trimethoxy-2-mercaptobenzoyl

(Tmb) group is illustrated in Scheme 5. Two glycopeptide frag-

ments are coupled together under reductive conditions. The

ortho-thiophenolic moiety rearranges, forming a C-terminal

thioester, followed by coupling to the N-terminal peptide frag-

ment containing a thiol auxiliary. After coupling, the Tmb

auxiliary could be removed by treatment with 95% trifluoro-

acetic acid (TFA). In spite of the strong-acid treatment required,

the glycosidic bonds were reported to stay intact (Scheme 5)

[70,78].

Although applicable in glycopeptide ligation, the Tmb auxil-

iary strategy is of limited use in glycoprotein synthesis, due to

the harsh conditions employed for auxiliary removal. Further-
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Scheme 5: Auxiliary-assisted NCL of two glycopeptide fragments.

more, due to steric hindrance by the auxiliary group, the reactiv-

ity of the amine group is reduced resulting in longer coupling

times and lower yields. Therefore, the auxiliary method is

mainly applied when the ligation site contains a glycine residue.

To avoid these limitations, a ligation methodology has been

developed with the thiol group linked to the amino-acid side-

chain functional groups. After ligation the side-chain thiol could

be removed by Raney nickel treatment. Employing the

desulfurization methodology, thiol amino acids could be

converted to alanine, valine, phenylalanine and threonine

residues [71-76]. As an alternative to Raney nickel reduction, a

radical-induced desulfurization method was recently reported

[76]. An example of the desulfurization method is illustrated in

Scheme 6. After the NCL-reaction, the γ-thiol valine at the liga-

tion site could be converted to a valine by treatment with tris(2-

carboxyethyl)phosphine (TCEP), t-BuSH, and the water-soluble

radical initiator VA-044 [73]. The radical-induced desulfuriz-

ation method has also been applied in the total synthesis of an

EPO glycoprotein analogue [69].

Another promising path to prepare homogenous glycoproteins

is represented by chemoenzymatic synthesis. Both glycosyl-

transferases and endoglycosidases have been applied in the syn-

thesis or modulation of the glycan structure of glycopeptides

and glycoproteins [79,80]. The chemoenzymatic strategy based

on transglycosylation activity of endo-β-N-acetylglu-

cosaminidase (ENGase) deserves particular attention. Two

ENGases have commonly been applied in glycopeptide/glyco-

protein synthesis, Endo-A specific for high-mannose glycans

and Endo-M operating on both high-mannose and complex type

N-glycans [81-83]. These enzymes can, in contrast to glycosyl-

transferases, by means of a one-step reaction attach large oligo-
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Scheme 6: NCL of a glycopeptide fragment, generating valine by desulfurization at the ligation site.

saccharides to a GlcNAc polypeptide. Until recently, the appli-

cation of the transglycosylation reaction was of limited use, due

to competing enzyme hydrolysis of the formed glycopeptide/

protein. By use of oxazoline transition-state analogue

substrates, the rate for the transglycosylation reaction was

increased and thereby the slower product hydrolysis reaction

could be avoided [84,85]. A number of successful preparations

of N-glycopeptides and N-glycoproteins have since then been

successfully prepared by using oxazoline oligosaccharide

donors; the synthesis of a HIV gp120 glycopeptide fragment,

the HIV gp41 peptide, and the RNase B glycoprotein are a few

examples [84,86-89]. The glycan remodeling approach is partic-

ularly interesting for glycoprotein synthesis. This method was

employed in the synthesis of two RNase B glycoproteins modi-

fied with either high-mannose or complex type N-glycans [87].

The bovine RNase B glycoprotein 39 used in this study

contained a mixture of high-mannose glycoforms; by treatment

with endoglycosidase H (Endo-H), these glycans could be

hydrolytically cleaved leaving the GlcNAc monosaccharide still

attached to the protein. By treatment with a complex type

glycan oxazoline donor and an Endo-M mutant or a high-

mannose oxazoline donor and an Endo-A mutant, two different

homogenous glycoproteins 40 and 41 were formed (Scheme 7)

[87].

Glycopeptide binding events
Carbohydrates on proteins and lipids play critical roles in

cell–cell and cell–external-agent binding events. Efforts in the

preparation of diverse carbohydrate structures immobilized in a

microarray format have made carbohydrates accessible for

numerous functional studies of protein-binding recognition [90-

92]. In addition to the glycan structure, multivalency and orien-

tation are important for the presentation of glycan ligands, and,

in addition, the peptide backbone of the glycoprotein is some-

times a part of the binding recognition domain. Synthetic glyco-

peptides with natural multivalent presentation of glycan struc-

tures may function as tools for the investigation of protein-

binding events. Applications of glycopeptides in a microarray

format are desirable for such binding studies. Evaluation of

antibody binding epitopes in vaccine and biomarker discovery

is one recent example of glycopeptide microarrays [93,94].

Multivalency and orientation for glycan presentation have been

shown to be important for the inhibition of microbe and lectin

binding [95-105]. The synthesis of glycoclusters/dendrimers is

an area of research aimed at tackling the increasing problems

with bacterial multi-antibiotic resistance. Microbe adherence to

the glycans on the tissue cell surface is essential for an infec-

tion to progress. As a consequence, mutations of the pathogen
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Scheme 7: Synthesis of homogeneous glycoproteins by chemoenzymatic glycan remodeling.

adhesion proteins, resulting in a loss of cell-surface binding

recognition are not very likely to occur. Interference with the

microbe binding events by employing an anti-adhesive strategy

could therefore be very efficient. In several microbe and lectin

binding studies, glycopeptide based glycoclusters/dendrimers

were applied, employing linear peptide backbones, cyclic

peptide scaffolds or multi-lysine scaffolds [106-118].

The pentavalent cholera toxin protein secreted by Vibrio

cholerae, causes severe diarrhea and massive dehydration upon

binding and entrance into the intestinal epithelial cells [119].

The AB5-type toxin consists of one toxic ADP-ribosyltrans-

ferase and five lectin subunits that bind to the gangloside GM1

ligands on the epithelial cell surface [120]. The cholera-

toxin–GM1 complex is one of the most well characterized

protein–carbohydrate interactions [95-99]. Development of

inhibitors targeting the cholera-toxin protein–carbohydrate

binding events is a novel strategy for disease prevention and

therapy as well as for detection of the toxin in patient samples.

Binding studies to GM1 ligands have clearly demonstrated the

importance of multivalency in protein–carbohydrate binding

recognition [95-99,120]. In one study, a 380,000 (47,000/

sugar)-fold affinity enhancement and an IC50 of 50 pM was

reported, by comparison of a GM1 monovalent derivative with

the multivalent inhibitor [121]. The X-ray crystal structure of

the cholera-toxin–GM1-ganglioside complex has shown that

most of the protein contacts are given to the terminal galactose

unit [122]. With this knowledge in hand, dendrimers based on

readily available galactose monosaccharide ligands have been

prepared and evaluated [123].

The type 1 fimbriated Echerichia coli is a pathogen responsible

for urinary tract infections with millions of cases every year

[124]. The type 1 fimbriae have been identified to be a major

contributor to these infections [125,126]. The FimH lectin on

type 1 fimbriae is an attractive target for the inhibition of



Beilstein J. Org. Chem. 2012, 8, 804–818.

813

Figure 2: Di- and trivalent glycopeptide dendrimers evaluated for FimH inhibition.

α-mannose-mediated cell adhesion [127-131]. Previous X-ray

studies have proven that the FimH lectin has a monovalent

binding site recognizing α-D-mannose [132,133]. In close prox-

imity to the mannose-binding crevice, two tyrosine residues

form the “tyrosine gate” [134]. By π–π stacking interactions

with the aromatic tyrosine residues, monovalent α-mannose

ligands containing hydrophobic aglycons, have shown increased

binding affinities [128,135,136]. Employing multivalent

ligands, the binding affinity to FimH could be further increased

[137-139]. In one study, the FimH inhibition of mannosylated

di- and tetravalent lysine core dendrimers resulted in 455- and

2000-fold increases relative to a monovalent mannose residue

[114]. The observed multivalency effects are not fully under-

stood. In a recent study, mannose di- and trivalent glyco-

peptides were evaluated for their inhibition of FimH binding

[107]. The valency, conformational properties, and spatial

arrangement of the attached mannose residues were evaluated.

Glycopeptides containing an aromatic aglycon showed

increased affinity to FimH due to interactions with the FimH

tyrosine gate; this effect was more pronounced by the divalent

glycopeptides. In accordance with other studies, it could be

concluded that the distance between the mannoside ligands was

important, showing stronger inhibition for the divalent

glycopeptide with a larger spatial ligand distance (Figure 2)

[140-142].

In another study, a combinatorial library of fucosyl-peptide

dendrimers was synthesized and screened for binding to the

fucose-specific lectin (LecB) from Pseudomonas aeruginosa, a

pathogen causing severe infections in patients leading to

chronic inflammation in the airways [106,143]. Previously, it

was found that the LecB protein was important for biofilm for-

mation [144-146]. In the screening for LecB inhibitors, one

g lycopep t ide  dendr imer ,  FD2  49  (C-FucLysPro -

Leu)4(LysPheLysIle)2LysHisIleNH2, showed particularly

strong LecB inhibition (FD2 IC50 = 0.14 μM and L-fucose

IC50 = 11 μM) [106]. The glycopeptide dendrimer was able to

completely inhibit P. aeruginosa biofilm formation at a concen-

tration of 50 μM and established biofilms from wild-type strain

and clinical isolates could be completely dispersed. In a later

study, analogues of FD2 49 were prepared; in one of them the

L-amino acids were replaced by D-amino acids (D-FD2, 51) to

avoid proteolytic cleavage of the peptide construct [147]. Inter-

estingly, it was found that the D-FD2 51 glycopeptide
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Table 1: Synthesis of LecB glycopeptide dendrimer ligands for biofilm inhibition.

X8 X7 X6 X5 X4 X3 X2 X1

FD2 (49) Lys Pro Leu Phe Lys Ile His Ile
Leu-FD2 (50) Lys Pro Leu Phe Lys Leu His Leu
D-FD2 (51) D-Lys D-Pro D-Leu D-Phe D-Lys D-Leu D-His D-Leu

dendrimer showed a slightly weaker binding affinity to LecB,

but the P. aeruginosa biofilm inhibitory properties remained,

whereas D-FD2 51, in contrast to FD2 49, was completely resis-

tant to proteolysis (Table 1) [147].

Considering the favorable properties of the FD2 LecB inhibitor,

an identical peptide dendrimer backbone was employed for the

development of inhibitors of the galactose-specific P. aerugi-

nosa lectin LecA [148]. By incorporation of hydrophobic

groups to the galactose anomeric position, the affinity to LecA

could be further enhanced. The most potent LecA inhibitor from

these studies, GalAG2, showed a 4000-fold increase in hemag-

glutination inhibition activity and 875-fold increase in binding

(Kd) to LecA compared with D-galactose [148]. Similar to the

LecB inhibitor FD2, complete inhibition of biofilm formation

was observed.

Conclusions
Recent developments of synthetic methodologies have enabled

the preparation of complex glycopeptides and glycoproteins.

The availability of structurally defined material has further

made it possible to apply glycopeptides in biological studies.

The development of glycopeptide anti-tumor vaccines and the

synthesis of homogenous glycoproteins and glycopeptide

dendrimers for the inhibition of microbe binding events are

examples described in this review. The development of methods

in the synthesis of homogenous glycoproteins may result in new

therapeutic applications. Better understanding of protein

glycosylation will help to identify new protein targets for

immunotherapy. The synthesis and application of glycopeptide

microarrays is an upcoming topic, which will offer multivalent

presentation and fine-tuning in studies of specific protein-

binding events.
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Abstract
A series of six mono-, di-, and trivalent N,N’-diacetylchitobiose derivatives was conveniently prepared by employing a one-pot

procedure for Cu(II)-catalyzed diazo transfer and Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) starting from commer-

cially available amines. These glycoclusters were probed for their binding potencies to the plant lectin wheat germ agglutinin

(WGA) from Triticum vulgaris by an enzyme-linked lectin assay (ELLA) employing covalently immobilized N-acetylglucosamine

(GlcNAc) as a reference ligand. IC50 values were in the low micromolar/high nanomolar range, depending on the linker between

the two disaccharides. Binding enhancements β up to 1000 for the divalent ligands and 2800 for a trivalent WGA ligand, compared

to N,N’-diacetylchitobiose as the corresponding monovalent ligand, were observed. Molecular modeling studies, in which the chito-

biose moieties were fitted into crystallographically determined binding sites of WGA, correlate the binding enhancements of the

multivalent ligands with their ability to bind to the protein in a chelating mode. The best WGA ligand is a trivalent cluster with an

IC50 value of 220 nM. Calculated per mol of contained chitobiose, this is the best WGA ligand known so far.
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Introduction
The recognition of carbohydrate structures by carbohydrate

binding proteins (lectins) plays a fundamental role in numerous

intra- and intercellular events during development, inflamma-

tion, immune response, cancer metastasis, and pathogen–host

interactions [1,2]. Inhibition of such interactions by high-

affinity ligands is of high medicinal interest for the treatment of

many human diseases. However, carbohydrate–protein interac-

tions are often characterized by low binding affinities. A

possible solution to compensate for these weak individual

receptor–ligand interactions is the multivalent presentation of

sugar epitopes on suitable scaffolds. This principle is not only

used in nature but is also a valid strategy for the construction of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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artificial lectin ligands [3-13]. Prime examples are the recently

described ligands for the Shiga-like [14,15] and cholera toxins

[16,17] both belonging to the AB5 family of bacterial toxins.

The frequent observation that the binding affinity of a multiva-

lent ligand increases exponentially with the number of binding

sites has been termed the glycoside cluster effect [18,19]. Due

to the exponential increase of binding affinities, the cluster

effect often leads to the amplification of the binding selectivity.

This was experimentally demonstrated, for example, by Mortell

et  al .  while investigating glycopolymer l igands of

concanavalin A (Con A) [20]. Whereas two diastereomeric

(monovalent) C-glycosidic Con A ligands displayed only a

small difference in the free energies of binding to Con A, a

sizable difference was measured between the corresponding

multivalent C-glycosides (calculated per monovalent ligand

within the glycopolymer). Such effects can be analyzed in the

context of the chelate effect [21], and a number of theoretical

models to treat multivalent receptor–ligand interactions have

been developed [22-27]. A simple conclusion following from

these analyses is that multimerization of monovalent ligands

with enhanced binding affinity can lead to multivalent ligands

with disproportionally enhanced avidity. A prerequisite for an

effective multivalency effect, however, is that the linking spacer

between the individual epitopes has the correct geometry to

allow a simultaneous multipoint association, i.e., a chelating

binding mode.

Wheat germ agglutinin (WGA), besides other plant lectins such

as Con A, has been intensively employed as a model lectin to

study the influence of the structure of multivalent ligands on the

binding affinity. WGA ligands of defined structure containing

two to twelve GlcNAc residues obtained either by individual

synthesis [28-36] or from screening of combinatorial libraries

[37,38] have been reported. WGA is a 36 kDa plant lectin

composed of two identical glycine- and cysteine-rich subunits

[39] and is enriched in the seeds of Triticum vulgaris. It is

specific for terminal N-acetylneuraminic acid and N-acetylglu-

cosamine (GlcNAc) and has been shown to inhibit fungal

growth through interaction with fungal cell-wall components

[40-42] and to agglutinate transformed cells in vitro [43,44].

Recently, we determined the structural basis of multivalent

binding to WGA by X-ray crystallography [36] and EPR spec-

troscopy [45]. Crystal structure analysis of a complex of WGA

and four molecules of a divalent ligand containing two GlcNAc

residues showed that each ligand bridged adjacent binding sites

with a distance of approx. 13–14 Å between the anomeric

oxygen atoms of the GlcNAc residues. This structure confirmed

for the first time that all eight sugar binding sites of the WGA

dimer [46] are simultaneously functional, and provides the basis
Figure 1: Amines used for the synthesis of glycoclusters.

for the design of new multivalent ligands with improved

binding affinity.

Besides GlcNAc, WGA also binds to chitooligosaccharides

with even higher affinity. The association constant for the

WGA–N,N’-diacetylchitobiose interaction, for example, has

been determined to be K ≈ 5 × 103 to 2 × 104 M–1. The corres-

ponding value for binding to GlcNAc is K ≈ 2 × 102 to 1.3 ×

103 M−1 [47]. This prompted us to design a series of multiva-

lent WGA ligands containing two or three N,N’-diacetylchito-

biose moieties. To connect the chitobiose moieties we chose

several linkers of varying length and flexibility, which were,

nevertheless, all expected to allow simultaneous binding to

adjacent binding sites in a chelating fashion, thus, leading to

especially effective ligands. In this report, we describe the

preparation of such a series of multivalent WGA ligands by a

one-pot procedure for diazo transfer and azide–alkyne cyclo-

addition [48] starting from commercially available di- and

triamines and the propargyl glycoside of N,N’-diacetylchito-

biose. Binding potencies were determined by an enzyme-linked

lectin assay (ELLA), resulting in IC50 values in the low-micro-

molar/high-nanomolar range. A trivalent ligand has a remark-

able IC50 value of 220 nM. Molecular dynamics calculations

based on published X-ray crystal structures of WGA-ligand

complexes provide an explanation for the observed binding

affinities.

Results and Discussion
Synthesis of glycoclusters
The Cu(I)-catalyzed [49,50] Huisgen [3 + 2] cycloaddition [51]

of azides and alkynes (CuAAC) is a frequently used method for

the covalent attachment of carbohydrate epitopes to azide- or

alkyne-presenting scaffolds [52-54]. Recently, we reported a

convenient one-pot procedure for diazo transfer and

azide–alkyne cycloaddition [48] giving access to multivalent

triazole-linked structures starting from amines. For the syn-

thesis of triazole-linked glycoclusters, commercially available

amines A1–A6 (Figure 1) comprising different spacer geome-

tries were selected. These amines were employed in the sequen-
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tial one-pot procedure [48] for diazo transfer and CuAAC

(Table 1). First, the Cu(II)-catalyzed diazo transfer was

performed at ambient temperature until complete conversion of

the amines to azides. Then, CuAAC was provoked without any

workup procedure by the addition of tris(benzyltriazolyl-

methyl)amine [55] (TBTA), sodium ascorbate, and the

propargyl glycoside 1 [56] of N,N’-diacetylchitobiose and

heating of the mixture to 80 °C by microwave irradiation, until

TLC showed complete consumption of the intermediate azides

(see Supporting Information File 1 for full experimental data).

Table 1: Synthesis of glycoclusters B1–B6 using the one-pot proce-
dure for diazo transfer and azide-alkyne cycloaddition.

Amine Product Yield (%)

A1 B1 45
A2 B2 30
A3 B3 37
A4 B4 28
A5 B5 48a

A6 B6 6
aIn this case the intermediate diazide 2 was isolated (cf. Scheme 1).

According to TLC all reactions (except for B6) proceeded with

complete conversion of the amines to the desired glycoconju-

gates. However, some loss of material during purification of the

acetylated chitobiose derivatives by flash chromatography on

silica gel led to the moderate yields indicated in Table 1. Mono-

valent compounds resulting from partial reactions of the di-

amines were not observed. To exclude that the observed yields

are a result of the one-pot procedure, the preparation of diva-

lent B5 was carried out in two separate steps (Scheme 1). Diazo

transfer with A5 gave diazide 2 in a yield of 95%. Subsequent

CuAAC of isolated 2 with alkyne 1 delivered B5 after flash

chromatography in 51% yield with no observed side products.

Severe loss of about 50% of the material during flash chroma-

tography was also experienced when a pure sample of disaccha-

ride 1 was eluted from a silica gel column for a second time. In

comparison, the use of the less polar propargyl β-D-glucoside

instead of 1 in the one-pot procedure with amine A4 led to the

corresponding divalent glycocluster in a yield of 86% [48].

Finally, O-deacetylation of the glycoclusters B1–B6 under

Zemplén conditions resulted in WGA ligands C1–C6

(Scheme 2).

Scheme 1: Synthesis of glycocluster B5 with isolation of the intermedi-
ate diazide 2.

During the synthesis of trivalent compound B6 the formation of

a side product with a Rf similar to that of B6 was observed. This

is remarkable because all other reactions proceeded without the

formation of side-products. The mass of this side product (m/z

[M + H]+ = 1500.7) corresponds to a divalent compound in

which one arm of the tertiary amine is missing. Since this side

product could not be isolated in pure form, we investigated the

reaction of A6 with phenylacetylene (3, Scheme 3). Also with

this alkyne two main products were obtained which were diffi-

cult to separate by chromatography. Apart from the expected

tris(triazole) 4, the secondary amine 5 was isolated and charac-

terized. This structure corresponds to the assumed side-product

obtained during the synthesis of B6. A contamination of the

starting material A6 with secondary amine di(2-amino-

ethyl)amine was excluded. ESI–MS measurements indicated

that side-product formation may already take place during the

diazo transfer reaction of A6 because the mass of the corres-

ponding intermediate di(2-azidoethyl)amine (m/z [M + H]+ =

156.2) was found. The mechanism of this side product forma-

tion is not clear. We assume that the mechanism is due to the

special structure of A6 because comparable side-product forma-

tion was not observed with any other amine used.

Determination of binding potencies by ELLA
Binding potencies of compounds C1–C6, GlcNAc, and N,N’-

diacetylchitobiose were determined by an ELLA employing

covalently immobilized GlcNAc as a reference ligand, as

described recently [34]. GlcNAc-coated microtiter plates were

incubated with mixtures of horseradish-peroxidase-labeled

WGA (HRP-WGA) and synthetic WGA ligands in varying
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Scheme 2: Deacetylation of glycoconjugates B1–B6. (a) NaOMe, MeOH.

Scheme 3: Formation of side-product 5 during the synthesis of 4.

concentrations. After incubation, the plates were washed and

the remaining HRP-WGA bound to the microtiter plates was

quantified by a HRP-catalyzed color reaction. Dose-response

curves for inhibition of the binding of HRP–WGA to immobi-

lized GlcNAc are shown in Figure 2. From these curves the

concentrations at which the binding of HRP–WGA to GlcNAc

is reduced by 50% (IC50 values) were determined as a measure

of the potency of the synthesized inhibitors (Table 2). Also

shown in Table 2 are the relative inhibitory potencies (β values)

referenced to N,N’-diacetylchitobiose (β = 1).

With an 82 times lower IC50 value, N,N’-diacetylchitobiose is a

much better inhibitor than GlcNAc, which is in accordance with

the association constants determined by solution binding assays

[47]. The benzyl triazolyl appendage of C1 further enhances

binding by a factor of two, probably due to additional weak

hydrophobic interactions. However, introducing an additional

N,N’-diacetylchitobiose epitope leads to dramatically increased

affinities. The divalent chitobiose derivatives C2–C5 have IC50

values in the low-micromolar/high-nanomolar range, with some
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Figure 2: Dose-response curves for the inhibition of binding of HRP-labeled WGA to covalently immobilized GlcNAc by synthetic ligands C1–C6.

Table 2: Absolute and relative IC50 values of synthetic ligands C1–C6
for inhibition of the binding of HRP-labeled WGA to covalently immobi-
lized GlcNAc from dose-response curves shown in Figure 2.

Compound IC50 (µM) β

GlcNAc 51000 1/82
N,N'-diacetylchitobiose 620 1
monovalent C1 290 2.1
divalent C2 1.3 480
divalent C3 1.9 330
divalent C4 0.60 1000
divalent C5 0.72 860
trivalent C6 0.22 2800

variation due to different spacer properties. Their inhibitory

potencies relative to N,N'-diacetylchitobiose are 330–1000. It is

interesting to note the differences induced by differing linker

geometries. Here, not the most hydrophobic linkers show

strongest binding but the ones that apparently promote multiva-

lent binding most efficiently. Whereas the flexible linkers of C4

and C5 lead to β values of 1000 and 860, respectively, the

ligands C2 and C3 with the less flexible aromatic linkers have

significantly lower binding potencies (β values: 480 and 330).

This observation points to the possibility that the aromatic

linkers cannot adopt a strain-free conformation if the ligand

binds in a chelating mode to WGA. The best divalent WGA

ligand is C4 (IC50 0.6 µM), which binds 1000 times stronger to

WGA than N,N’-diacetylchitobiose (500 times per chitobiose

residue).

As expected, clustering of carbohydrate epitopes with higher

WGA binding affinity not only leads to multivalent ligands with

higher absolute affinity but also to a higher binding enhance-

ment β relative to the respective monovalent compound. Earlier,

we reported WGA binding affinities of β-O-glycosidic divalent

GlcNAc derivatives with linker lengths comparable to those of

C2–C5 [34]. These GlcNAc derivatives displayed β values of

80–260 relative to GlcNAc, which are much lower than the β

values (330–1000, relative to N,N'-diacetylchitobiose) deter-

mined for C2–C5 (Table 2). The relative potency of C4 of 500

per chitobiose residue is even higher than that of tetra- to

octavalent GlcNAc clusters [28,31-34,37]. We are aware of

only one example of a divalent GlcNAc derivative with an

exceptional β value of 2350 [36]. In this case, however, the

GlcNAc moieties are α-O-glycosidically linked.

For trivalent cluster C6 an IC50 value of 220 nM (660 nM per

contained chitobiose) was determined, which is 2800-fold lower

than that of N,N'-diacetylchitobiose or 230000-fold lower than

the IC50 value of GlcNAc. This is one of the best WGA ligands

known. Masaka et al. reported a tetravalent N,N’-diacetylchito-

biose derivative with an IC50 value of 180 nM (720 nM per

contained chitobiose) determined by a hemagglutination inhibi-

tion assay [57]. Calculating the IC50 value per contained chito-

biose, trivalent C6 is the better ligand. However, since such

numbers are strongly dependent on the employed assay [58,59],

they cannot be readily compared. Interestingly, the ligand

reported by Masaka et al. led to precipitation of WGA. In this

respect it is worth mentioning that we never observed precipi-
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Figure 3: Molecular model of divalent ligand C4 with its two chitobiose moieties occupying two adjacent binding sites of WGA. The linker is conforma-
tionally largely unrestricted and can adopt several low-energy conformations. WGA chain 1 is colored yellow, chain 2 is blue.

tate formation during incubation of WGA with our synthetic

ligands. This suggests that in our case intermolecular multiva-

lency (cross-linking) plays a negligible role and that the main

mechanism of affinity enhancement is chelating binding to the

same WGA dimer.

The 2.8-fold increased inhibition potency of C6 over the best

divalent ligand C4 indicates that C6 can reach only two WGA

binding sites simultaneously due to its geometrical properties,

which is fully in accordance with the structural investigations

described below. Otherwise, a significantly stronger binding

enhancement would have been expected comparable to the

several-hundred-fold increase observed when moving from

mono- to divalent ligand structures.

Molecular modeling
To provide a structure-based rationalization for the determined

binding potencies of C2–C6, we performed molecular modeling

studies. Combining information from the crystal structures of

WGA3 in complex with N,N’-diacetylchitobiose (PDB ID:

1K7U) [60] and WGA3 binding to a divalent ligand presenting

two GlcNAc residues (PDB ID: 2X52) [36], two N,N’-diacetyl-

chitobiose residues were placed in a pair of adjacent primary

binding sites of WGA and connected by the respective linker

(see Supporting Information File 1 for details). Subsequently,

the linkers were energy minimized with the chitobiose moieties

fixed in their ideal positions. The models containing the

various linker structures were further energy minimized

with the terminal GlcNAc residues kept in their optimal posi-

tions.

Our molecular modeling studies revealed that the para-disubsti-

tuted aromatic linker of C3 cannot adopt a low-energy con-

formation if the chitobiose residues are kept in their ideal posi-

tions in the binding sites of WGA, resulting in significant ring

strain of the triazole moieties as well as the central phenyl ring.

This ring strain can be reduced by slightly pulling the GlcNAc

residues directly attached to the linker out of the binding site,

but at the expense of a less efficient multivalent binding of the

two chitobiose entities. The chitobiose groups of the divalent

ligand C4, on the other hand, can maintain their ideal positions

easily with the linker adopting an all-staggered low-energy con-

formation (Figure 3). Ligand C2 allows for the positioning of

its chitobiose moieties ideally in both binding sites when

adopting a fully extended conformation. Ligand C2, and even

more so ligand C3, possess very limited conformational

freedom when adopting a chelating binding mode. Con-

formational changes within the linkers of C2 and C3 lead to
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forces that pull one or the other GlcNAc/chitobiose out of its

binding site. This situation may increase the entropic costs of

chelating binding for these two ligands providing a further ex-

planation for their significantly lower binding affinity.

With its linker length and flexibility, trivalent ligand C6 is in an

intermediate position between the relatively short-bridged and

rigid ligands C2 and C3 and the more flexibly connected

ligands C4 and C5. With six chemical bonds between the

triazole groups, C6 can present its N,N’-diacetylchitobiose

residues in rather similar distances as C2 or C3 having the same

linker length. However, C6 has two more rotatable bonds

between pairs of chitobiose moieties leading to significantly

increased conformational freedom. This is expected to facilitate

binding in a chelating fashion at relatively low entropic costs. It

is important to note that the third chitobiose unit of C6 cannot

reach a third carbohydrate binding site of the WGA dimer. The

closest distance to another binding site is approximately 24 Å

(measured between the anomeric oxygens of the inner GlcNAc

residues). The 2.8-fold increased potency relative to ligand C4

could possibly originate from the facilitated rebinding of mono-

valently bound trivalent ligand C6 due to the two-fold-higher

local concentration of chitobiose compared to the divalent

ligands.

Conclusion
In summary, we have presented a series of O-glycosidically

linked N,N’-diacetylchitobiose clusters that were conveniently

obtained from propargyl glycoside 1 and readily available

amine scaffolds by a one-pot procedure for diazo transfer and

azide–alkyne cycloaddition. Binding potencies were deter-

mined by an ELLA. Divalent ligands were found to have IC50

values in the low-micromolar/high-nanomolar range depending

on the linker between the two disaccharides. The observed

binding enhancements over the monovalent ligand are signifi-

cantly higher than those of comparable β-linked GlcNAc clus-

ters. The different binding enhancements can be rationalized by

molecular modeling studies that correlate the different linker

geometries with their propensities to support chelating binding.

The best WGA ligand is trivalent cluster C6 with a remarkable

IC50 value of 220 nM. Calculated per mol of contained chito-

biose, this is the best WGA ligand published so far.

Supporting Information
Supporting Information File 1
Experimental procedures and analytical data for all new

compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-91-S1.pdf]
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Abstract
Glycoinformatics is a small but growing branch of bioinformatics and chemoinformatics. Various resources are now available that

can be of use to glycobiologists, but also to chemists who work on the synthesis or analysis of carbohydrates. This article gives an

overview of existing glyco-specific databases and tools, with a focus on their application to glycochemistry: Databases can provide

information on candidate glycan structures for synthesis, or on glyco-enzymes that can be used to synthesize carbohydrates. Statis-

tical analyses of glycan databases help to plan glycan synthesis experiments. 3D-Structural data of protein–carbohydrate complexes

are used in targeted drug design, and tools to support glycan structure analysis aid with quality control. Specific problems of

glycoinformatics compared to bioinformatics for genomics or proteomics, especially concerning integration and long-term mainte-

nance of the existing glycan databases, are also discussed.
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Introduction
Carbohydrates, often referred to as glycans, differ from other

biopolymers such as proteins or nucleic acids in various ways.

The number of different monosaccharides that are present in

naturally occurring glycans is significantly higher than the

number of proteogenic amino acids, or of nucleotides that form

DNA or RNA strands [1,2]. Furthermore, the monosaccharides

can be linked to each other in several ways, including the possi-

bility to form branched structures. Another important differ-

ence between glycans, on the one hand, and proteins and

nucleic acids, on the other hand, is visible in their biosynthesis:

DNA, RNA and proteins are synthesized by copying, transcrip-

tion or translation, respectively, of nucleic acids, whereas

carbohydrates are built in a non-template-driven approach by

the sequential action of various glycosyltransferases (GT) that

add monosaccharides to an existing glycan chain, and by glyco-

side hydrolases (GH) that remove specific monosaccharides [3].

For this reason there is no technique available to amplify carbo-

hydrates comparable to Polymerase Chain Reaction (PCR) or

protein expression systems. Instead, carbohydrates have to be

analyzed in physiological amounts. If specific and well-defined

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:thomas.luetteke@vetmed.uni-giessen.de
http://dx.doi.org/10.3762%2Fbjoc.8.104
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glycans are required for experiments such as glycan arrays [4],

they have to be synthesized chemically [5].

The special features of carbohydrates not only pose problems

for their wet-lab analysis but also for computational approaches

that deal with carbohydrates. Classical bioinformatics algo-

rithms are developed for linear gene or protein sequences, and

thus cannot be applied to branched carbohydrates. Instead, new

algorithms that deal with the branching as well as with other

special features of carbohydrates, such as microheterogeneity,

have to be developed [6,7]. Furthermore, there are much less

primary data on carbohydrates available than, e.g., on proteins,

to test or train the algorithms [8]. For these reasons, glycoinfor-

matics as a research area at the intersection of bioinformatics

and chemoinformatics has been considered to be lagging behind

its sister fields, such as bioinformatics for genomics or

proteomics, for a long time. By now, however, glycoinfor-

matics is coming of age and offers a variety of databases and

applications that are of use to glycoscientists. Many new

resources are still being developed, and efforts for a better inte-

gration of existing resources have also been started. Formats

and protocols for data exchange have been specified [9,10].

Recently, the MIRAGE (Minimum Information Related to A

Glycomics Experiment) consortium was founded to define

checklists for the standardization of experimental glycomics

data and meta information [11]. However, there is still no long-

term repository of glycan structures available.

Being part of the Thematic Series “Synthesis in the glyco-

sciences II”, this overview mainly focuses on those resources

that are relevant to glycan synthesis. For a more general

overview of glycoinformatics resources and the development of

the field over time, the reader is referred to references [12-17].

Review
Carbohydrate databases
Glycan structure databases
Various databases that collect information on carbohydrates are

now available (Table 1) and new resources are still being devel-

oped. The individual databases differ in the kind of data that are

stored, the number and topicality of entries, the search inter-

faces, and the way the data are presented to the user. They are

of use to glycochemists in several ways. First of all, they

provide literature references on specific carbohydrate structures,

which are often difficult to find via keyword searches in general

literature databases such as PubMed. However, keeping data-

bases up to date with bibliographic references is a time-

consuming task that cannot be performed automatically by

computer programs because the glycan structures are often

encoded graphically within the publication figures. And even

when information on glycan chains is given in the text, the nota-

tion is often complex, difficult to parse, and may contain ambi-

guities. Therefore, database users should keep in mind that if a

database does not list any reference that, e.g., deals with the

synthesis of a specific glycan structure, it does not mean that

there is no such reference available: it just might not have been

included into the database yet. Aside from providing literature

references, carbohydrate databases can also serve glyco-

chemists as a source of information on structures that are poten-

tial targets for synthesis. For this purpose resources that feature

data such as the biological source, or diseases related to a

glycan structure, can be of special interest.

The first approach used to create a comprehensive collection of

carbohydrate data that had been published in scientific litera-

ture, was the Complex Carbohydrate Structure Database

(CCSDB) [19], which is often referred to by the name of its

querying software, CarbBank [20]. Each CarbBank entry

contains a glycan structure together with a bibliographic refer-

ence, and further information such as taxonomic data of the bio-

logical source, experimental methods, or related diseases are

also present. When funding stopped in the mid-1990s, however,

CarbBank was no longer updated and CCSDB no longer main-

tained. Nevertheless, its content formed the basis of several

other databases that were subsequently developed. Depending

on their focus, other resources have incorporated all or part of

the CarbBank data, and have added further information. The

Bacterial Carbohydrate Structure Database (BCSDB), for

example, has incorporated ca. 4000 CarbBank entries, the struc-

tures of which are of bacterial origin, and added ca. 5000

records referring to articles that were published after the main-

tenance of CarbBank had stopped. BCSDB covers more than

90% of the literature in the scope of bacterial carbohydrates

[18]. Data that are listed in the entries include bibliographic

data, taxonomic information on the biological source, and pri-

mary data of nuclear magnetic resonance (NMR) experiments

that had been performed to elucidate the structures. Other

sources of NMR data are SugaBase [36], which similar to

CarbBank is no longer maintained, GlycoBase (Lille),

Escherichia coli O-antigen Database (ECODAB) [22], and

Glycosciences.DB [31], the database of the Glycosciences.de

web portal. Glycosciences.DB, formerly known as SweetDB

[38], started to make CarbBank entries available over the

internet and to provide 3D structural models of the glycan struc-

tures. These models are calculated by the Sweet-2 software

[39]. NMR data were incorporated from SugaBase or manually

entered from the literature. Glycosciences.DB also contains

information on carbohydrate 3D structures that are available in

the Protein Data Bank (PDB, [40]). Extraction and validation of

carbohydrate data from PDB entries is automated to a large

extent and therefore requires only minimal human interference

[41], making the update of these data much less dependent of
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Table 1: Carbohydrate structure databases.

Name, Ref Main content, comments URL Statusa

BCSDB (Bacterial
Carbohydrate Structure
Database) [18]

Glycan sequences, taxonomy, bibliography,
NMR data

http://csdb.glycoscience.ru/bacterial/ D/M

CCSDB//CarbBank [19,20] Glycan sequences, taxonomy, bibliography – S
CFG Glycan Structure DB
[21]

Glycan sequences, taxonomy, bibliography,
glycan array data

http://www.functionalglycomics.org/glyco
mics/molecule/jsp/carbohydrate/carbMol
eculeHome.jsp

S

ECODAB (Escherichia coli
O-antigen Database) [22,23]

Glycan sequences, NMR data,
glycosyltranferases (E. coli glycans only)

http://www.casper.organ.su.se/ECODAB/ D/M

EUROCarbDB [24] Glycan sequences, taxonomy, bibliography,
MS data

http://www.ebi.ac.uk/eurocarb/ S

Glycobase (Dublin) [25] Glycan sequences, taxonomy, HPLC data,
MS data, bibliography

http://glycobase.nibrt.ie
(registration required)

D/M

Glycobase (Lille) Glycan sequences, taxonomy, NMR data http://glycobase.univ-lille1.fr/base/ ?
GlycoconjugateDB [26] Glycan sequences, PDB references http://www.glycostructures.jp ?
GlycoMapsDB [27] Computed conformational maps http://www.glycosciences.de/modeling/gl

ycomapsdb/
P

GlycoNavi (JCGGDB) Chemical reactions of carbohydrate
molecules

http://ws.glyconavi.org D/M

GlycomeDB [28-30] Glycan sequences and taxonomic data
extracted from other databases

http://www.glycome-db.org D/M

GlycoPOD (JCGGDB
GlycoProtocols Online
Database)

Protocols for synthesis and analysis of
glycan structures

http://jcggdb.jp/GlycoPOD/protocolListSh
ow.action

D/M

Glycosciences.DB [31] Glycan sequences, taxonomy, bibliography,
3D structure models, NMR data, PDB
references

http://www.glycosciences.de/database/ D/M

GlycosideDB (JCGGDB) Chemical structures of glycoconjugates,
aglycones

http://jcggdb.jp/search/GlycosideDB.cgi D/M

GlycoSuiteDB [32,33] Glycan sequences, taxonomy, bibliography,
disease, protein glycosylation sites

http://glycosuitedb.expasy.org D/M

JCGGDB [34] Collection of several Japanese glyco-related
databases

http://jcggdb.jp/index_en.html D/M

KEGG GLYCAN [35] Glycan sequences, bibliography,
cross-references to other KEGG resources

http://www.genome.jp/kegg/glycan/ ?

MonosaccharideDB Monosaccharide notation and properties http://www.monosaccharidedb.org D/M
SugaBase [36] Glycan sequences, taxonomy, NMR data – S
UniCarb-DB [37] Glycan sequences, taxonomy, LC–MS data http://www.unicarb-db.com D/M

aD/M: Database is further developed and/or maintained; P: Development/maintenance is paused, but planned to be continued; S: Development/main-
tenance is stopped (or, in the case of CFG resources, will be stopped soon because funding will discontinue); ?: Status unknown.

funding than that of data extracted from the literature. Carbohy-

drate data from the PDB are also available in the Glycoconju-

gate Database [26], but updates are less frequent than in Glyco-

sciences.DB, which is updated weekly with new PDB entries.

Other databases that implemented CarbBank data are KEGG

GLYCAN [35], EUROCarbDB [24], and the Glycan Structure

Database of the Consortium for Functional Glycomics (CFG)

[21]. KEGG GLYCAN is part of the Kyoto Encyclopedia of

Genes and Genomes (KEGG) and integrates carbohydrate data

with a variety of tools and information on other biomolecules.

The KEGG portal has a particular focus on biosynthetic path-

ways. EUROCarbDB was developed to store primary data of

mass spectrometry (MS), NMR and high performance liquid

chromatography (HPLC) experiments. In addition to data

imported from CarbBank, the database contains structures from

such experiments (mainly MS data). Detailed information on

the biological context in which a structure was found, is also

provided. EUROCarbDB is another example of a database that

is no longer being developed because the funding has stopped.

However, it was developed as an open-source project. There-

fore, newly funded projects such as UniCarb-DB [37] or the

latest version of GlycoBase (Dublin) [25], which stores HPLC

data, are able to make use of the EUROCarbDB source code

http://csdb.glycoscience.ru/bacterial/
http://www.functionalglycomics.org/glycomics/molecule/jsp/carbohydrate/carbMoleculeHome.jsp
http://www.functionalglycomics.org/glycomics/molecule/jsp/carbohydrate/carbMoleculeHome.jsp
http://www.functionalglycomics.org/glycomics/molecule/jsp/carbohydrate/carbMoleculeHome.jsp
http://www.casper.organ.su.se/ECODAB/
http://www.ebi.ac.uk/eurocarb/
http://glycobase.nibrt.ie
http://glycobase.univ-lille1.fr/base/
http://www.glycostructures.jp
http://www.glycosciences.de/modeling/glycomapsdb/
http://www.glycosciences.de/modeling/glycomapsdb/
http://ws.glyconavi.org
http://www.glycome-db.org
http://jcggdb.jp/GlycoPOD/protocolListShow.action
http://jcggdb.jp/GlycoPOD/protocolListShow.action
http://www.glycosciences.de/database/
http://jcggdb.jp/search/GlycosideDB.cgi
http://glycosuitedb.expasy.org
http://jcggdb.jp/index_en.html
http://www.genome.jp/kegg/glycan/
http://www.monosaccharidedb.org
http://www.unicarb-db.com
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and, thus, the software does not need to be rewritten. The CFG

databases are focused on various aspects of mammalian

glycans. Similar to EUROCarbDB, the CFG Glycan Structure

Database features CarbBank N- and O-glycan data as well as

entries that have been found in MS experiments performed by

CFG members or that have been synthesized by the CFG. The

database is complemented with glycans from the GlycoMinds

Ltd. seed database. Primary data of MS experiments and glycan

array screens are also available via the CFG website. If a glycan

structure has been detected to be bound by a glycan-binding

protein in a CFG glycan array experiment, links to the corres-

ponding protein pages are provided with the glycan structure

entries. A link to a 3D structural model generated by the

GLYCAM-Web Biomolecule Builder [42] is also given. Glyco-

SuiteDB [32,33], which started as a commercial database and

was later made publicly accessible, differs from most other

carbohydrate databases in that it provides information on

proteins to which specific glycans were found to be attached,

including details on glycosylation sites.

The Japan Consortium for Glycobiology and Glycotechnology

DataBase (JCGGDB) [34] provides a collection of individual

databases that are cross-linked with each other and currently

being actively developed. Unfortunately, some resources are not

fully translated to English yet, but nevertheless the portal

contains various useful databases. Of those, GlycoPOD is of

particular use for wet-lab scientists. GlycoPOD is a collection

of lab protocols for the synthesis or analysis of carbohydrates

and other glyco-related experiments. The protocols include

step-by-step instructions, references, and features to rate the

protocols or to post related questions. Another resource with a

special focus on glycochemistry is GlycoNavi, which is a data-

base of chemical reactions that involve carbohydrates and of the

molecules involved in these reactions. Information about the

chemical properties of carbohydrate molecules can also be

found in general molecule databases, such as ChEBI (Chemical

Entities of Biological Interest, http://www.ebi.ac.uk/chebi/)

[43,44] or PubChem (http://pubchem.ncbi.nlm.nih.gov) [45].

These resources provide data that are important for chemists but

are often not present in the more biology-focused carbohydrate-

specific databases, such as atomic descriptions, charges, chem-

ical synonyms, SMILES (Simplified Molecular Input Line

Entry System) and InChi (IUPAC International Chemical Iden-

tifier) codes, and 3D structural information in mol2 format.

However, no carbohydrate-specific search options are available.

This can make it difficult to locate entries in ChEBI or

PubChem especially for oligosaccharides. Introducing cross-

links between carbohydrate-specific databases and the major

chemical databases would not only make it easier to find

specific carbohydrates, but also provide a linkage between bio-

logical and chemical information.

Databases on glycosyltransferases and glycan
binding proteins
As an alternative or complement to chemical synthesis it is

possible to make use of the enzymes that build or degrade the

glycan chains in vivo, the glycosyltransferases or glycoside

hydrolases, respectively [46-49]. To plan such experiments,

however, detailed knowledge of the substrate-specificity of

these enzymes is required. The same applies to glycan-binding

proteins, which can be promising targets for the synthesis of

glycomimetics. To some extent, knowledge of such proteins can

of course be found in classical protein or enzyme databases,

such as UniProt (http://www.uniprot.org) [50] or BRENDA

(http://www.brenda-enzymes.info) [51]. However, these data-

bases do not offer any glyco-specific search options. Therefore,

it can be difficult to find the respective data in these general

databases. There are various resources available that specifi-

cally deal with glyco-enzymes or glycan-binding proteins

(Table 2). These are often much better suited as starting points

for searching than the more general protein databases, not only

because of the more narrow focus, but also because most of the

glyco-specific protein databases contain links to corresponding

entries in the more general databases, but usually not vice versa.

A major resource for glyco-enzymes (glycosyltransferases,

glycoside hydrolases, polysaccharide lyases and carbohydrate

esterases) as well as proteins that feature carbohydrate-binding

modules is CAZy (Carbohydrate Active Enzymes). This data-

base classifies proteins by sequence comparison and clusters

them into families by using well-established bioinformatics

tools such as BLAST [55] or HMMER [56]. In this way,

approximately 1–3% of the proteins encoded by a typical

genome are categorized as glyconzymes [52,57]. For each

CAZy family, the corresponding proteins are listed (and can be

filtered by subcategories, such as taxonomic kingdoms or

entries with existing 3D structural information) together with

links to corresponding entries in NCBI GenBank, UniProt [50]

or PDB [40]. However, little information is provided about

enzyme specificity, kinetics, or catalytic residues, which is

crucial information if the enzymes are to be used in carbohy-

drate synthesis experiments. Such information can be obtained

together with literature references from CAZy’s sister resource

CAZypedia, a wiki on glyco-enzymes.

Glyco-enzyme data are also found in KEGG Pathway and

KEGG Orthology. These resources are not glyco-specific, but

metabolic pathways are classified in a hierarchical system,

which makes it easy to locate the glyco-related data, but also to

learn about the relations between carbohydrate metabolism and

other metabolic pathways. KEGG resources cover a diverse

range of species of all kingdoms. In contrast, CFG GT database

focuses on mammalian glycosyltransferases, and GT informa-

http://www.ebi.ac.uk/chebi/
http://pubchem.ncbi.nlm.nih.gov
http://www.uniprot.org
http://www.brenda-enzymes.info
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Table 2: Glycosyltransferase/glycan-binding protein databases.

Name, Ref Main content, comments URL Statusa

Glycosyltransferase (GT) databases

CAZy (Carbohydrate Active
enZYmes) [52]

Glyco-enzymes clustered into families by
sequence comparison

http://www.cazy.org D/M

CAZyPedia Wikipedia-like description of GT and GH
families

http://www.cazypedia.org D/M

CFG GT DB Enzymes for biosynthesis of mammalian
glycans

http://www.functionalglycomics.org/glyco
mics/molecule/jsp/glycoEnzyme/geMolec
ule.jsp

S

GlycoGeneDB (JCGGDB) Glyco-enzymes: genes, substrates, gene
expression

http://riodb.ibase.aist.go.jp/rcmg/ggdb/ D/M

GPI Biosynthesis report [53] Enzymes involved in biosynthesis of glycosyl
phosphatidyl inositol (GPI) anchors

http://mendel.imp.ac.at/SEQUENCES/gpi
-biosynthesis/

S

KEGG Pathway Biosynthesis pathways, enzyme entries with
sequence and notation data and links to
other resources

http://www.genome.jp/kegg/pathway.html D/M

KEGG Orthology General data on enzymes and catalyzed
reactions, links to specific proteins

http://www.genome.jp/kegg/ko.html D/M

Glycan binding proteins (GBP) databases

CFG Glycan Binding Proteins Includes information on recognized glycan
epitopes and on related diseases

http://www.functionalglycomics.org/glyco
mics/molecule/jsp/gbpMolecule-home.jsp

S

Genomics Resource for
Animal Lectins

Description of animal lectin families http://www.imperial.ac.uk/research/anima
llectins/

S

GlyAffinity Collection of glycan array data from several
resources

http://worm.mpi-cbg.de/affinity/ S

GlycoEpitopeDB [54] Antibodies that bind to carbohydrates,
glyco-epitopes recognized by the antibodies

http://www.glyco.is.ritsumei.ac.jp/epitope/ D/M

KEGG BRITE: Glycan
Binding Proteins

Protein classification, links to other KEGG
resources and to external databases

http://www.genome.jp/kegg-bin/get_htext
?ko04091.keg

D/M

Lectin Frontier Database
(JCGGDB)

Includes glycan array data http://riodb.ibase.aist.go.jp/rcmg/glycodb/
LectinSearch

D/M

LECTINES Collection of lectin 3D structures from the
PDB

http://www.cermav.cnrs.fr/lectines/ D/M

PACDB (JCGGDB Pathogen
Adherence to Carbohydrate
DB)

Pathogen adherence molecule, host
glycan/glycoprotein ligand, bibliography

http://jcggdb.jp/search/PACDB.cgi D/M

aD/M: Database is further developed and/or maintained; S: Development/maintenance is stopped (or, in the case of CFG resources, will be stopped
soon because funding will discontinue).

tion in ECODAB [23] is limited to E. coli enzymes. Glyco-

GeneDB as part of the JCGGDB portal also holds data on

glyco-enzymes, including information on substrate specificity,

which is important when the enzymes are to be used to synthe-

size glycan structures in the lab.

Information on glycan-binding proteins (GBPs) or lectins is

stored in various databases such as CFG GBP DB, GlycoEpi-

topeDB [54], the Glycan Binding Proteins section of KEGG

BRITE, Lectin Frontier Database, and GlyAffinity. KEGG

BRITE mainly links to other resources within and outside the

KEGG portal, providing protein sequences, classifications, and

information regarding related diseases. GlycoEpitopeDB

provides information on antibodies that recognize specific

carbohydrate epitopes and glycoproteins or glycolipids that are

known to carry the epitopes.

A frequently used technique to study the epitopes, to which a

GBP binds, are glycan arrays [4]. CFG Glycan Binding Proteins

DB and Lectin Frontier Database store data of glycan array

experiments and thus also provide information on the glycan

specificity of GBPs. Glycan array data from these two resources

and from other research groups are collected and available via a

common interface in GlyAffinity. PACDB (Pathogen Adher-

http://www.cazy.org
http://www.cazypedia.org
http://www.functionalglycomics.org/glycomics/molecule/jsp/glycoEnzyme/geMolecule.jsp
http://www.functionalglycomics.org/glycomics/molecule/jsp/glycoEnzyme/geMolecule.jsp
http://www.functionalglycomics.org/glycomics/molecule/jsp/glycoEnzyme/geMolecule.jsp
http://riodb.ibase.aist.go.jp/rcmg/ggdb/
http://mendel.imp.ac.at/SEQUENCES/gpi-biosynthesis/
http://mendel.imp.ac.at/SEQUENCES/gpi-biosynthesis/
http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/ko.html
http://www.functionalglycomics.org/glycomics/molecule/jsp/gbpMolecule-home.jsp
http://www.functionalglycomics.org/glycomics/molecule/jsp/gbpMolecule-home.jsp
http://www.imperial.ac.uk/research/animallectins/
http://www.imperial.ac.uk/research/animallectins/
http://worm.mpi-cbg.de/affinity/
http://www.glyco.is.ritsumei.ac.jp/epitope/
http://www.genome.jp/kegg-bin/get_htext?ko04091.keg
http://www.genome.jp/kegg-bin/get_htext?ko04091.keg
http://riodb.ibase.aist.go.jp/rcmg/glycodb/LectinSearch
http://riodb.ibase.aist.go.jp/rcmg/glycodb/LectinSearch
http://www.cermav.cnrs.fr/lectines/
http://jcggdb.jp/search/PACDB.cgi
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ence Carbohydrate Database) lists glycan-binding proteins that

are involved in the adherence of pathogens to the host. The data

are extracted from the literature and can be accessed by

pathogen names or by related diseases.

Integration of carbohydrate databases
It is obvious that a lot of knowledge on carbohydrates is stored

in the databases, but also that this knowledge is widely spread

over the resources. In contrast to genomics or proteomics data-

bases, hardly any exchange of data is carried out between

glycan databases. However, some attempts have been made to

cross-reference corresponding entries or to allow cross-data-

base searches. As already mentioned above, the individual data-

bases of JCGGDB are cross-linked with each other, as well as

the different KEGG resources. Links between these two initia-

tives also exist.

Cross-references have also been established between distinct

resources. BCSDB and Glycosciences.DB, for example, allow

cross-database searches, in which users can simultaneously

query both resources [58]. Furthermore, there are links avail-

able between corresponding entries of the CFG Glycan Struc-

ture Database and Glycosciences.DB, but these links are not

updated any more, i.e., recently added entries are not covered.

Despite these first attempts, it is still rather cumbersome to

search for information on a specific glycan structure, as most

resources have not only developed individual interfaces, to

which the user has to adapt, but they also use individual ways to

encode the carbohydrate structures. CarbBank, for example,

used a two-dimensional notation that is similar to IUPAC

extended notation [59]. This notation is relatively easy for the

human user to survey, but is difficult to handle computationally.

Therefore, most databases have developed more clearly defined

notations to store carbohydrate structures, such as the LINUCS

notation [60] of Glycosciences.de, the LinearCode® used within

the CFG databases, GlycoCT [61] in EUROCarbDB, or KCF

[62] in KEGG GLYCAN. The usage of individual notations is

one of the main reasons that hamper the integration of carbohy-

drate databases. Conversion of one notation to another is often

difficult because they do not only differ in the way in which the

linkages are encoded and the branching is handled, but also in

the denotation of residue names. Dictionaries of frequently

occurring monosaccharides can be created manually, but

unusual residues, as can be found in bacterial or synthetic

glycans, are difficult to handle in this way. This issue is tackled

by MonosaccharideDB, which provides routines to automati-

cally parse and encode carbohydrate residues in various nota-

tions.

GlycomeDB [28-30] aims to overcome the problem of poor

integration of carbohydrate databases by collecting carbohy-

drate structures and taxonomy data from other databases,

namely BCSDB, CarbBank, CFG, EUROCarbDB, GlycoBase

(Lille), Glycosciences.DB, and KEGG GLYCAN. Carbohy-

drate-containing PDB entries are also included by extracting

this information from Glycosciences.DB. The glycan structures

are translated to a common notation (GlycoCT) by using manu-

ally curated dictionaries and MonosaccharideDB routines.

Glycans are also stored in GLYDE-II encoding [63,64], which

was agreed on as a general carbohydrate data-exchange format

[9]. All structures in GlycomeDB can be accessed via a

common interface, which allows searches by (sub-)structure,

similarity, maximum common substructure, and species. Indi-

vidual entries mainly provide links to the original database

entries in the resources, from which the structures were

obtained. This way, GlycomeDB serves as a search engine that

allows users to easily navigate through several databases

without having to query all resources individually. However, it

does not contain further data beyond structural and taxonomic

information. Integrating more data offers the possibility of

performing systems biology analyses. Such approaches are

served by JCGGDB, as already mentioned above, and the newly

founded UniCarbKB project [65]. At the time of writing this

article, however, UniCarbKB is still in a very early stage.

Statistical analyses of carbohydrate data-
bases aid the planning of glycan synthesis
Information extracted from glycan structure databases can be

useful for glycochemists not only to find potential synthesis

targets but also to plan efficient synthesis approaches by

providing lists of building blocks that are minimally necessary

to synthesize a large number of glycan structures stored in the

databases. An analysis of mammalian carbohydrate structures

present in Glycosciences.DB, for example, revealed that this

data set contained 3299 oligosaccharides, which are part of

N-glycans, O-glycans or glycolipids from 38 mammalian

species. Only ten different monosaccharides were found in this

data set [66]. However, different anomeric configurations and

some substitutions, such as sulfate groups, were ignored, and no

distinction was made between N-acetylneuraminic acid

(Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). The large

number of different oligosaccharides that are formed from this

relatively small number of different residues arises from the fact

that the monosaccharides can be linked in several ways, which

has to be considered when creating a set of building blocks for

the chemical synthesis of these glycans. Nevertheless, 25

building blocks are sufficient to synthesize 60% of the

mammalian glycans stored in the database, and with 36 building

blocks 75% of the glycans can be created chemically [66].

The situation is much more complex where bacterial carbohy-

drates are concerned. The variety of different monosaccharides
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Table 3: Tools to input, convert, or analyze glycan structures.

Name, Ref Comment URL

DrawRings Visual editor of glycan structures http://rings.t.soka.ac.jp/cgi-bin/tools/DrawRings/dra
wrings2.pl

GECS (Gene Expression to
Chemical Structure) [81]

Prediction of N-glycan chains from gene
expression data

http://www.genome.jp/tools/gecs/

GlycanBuilder [80] Visual editor of glycan structures http://www.glycoworkbench.org/wiki/GlycanBuilder
Glycan Fingerprints [79] Estimation of the degree of diversity in a set

of glycan structures
–

Glycan Miner [82] Detection of motifs or significant subtrees in
a set of glycan structures

http://rings.t.soka.ac.jp/cgi-bin/tools/GlycanMiner/Mi
ner_index.pl

GPP (Glycan Pathway
Predictor)

Computes N-glycan biosynthesis pathway for
a given glycan structure

http://rings.t.soka.ac.jp/cgi-bin/tools/GPP/gpp_inde
x.pl

LiGraph Builds graphical representations of glycans http://www.glycosciences.de/tools/LiGraph/
ProfilePSTMM [83] Generates glycan profiles from glycan

structure data
http://rings.t.soka.ac.jp/cgi-bin/tools/ProfilePSTMM/
profile-training_index.pl

Sumo (Sugar Motif Search) Detects frequently occurring motifs in a
glycan structure

http://www.glycosciences.de/tools/sumo/

as well as of different disaccharide pairs that are present in

bacterial glycomes is significantly larger than in the mammalian

glycome, featuring many residues that do not occur in

mammals, but also exhibiting differentiation between indi-

vidual classes of bacteria [1,2]. Due to the complexity of

residue notation this structural diversity is a challenge for

glycoinformatics, but it also offers many possibilities to synthe-

size carbohydrates or glycomimetics that target specific

pathogen proteins. For example, oligosaccharide motifs that

are found in surface carbohydrates of pathogens, but not in

host organisms or in symbiotes, can serve as templates in

vaccine development [67-70], and glycomimetics that block

specific enzymes or lectins can be used for therapeutic purposes

[71-77].

The Glycan Pathway Prediction (GPP) tool of the RINGS portal

[78] can be used to predict glycans that can be obtained with a

given glycan structure and a set of enzymes. If knowledge of

gene expression is available, e.g., from gene microarray experi-

ments, KEGG Gene Expression to Chemical Structure (GECS)

can be used to predict the N-glycan chains that can be created

by the expressed glyco-enzymes. Further tools that are avail-

able for the analysis and conversion of glycan sequence data are

summarized in Table 3. The Glycan Fingerprints approach to

calculate the degree of diversity in a set of glycan structures is a

useful tool to, e.g., evaluate the glycans that are present on a

glycan array [79]. GlycanBuilder [80] and DrawRings are used

by some databases to enable graphical input of glycan

(sub-)structure queries using icons to describe monosaccha-

rides. Atomic pictograms as frequently used by chemists,

however, are not supported by these tools.

3D Structure information for targeted drug
design
Knowledge of the 3D structure of the target protein and its

ligand is a prerequisite for a targeted design of therapeutic

glycomimetics [74]. Protein 3D structures are stored in the

Protein Data Bank (PDB, [40]). The PDB offers various options

to search for proteins. Finding specific carbohydrate structures

within PDB entries, however, can be difficult when using PDB

queries only. Instead, glycan databases that provide links to

PDB entries such as GlycoconjugateDB or Glycosciences.DB

can be used. The LECTINES database lists PDB entries of

lectins grouped by lectin families. Unfortunately, carbohydrate

moieties in the PDB are of significantly lower quality than the

protein parts [26,84-86]. Reasons for this are both the greater

complexity of carbohydrates, and the fact that, while numerous

validation tools are available for protein structures [87], only a

few programs exist to validate carbohydrate 3D structures. The

PDB carbohydrate residue check (pdb-care) tool [88] aids

researchers with locating errors in carbohydrate 3D structures

(3D structure-related tools are summarized in Table 4).

Ramachandran-like plots of glycosidic torsions are generated by

CARP [89], which compares torsions observed in a given 3D

structure with computationally derived conformational maps of

GlycoMapsDB [27] or with torsions present in carbohydrates in

the PDB provided by glyTorsion [89]. In contrast to protein

backbone torsions, unusual glycosidic torsions do not necessar-

ily indicate errors in the 3D structure because the conformation

of a carbohydrate ligand in complex with a protein can differ

from the preferred conformation in solution [90,91]. Neverthe-

less, CARP plots can help researchers to find potential prob-

lems, as well as indicate unusual binding conformations that

http://rings.t.soka.ac.jp/cgi-bin/tools/DrawRings/drawrings2.pl
http://rings.t.soka.ac.jp/cgi-bin/tools/DrawRings/drawrings2.pl
http://www.genome.jp/tools/gecs/
http://www.glycoworkbench.org/wiki/GlycanBuilder
http://rings.t.soka.ac.jp/cgi-bin/tools/GlycanMiner/Miner_index.pl
http://rings.t.soka.ac.jp/cgi-bin/tools/GlycanMiner/Miner_index.pl
http://rings.t.soka.ac.jp/cgi-bin/tools/GPP/gpp_index.pl
http://rings.t.soka.ac.jp/cgi-bin/tools/GPP/gpp_index.pl
http://www.glycosciences.de/tools/LiGraph/
http://rings.t.soka.ac.jp/cgi-bin/tools/ProfilePSTMM/profile-training_index.pl
http://rings.t.soka.ac.jp/cgi-bin/tools/ProfilePSTMM/profile-training_index.pl
http://www.glycosciences.de/tools/sumo/
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Table 4: Tools for prediction and analysis of carbohydrate/glycoprotein 3D structures.

Name, Ref Comment URL

BALLDock/SLICK [92,93] Protein–carbohydrate docking
CARP [89] Ramachandran plot-like analysis of glycosidic

torsions
http://www.glycosciences.de/tools/carp/

CAT Conformational analysis tool, for analysis of MD
trajectories

http://www.md-simulations.de/CAT/

GLYCAM Biomolecules
Builder [42]

Generation of glycan models and in silico
glycosylation of proteins, preparation of input files
for AMBER [94,95]

http://glycam.ccrc.uga.edu/ccrc/pages/3dspt.html

Glycan Reader [96] Detection of carbohydrates in PDB files,
preparation of input files for CHARMM [97]

http://www.charmm-gui.org/input/glycan

glyProt [98] in silico glycosylation of proteins http://www.glycosciences.de/modeling/glyprot/
glyTorsion [89] Statistics of torsion angles of carbohydrate

structures in the PDB
http://www.glycosciences.de/tools/glytorsion/

glyVicinity [89] Amino acids in the spatial vicinity of
carbohydrates in the PDB

http://www.glycosciences.de/tools/glyvicinity/

pdb2linucs [85] Detection of carbohydrates in PDB files http://www.glycosciences.de/tools/pdb2linucs/
pdb-care [88] Validation of carbohydrate 3D structure files http://www.glycosciences.de/tools/pdbcare/
Sweet-II [39] Prediction of carbohydrate 3D structures http://www.glycosciences.de/modeling/sweet2/

have to be taken into account when planning the synthesis of

glycomimetics.

In many cases, however, no carbohydrate ligands are present in

PDB entries of glycan-binding proteins. Glycan chains of

glycoproteins are also often missing, or only a fraction of a

chain is present in the coordinates. In such cases, tools such as

Sweet-2 [39] or GLYCAM Biomolecule Builder [42] can be

used to create models of carbohydrate chains. The latter

program can also perform in silico glycosylation by adding the

glycan chains to a protein 3D structure, and provides input files

for the AMBER [94,95] modeling programs using the

GLYCAM force field [99]. Glycan 3D structures calculated by

Sweet-2 can be linked to a protein with glyProt [98]. When

using these tools to create conformational models of carbohy-

drates or glycoproteins, one should always keep in mind that

these are models and do not represent the one and only

“correct” conformation. As glycans are rather flexible mole-

cules, they adopt several conformations with different popula-

tions. The conformational space of a glycan can be analyzed by

molecular dynamics (MD) simulations (see in the following)

[100]. For this purpose the models generated by the GLYCAM

Biomolecules Builder are convenient, as this tool already

provides the input files for AMBER simulations. The list of

residues that are available, however, is more limited than in

Sweet-2. Sulfated residues, which frequently occur in

glycosaminoglycans [101], for example, are only supported by

Sweet-2 at the moment. GlycanReader [96] as part of the

CHARMM-GUI [102] creates CHARMM [97] input files from

PDB files that contain carbohydrates. Various tools to predict

the occupancy state of potential glycosylation sites from protein

sequence data are available as well (Table 5).

If a protein–carbohydrate complex is to be modeled, generally

available docking tools such as AutoDock [113] can be used to

identify the binding position. These tools, however, often do not

sufficiently consider the peculiarities of protein–carbohydrate

complexes, such as CH–π interactions [13]. Therefore,

BALLDock/SLICK has been developed specifically for

protein–carbohydrate docking [92,93]. One of the major prob-

lems of docking algorithms in general is the identification of the

correct conformation among the potential binding modes [100].

Therefore, computational docking approaches are frequently

combined with wet-lab experiments, such as saturation transfer

difference NMR (STD NMR) or transferred nuclear Over-

hauser effect (trNOE) spectroscopy [75,114-116], to reliably

assign the correct conformation of the ligand on the protein

surface. Such combinations of experimental and theoretical

approaches are also useful to determine the conformations of

natural carbohydrates or their synthetic glycan mimetics [117-

119]. Results can be improved by combinations of different

modeling approaches, such as docking and MD simulations

[101]. To run reliable MD simulations of carbohydrate 3D

structures, force fields are necessary that contain parameters for

carbohydrates. In the case of glycoproteins, protein–carbohy-

drate complexes, or glycolipids, the force fields have to cover

all types of molecules involved [100,120]. The force fields need

to be extensible if not only standard monosaccharides, but also

http://www.glycosciences.de/tools/carp/
http://www.md-simulations.de/CAT/
http://glycam.ccrc.uga.edu/ccrc/pages/3dspt.html
http://www.charmm-gui.org/input/glycan
http://www.glycosciences.de/modeling/glyprot/
http://www.glycosciences.de/tools/glytorsion/
http://www.glycosciences.de/tools/glyvicinity/
http://www.glycosciences.de/tools/pdb2linucs/
http://www.glycosciences.de/tools/pdbcare/
http://www.glycosciences.de/modeling/sweet2/
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Table 5: Prediction and analysis of glycosylation sites.

Name, Ref Comment URL

big-PI [103] GPI anchor modification site prediction http://mendel.imp.ac.at/sat/gpi/gpi_server.html
CBS prediction servers Collection of various prediction tools, including

NetNGlyc, NetOGlyc [104], NetCGlyc [105],
NetGlycate [106], DictyOGlyc [107], YingOYang
[108]

http://cbs.dtu.dk/services/

CKSAAP_OGlySite [109] Prediction of mucin-type O-glycosylation sites http://bioinformatics.cau.edu.cn/zzd_lab/CKS
AAP_OGlySite/

EnsembleGly [110] Prediction of O-, N-, and C-linked glycosylation
sites

http://turing.cs.iastate.edu/EnsembleGly/

glySeq [89] Statistical analysis of amino acids around
glycosylation sites

http://www.glycosciences.de/tools/glyseq/

GPI-SOM [111] Identification of GPI-anchor signals http://gpi.unibe.ch
GPP [112] Prediction of N- and O-glycosylation sites http://comp.chem.nottingham.ac.uk/glyco/

derivatized residues are included in a simulation, which is espe-

cially important during the design of glycomimetics [121].

Parameters that affect the simulations of carbohydrates include

the treatment of atom charges [122], and solvent model (several

models for water are available) [100]. The question of whether

to include extra terms for (exo) anomeric effects has also been

discussed for a long time [13].

With increasing computational power, MD simulations of larger

molecules become feasible; and timescales of simulations

increase. One major bottleneck for the scientific use of MD

simulations that involve carbohydrates is, therefore, the avail-

ability of tools to analyze these simulation trajectories [13]. MD

software packages contain analysis tools [94,97,123], but

these are tailored for analyzing simulations of proteins. There-

fore, tools such as CAT (Conformational Analysis Tools) that

serve the needs of glycoscientists are specifically developed

[13].

Glycoinformatics in carbohydrate structure
analysis
After synthesis of carbohydrate chains an assessment of the

quality of the produced material is necessary to exclude wrong

structures among the products. Errors in structures that are

meant for use in experiments such as glycan arrays may yield

incorrect results and thereby lead to mistaken conclusions.

Incorrect products that are used as therapeutics can have severe

results. Impurities in heparin, a widely used carbohydrate phar-

maceutical, for example, can even be fatal [124-126]. The major

methods for quality control comprise MS, NMR, and HPLC, all

of which produce large amounts of data that have to be evalu-

ated. Companies that develop the analytical equipment that is

necessary for these techniques usually do not focus on the

detection or analysis of carbohydrates and their software does

not suit the needs of glycoscientists [12]. Nevertheless, various

community-developed tools exist that facilitate the carbohy-

drate-specific interpretation of these data (Table 6).

Among the three techniques, the largest choice of tools is avail-

able for mass spectrometry. These programs commonly first try

and assign residue compositions to measured mass peaks, but

use different approaches to determine glycan sequences from

compositional data. Some tools such as Cartoonist [127,128]

and GlycoMod [132] apply constraints that are created from the

knowledge of biosynthetic pathways, thus they are tailored to

the analysis of biological samples rather than of chemically

synthesized glycans, which do not match the biosynthetic path-

ways. In contrast, the mass fingerprinting approach as imple-

mented in GlycosidIQ [137], GlypPep ID [134], or Glyco-

Search-MS [136] works similarly to algorithms that are

frequently used in peptide or protein identification by tools such

as Mascot: Mass peaks that are observed in a spectrum are

compared to theoretically derived fragment masses that are

computed from glycan structures stored in a carbohydrate data-

base. This approach, however, is limited by the content of the

database that provides the templates for in silico fragmentation,

which means that structures that have not been observed before

or that are missing from the database will not be identified this

way. This problem also applies to programs that use experi-

mental MSn data of oligosaccharide standards to assign MSn

fragments of larger glycans, such as GLYCH [129] or MSn

FragLib [140]. In contrast, programs such as STAT [142],

StrOligo [143], or OSCAR [141] also allow de novo determin-

ation of structures because they interpret MSn data by deter-

mining the possible compositions of parent ions according to

their masses; subsequently, the masses of possible connected

branching topologies are computed to match the experimentally

determined data [149]. GlyQuest [139] and GlycoMiner [131]

are designed for high-throughput analysis of glycopeptides

that carry N-glycan chains. Glyco-Peakfinder [133] and

http://mendel.imp.ac.at/sat/gpi/gpi_server.html
http://cbs.dtu.dk/services/
http://bioinformatics.cau.edu.cn/zzd_lab/CKSAAP_OGlySite/
http://bioinformatics.cau.edu.cn/zzd_lab/CKSAAP_OGlySite/
http://turing.cs.iastate.edu/EnsembleGly/
http://www.glycosciences.de/tools/glyseq/
http://gpi.unibe.ch
http://comp.chem.nottingham.ac.uk/glyco/
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Table 6: Tools to support experimental analysis of glycans.

Name, Ref Comment URL

Mass spectrometry

Cartoonist [127,128] Template based glycan sequencing –
GlycanMass Calculates the mass of an oligosaccharide

structure
http://web.expasy.org/glycanmass/

GLYCH [129] De novo sequencing of glycans –
GlycoFragment [130] Calculation of theoretical mass fragments of

glycans
http://www.glycosciences.de/tools/GlycoFragm
ents/

GlycoMiner [131] Glycopeptide (N-glycan) composition analysis http://www.chemres.hu/ms/glycominer/
GlycoMod [132] Prediction of oligosaccharide structures of

glycoproteins from mass peaks
http://www.expasy.org/tools/glycomod/

Glyco-Peakfinder [133] Composition annotation of glycans in MS
spectra

http://www.glyco-peakfinder.org

GlycoPep ID [134] Glycan mass fingerprinting http://hexose.chem.ku.edu/predictiontable.php
GlycoPeptideSearch [135] Glycan mass fingerprinting (MS/MS) of

N-glycopeptides using GlycomeDB glycans
http://edwardslab.bmcb.georgetown.edu/softwa
re/GlycoPeptideSearch.html

Glyco-Search-MS [136] Glycan mass fingerprinting using
Glyocsciences.DB glycans

http://www.glycosciences.de/database/start.php
?action=form_ms_search

GlycosidIQ [137] Glycan mass fingerprinting using GlycoSuiteDB
glycans

–

GlycoWorkbench [138] Assists interpretation of MS spectra http://www.glycoworkbench.org
GlyQuest [139] Glycopeptide (N-glycan) analysis –
MSn FragLib [140] Glycan characterization based on an MSn

fragment spectral library
–

OSCAR [141] De novo sequencing of glycans –
Peptoonist [127] Identification of N-glycopeptides from a series

of mass spectra (MS and MS/MS)
–

PMAA (Partially Methylated
Alditol Acetate)

GC–MS fragmentation of permethylated
monosaccharides

http://www.ccrc.uga.edu/specdb/ms/pmaa/pfra
me.html

STAT [142] De novo sequencing of glycans –
StrOligo [143] De novo sequencing of glycans –

NMR

CASPER [144,145] Simulation of NMR spectra, glycan sequence
determination from chemical shifts

http://www.casper.organ.su.se/casper/

CCPN [146] NMR annotation software http://www.ccpn.ac.uk
GlyNest [147] Estimation of NMR chemical shifts http://www.glycosciences.de/sweetdb/start.php

?action=form_shift_estimation
ProspectND NMR data processing and inspection http://prospectnd.sourceforge.net/

HPLC

AutoGU [25] Interpretation of HPLC data –
GALAXY [148] Visualization of HPLC 2D maps http://www.glycoanalysis.info/ENG/index.html

GlycoWorkbench [138] cover the complete workflow from

recorded experimental data to a fully assigned spectrum or to

glycan structure determination [150]. GlycoWorkbench also

facilitates upload of primary data into EUROCarbDB [24].

Furthermore, it enables user-defined residues, which is impor-

tant when chemically synthesized glycans are to be analyzed.

Such glycans may contain highly modified monosaccharides,

protecting groups, linkers, or other kinds of nonstandard

residues, which are neither included in the standard residue sets

nor present in the databases used by mass-fingerprinting

approaches.

Significantly fewer tools are available to aid the interpretation

of HPLC or NMR spectra of carbohydrates. AutoGU [25] and

GALAXY [148] assist users to interpret HPLC profiles or to

visualize HPLC 2D maps, respectively. ProspectND is designed

http://web.expasy.org/glycanmass/
http://www.glycosciences.de/tools/GlycoFragments/
http://www.glycosciences.de/tools/GlycoFragments/
http://www.chemres.hu/ms/glycominer/
http://www.expasy.org/tools/glycomod/
http://www.glyco-peakfinder.org
http://hexose.chem.ku.edu/predictiontable.php
http://edwardslab.bmcb.georgetown.edu/software/GlycoPeptideSearch.html
http://edwardslab.bmcb.georgetown.edu/software/GlycoPeptideSearch.html
http://www.glycosciences.de/database/start.php?action=form_ms_search
http://www.glycosciences.de/database/start.php?action=form_ms_search
http://www.glycoworkbench.org
http://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html
http://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html
http://www.casper.organ.su.se/casper/
http://www.ccpn.ac.uk
http://www.glycosciences.de/sweetdb/start.php?action=form_shift_estimation
http://www.glycosciences.de/sweetdb/start.php?action=form_shift_estimation
http://prospectnd.sourceforge.net/
http://www.glycoanalysis.info/ENG/index.html
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for the signal processing of multidimensional NMR spectra.

CCPN (Collaborative Computing Project for the NMR commu-

nity) helps users to assign NMR spectra [146,151]. Originally

designed for proteins or peptides, CCPN by now also supports

carbohydrates. Other tools such as CASPER [144,145,152-154]

or GlyNest [147] can be used to predict 1D NMR spectra of

carbohydrates and to determine glycan sequences from chem-

ical shifts.

Conclusion
Due to the challenges that carbohydrates pose, not only with

respect to their analysis or synthesis but also in the handling of

them computationally, glycoinformatics has been lagging

behind other areas of bioinformatics for a long time [6], but has

made good progress over the past decade and is catching up

with bioinformatics for genomics or proteomics. Despite this

relatively quick growth and some promising approaches to

cross-reference and standardize the data [9,10,28,58,65], there

is still an urgent need for better integration of the various

resources [13], many of which can still be regarded as discon-

nected islands. Furthermore, funding for the maintenance of

existing databases is required to keep useful resources up-to-

date, rather than only funding new projects. The open-source

idea can also help to partly overcome this dilemma. If the data

and source codes that have been developed in a project are

accessible to other researchers, they can be used in new projects

to actually improve the existing status, rather than the wheel

having to be reinvented every time by starting from scratch and

redeveloping basic concepts and sources.
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Abstract
The preparation of low-generation dendrimers based on a simple calix[4]arene scaffold by insertion of the iminosugar-analogue

C2-symmetric 3,4-dihydroxypyrrolidine is described. This methodology allows a rapid incorporation of a considerable number of

iminosugar-like moieties in a reduced volume and in a well-defined geometry. The inclusion of alkali-metal ions (sodium and

potassium) in the polar cavity defined by the acetamide moieties at the lower rim of the calixarene was demonstrated, which allows

also the rigidification of the dendrimer structure and the iminosugar presentation in the clusters. The combination of the supra-

molecular properties of calixarenes with the advantage of a dendrimeric presentation of repetitive units opens up the possibility of

generating well-defined multivalent and multifaceted systems with more complex and/or biologically relevant iminosugars.
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Introduction
Polyhydroxylated pyrrolidines are one of the main classes of

naturally occurring sugar mimics [1,2] and belong to the

so-called iminosugars [3]. Several iminosugars have shown

potential as therapeutics due to the ability to inhibit glycosi-

dases and other enzymes associated with the metabolism of

polysaccharides and the processing of glycoproteins [3].
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Figure 1: First (2) and second (3) generation of dendrimers based on chiral C2-symmetric pyrrolidine 1 and having p-tert-butyl calix[4]arene as the
scaffold.

Conjugation of iminosugars onto a polyvalent skeleton has been

investigated only occasionally, and their properties as multi-

valent enzyme inhibitors gave contrasting results. Early find-

ings indicated in fact that poor multivalent phenomena take

place [4-6], but more recently moderate [7] to remarkable [8,9]

effects have been reported on glycosidases. Unlike lectin-medi-

ated interactions [10], the effect of iminosugar-based multi-

valent inhibitors on enzyme activity is difficult to rationalise.

However, the introduction of several copies of an N-alkyl

analogue of iminosugar 1-deoxynojirimycin onto a fullerene

ball [8] or onto β-cyclodextrin [9] afforded the first pieces of

evidence for a significant multivalent effect in glycosidase

inhibition. These results highlight the interest in synthesizing

multivalent iminosugar-conjugates with well-defined structures.

In this context, we aimed at studying the feasibility of

combining the supramolecular properties of multivalent scaf-

folds, such as calixarenes, with the advantages of a dendrimeric

presentation of iminosugar analogues.

Calixarenes [11] have been widely employed in host–guest

chemistry, first as ligands for small ions and neutral molecules

[12,13] and, more recently, for biologically relevant molecules

and macromolecules [14]. Multivalent calixarenes functional-

ised with carbohydrate units (glycocalixarenes) [15] have been

extensively reported in the literature and represent examples of

sugar clustering on macrocyclic structures [16,17]. Thanks to

the “glycoside cluster effect” [18-20], glycocalixarenes can

enhance the avidity of interactions between glycans and lectins

[15]. Some glycocalixarenes have shown remarkable inhibition

properties towards galectins [21,22] or Pseudomonas Aeru-

ginosa lectin [23], the inhibition ability being dependent on the

macrocyclic conformation and presentation of the glycoside

units. With the purpose of expanding the valency and increasing

the glycoside density, glycodendrimers have also been synthe-

sised and their properties in protein–carbohydrate interactions

have been studied [24-26]. However, the innovative frontier of

combining glycodendrimeric arrangements onto a calixarene

core has only occasionally been explored. To the best of our

knowledge, only one example in which a glycodendrimer was

built on a calixarene core has been published [27], while no

examples of iminosugar-based calixarene dendrimers have been

reported so far.

We report herein the synthesis of low-generation iminosugar-

type calixarene-based dendrimers, demonstrating the feasibility

of increasing the valency of the cluster by combining a

dendrimeric arrangement of iminosugar ligands with a multi-

valent calixarene core.

Results and Discussion
We chose to address the conjugation of iminosugar-analogue

dendrimers, based on the C2-symmetric (3S ,4S)-3,4-

dihydoxypyrrolidine (1) unit, to a simple calix[4]arene scaffold

(Figure 1). This allows a rapid increase of the valency of the

iminosugar dendrimer in a reduced volume. The C2 symmetry

of pyrrolidine 1, its ready accessibility from the “chiral pool”

(L-tartaric acid) [28], and its functional groups (an anchoring

amine and two transformable hydroxy groups) make it a con-

venient chiral AB2 building block for the construction of

dendrimers [29]. The linkable hydroxy groups of the pyrrolidine

rings open up the possibility of constructing calixarene-based

dendrimers [30] of higher generation. In addition to its prop-

erties as a chiral building block, pyrrolidine 1 may be

considered an elemental iminosugar, and it is, by far, easier to

handle and to characterise as a consequence of its symmetry.

The synthesis of model iminosugar-based calixarene dendrimers

may open the way for the construction of more complex

systems, decorated with biologically active polyhydroxylated

pyrrolidines or piperidines.

The synthesis of first- and second-generation iminosugar-based

calixarene-dendrimers 2 and 3 (Figure 1) was addressed in
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Scheme 1: Use of the key intermediate (3S,4S)-1-benzyl-3,4-dihydroxypyrrolidine (6) [31] for the synthesis of pyrrolidine 4 and the pyrrolidine-based
dendron 5. Reagents and conditions: i. Pd(OH)2/C, MeOH, HCOO−NH4

+, Boc2O, reflux, 3 h, 95%; ii. K, THF, 0 °C to rt, 16 h; iii. BrCH2CO2Et, 4 h,
35% (8) and 17% (8'); iv. KOH 1 N, EtOH, reflux, 3.5 h, quantitative; v. N-hydroxysuccinimide (NHS), AcOEt, dicyclohexylcarbodiimide (DCC), 30 °C,
72 h, 80%, (Su: succinimidyl); vi. N,N-diisopropylethylamine (DIPEA), CH2Cl2, 30 °C, 5 d, 77%; vii. trifluoroacetic acid (TFA), CH2Cl2, rt, 16 h, quanti-
tative.

order to prove the viability of such a strategy. A convergent

synthetic approach was chosen for the conjugation of

pyrrolidine 4 and pyrrolidine-based dendron 5 (see Scheme 1)

to the calix[4]arene core, via intermediate 11, in order to obtain

iminosugar-based calixarene-dendrimers 2 and 3 (see

Scheme 2). The starting calixarene used in this work was the

commercially available p-tert-butyl calix[4]arene, which has the

phenolic hydroxy groups at the lower rim and the tert-butyl

groups at the upper rim. Functionalization of p-tert-butyl

calix[4]arene was performed by standard conversion of the

hydroxy groups of the lower rim to activated acetic acid succin-

imide ester (COOSu) moieties (compound 11, see Scheme S2 in

Supporting Information File 1). These moieties allowed the

subsequent conjugation by amide bond formation between 11

and the suitably protected pyrrolidine derivatives 4 and 5 in

order to obtain the calixarene-dendrimers 2 and 3, respectively.

The synthesis of (3S,4S)-3,4-bis(tert-butyldimethylsilyl-

oxy)pyrrolidine (4) was achieved by following a reported

procedure [31], via the key intermediate 6 (Scheme 1 and

Supporting Information File 1). Tripyrrolidine 5 required for the

second generation calixarene-dendrimer 3 was prepared starting

again from the key intermediate 6, but in this case a modified

multistep synthetic procedure was necessary. First, N-Boc di-

hydroxypyrrolidine 7 was obtained from 6 through a “one pot”

change of protecting group from benzyl to tert-butoxycarbonyl,

which occurred in excellent yield by performing the catalytic

hydrogenation in methanol under reflux and in the presence of

Boc2O (Scheme 1). This simple process is unprecedented and

may result in a new straightforward method to convert N-benzyl

amines into N-Boc amines once a series of similar compounds

are screened. On the other hand, alkylation of the hydroxy

groups of 7 with the 2-ethoxycarbonylmethyl linker was

problematic. In fact, when sodium hydride was used as a

deprotonating agent, no reaction occurred after in situ addition

of ethyl bromoacetate. However, a mixture of mono-(8') and

di-(8) substituted products was obtained by using metallic

potassium (Scheme 1). In spite of the poor yield (35%) of the

desired product 8, the starting material 7 and the mono-

derivative 8' could be recovered after column chromatography

over silica gel, and used again for the same reaction. The

N-protected pyrrolidine 8 was then activated for the coupling

with pyrrolidine 4 in order to obtain the pyrrolidine-based

dendron 5 to be used in assembling the second-generation

calixarene-dendrimer 3. In particular, succinimidyl-activated

pyrrolidine 9 was obtained by hydrolysis of ester groups in 8

followed by treatment with DCC/NHS (two steps, 80% overall

yield). The amide coupling was then performed by reaction

of 9 with pyrrolidine 4 using DIPEA as a base, and this

afforded the branched tripyrrolidine 10 in 77% yield after

column chromatography over neutral aluminium oxide.

The tert-butoxycarbonyl group was then removed in the

presence of TFA to obtain the pyrrolidine-based dendron 5

(Scheme 1), which was used in the next step without further

purification.
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Scheme 2: Synthesis of calixarene-based dendrimers 2 and 3. Reagents and conditions: DIPEA, CH2Cl2, 30 °C, 5 d, (Su: succinimidyl; TBDMS: tert-
butyldimethylsilyl).

Using the SuO-activated calix[4]arene 11 as the scaffold, the

planned convergent synthetic approach was completed to afford

the first (2) and second (3) generation iminosugar-based calix-

arene dendrimers. The coupling between calixarene 11 and

pyrrolidine derivatives 4 or 5 was performed as reported before

for the synthesis of compound 10 (Scheme 1) and is shown in

Scheme 2. The identity of both final compounds 2 and 3,

obtained in good yields (77% and 68%, respectively), was

assessed by their spectroscopic data and elemental analysis (see

Supporting Information File 1). In particular, integration ratios

of the calixarene aromatic (8H, δ ≈ 7 ppm) and tert-butyl

signals (36H, δ ≈ 1 ppm) versus those of the CH3 of TBDMS at

ca. 0 ppm were in good agreement with the number of the

expected protons for dendrimers 2 and 3 (48H and 96H, res-

pectively). Thus, an increase of the valency of a model

iminosugar dihydroxypyrrolidine 4 in a controlled manner and

geometry, by its conjugation to the calixarene scaffold 11 in a

dendrimeric fashion, could be demonstrated. Quite interest-

ingly, we could also prove the feasibility of the iminosugar

deprotection on the calixarene dendrimer 2. By treatment with

CsF in EtOH, the eight tert-butyldimethylsilyl groups could be

removed and the deprotected derivative 12 was obtained in 56%

yield after trituration with CH2Cl2 and washing several times

with water.

The presence of acetamide moieties at the lower rim of the

dendrimers 2 and 3 prompted us to explore the possibility to use

alkali metal salts as allosteric effectors in the modulation of the

shape and rigidity of the iminosugar presentation by the calix-

arene scaffold. A common way, in fact, used to rigidify the

“mobile cone” structure of tetraalkoxycalix[4]arenes is to intro-

duce strong donating groups, such as amide or ester [32,33], on
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Figure 2: Expansion (about 7 to 3 ppm) of the 1H NMR spectra of (A) the free ligand 2, (B) the sodium picrate complex, and (C) the potassium picrate
complex. The full spectra are reported in Supporting Information File 1 (Figure S1). Asterisks: aromatic protons; empty circles: OCH2CON protons;
filled circles: methylene bridge protons.

the phenolic oxygen atoms and an alkali-metal ion. The cation,

strongly coordinated by eight oxygen atoms in the polar region

created at the lower rim, blocks the calixarene in a “rigid cone”

structure [34], also controlling the convergence of the

iminosugars.

The ability of first-generation calixarene dendrimer 2 to bind

alkali-metal cations was tested by means of NMR, by

solid–liquid extraction of solid alkali picrate salts into a CDCl3

solution of ligand 2. A mixture of 0.5 equiv of sodium or

potassium picrate and ligand 2 showed the simultaneous pres-

ence of the peaks of the complex and of the free ligand indic-

ating a slow exchange regime on the NMR timescale. On the

other hand, the NMR analysis of a CDCl3 solution of ligand 2

in the presence of an excess of metal picrate (see Figure S1 in

Supporting Information File 1) allowed the stoichiometry of the

complex to be established. As the picrate salts are scarcely

soluble in CDCl3, the comparison of the integrals of the picrate

signal (a singlet of 2H, around 8.8 ppm) and of the calixarene

aromatic protons (a signal of 8H at 7.00–7.10 ppm) indicated

that the complexes (both with sodium and potassium) have a 1:1

stoichiometry. As it can be seen in Figure 2, and as reported

also for other alkali-metal ion complexes of similar tetramide

ligands [35], the cation complexation induces a strong

deshielding effect on the aromatic protons of about 0.3 ppm

with respect to the free calixarene (as indicated by the asterisks)

as a consequence of the electron-withdrawing effect of the

metal ion coordinated to the phenolic oxygen.

Quite remarkable is the up-field shift exerted by the OCH2CON

protons (empty circles in Figure 2), which is due to their posi-

tioning close to the shielding cone of the aromatic nuclei as a

consequence of the C=O coordination to the metal ion

(Figure 3). Interesting, and not observed for achiral calixarene

tetramide ligands, is the splitting of the OCH2CON methylene

protons into an AB system (empty circles in Figure 2), which,

especially in the case of the Na+ complex, indicates a quite

different chemical environment for the two geminal protons and

could be the consequence of a quite twisted square antiprism of

coordination around the cation [36]. Consistent shifts are

observed for the methylene bridge protons (filled circles in

Figure 2), which are in line with previous observations but more

difficult to be rationalised also as a consequence of a slight con-

formational rearrangement of the calixarene scaffold. Less

important shifts are obviously observed for the pyrrolidine ring

protons, which are quite far from the binding region.

These results show, therefore, that, in spite of the bulky

substituents present on the pyrrolidine nuclei, the amide groups

can still bind alkali-metal ions quite efficiently. This encour-

ages the use of such compounds not only to study the metal-ion

effect on the organisation of iminosugars and on the rigidifica-
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Figure 3: Schematic of the inclusion of alkali-metal ions (sodium and potassium) in the polar cavity defined by the acetamide moieties at the lower rim
of the calixarene, and its effect on the rigidification of the calixarene scaffold and organisation of iminosugars.

tion of the calixarene scaffold, but also to exploit the ability of

these chiral ligands to enantioselectively recognise chiral salts

[37] or the ability of their transition-metal complexes to cata-

lyse enantioselective syntheses [38,39], which are objects of

current investigations.

Conclusion
The coupling of low-generation dendrons, based on the chiral

C2-symmetric dihydroxypyrrolidine 1, with a calix[4]arene

scaffold allowed the construction of novel supramolecular

architectures, i.e., iminosugar-analogue-based calixarene

dendrimers. The convergent synthetic approach used permits

the rapid increase of the valency of the iminosugar presentation.

Complexation studies with sodium or potassium picrate, carried

out on the calixarene-dendrimer 2, indicated an effective

binding of the metal cation at the calixarene lower rim that

induces a rigidification of the macrocyclic scaffold and, as a

consequence, the convergence of the iminosugars into a

restricted region of space. These chiral multivalent dendrimers

could thus be interestingly engaged in enantioselective recogni-

tion and catalysis. Up to now, pyrrolidine 1 has been used both

as a dendrimeric building block and iminosugar model; its

substitution at the hydroxy groups with more complex and bio-

logically active iminosugars, such as polyhydroxylated

pyrrolidines, would also allow the investigation of the corres-

ponding calixarene dendrimers in interactions with enzymatic

receptors.

Supporting Information
Supporting Information File 1
Experimental procedures; spectroscopic and analytical data.
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Abstract
A series of 15 glycoside-derived tricarbonyl(η6-arene)chromium complexes were prepared in 19–87% yield by heating fully

acetylated or methylated aryl O-, S-, N- and C-glycosides of D-glucopyranose and D-mannopyranose with hexacarbonylchromium.

All tricarbonylchromium complexes were fully characterized. The structures of nine crystalline complexes were determined by

X-ray diffraction, revealing unusual intra- and intermolecular nonclassical hydrogen bonds.

1059

Introduction
In 1957, Fischer and Öfele published the preparation of tricar-

bonyl(η6-benzene)chromium, which was the first arene tricar-

bonylchromium complex [1]. Since then, a plethora of tran-

sition-metal complexes of arenes have been prepared, character-

ized and described in the literature. Among the multitude of

transition-metal complexes of aromatic compounds, however,

only tricarbonyl(η6-arene)chromium compounds are widely

used for organic syntheses [2-4]. This is due to the fact that

tricarbonyl(η6-arene)chromium complexes are relatively stable

compounds, which can be easily prepared and also easily recon-

verted into the parent arenes. Furthermore, the tricar-

bonylchromium group is an electron-withdrawing substituent

increasing the acidity of the aromatic protons and the elec-

trophilicity of the aromatic ring and, thus, making the arene

more susceptible towards SNAr reactions. Likewise, the

benzylic and homo-benzylic positions in tricarbonyl(η6-

arene)chromium complexes are more acidic and more prone to

solvolysis, nucleophilic substitution and deprotonation than in

the parent arenes due to the fact that the tricarbonylchromium

ligand stabilizes both benzylic and homo-benzylic carbenium

ions and carbanions [5,6]. Asymmetric ortho- or meta-substi-

tuted tricarbonyl(η6-arene)chromium compounds display planar

chirality, which, in turn, makes these chiral complexes attrac-

tive catalysts for enantioselective reactions [6-8].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Despite the broad applications that  tr icarbonyl(η6-

arene)chromium complexes have found in organic synthesis

since their discovery in 1957, only a very few tricar-

bonylchromium complexes of sugar derivatives are known

today. Figure 1 shows the types of such carbohydrate-derived

chromium complexes that have been described in the literature

so far. Complexes of type A and B were obtained from the

corresponding glycopyranosides and were studied as substrates

for chiral-auxiliary-directed asymmetric ortholithiation and as

catalysts for enantioselective Diels–Alder reactions [9-12].

Tricarbonylchromium complexes of type C and D were

obtained via benzannulation of glucal-derived pentacar-

bonylchromium carbenes or by reaction of alkynyl C-glyco-

sides with pentacarbonylchromium carbenes [13].

Figure 1: Known types of η6-tricarbonylchromium complexes of sugar
derivatives [9-13].

Further syntheses and characterizations of more examples of

carbohydrate-derived tricarbonyl(η6-arene)chromium

complexes are highly desirable in order to allow studies of the

rich chemistry of such complexes in greater detail. In this paper

we describe the synthesis and structural elucidation of a series

of tricarbonyl-(η6-arene)chromium complexes of some simple

phenyl and benzyl O-, N-, S- and C-glycosides.

Results and Discussion
Preparation of η6-tricarbonylchromium
complexes of glycosides
In general, tricarbonyl(η6-arene)chromium compounds can be

prepared in a wide variety of methods [4]. However, the

following two methods are the most commonly employed ones:

(a) ligand-exchange reaction between an arene and, most

conveniently, either naphthalene–Cr(CO)3 complex or

(MeCN)3Cr(CO)3 in which the chromium ligand is only weakly

bound [14]; (b) simply heating the arene with hexacarbonyl-

chromium in an inert solvent (Mahaffy–Pauson method)

[15,16]. Method (a) has the disadvantage that the applied

chromium complexes for the ligand exchange reaction are

extremely sensitive toward oxidation, due to the weakly bound

chromium. For method (b) high-boiling-point solvents, such as

di-n-butylether, decalin or dioxane, can be used. The addition of

THF to these solvents was shown to prevent the excessive subli-

mation of Cr(CO)6 during the formation of the arene–chromium

complexes [17]. Therefore, we used method (b) for the prepar-

ation of tricarbonyl(η6-arene)chromium complexes of glyco-

sides as follows.

One equivalent of phenyl or benzyl glycoside 1 and one equiva-

lent of Cr(CO)6 were dissolved in di-n-butylether containing

10% THF, and the solution was stirred at 140 °C under argon

and under the exclusion of light (brown glassware). After the

reaction of 1 with Cr(CO)6 was complete (16–96 h), the solvent

was evaporated and the crude complexes 2 were purified by

chromatography under argon on silica gel with n-hexane/ethyl

acetate mixtures as eluent. Crystalline chromium complexes 2

were recrystallized from ethanol, and for suitable crystals X-ray

structures were determined. Table 1 summarizes the results for

the preparation of the complexes 2 from simple acetylated and

methylated phenyl, benzyl and 1-O-benzoyl glycosides 1. All

glycosides 1a–k were prepared according to literature pro-

cedures (for details see the Supporting Information File 1).

All reactions of glycosides 1a–k with Cr(CO)6 proceeded

smoothly and gave the corresponding tricarbonyl(η6-

arene)chromium complexes 2a–k in medium yield. The some-

what lower yields in some cases are due to oxidative decompo-

sition of the products during purification by column chromatog-

raphy on silica gel.

The reaction times also varied significantly between 16 and

96 h. This was due to the purity of the hexacarbonyl chromium

charges we purchased from several companies. In general,

however, electron-donating protecting groups in the sugar

moiety accelerated the formation of the chromium complexes at

the aglycon (Table 1, entries 3 and 4). Treatment of the

mannose orthoester 1f (Table 1, entry 6) under the standard

conditions applied here resulted in the exclusive formation of

tricarbonyl[(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyloxy)-

η6-benzene]chromium (2f) in 47% yield. In the glucose series it

is well known that orthoesters similar to 1f rearrange to the

corresponding glycosides upon heating [18]. Therefore, it is

very likely that 1f isomerized to the corresponding phenyl

2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside, which was then

converted into complex 2f. The direct complexation of

orthoester 1f is unlikely because no such chromium complex

was detected. The anomeric α-configuration of 2f was proven

by decomplexation of an analytical sample with iodine in

CHCl3 followed by measurement of the NMR spectrum of the

formed glycoside. The latter showed a CH-coupling constant at

the anomeric center of 173.9 Hz, which is indicative of an



Beilstein J. Org. Chem. 2012, 8, 1059–1070.

1061

Table 1: Synthesis of η6-tricarbonylchromium complexes 2a–k from glycosides 1a–k and Cr(CO)6 in di-n-butylether/THF 9:1 at 140 °C under Ar and
exclusion of light.

Entry Glycoside 1 Time Complex 2 Yield

1

1a

96 h

2a

29%

2

1b

90 h

2b

87%

3

1c

80 h

2c

29%

4

1d

16 h

2d

19%

5

1e

70 h

2e

53%

6

1f

42 h

2f

47%

7

1g

42 h

2g

35%

8

1h

67 h

2h

30%

9a

1i

24 h

2i

46%
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Table 1: Synthesis of η6-tricarbonylchromium complexes 2a–k from glycosides 1a–k and Cr(CO)6 in di-n-butylether/THF 9:1 at 140 °C under Ar and
exclusion of light. (continued)

10

1j

24 h

2j

49%

11

1k

80 h

2k

81%

aAnomeric mixture α:β = 1:2.

Scheme 1: Synthesis of glucoside 1l.

α-anomer [19]. As additional proof for the anomeric configur-

ation of 2f, we also prepared β-anomer 2g (Table 1, entry 7).

For the preparation of chromium complex 2i we used a 1:2

anomeric mixture of aminoglucoside 1i, which did not change

during the complexation (Table 1, entry 9).

For the anticipated synthesis  of  a glucose-derived

tricarbonyl(η6-pyridine)chromium complex we prepared glyco-

side 1l by reacting acetobromoglucose with 6-tert-butyl-2-

hydroxypyridine [20] under Helferich conditions (Hg(CN)2).

Only the corresponding O-glycoside 1l was obtained, and no

N-glycoside was formed in this Helferich glycosylation

(Scheme 1). Sterically hindered 6-tert-butyl-2-hydroxypyridine

was chosen as the aglycon in order to avoid complexation of

hexacarbonylchromium with the basic nitrogen atom. However,

all attempts to convert 1l into the corresponding tricarbonyl(η6-

pyridine)chromium complex failed. Attempts to prepare a

chromium complex of 1l by a ligand exchange reaction with

naphthalene–Cr(CO)3 or (MeCN)3Cr(CO)3 were also unsuc-

cessful (no further experimental details shown).

Next,  we also prepared some sugar-derived tr icar-

bonylchromium complexes of glycosides having a prochiral

aglycon, i.e., an ortho-substituted phenyl or benzyl aglycon.

Glycosides 1m [21] and 1q [22] were prepared according to the

respective literature procedures. Glycosides 1n–p were not

known in the literature and were prepared as follows: o-Tolyl

2,3,4-6-tetra-O-acetyl-β-D-glucopyranoside (1m) was first

deacetylated (cat. NaOMe in MeOH) followed by treatment

with pivaloyl chloride in pyridine to give 1n in 86% yield.

Treatment of pentaacetylglucose and 2-tert-butylphenol with

BF3-etherate in dichloromethane afforded 1o in 31% yield.

Glycoside 1p was prepared by a Helferich glycosylation of

o-methylbenzyl alcohol with acetobromoglucose. For further

details see Supporting Information File 1. Table 2 summarizes

the results of the complexation of glucosides 1m–q affording

the diastereomeric tricarbonyl(η6-arene)chromium complexes

2m–q.

Treatment of o-tolyl glucoside 1m with hexacarbonyl-

chromium under the standard conditions for 70 h afforded a 7:3

mixture of the diastereomeric tricarbonylchromium complexes

2m in 76% overall yield (Table 2, entry 1). Upon slow crystal-

lization of the diastereomeric mixture from ethanol, isomer

pR-2m could be obtained in pure form. From the mother liquor

a small amount of pure isomer pS-2m could be isolated upon

repeated recrystallization as well. The absolute configuration of

the planar chiral tricarbonyl(η6-o-tolyl)chromium aglycon in

both diastereomers 2m could be unambiguously assigned by

X-ray crystallography. Since the two diastereomers 2m were

not formed in equal amounts during complexation of glucoside

1m, we contemplated that an even higher diastereoselectivity

should be obtained when sterically more demanding aglycons or

sugar moieties are present during reaction with Cr(CO)6. There-

fore, we also reacted glucosides 1n and 1o bearing either bulky

pivaloyl groups or a tert-butyl group in the aglycon in the sugar

moiety with Cr(CO)6. However, no complexation could be
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Table 2: Synthesis of tricarbonylchromium complexes 2m–q from glycosides 1m–q containing a prochiral aglycon and Cr(CO)6 in di-n-butylether/THF
9:1 at 140 °C under Ar in the dark.

Entry Glycoside 1 Time Complex 2 Yield Ratioa

1

1m

70 h pR-2m

pS-2m

76% pR-2m:pS-2m
= 7:3b

2

1n R1 = Piv, R2 = Me
1o R1 = Ac, R2 = C(CH3)3

no product – –

3

1p

15 h

2p

42% pR-2p:pS-2p
= 1:1c

4

1q

16 h

2q

42% pR-2q:pS-2q
= 1:1c

aDetermined by 1H NMR; bdiastereomers can be separated by crystallization; cno separation possible.

detected even under prolonged reaction time (Table 2, entry 2).

Placing the o-tolyl group in a position more distant from the

sugar part, as in glucoside 1p (Table 2, entry 3), or using o-tolyl

C-glucoside 1q (Table 2, entry 4) gave 1:1 mixtures of the

corresponding diastereomers 2p and 2q, respectively. A sep-

aration of the diastereomers by crystallization was not possible

for complexes 2p and 2q.

The O-acetylated carbohydrate-derived tricarbonyl(η6-

arene)chromium complexes prepared here can be deprotected

without affecting the chromium complex, as exemplified in

Scheme 2. Zemplén deacetylation of 2c afforded tricarbonyl(β-

D-glucopyranosyloxy-η6-benzene)chromium (3) in quantitative

yield. Glucoside 3 is a good substrate for β-glucosidases, such

as almond glucosidase E.C. 3.2.1.21, and is converted into

D-glucose and tricarbonyl(η6-phenol)chromium in 98% yield.

Structures of tricarbonyl(η6-arene)chromium
complexes of glycosides
In general, complexation of glycosides 1 with Cr(CO)6 to give

the corresponding tricarbonyl(η6-arene)chromium compounds 2

Scheme 2: Deprotection of 2c and enzymatic cleavage of 3.

does not significantly affect the conformation of the sugar

moieties. This is evident from the 1H NMR spectra of com-

pounds 2, which show no significant change of chemical shifts

and coupling constants of the carbohydrate protons compared to

those of the educts 1. As an example, Table 3 shows the chem-

ical shifts of the protons of compounds 1a and 2a. All NMR

signals of the sugar protons remain practically unchanged,
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Table 3: Chemical shifts (δ in ppm) of the protons of compounds 1a and 2a derived from the 1H NMR spectra of the compounds measured in
acetone-d6.

H1 H2 H3 H4 H5 H6a H6b OCH2 HAr

1a 4.83 d 4.98 t 5.25 t 5.05 t 3.97 m 4.29 dd 4.15 dd 4.87 d 4.67 d 7.28–7.34 m
2a 4.98 d 4.98 t 5.28 t 5.06 t 4.01 m 4.27 dd 4.16 dd 4.68 d 4.45 d 5.56–5.72 m

Table 4: Selected corresponding distances and angles of 2aa and 2ab.

2aa 2ab

C1’–O10 1.375 Å C41–O30 1.378 Å
O10–C7 1.427 Å O30–C37 1.407 Å
C7–C1 1.491 Å C37–C31 1.477 Å
C1’–O10–C7 112.8° C41–O30–C37 113.2°
C1–C7–O10 108.4° C31–C37–O30 112.6°
C1’–O10–C7–C1 147.8° C41–O30–C37–C31 157.9°

whereas the protons of the benzylic methylene group and the

benzene moiety appear, as was expected, at higher fields in 2a.

Therefore, it can be concluded that the sugar rings remain in the
4C1 conformation. The high-field shifts of the benzylic meth-

ylene group and the aromatic moiety are in accordance with

other tricarbonyl(η6-arene)chromium complexes. This is further

confirmed by the X-ray structures obtained from crystalline

chromium complexes.

For the tricarbonylchromium complexes 2a–e,j,k,m which gave

suitable crystals, structures were determined by X-ray diffrac-

tion [23]. Crystals were grown for all compounds by slow crys-

tallization of the compounds from ethanol. The conformation of

the Cr(CO)3 group in relation to the aromatic ring shows some

deviations compared to other tricarbonyl(η6-arene)chromium

complexes. In complexes where the benzene ring carries an

electron-donating substituent, the Cr(CO)3 group is preferably

in an eclipsed orientation, whereas in cases where the benzene

carries an electron-withdrawing substituent, a staggered con-

formation is commonly found [24]. Here, eclipsed conforma-

tions of the Cr(CO)3 group were found in compounds 2c and

2e, which both carry an electron-donating glycosyloxy

substituent. However, compound 2k, which carries an electron-

withdrawing substituent also shows an eclipsed conformation of

the Cr(CO)3 group. Likewise, all compounds 2a, 2b, 2d, 2j and

2m show a staggered conformation of the Cr(CO)3 group,

although they all carry an electron-donating substituent at the

benzene ring. All complexes show unusual intra- and intermole-

cular nonclassical hydrogen bonds [25], which will be discussed

in more details for each individual X-ray structure in the

following. For technical details of the X-ray structures see

Supporting Information File 1.

Figure 2: ORTEP-plot of the asymmetric unit containing two mole-
cules of compound 2a showing 30% probability ellipsoids; the arrows
show the nonclassical H-bonds between O1 and H34 and O21 and H4.

Figure 2 shows the asymmetric unit of compound 2a, which

contains two slightly differently distorted molecules. Table 4

summarizes some selected atomic distances and angles of the

two molecules in the asymmetric unit (2aa refers to the right

molecule and 2ab to the left one in Figure 2). Most signifi-

cantly, the biggest differences are found around the benzylic

methylene groups (C7 and C37, respectively). Another signifi-

cant feature of 2a that was not observed in any other complex 2

is the parallel face-to-face orientation of the two benzene rings.

However, the distance of the two ring planes of 3.627 Å and the

angle of 16° between the ring planes indicate no π-interaction of

the two benzene rings.
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Table 5: Comparison of selected distances and angles in 2c with phenyl β-D-glucopyranoside.

Bond 2c phenyl β-D-glucopyranoside

C1’–O1 1.417 Å 1.394 Å
O1’–C1’ 1.418 Å 1.434 Å
O1–C1 1.360 Å 1.388 Å
C1’–O1–C1 119.1° 118.0°
O1’–C1’–O1 106.7° 107.4°

The most significant features in the crystal structure of 2a are

the two intermolecular nonclassical hydrogen bonds between

O1 and H34 and O21 and H4 (Figure 2). That these hydrogen

bonds are indeed true bonds is evident from the distances of

2.659 Å for O1/H34 and 2.680 Å for O21/H4 and the angles

101.9° for C1’–O1–H34, 123.7° for C5’–O1–H34, 122.8° for

C41–O21–H4 and 105.6° for C41–O21–H4. These distances

and angles allow protons H4 and H34 to interact with the lone

pairs of the oxygen atoms O1 and O21 of the sugar rings [26].

Most likely, the two nonclassical hydrogen bonds in 2a are the

reasons why two molecules crystallize as slightly different

pairs; a feature not observed in the other complexes.

Figure 3 shows the structure of compound 2b, which is the

anomer of 2a. Once again a nonclassical hydrogen bond is re-

sponsible for the interaction of the molecules. Contrary to 2a, in

which a nonclassical H-bond was found between the oxygen of

a sugar ring and the hydrogen of a benzene ring, the H-bond

forms in 2b between the oxygen of a carbonyl group (O13) and

the hydrogen of an acetyl group (H26B). However, the length of

this H-bond (2.212 Å) and the angles (161.6° for C≡O···H and

159.8° for C–H···O) prove the presence of the H-bond.

Figure 3: ORTEP-plot of the asymmetric unit showing two molecules
of compound 2b and 30% probability ellipsoids; the arrows show the
nonclassical H-bonds between O13 and H26B.

Figure 4 shows the structure of compound 2c. Once again the

most significant feature is a nonclassical intermolecular

hydrogen bond between the oxygen of a carbonyl group (O12)

and the hydrogen (H6’A) at C6 of the neighboring molecule.

Distance (2.628 Å) and C≡O···H and C–H···O angles (123 and

101.5°) are indicative of the H-bond. Compound 2c also shows

that complexation of an aromatic aglycon with tricar-

bonylchromium does not have any significant influence on the

sugar ring. In Table 5, the distances and angles at the anomeric

center of 2c are compared to those for phenyl β-D-gluco-

pyranoside (Ph-Glc) [27] showing that only the anomeric bond

is slightly shortened upon complexation.

Figure 4: ORTEP-plot of the asymmetrical unit showing two mole-
cules of compound 2c and 30% probability ellipsoids; the arrows show
the nonclassical H-bonds between O12 and H6’A.

Figure 5 shows the structure of compound 2d, which contains a

hydrogen bond between carbonyl oxygen O13 of the left mole-

cule and hydrogen H5 of the benzene ring of the right molecule.

The length of this hydrogen bond is 2.498 Å and the angles

C≡O···H and C–H···O are 166.2 and 158.3°, respectively. All

atomic distances and angles of the tr icarbonyl(η6-

benzene)chromium aglycon are almost identical to those of the

acetylated counterpart 2c. However, in 2d, the carbonyl groups

are in a staggered conformation (like in compound 2a) whereas

in 2c the carbonyl ligands adopt an eclipsed conformation.
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Figure 5: ORTEP-plot of the asymmetric unit showing two molecules
of compound 2d and 30% probability ellipsoids; the arrows show the
nonclassical H-bonds between O13 and H5.

All bond distances and angles for both the carbohydrate moiety

and the tricarbonyl(η6-benzene)chromium aglycon in com-

pound 2e (Figure 6) are within the values found for all of the

other complexes. The carbonyl groups adopt an eclipsed con-

formation like in 2c. In the crystal, two complexed benzene

rings face each other and are aligned parallel, with the tricar-

bonylchromium groups facing in opposite directions. One car-

bonyl group of each molecule is placed in between the benzene

rings and, thus, allows for the formation of a “network” of three

nonclassical H-bonds in the crystal. The lengths and angles of

these three hydrogen bonds in 2e are within the typical range

for nonclassical H-bonds [28-31] (Table 6).

Figure 6: ORTEP-plot of the asymmetrical unit showing two mole-
cules of compound 2e and 30% probability ellipsoids; the arrows show
the nonclassical H-bonds between O13 and H3, O11 and H4 and O12
and H5.

Figure 7 shows the crystal structure of the S-glycoside 2j in

which the molecules are stacked with all benzene rings in an

almost symmetric parallel orientation on one side. However, an

interaction of the tricarbonyl(η6-benzene)chromium rings can

be excluded because the distance between the benzene rings is,

with >3.37 Å, too long for such interactions, which only occur

at shorter distances [32-34]. A nonclassical hydrogen bond is

Table 6: Bond lengths and angles for the nonclassical H-bonds in 2e.

H-bond Length
C≡O···H

Angle
C–H···O

Angle
C≡O···H

O11–H4 2.594 Å 154.4° 94.5°
O12–H5 2.668 Å 142.5° 118.9°
O13–H3 2.656 Å 133.4° 125.6°

found between O13 of a carbonyl group and H22a of the acetyl

group at O6 of the sugar moiety. The bond lengths and angles

of this H-bond are in the expected range (2.709 Å for O···H,

138.2° for angle C–H···O and 93.5° for angle C≡O···H).

Figure 7: ORTEP-plot of the asymmetric unit showing three mole-
cules of compound 2j and 30% probability ellipsoids; the arrows show
the nonclassical H-bonds between O13 and H22a.

The structure of the C-glycoside 2k (Figure 8) also shows a

“network” or nonclassical hydrogen bond in the crystal. The

molecules group similarly to compound 2e; however, the

benzene rings between two molecules (Figure 8, molecules on

the right side) are not oriented in parallel. Four nonclassical

hydrogen bonds form between the oxygen atoms of three car-

bonyl groups (O12 and O13) and the hydrogen atoms of two

methyl groups (H2’ and H22a), one methylene group (H1’) and

one aromatic hydrogen (H6). Table 7 summarizes the bond

lengths and angles of these nonclassical H-bonds.

Table 7: Bond lengths and angles for the nonclassical H-bonds in 2k.

H-bond Length
C≡O···H

Angle
C–H···O

Angle
C≡O···H

O11–H6 2.714 Å 129.5° 126.3°
O13–H22a 2.719 Å 127.1° 118.9°
O13–H1’ 2.720 Å 150.5° 118.4°
O12–H2’ 2.632 Å 164.2° 130.3°
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Figure 8: ORTEP-plot of the asymmetric unit showing three molecules of compound 2k and 30% probability ellipsoids; the arrows show the nonclas-
sical H-bonds between O12 and H2’, O13 and H1’, O11 and H6 and O13 and H22A.

Figure 9: ORTEP-plot of the asymmetric unit showing two molecules of compound pR-2m and 30% probability ellipsoids; the arrows show the
nonclassical intramolecular H-bonds between O11 and H22B and the intermolecular ones between O13 and H24A.

Figure 9 and Figure 10 show the crystal structures of the two

diastereomers 2m. The isomer with (pR)-configuration of the

tricarbonyl(η6-benzene)chromium group (Figure 9) shows one

intramolecular nonclassical hydrogen bond between carbonyl

oxygen O11 and H22B of the 2-O-acetyl group and one inter-

molecular H-bond between carbonyl oxygen O13 of the right

molecule and H24A of the 3-O-acetyl group of the left mole-

cule. All bond lengths and angles of these hydrogen bonds are

in the expected range for nonclassical H-bonds.

The structure of the diastereomer 2m with (pS)-configuration of

the tricarbonyl(η6-benzene)chromium group (Figure 10) resem-

bles compound 2j (Figure 7) in that the benzene rings are also

in a symmetric parallel orientation. However, the distance of the

benzene rings is, with 3.178 Å, shorter than in 2j but still too

long for an interaction of the aromatic rings. One nonclassical

hydrogen bond is found in pS-2m, between the oxygen O13 of a

carbonyl group and the anomeric hydrogen H1’ of the sugar

moiety. The bond lengths and angles of this H-bond are also in

Figure 10: ORTEP-plot of the asymmetric unit showing three mole-
cules of compound pS-2m and 30% probability ellipsoids; the arrows
show the nonclassical H-bonds between O13 and H1’.
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the expected range for nonclassical hydrogen bonds (2.699 Å

for O···H, 128.7 degree for angle C–H···O and 167.3 degree for

angle C≡O···H).

Conclusion
We have prepared and characterized a series of tricarbonyl(η6-

benzene)chromium complexes from phenyl and benzyl O-, N-,

S- and C-glycosides, and which were hitherto unknown. The

X-ray diffraction of some of these glycoside-derived tricar-

bonylchromium complexes revealed crystal structures that

contain numerous nonclassical hydrogen bonds.

Experimental
General details. All solvents were dried and distilled prior to

their use. Reactions were performed under Ar and monitored by

TLC on Polygram Sil G/UV silica gel plates from Machery &

Nagel. Detection was effected by charring with H2SO4 (5% in

EtOH) or by inspection of the TLC plates under UV light. Reac-

tions involving Cr(CO)6 or chromium complexes were

performed in brown glassware or in the dark. NMR spectra

were recorded on a Bruker ARX 250 spectrometer at 250 MHz

for proton spectra and 62.5 MHz for carbon spectra, on a

Bruker Avance 400 spectrometer at 400 MHz for proton spectra

and 100 MHz for carbon spectra, and on a Bruker AMX 600

spectrometer at 600 MHz for proton spectra and 150 MHz for

carbon spectra. Tetramethylsilane was used at the internal stan-

dard. Chemical shifts δ are given in parts per million (ppm) and

coupling constants in hertz (Hz). All NMR spectra were treated

as first-order spectra. HRMS was performed on a Bruker

Daltonics APEX 2 FT–ICR spectrometer. FAB–MS was

performed on a Finnigan MAT TSQ 70 spectrometer and

ionization with Xe. IR spectra were recorded with a Bruker

Tensor 27 IR spectrometer. UV spectra were recorded with a

Shimadzu UV 2102 PC spectrometer. Elemental analyses were

performed on a Hekatech Euro 3000 CHN analyzer. Optical

rotations were measured with a Perkin-Elmer Polarimeter 341.

Melting points were determined with a Büchi B-540 apparatus

and are uncorrected. Preparative chromatography was

performed on silica gel (0.032–0.063 mm) from Machery &

Nagel with different mixtures of solvents as eluent.

Starting materials. The following glycosides 1 were prepared

according to literature procedures: Benzyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside (1a) [35], benzyl 2,3,4,6-tetra-O-

acetyl-α-D-glucopyranoside (1b) [36], phenyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside (1c) [37], phenyl 2,3,4,6-tetra-O-

methyl-β-D-glucopyranoside (1d) [38], phenyl 2,3,4,6-tetra-O-

acetyl-α-D-glucopyranoside (1e) [39], 3,4,6-tri-O-acetyl-1,2-(1-

phenoxy-1-ethylidene)-β-D-mannopyranose (1f) [37], phenyl

2,3,4,6-tetra-O-acetyl-β-D-mannopyranoside (1g) [40], benzoyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (1h) [41], N-phe-

nyl-2,3,4,6-tetra-O-acetyl-D-glucopyranosylamine (1i) [42],

phenyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (1j)

[43], 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosylbenzene (1k)

[44], 2-methylphenyl 2,3,4,6-tetra-O-acetyl-β-D-gluco-

pyranoside (1m) [21], 2-(2,3,4,6-tetra-O-acetyl-β-D-glucopyra-

nosyl)methylbenzene (1q) [22].

Chromium complexes: general procedure. A solution of

glycoside 1 (1 mol equiv) and Cr(CO)6 (1 mol equiv) in di-n-

butylether/THF 9:1 was heated in the dark under Ar at 140 °C

until TLC indicated complete consumption of 1 and was then

concentrated. Chromatography of the residue under Ar with

n-hexane/ethyl acetate 2:1 and immediate concentration

of the fractions containing the chromium complex gave 2. Crys-

talline complexes 2 were slowly recrystallized from ethanol.

Suitable crystals were submitted to X-ray crystallographic

analysis.

Tricarbonyl[(2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyloxymethyl)-η6-
benzene]chromium (2a)
Treatment of 1a (3.0 g, 6.8 mmol) and Cr(CO)6 (1.50 g,

6.8 mmol) in di-n-butylether/THF (100 mL) for 96 h according

to the general procedure afforded 2a (1.14 g, 29%) as yellow

triclinic crystals: Mp 140–141 °C (EtOH); [α]D −11.0 (c 1.0,

toluene); IR (KBr): 1952, 1895 cm−1; FAB–MS (m/z): 597 [M

+ Na]+, 574 [M]+, 490 [M − 3CO]+; 1H NMR (acetone-d6) δ

5.74–5.56 (m, 5H, H-aryl), 5.28 (t, 1H, 3-H), 5.06 (t, 1H, 4-H),

4.98 (t, 1H, 2-H), 4.98 (dd, J1,2 = 7.3 Hz, 1H, 1-H), 4.68, 4.45

(dd, 2H, OCH2Ph), 4.27 (dd, 1H, 6a-H), 4.16 (dd, 1H, 6b-H),

4.01 (m, 1H, 5-H), 2.06–1.94 (m, 12H, OCH3); 13C NMR

(acetone-d6) δ 234.1 (Cr-CO), 170.7, 170.3, 170.0, 169.7

(O=CO), 109.3 (C1-aryl), 100.9 (C1), 95.3, 95.2, 94.0, 93.8,

93.8 (C-aryl), 72.8 (C3), 72.6 (C5), 71.9 (C2), 70.0 (OCH2),

69.3 (C4), 62.7 (C6), 20.6 (3C, OCH3), 20.5 (OCH3); Anal.

calcd for C24H26CrO13 (574.5): C, 50.18; H, 4.56; found: C,

50.10; H, 4.40.

Supporting Information
Supporting Information File 1
Experimental data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-118-S1.pdf]
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Abstract
Three analogues of the Lex trisaccharide antigen (β-D-Galp(1→4)[α-L-Fucp(1→3)]-D-GlcNAcp) in which the galactosyl residue is

modified at O-4 as a methyloxy, deoxychloro or deoxyfluoro, were synthesized. We first report the preparation of the modified

4-OMe, 4-Cl and 4-F trichloroacetimidate galactosyl donors and then report their use in the glycosylation of an N-acetyl-

glucosamine glycosyl acceptor. Thus, we observed that the reactivity of these donors towards the BF3·OEt2-promoted glycosyl-

ation at O-4 of the N-acetylglucosamine glycosyl acceptors followed the ranking 4-F > 4-OAc ≈ 4-OMe > 4-Cl. The resulting

disaccharides were deprotected at O-3 of the glucosamine residue and fucosylated, giving access to the desired protected Lex

analogues. One-step global deprotection (Na/NH3) of the protected 4”-methoxy analogue, and two-step deprotections (removal of a

p-methoxybenzyl with DDQ, then Zemplén deacylation) of the 4”-deoxychloro and 4”-deoxyfluoro protected Lex analogues gave

the desired compounds in good yields.

1134

Introduction
A glycolipid displaying the dimeric Lex hexasaccharide

(dimLex) has been identified as a cancer associated carbohy-

drate antigen, particularly prevalent in colonic and liver adeno-

carcinomas. In addition, an association between the fucosyla-

tion of internal GlcNAc residues in polylactosamine chains, and

metastasis and tumor progression in colorectal cancers has been

suggested [1-6]. Unfortunately, dimLex displays the Lex tri-

saccharide (β-D-Galp(1→4)[α-L-Fucp(1→3)]-D-GlcNAcp), at

the nonreducing end, and this antigenic determinant is also

present at the surface of many normal cells and tissues, which

include kidney tubules, gastrointestinal epithelial cells, and cells

of the spleen and brain [7-11]. Indeed, anti-Lex monoclonal

antibodies (e.g., FH3, SH1) have been shown to recognize this

Lex antigenic determinant as it exists in the hexasaccharide

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:fauzanne@uoguelph.ca
http://dx.doi.org/10.3762%2Fbjoc.8.126
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[1-6]. Therefore, as our group embarks on the development of a

therapeutic anticancer vaccine utilizing the Tumor Associated

Carbohydrate Antigen (TACA) dimLex as a target, an impor-

tant factor to consider is an expected autoimmune response to

the native Lex antigen. Fortunately an internal epitope displayed

by dimLex was discovered when monoclonal antibodies (mAbs)

FH4 and SH2, raised against dimLex, were isolated. Indeed,

these mAbs were shown to bind to the dimLex and trimLex anti-

gens but only weakly recognise Lex trisaccharide antigen [1-6].

With this in mind, we focus our research on the discovery of

analogues of dimLex that can be used as safe vaccine candi-

dates. Ideally, these analogues should display the internal

epitopes that are recognized by anti-dimLex SH2-like anti-

bodies while being free of those that are recognized by anti-Lex

SH1-like antibodies.

In order to abolish cross-reactivity with the Lex antigen, we

have prepared [12-14] several analogues in an attempt to iden-

tify a suitable replacement for the nonreducing end Lex tri-

saccharide. In turn, we have compared the conformational

behaviour of these analogues to that of the natural Lex-OMe 1

(Figure 1) through a mixture of stochastic searches and NMR

analyses [15]. The results pointed toward the preferential adop-

tion, by all of analogues, of the stacked conformation that has

been assigned for the Lex trisaccharide [16-21]. The relative

affinity of the anti-Lex monoclonal antibody SH1 [6] for the

native Lex antigen 1 and our Lex analogues [12-14] was exam-

ined by competitive ELISA experiments using a Lex-BSA

glycoconjugate as the immobilized ligand [15,22-24].

Figure 1: Structure of Lex and analogues 2–5.

It was discovered that the Lex analogue 2, with a glucose unit in

place of the galactose residue (Figure 1), did not bind to the

SH1 mAb, even at high concentrations [15]. This discovery

suggests that, to conserve cross-reactivity with the natural Lex

antigen, the nonreducing end galactose is essential, and that

modifying this residue, particularly at O-4, may lead to the

complete loss of this cross-reactivity [15]. Currently, it is not

known what the reason for this observed loss of binding is,

since the binding affinities between proteins and carbohydrates

are the result of a combination of factors [25-29]. One of the

main interactions is the formation of hydrogen bonds, either

direct or water-mediated, between the amino acid residues of

the protein and the key binding hydroxy groups of the ligand,

which are arranged in clusters presented by different monosac-

charide units. Other factors include favourable interactions of

the nonpolar amino acid residues with the hydrophobic patches

exhibited by the ligand, as well as high-energy water molecules

being favourably displaced from the combining site. Binding

affinity is therefore a result of combined enthalpic, entropic and

solvation effects, frequently leading to a balance between

favourable enthalpic and unfavourable entropic contributions

[25-29]. Thus, only additional competitive ELISA studies with

Lex-OMe analogue inhibitors containing strategic manipula-

tions at the 4” site will provide further insight into specific

binding interactions [15]. The synthesis of a 4”-deoxy Lex tri-

saccharide analogue was reported recently by Dong et al. [30].

Here, we report the synthesis of 4”-methyloxy, 4”-deoxychloro

and 4”-deoxyfluoro Lex-OMe analogue inhibitors 3–5.

Results and Discussion
There are numerous reports in the literature of the chemical

preparation of Lex analogues [30-55], including one recent

report of the synthesis of a Lex pentasaccharide 4-deoxy at the

nonreducing end galactosyl residue [30]. These syntheses

follow one of three strategies: (1) the galactosylation then fuco-

sylation of a glucosamine acceptor [30-47]; (2) the fucosylation

then galactosylation of a glucosamine acceptor [48-53]; or (3)

the fucosylation at O-3 of a lactosamine derivative prepared

from lactose [54,55]. Our synthetic approach to prepare

analogues 3–5 followed the first strategy [30-47] and involved

the use of N-acetylglucosamine glycosyl acceptors 6 [14] and 8,

galactosyl donors 9–11, and known fucosyl donors 12 [56] and

13 [12] (Figure 2).

Synthesis of monosaccharide building blocks
8–11
Glucosamine acceptor 8 was prepared in two steps from the

known [14] benzylidene 7: the benzylidene acetal was first

hydrolyzed, and then the resulting diol (79%) was selectively

benzoylated at O-6 (BzCl-collidine) giving acceptor 8 in 62%

yield.
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Scheme 1: Synthesis of trichloroacetimidate donors 9–11.

Figure 2: Monosaccharide building blocks 6–13.

The syntheses of trichloroacetimidate donors 9–11 are

described on Scheme 1; they were all prepared from the known

trichloroethyl galactoside 14 [57]. Galactoside 14 was first

prepared in three steps from galactose: (1) peracetylation

(Ac2O-pyridine); (2) BF3·OEt2 activation of the anomeric

acetate and glycosidation with trichloroethanol; and (3)

Zemplén deacetylation. This sequence of reactions gave the

desired galactoside 14 in 78% yield and as a 9:1 α/β mixture, as

assessed by 1H NMR. It is important to point out that the

second step in this sequence of reactions used conditions very

similar to those used by Risbood et al. to prepare peracetylated

trichloroethyl galactopyranoside from peracetylated galactose.

Indeed, in agreement with their work [57], the ratio of α-anomer

isolated here suggests a late anomerization of the β-glycoside

during our extended reaction time (20 h) at reflux. The

4-methyloxy trichloroacetimidate donor 9 was then prepared in

four steps from the anomeric mixture of galactoside 14. Tetraol

14 was stirred in a mixture of pyridine and dichloromethane at

−10 °C and treated with 3.1 equivalents of pivaloyl chloride.

Under these conditions the α-tripivaloate 15, selectively

acylated at O-2, O-3 and O-6, was obtained pure and free of

β-anomer (64%). The free hydroxy group in alcohol 15 was

then deprotonated with sodium hydride and allowed to react

with methyl iodide, yielding the 4-OMe galactoside 16 in very

good yield. In turn, trichloroethyl galactoside 16 was converted

to the trichloroacetimidate donor 9 in two steps: the anomeric

trichloroethyl group was removed (Zn/AcOH), and then the

resulting hemiacetal was treated with trichloroacetonitrile in the

presence of DBU giving the desired α-trichloroacetimidate in

good yield.

A Lattrell-Dax nitrite mediated inversion [58-60] of the 4-OH

in galactoside 15 provided the glucoside 17, which was used as

the common precursor to analogues 18 and 19. Treatment with

sulfuryl chloride [61] gave the 4-chloro galactoside 18 in good

yield, whereas triflation at O-4 followed by SN2 displacement

of the triflate by using tetrabutylammonium fluoride [62,63]

gave the 4-fluoro galactoside analogue 19 in excellent yields.

As described above for the preparation of donor 9 from glyco-

side 16, trichloroethyl galactosides 18 and 19 were, in turn,

converted in two steps (Zn/AcOH then Cl3CCN/DBU) to the

trichloroacetimidate donors 10 and 11, respectively, which were

obtained in acceptable yields over the two steps.

Galactosylation at O-4 of N-acetyl-
glucosamine acceptors
It has been well established that the hydroxy group at C-4 of

N-acetylglucosamine is a poor nucleophile, with reduced

reactivity toward glycosylation [64-66]. However, we have
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reported the successful O-4 glycosylation of an N-acetyl-

glucosamine monosaccharide acceptor using peracetylated

gluco- and galactopyranose α-trichloroacetimidate donors under

activation with 2 equivalents of BF3·OEt2 at room temperature

or 40 °C [14,67]. We applied similar conditions to prepare

disaccharides 20–22 (Table 1). Glycosylation of methyl glyco-

side 6 with the 4-methoxy donor 9 gave the best results when

the reaction was carried out at 40 °C and left to proceed for

2 hours. Under these conditions, the desired disaccharide 20

was isolated in acceptable yields (Table 1, entries 1 and 2). Our

attempts to reduce the number of equivalents of donor 9 used in

the reaction always resulted in a lower yield of the desired

disaccharide. Glycosylation of acceptor 8 with the 4-chloro

galactosyl donor 10 appeared to be slower (Table 1, entries 3–5)

than that of acceptor 6 with donor 9. The best results were

obtained when the reaction was left to proceed for 3 rather than

2 hours (Table 1, entry 4), and the desired disaccharide 21 was

then obtained in acceptable yield. Increasing the temperature to

60 °C did not increase the yield, presumably due to the degrad-

ation of the glycosyl donor at this higher temperature (Table 1,

entry 5). Of the three glycosylations considered here, the

coupling of acceptor 8 with the 4-fluoro donor 11 gave the

highest yields (Table 1, entries 6 and 7). Indeed the desired

disaccharide 22 was obtained in very good yields when the

reaction was allowed to proceed for 2 hours at 40 °C. Once

again, increasing the temperature to 60 °C offered no advan-

tage and in fact led to a lower yield of the desired product.

From these three reactions, it is clear that the substituent at O-4

of a galactosyl donor impacts the outcome of glycosylation at

O-4 of N-acetylglucosamine acceptors. Indeed, we have previ-

ously observed that galactosylations of such acceptors [68,69]

usually result in lower yields (~70%) than those for analogous

glucosylations, which usually provided around 90% of the

desired disaccharides [14,67]. The results described here indi-

cate that 4-OAc galactosyl donors perform better than the 4-Cl

donor 10, whereas the 4-OMe donor 9 performs as well as the

4-OAc analogues. In addition, of all of the galactosyl donors

employed thus far in such reactions, the 4-fluorinated analogue

seemed to perform the best. Thus the reactivity of galactosyl

trichloroacetimidate donors towards the BF3·OEt2-promoted

glycosylation at O-4 of N-acetylglucosamine glycosyl accep-

tors seems to follow the ranking 4-F > 4-OAc ≈ 4-OMe > 4-Cl.

Preparation of the protected Lex tri-
saccharide analogues
The synthesis of protected trisaccharide intermediates 26–28 is

described in Scheme 2. First, acceptors 23–25 were prepared in

good yields through the selective removal of the chloroacetate

(thiourea) in disaccharides 20–22. Fucosylation of acceptor 23

with ethylthioglycoside 12 was first attempted under NIS and

Table 1: Glycosylation at O-4 of glucosamine with donors 9–11.a

Entry Acc. Don. T (°C) Time (h) Product (%)

1 6 9 rtb 2 20 (65)
2 6 9 40b 2 20 (70)
3 8 10 40b 2 21 (55)
4 8 10 40b 3 21 (63)
5 8 10 60c 2 21 (62)
6 8 11 40b 2 22 (77)
7 8 11 60c 2 22 (73)

aReagents and conditions: BF3·Et2O (2 equiv), donor 9–11 (5 equiv);
bsolvent: CH2Cl2; csolvent: 1,2-dichloroethane.

TMSOTf activation at low temperature (−30 °C). Under these

conditions, the desired trisaccharide 26 was isolated in 78%

yield but as an 8:2 mixture of the α and β-anomers as estimated

by 1H NMR. Although the desired anomer 26α could be

obtained pure upon purification by HPLC, it was isolated in a

less than desirable yield of 48%. We thus attempted the

coupling of acceptor 23 and donor 12 under activation with

excess MeOTf (5 equiv). Indeed, we have reported that such

conditions allow glycosylation at O-4 of N-acetylglucosamine

acceptors through the in situ formation of the corresponding

N-methylimidate, temporarily masking the N-acetyl group in the

acceptor [70,71]. Thus, we expected a similar in situ formation

of the methyl imidate in acceptor 23, which would further

undergo fucosylation at O-3. However, since methylimidates

are unstable when purified on silica gel, they were converted

back to the acetamido before purification. Thus, once TLC had

shown that all of the acceptor had been consumed, the reaction

was worked up and the crude mixture was treated with

Ac2O–AcOH prior to purification by chromatography [70,71].

Under these conditions, the desired trisaccharide 26α was

obtained pure and free of the β-anomer in 77% yield.

Similar reaction conditions were applied for the glycosylation

of acceptors 24 and 25 with ethylthioglycoside 13. Interestingly,

these fucosylation reactions proved to be slower and required

additional equivalents of donor 13 to proceed. However, after

treatment of the reaction mixtures with AcOH–Ac2O, the

desired trisaccharides 27 and 28 were isolated in good yields

(Scheme 2) and exclusively as the α-fucosylated trisaccharides.
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Scheme 2: Synthesis of trisaccharides 26–28 and deprotection reactions giving 3–5.

As previously observed for other similar analogues [66,72,73],

careful analysis of the 1H NMR spectra acquired for trisaccha-

rides 26α, 27, 28 indicated that the glucosamine residue adopted

a conformation distorted from the usual 4C1 chair conformation.

The distorted conformations of the N-acetylglucosamine ring in

analogues 26α, 27, 28 were characterized by vicinal coupling

constants of 6.2–6.6 Hz measured between the ring hydrogens

H-2 to H-5 of this residue, rather than the expected values of

8.0–8.3 Hz as observed, when measurable, for the same hydro-

gens in disaccharides 20–25. In addition, although signal

overlap precluded its measurement in trisaccharides 26α and 28,

the vicinal coupling constant measured between H-1 and H-2 in

trisaccharide 27 (5.2 Hz) also supported a distorted con-

formation for this residue (compare to the same coupling

constant in compounds 23–25, ~7.4 Hz).

Deprotection of trisaccharides 26–28
As described previously, the removal of various protecting

groups, such as pivaloyl and benzyl groups here, can be accom-

plished efficiently in one step under Birch reduction conditions

[15,68,69,74,75]. Thus, treatment of trisaccharide 26α with

sodium in liquid ammonia at −78 °C was followed by neutrali-

zation of the reaction mixture with AcOH and purification by

gel permeation chromatography on a Biogel P2 column (water)

to give the desired deprotected 4”-methoxy trisaccharide

analogue 3 pure in 83% yield. Since such conditions were not

compatible with the 4-chloro and 4-fluoro substituents in trisac-

charides 27 and 28, these intermediates were converted in two

steps to the desired deprotected analogues 4 and 5, respectively.

Thus, removal of the p-methoxybenzyl group with DDQ in

CH2Cl2/H2O (15:1 v/v) was followed by Zemplén deacylation,

giving the target Lex analogues 4 and 5 in 78% and 75%, res-

pectively, over the two steps. The structures of the final depro-

tected trisaccharides 3–5 were confirmed by HR–ESI mass

spectrometry and NMR.

Conclusion
We describe here the efficient synthesis of three Lex methyl

glycoside derivatives (3–5) in which the galactosyl 4-hydroxy

group is either methylated (3) or replaced by a chlorine (4) or

fluorine (5). Our results seem to indicate that galactosylation at

O-4 of an N-acetylglucosamine acceptor under activation with

excess BF3·OEt2 can be significantly affected by the nature of

the substituent present at C-4 of the galactosyl donor. Indeed,

the best results were obtained with the 4-fluoro galactosyl

donor, whereas the 4-chloro donor reacted less efficiently than

the 4-O-methyl or 4-O-acetyl donors. Overall, this study also

confirms our observation [68], that galactosylations at position

4 of N-acetylglucosamine acceptors are usually less successful

than glucosylations [14,67]. The final Lex-OMe analogues will

be used as competitive inhibitors in future ELISA experiments

to provide a better understanding of the binding process

between the anti-Lex monoclonal antibody SH1 and the Lex

antigen.

Experimental
General Methods: 1H (400.13 MHz) and 13C NMR

(100.6 MHz) spectra were recorded for compounds solubilized

in CDCl3 (internal standard, for 1H: residual CHCl3 δ 7.24; for
13C: CDCl3 δ 77.0), DMSO-d6 (internal standard, for 1H:

residual DMSO δ 2.54; for 13C: DMSO-d6 δ 40.45),

CD3OD (internal standard, for 1H: residual MeOD δ 3.31;

for 13C: CD3OD δ 49.15) or D2O [external standard

3-(trimethylsilyl)propionic acid-d4, sodium salt (TSP) for
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1H δ 0.00; for 13C δ 0.00]. Chemical shifts and coupling

constants were obtained from a first-order analysis of one-

dimensional spectra. Assignments of proton and carbon reso-

nances were based on COSY and 13C–1H heteronuclear corre-

lated experiments. 1H NMR data are reported with standard

abbreviations: singlet (s), doublet (d), triplet (t), doublet of

doublet (dd), doublet of doublet of doublet (ddd), broad singlet

(bs), broad triplet (bt), broad doublet of doublet (bdd) and

multiplet (m). Mass spectra were obtained with electrospray

ionization (ESI) on a high-resolution mass spectrometer. TLC

were performed on precoated aluminum plates with Silica Gel

60 F254 and detected with UV light and/or by charring with a

solution of 10% H2SO4 in EtOH. Compounds were purified by

flash chromatography with Silica Gel 60 (230–400 mesh) unless

otherwise stated. Solvents were distilled and dried according to

standard procedures [76], and organic solutions were dried over

Na2SO4 and concentrated under reduced pressure below 40 °C.

HPLC purifications were run with HPLC grade solvents.

Methyl 2-acetamido-2-deoxy-3-O-(α-L-fucopyranosyl)-4-O-

(4-methoxy-β-D-galactopyranosyl)-β-D-glucopyranoside (3).

A solution of the protected trisaccharide 26α (50 mg,

0.043 mmol) dissolved in THF (5 mL) was added to a solution

of liquid NH3 (ca. 20 mL) containing Na (72 mg, 3.13 mmol,

73 equiv) at −78 °C. After 1 h the reaction was quenched with

MeOH (5 mL) and the ammonia was allowed to evaporate at rt.

The remaining solution was neutralized with AcOH (220 μL,

ca. 1.2 equiv to Na), and the mixture was concentrated. The

resulting solid was dissolved in water and passed through a

Biogel P2 column eluted with H2O. After freeze drying, the

deprotected 4”-methoxy-Lex analogue 3 (20 mg, 0.0359 mmol,

83%) was obtained pure as a white solid. [α]D = −75 (c 0.3,

H2O); 1H NMR (400 MHz, D2O, 295 K) δ 4.95 (d, J = 4.0 Hz,

1H, H-1’), 4.67 (m, 1H, H-5’), 4.32 (d, J = 8.2 Hz, 1H, H-1),

4.27 (d, J = 7.7 Hz, 1H, H-1”), 3.85 (dd, J = 2.0, 12.2 Hz, 1H,

H-6a), 3.78–3.68 (m, 5H, H-2, H-3, H-4, H-3’, H-6b),

3.63–3.60 (m, 3H, H-4’, H-6ab”), 3.55–3.50 (m, 2H, H-2’,

H-3”), 3.47–3.44 (m, 2H, H-5, H5”), 3.39 (d, J = 3.4 Hz, 1H,

H-4”), 3.35 (s, 3H, OCH3), 3.32 (s, 3H, OCH3), 3.29 (m, 1H,

H-2”), 1.88 (s, 3H, C(O)CH3), 1.03 (d, J = 6.6 Hz, 3H, H-6’);
13C NMR (100 MHz, D2O, 295 K) δ 174.4 (C=O), 101.7 (C-1),

101.6 (C-1”), 98.7 (C-1’), 78.6 (C-4”), 75.3, 75.1, 75.0 (C-5,

C-5”, C-3), 73.3 (C-4), 72.9 (C-3”), 71.9 (C-4’), 71.5 (C-2”),

69.2 (C-3’), 67.7 (C-2’), 66.7 (C-5’), 61.1 (OCH3), 61.0 (C-6”),

59.7 (C-6), 57.1 (OCH3), 55.6 (C-2), 22.2 (C(O)CH3), 15.2

(C-6’); HRMS–ESI (m/z): [M + Na]+ calcd for C22H39NNaO15,

580.2217; found, 580.2223.

Methyl 2-acetamido-2-deoxy-4-O-(4-chloro-4-deoxy-β-D-

galactopyranoside)-3-O-(α-L-fucopyranosyl)-β-D-glucopy-

ranoside (4). A solution of the protected trisaccharide 27

(39 mg, 0.0347 mmol) and DDQ (12 mg, 1.5 equiv) in CH2Cl2

(350 μL) and H2O (20 μL, 6% v/v) was stirred at room tempera-

ture for 2 h. The mixture was filtered over Celite and the solids

were washed with CH2Cl2 (5 mL). The combined filtrate and

washings were washed with aq saturated NaHCO3 (10 mL), the

aq layer was re-extracted with CH2Cl2 (3 × 5 mL), and the

combined organic layers were dried and concentrated. Flash

chromatography (EtOAc/hexanes, 1:1 → 7:3) of the residue

gave a white solid (27 mg, 0.0269 mmol, 78%), which was

dissolved in a methanolic solution of NaOMe (1 mL, 0.13 M)

and stirred for 3 h at 50 °C. The reaction mixture was diluted

with MeOH (5 mL) and de-ionized with DOWEX H+ resin. The

resin was filtered off and washed with MeOH (5 mL), and the

combined filtrated and washings were concentrated. The crude

product was dissolved in Milli Q water and washed with

CH2Cl2 (5 mL). After freeze drying, the deprotected 4”-deoxy-

chloro Lex analogue 4 (15.1 mg, 0.0269 mmol, 78%) was

obtained pure as an amorphous solid. [α]D = −123 (c = 0.7,

H2O); 1H NMR (400 MHz, D2O, 295 K) δ 4.97 (d, 1H, J =

4.0 Hz, H-1’), 4.61 (m, 1H, H-5’), 4.38–4.30 (m, 3H, H-1,

H-1”, H-4”), 3.88 (dd, J = 1.9, 12.3 Hz, 1H, H-6a), 3.82 (dd, J =

3.8, 9.7 Hz, 1H, H-3”), 3.77–3.70 (m, 7H, H-2, H-3, H-4, H-6b,

H-3’, H-4’, H-5”), 3.66 (dd, J = 7.1, 11.7 Hz, 1H, H-6a”),

3.59–3.53 (m, 2H, H-2’, H-6b”), 3.45 (m, 1H, H-5), 3.38–3.33

(m, 4H, H-2”, OCH3), 1.88 (s, 3H, C(O)CH3), 1.05 (d, J =

6.6 Hz, 3H, H-6’); 13C NMR (100 MHz, D2O, 295 K) δ 174.4

(C=O), 102.2 (C-1”), 101.7 (C-1), 98.5 (C-1’), 75.2 (C-5), 74.4

(C-3), 73.7 (C-4), 73.6 (C-5”), 71.9 (C-4’), 71.5 (C-3”), 70.8

(C-2”), 69.3 (C-3’), 67.6 (C-2’), 66.6 (C-5’), 62.2 (C-4”), 61.6

(C-6”), 59.5 (C-6), 57.1 (OCH3), 55.7 (C-2), 22.2 (C(O)CH3),

15.2 (C-6’); HRMS–ESI (m/z): [M + Na]+  calcd for

C21H36ClNNaO14 ,  584.1722; found, 584.1733.

Methyl 2-acetamido-2-deoxy-4-O-(4-deoxy-4-fluoro-β-D-

galactopyranoside)-3-O-(α-L-fucopyranosyl)-β-D-glucopy-

ranoside (5). Trisaccharide 28 (30 mg, 0.0271 mmol) was

deprotected in two steps as described above for the preparation

of trisaccharide 4. After freeze drying, the deprotected

4”-deoxyfluoro Lex analogue 5 (11.1 mg, 0.0203 mmol, 75%)

was obtained pure as an amorphous solid. [α]D = −85 (c 0.5,

H2O); 1H NMR (400 MHz, D2O, 295 K) δ 4.95 (d, J = 4.0 Hz,

1H, H-1’), 4.66 (m, 1H, H-5’), 4.65 (bdd, J = 2.7 Hz, JH,F =

50.4 Hz, 1H, H-4”), 4.39 (d, J = 7.8 Hz, 1H, H-1”), 4.33 (d, J =

8.0 Hz, 1H, H-1), 3.86 (dd, J = 2.0, 12.3 Hz, 1H, H-6a),

3.81–3.66 (m, 6H, H-2, H-3, H-4, H-6b, H-3’, H-3”), 3.64–3.58

(m, 4H, H-4’, H-5”, H-6ab”), 3.54 (dd, J = 4.0, 10.4 Hz, 1H,

H-2’), 3.45 (m, 1H, H-5), 3.37–3.33 (m, 4H, H-2”, OCH3), 1.88

(s, 3H, C(O)CH3), 1.02 (d, J = 6.6 Hz, 3H, H-6’); 13C NMR

(100 MHz, D2O, 295 K) δ 174.4 (C=O), 101.7 (C-1), 101.4

(C-1”), 98.7 (C-1’), 89.3 (d, JC,F = 177.7 Hz, C-4”), 75.2 (C-5),

74.9 (C-3), 73.4 (C-4), 73.2 (d, JC,F 17.6 Hz, C-5”), 71.9 (C-4’),
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71.2 (C2”), 71.1 (d, JC,F = 18.5 Hz, C-3”), 69.2 (C-3’), 67.6

(C-2’), 66.5 (C-5’), 60.0 (C-6”), 59.6 (C-6), 57.1 (OCH3), 55.6

(C-2), 22.2 (C(O)CH3), 15.3 (C-6’); HRMS–ESI (m/z):

[M + Na]+ calcd for C21H36FNO14, 568.2018; found, 568.2023.

Methyl 2-acetamido-6-O-benzyl-3-O-chloroacetyl-2-deoxy-

4-O-(4-O-methyl-2,3,6-tri-O-pivaloyl-β-D-galactopyranosyl)-

β-D-glucopyranoside (20). A solution of acceptor 6 (215 mg,

0.535 mmol) and trichloroacetimidate donor 9 (1.58 g,

5.0 equiv) in CH2Cl2 (30 mL) was stirred at 40 °C, and

BF3·OEt2 (134 μL, 2.0 equiv) was added. The reaction was

allowed to proceed for 2 h at 40 °C and then quenched with

Et3N (179 μL, 2.4 equiv), and the mixture was diluted with

CH2Cl2 (70 mL). The mixture was washed with aq saturated

NaHCO3 (100 mL), the aq layer was re-extracted with CH2Cl2

(20 mL × 3), and the combined organic layers were dried and

concentrated. Flash chromatography (EtOAc/hexanes, 2:8 →

6:4) of the residue gave disaccharide 20 (312 mg, 0.375 mmol,

70%) pure as a colourless glass. [α]D = −11 (c 0.6, CH2Cl2);
1H NMR (400 MHz, CDCl3, 296 K) δ 7.29 (m, 5H, Harom),

5.95 (d, J = 9.2 Hz, 1H, NH), 5.08–4.99 (m, 2H, H-3, H-2’),

4.71–4.68 (m, 2H, H-3’, CHHPh), 4.40 (d, J = 12.1 Hz, 1H,

CHHPh), 4.38 (d, J = 7.4 Hz, 1H, H-1), 4.24–4.19 (m, 2H,

H-1’, H-6a’), 4.13–4.07 (m, 2H, H-6b’, CHHCl), 4.01 (d, J =

15.1 Hz, 1H, CHHCl), 3.96–3.92 (m, 2H, H-4, H-2), 3.71 (m,

2H, H-6ab), 3.50–3.40 (m, 3H, H-5, H-4’, H-5’), 3.43, 3.41 (2s,

6H, 2 × OCH3), 1.94 (s, 3H, C(O)CH3), 1.30, 1.15, 1.10 (3s,

27H, 3 × C(CH3)3); 13C NMR (100 MHz, CDCl3, 296 K) δ

177.9, 177.7, 176.2, 170.3, 167.3 (C=O), 137.7, 128.6, 128.1,

128.0 (Ar), 101.7 (C-1), 99.2 (C-1’), 76.3 (C-4’), 74.2 (C-5),

73.9 (C-3), 73.5 (CH2Ph), 73.4 (C-3’), 72.1 (C-4), 72.0 (C-5’),

69.5 (C-2’), 67.7 (C-6), 61.7 (C-6’), 61.5 (OCH3), 56.6 (OCH3),

52.6 (C-2), 40.8 (CH2Cl), 38.8, 38.7, 38.6 (C(CH3)3), 27.2, 27.1

(C(CH3)3), 23.3 (C(O)CH3); HRMS–ESI (m/z): [M + H]+ calcd

for C40H61ClNO15, 830.3730; found, 830.3735.

Methyl 2-acetamido-6-O-benzoyl-3-O-chloroacetyl-4-O-(4-

chloro-4-deoxy-2,3,6-tri-O-pivaloyl-β-D-galactopyranosyl)-

2-deoxy-β-D-glucopyranoside (21). Glycosylation of acceptor

8 (97 mg, 0.233 mmol) with trichloroacetimidate 10 (694 mg,

5.0 equiv) was performed under BF3·OEt2 (59 μL, 2.0 equiv)

activation as described above for the synthesis of disaccharide

20. Work-up, as described above, and flash chromatography

(EtOAc/hexanes, 2:8 → 6:4) of the residue gave disaccharide

21 (125 mg, 0.147 mmol, 63%) pure as a colourless glass. [α]D

= +9 (c 0.9, CH2Cl2); 1H NMR (400 MHz, CDCl3, 295 K) δ

8.00–7.41 (m, 5H, Ar), 5.87 (d, J = 9.3 Hz, 1H, NH), 5.27–5.16

(m, 2H, H-2’, H-3), 4.86 (dd, J = 3.9, 10.1 Hz, 1H, H-3’), 4.61

(dd, J = 2.9, 12.0 Hz, 1H, H-6a), 4.51–4.47 (m, 3H, H-1, H-6b,

H-1’), 4.38 (d, J = 3.5 Hz, 1H, H-4’), 4.35–4.30 (dd, J = 7.2,

11.5 Hz, 1H, H-6a’), 4.16–4.02 (m, 4H, H-2, H-6b’, CH2CCl3),

3.91 (t, J = 8.3 Hz, 1H, H-4), 3.83 (bt, J = 6.2 Hz, 1H, H-5’),

3.72 (m, 1H, H-5), 3.45 (s, 3H, OCH3), 1.97 (s, 3H, C(O)CH3),

1.16, 1.14, 1.13 (3s, 27H, 3 × C(CH3)3); 13C NMR (100 MHz,

CDCl3, 295 K) δ 177.8, 177.6, 176.3, 170.3, 167.3, 166.0

(C=O), 133.5, 129.6, 129.4, 128.7, 128.4 (Ar), 101.7 (C-1),

100.4 (C-1’), 73.5 (C-3), 73.4 (C-4), 72.5 (C-5), 71.6 (C-3’),

71.2 (C-5’), 68.3 (C-2’), 62.6 (C-6), 62.6 (C-6’), 57.2 (C-4’),

56.8 (OCH3), 52.6 (C-2), 40.7 (CH2Cl), 38.9, 38.8, 38.7

(C(CH3)3), 27.6, 27.1, 27.0, 26.9, 26.7 (C(CH3)3), 23.3

(C(O)CH3);  HRMS–ESI (m /z):  [M + H]+  calcd for

C39H56Cl2NO15 ,  848.3027; found, 848.3009.

Methyl 2-acetamido-6-O-benzoyl-3-O-chloroacetyl-2-deoxy-

4-O-(4-deoxy-4-fluoro-2,3,6-tri-O-pivaloyl-β-D-galactopyra-

nosyl)-β-D-glucopyranoside (22). Glycosylation of acceptor 8

(91.5 mg, 0.220 mmol) with trichloroacetimidate 11 (637 mg,

5.0 equiv) was performed under BF3·OEt2 (134 μL, 2.0 equiv)

activation as described above for the synthesis of disaccharide

20. Work-up, as described above, and flash chromatography

(EtOAc/hexanes, 2:8 → 6:4) of the residue gave disaccharide

22 (143 mg, 0.172 mmol, 77%) pure as a colourless glass. [α]D

= +9 (c 2.2, CH2Cl2); 1H NMR (400 MHz, CDCl3, 295 K) δ

7.98–7.46 (m, 5H, Harom), 6.00 (d, J = 9.3 Hz, 1H, NH),

5.21–5.16 (m, 2H, H-3, H-2’), 4.82 (ddd, J = 2.6, 10.3 Hz, JH,F

= 26.9 Hz, 1H, H-3’), 4.70 (dd, J = 2.6 Hz, JH,F = 42.9 Hz, 1H,

H-4’), 4.62 (m, 1H, H-6a), 4.51–4.46 (m, 3H, H-1, H-6b, H-1’),

4.29 (dd, J = 7.6, 11.4 Hz, 1H, H-6a’), 4.16 (dd, J = 5.6,

11.5 Hz, 1H, H-6b’), 4.09–4.00 (m, 3H, H-2, CH2Cl), 3.92 (t, J

= 8.2 Hz, 1H, H-4), 3.72 (m, 1H, H-5), 3.66 (dt, J = 6.4 Hz,

JH,F = 25.8 Hz, 1H, H-5’), 3.44 (s, 3H, OCH3), 1.97 (s, 3H,

OCH3), 1.16, 1.13 (2s, 27H, 3 × C(CH3)3); 13C NMR

(100 MHz, CDCl3, 295 K) δ 177.8, 177.6, 176.5, 170.46, 167.3,

165.9 (C=O), 133.5, 129.5, 129.4, 128.6 (Ar), 101.6 (C-1), 99.9

(C-1’), 85.3 (d, JC,F = 186.4 Hz, C-4’), 73.5 (C-3), 73.4 (C-4),

72.4 (C-5), 71.2 (d, JC,F = 18.0 Hz, C-3’), 71.1 (d, JC,F =

18.0 Hz, C-5’), 68.6 (C-2’), 62.6 (C-6), 61.2 (C-6’), 56.8

(OCH3), 52.5 (C-2), 40.6 (CH2Cl), 38.8, 38.8, 38.7 (C(CH3)),

27.1, 26.9 (C(CH3)), 23.2 (C(O)CH3); HRMS–ESI (m/z):

[M + H]+ calcd for C39H56ClFNO15, 832.3323; found,

832.3344.

Methyl 2-acetamido-6-O-benzyl-3-O-(2,3,4-tri-O-benzyl-α-

L-fucopyranosyl)-2-deoxy-4-O-(4-O-methyl-2,3,6-tri-O-

pivaloyl-β-D-galactopyranosyl)-β-D-glucopyranoside (26). A

mixture of disaccharide acceptor 23 (30 mg, 0.0398 mmol),

known [56] thioethyl fucopyranoside 12 (76 mg, 0.159 mmol,

4.0 equiv), and activated powdered 4 Å molecular sieves

(0.25 g) in Et2O (3.0 mL, 0.13 M), was stirred for 1 h at rt

under N2. Then, MeOTf (23 μL, 5.0 equiv) was added, the reac-

tion mixture was stirred for 30 min, and the reaction quenched

with Et3N (33 μL, 6.0 equiv). Solids were filtered off on Celite
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and washed with CH2Cl2 (20 mL), and the combined filtrate

and washings were washed with aq saturated NaHCO3 (15 mL).

The aq layer was re-extracted with CH2Cl2 (3 × 10 mL), and the

combined organic layers were dried and concentrated. The

residue was dissolved in 25% AcOH in Ac2O (5 mL), and the

solution was stirred at rt for 12 h and co-concentrated with

toluene (3 × 10 mL). Flash chromatography (EtOAc/hexanes,

2:8 → 1:1) of the residue gave trisaccharide 26 (35.7 mg,

0.0305 mmol, 77%) pure as a colourless glass. [α]D = −56 (c

0.7, CH2Cl2); 1H NMR (400 MHz, CDCl3, 296 K) δ 7.32–7.17

(m, 20H, Harom), 5.96 (d, J = 7.6 Hz, 1H, NH), 5.14 (dd, J =

8.1, 10.4 Hz, 1H, H-2”), 5.04 (d, J = 3.6 Hz, 1H, H-1’), 4.89 (d,

J = 11.7 Hz, 1H, CHHPh), 4.78–4.66 (m, 6H, H-1, H-3”, 2 ×

CH2Ph), 4.60 (d, J = 11.7 Hz, 1H, CHHPh), 4.56 (d, J =

12.1 Hz, 1H, CHHPh), 4.31 (m, 2H, H-1”, CHHPh), 4.21 (m,

1H, H-5’), 4.10–4.00 (m, 4H, H-4, H-2’, H-6ab”), 3.89 (t, J =

6.3 Hz, 1H, H-3), 3.86 (dd, J = 2.6, 10.1 Hz, 1H, H-3’), 3.79

(dd, J = 4.9, 10.1 Hz, 1H, H-6a), 3.69 (dd, J = 3.7, 10.1 Hz, 1H,

H-6b), 3.59 (bd, J = 1.4 Hz, 1H, H-4’), 3.46–3.40 (m, 4H, H-2,

H-5, H-4”, H-5”), 3.29, 3.26 (2s, 6H, 2 × OCH3), 1.73 (s, 3H,

C(O)CH3), 1.14–1.08 (m, 30H, H-6’, 3 × C(O)C(CH3)3);
13C NMR (100 MHz, CDCl3, 296 K) δ 177.7, 177.6, 176.8,

170.3 (C=O), 139.1, 139.0, 138.7, 138.0, 128.5–127.0 (Ar),

100.4 (C-1), 98.8 (C-1”), 96.2 (C-1’), 79.7 (C-3’), 77.0 (C-4’),

76.5 (C-4), 76.2 (C-4”), 74.7 (CH2Ph), 73.4 (C-5”), 73.3 (C-3”),

73.0, 72.6, 72.2 (3 × CH2Ph), 72.0 (C-3), 71.8 (C-2’), 71.6

(C-5), 69.1 (C-2”), 68.8 (C-6), 66.6 (C-5’), 61.5 (C-6”), 61.3

(OCH3), 56.5 (OCH3), 53.5 (C-2) 38.8, 38.7 (C(CH3)3), 27.2,

27.1 (C(CH3)3), 23.1 (C(O)CH3), 16.6 (C-6’); HRMS–ESI

(m/z): [M + H]+ calcd for C65H88NO18, 1170.6001; found,

1170.6033.

Methyl 2-acetamido-3-O-(3,4-acetyl-2-O-paramethoxy-

benzyl-α-L-fucopyranosyl)-6-O-benzoyl-4-O-(4-chloro-4-

deoxy-2,3,6-pivaloyl-β-D-galactopyranosyl)-2-deoxy-β-D-

glucopyranoside (27). A mixture of disaccharide acceptor 24

(48 mg, 0.0622 mmol), known [12] thiophenyl fucopyranoside

13 (86 mg, 0.187 mmol, 3.0 equiv) and activated powdered 4 Å

molecular sieves (0.3 g) in Et2O (2.0 mL) was stirred 1 h at rt

under N2. MeOTf (35 μL, 5.0 equiv) was added and the reac-

tion was allowed to proceed for 3 h at rt. More donor 13

(43 mg, 1.5 equiv) was added and the reaction was allowed to

proceed for an additional 1 h at rt before being quenched with

Et3N (52 μL, 6.0 equiv). Work up of the reaction and treatment

of the crude product in 25% AcOH in Ac2O (6 mL), as well as

the subsequent work-up, were carried out as described above for

the synthesis of trisaccharide 26. Flash chromatography

(EtOAc/hexanes, 2:8 → 6:4) of the residue gave trisaccharide

27 (42.5 mg, 0.0379 mmol, 61%) pure as a colourless glass.

[α]D = –21 (c 0.8, CH2Cl2); 1H NMR (400 MHz, CDCl3,

295 K) δ 8.00–6.84 (m, 9H, Harom), 6.01 (d, J = 7.6 Hz, 1H,

NH), 5.32–5.24 (m, 3H, H-3’, H-4’, H-2”), 5.18 (d, J = 3.6 Hz,

1H, H-1’), 4.90 (dd, J = 3.8, 10.0 Hz, 1H, H-3”), 4.80 (d, J =

5.2 Hz, 1H, H-1), 4.72 (dd, J = 3.6, 11.9 Hz, 1H,H-6a),

4.65–4.52 (m, 5H, H-6b, H-5’, H-1”, CH2Ph), 4.42 (bd, J =

3.4 Hz, 1H, H-4”), 4.39–4.34 (m, 2H, H-6ab”), 4.20 (t, J =

6.6 Hz, 1H, H-3), 3.96 (t, J = 6.4 Hz, 1H, H-4), 3.89 (dd, J =

3.7, 10.4 Hz, 1H, H-2’), 3.81–3.76 (m, 2H, H-5, H-5”), 3.76 (s,

3H, OCH3), 3.58 (m, 1H, H-2), 3.34 (s, 3H, OCH3), 2.11, 1.95,

1.86 (3s, 9H, 3 × C(O)CH3), 1.15–1.14 (m, 30H, H-6’, 3 ×

C(CH3)3); 13C NMR (100 MHz, CDCl3, 295 K) δ 177.6, 177.5,

170.5, 170.4, 169.7, 166.0, 159.2 (C=O), 133.4, 130.4, 129.7,

129.5, 128.9, 128.7 (Ar), 100.4 (C-1), 100.0 (C-1”), 96.1 (C-1’),

73.3 (C-4, C-2’), 72.6 (CH2Ph), 72.2 (C-5”), 71.7 (C-4’, C-3,

C-5), 71.5 (C-3”), 70.4 (C-3’), 68.0 (C-2”), 65.0 (C-5’), 63.7

(C-6), 62.2 (C-6”), 57.6 (C-4”), 56.6, 55.3 (OCH3), 53.5 (C-2)

38.9, 38.8, 38.7 (C(CH3)3), 27.1, 27.0, 27.0 (C(CH3)3), 23.2,

20.9, 20.7 (C(O)CH3), 15.9 (C-6’); HRMS–ESI (m/z): [M + H]+

calcd for C55H77ClNO21, 1122.4677; found, 1122.4626.

Methyl 2-acetamido-3-O-(3,4-di-O-acetyl-2-O-p-methoxy-

benzyl-α-L-fucopyranosyl)-6-O-benzoyl-2-deoxy-4-O-(4-

deoxy-4-fluoro-2,3,6-pivaloyl-β-D-galactopyranosyl)-β-D-

glucopyranoside (28). A mixture of disaccharide acceptor 25

(24 mg, 0.0318 mmol), known [12] thiophenyl fucopyranoside

13 (44 mg, 0.0953 mmol, 3.0 equiv) and activated powdered

4 Å molecular sieves (0.15 g) in Et2O (1.5 mL) was stirred for

1 h at rt under N2. MeOTf (18 μL, 5.0 equiv) was added and the

reaction was allowed to proceed for 30 min at rt. More donor 13

(44 mg, 3.0 equiv) was added and the reaction was allowed to

proceed for an additional 2 h at rt before being quenched with

Et3N (27 μL, 6.0 equiv). Work up of the reaction and treatment

of the crude product in 25% AcOH in Ac2O (4 mL), as well as

the subsequent work-up, were carried out as described above for

the synthesis of trisaccharide 26. Flash chromatography

(EtOAc/hexanes, 2:8 → 6:4) of the residue gave trisaccharide

28 (22.8 mg, 0.0206 mmol, 65%) pure as a colourless glass.

[α]D = −37 (c 1.2, CH2Cl2); 1H NMR (400 MHz, CDCl3,

295 K) δ 8.00–6.84 (m, 9H, Harom), 6.08 (d, J = 7.9 Hz, 1H,

NH), 5.30–5.22 (m, 3H, H-3’, H-4’, H-2”), 5.19 (d, J = 3.6 Hz,

1H, H-1’), 4.87 (ddd, J = 2.4, 10.3 Hz, JH,F = 27.1 Hz, 1H,

H-3”), 4.79–4.53 (m, 7H, H-1, H-6ab, H-1”, H-4”, CH2Ph),

4.47 (m, 1H, H5’), 4.36–4.33 (m, 2H, H-6ab”), 4.14 (t, J =

6.2 Hz, 1H, H-3), 3.97 (t, J = 6.1 Hz, 1H, H-4), 3.90–3.83 (m,

2H, H-5, H-2’), 3.76 (s, 3H, OCH3), 3.69–3.61 (m, 2H, H-2,

H-5”), 3.34 (s, 3H, OCH3), 2.11, 1.95, 1.87 (3s, 9H, 3 ×

C(O)CH3), 1.17–1.14 (m, 30H, H-6’, 3 × C(CH3)3); 13C NMR

(100 MHz, CDCl3, 295 K) δ 177.6, 177.0, 170.5, 170.4, 169.8,

166.0, 159.2 (C=O), 133.3, 130.3, 129.7, 129.5–128.6, 113.8

(Ar), 100.5 (C-1’), 99.2 (C-1”), 95.9 (C-1), 85.4 (d, JC,F =

186.3 Hz, C-4”), 73.3 (C-2’), 72.9 (C-4), 72.6 (CH2Ph), 72.1

(C-3), 71.6 (C-5), 71.1 (d, JC,F = 18.1 Hz, C-5”), 70.9 (d, JC,F =
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18.5 Hz , C-3”), 70.5 (C-3’, C-4’), 68.5 (C-2”), 64.9 (C-5’),

63.8 (C-6), 60.7 (C-6”), 56.6, 55.2 (OCH3), 52.7 (C-2), 38.9,

38.8, 38.7 (C(CH3)3), 23.1 (C(CH3)3), 20.9, 20.7 (C(O)CH3),

15.8 (C-6’); HRMS–ESI (m /z):  [M + H]+  calcd for

C55H77FNO21 ,  1106.4972; found, 1106.4956.
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Abstract
A series of methoxy and deoxy derivatives of mannopyranose-1-phosphate (Manp-1P) were chemically synthesized, and their

ability to be converted into the corresponding guanosine diphosphate mannopyranose (GDP-Manp) analogues by a

pyrophosphorylase (GDP-ManPP) from Salmonella enterica was studied. Evaluation of methoxy analogues demonstrated that

GDP-ManPP is intolerant of bulky substituents at the C-2, C-3, and C-4 positions, in turn suggesting that these positions are buried

inside the enzyme active site. Additionally, both the 6-methoxy and 6-deoxy Manp-1P derivatives are good or moderate substrates

for GDP-ManPP, thus indicating that the C-6 hydroxy group of the Manp-1P substrate is not required for binding to the enzyme.

When taken into consideration with other previously published work, it appears that this enzyme has potential utility for the chemo-

enzymatic synthesis of GDP-Manp analogues, which are useful probes for studying enzymes that employ this sugar nucleotide as a

substrate.
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Introduction
Modified sugar nucleotide analogues are valuable probes to

study glycosyltransferases and other enzymes that use these

activated glycosylating agents as substrates [1-5]. The syn-

thesis of natural and non-natural sugar nucleotides is therefore a

topic of continuing interest [6]. The classical method for

chemically synthesizing sugar nucleotides involves the

preparation of a sugar 1-phosphate derivative followed by its

coupling to an activated nucleoside monophosphate to form the

key pyrophosphate moiety (Figure 1A) [7]. In general, the yield

of this process is low, and the purification of the product can be

tedious; hence, the development of new methods to prepare

sugar nucleotides remains an area of active research [6].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:tlowary@ualberta.ca
http://dx.doi.org/10.3762%2Fbjoc.8.136
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Figure 1: (A) Conventional approach for the chemical synthesis of sugar nucleotides from sugar 1-phosphates; (B) enzymatic conversion of sugar
1-phosphates into sugar nucleotides.

Figure 2: Structures of the Manp-1P derivatives (1–8) previously shown [24,25] to be substrates for S. enterica GDP-ManPP and analogues 9–13
studied in this paper.

Although improved chemical methods have been developed

[8-13], another attractive strategy is to employ a chemo-

enzymatic approach, in which a synthetic sugar 1-phosphate

derivative is converted to the sugar nucleotide by a

pyrophosphorylase (Figure 1B) [14,15]. This approach is

increasingly used for the synthesis of sugar nucleotides, but a

limitation is that the specificity of the pyrophosphorylase must

be sufficiently broad to recognize the synthetic sugar 1-phos-

phate derivative. However, some of these enzymes have been

demonstrated to have broad specificity, or can be engineered to

have broad specificity, with regard to both the sugar 1-phos-

phate and nucleotide substrates [16-19].

As part of a larger study on the specificity of mannosyltrans-

ferases involved in mycobacterial glycan biosynthesis [20-22],

we had the need for a panel of singly deoxygenated

and methylated guanosine diphosphosphate mannopyranose

(GDP-Man) derivatives. In developing a strategy for

the synthesis of these compounds, we chose to take advantage

of a GDP-mannose pyrophosphorylase (GDP-ManPP)

from Salmonella enterica [23], which had previously

been shown to have a relaxed specificity for the sugar 1-phos-

phate moiety [24,25]. In particular, it has been shown

that the enzyme will accept mannopyranosyl 1-phosphate

(Manp-1P) derivatives deoxygenated at C-2, C-3 and C-4 (1–3,

Figure 2), as well as a substrate lacking the hydroxymethyl

group at C-5 (4) [24]. A series monoazido derivatives (5–8)

were also shown to be substrates [25]. To further probe the

potential of this enzyme for the chemoenzymatic synthesis of

modified GDP-Manp derivatives, we describe here the

preparation of all four singly methylated Manp-1P analogues

9–12, as well as the 6-deoxy-Manp-1P derivative 13, and an

initial evaluation of their ability to serve as a substrate for

S. enterica GDP-ManPP.

Results and Discussion
Synthesis of 2-methoxy derivative 9
The synthesis of sugar 1-phosphate 9 containing a methyl group

at O-2 commenced from 3-O-benzyl-4,6-O-benzylidene-α-D-

mannopyranoside 14 [26] as illustrated in Scheme 1. Methyl-
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Scheme 1: Reagents and conditions: (a) CH3I, NaH, DMF, 80%; (b) Ac2O–HOAc–H2SO4, 35:15:1, 81%; (c) EtSH, BF3·OEt2, CH2Cl2, 65%; (d)
HO-P(O)(OBn)2, NIS, AgOTf, CH2Cl2, 84%; (e) (i) H2, Pd(OH)2–C, toluene, Et3N, pyridine; (ii) CH3OH–H2O–Et3N, 5:2:1, 92%.

Scheme 2: Reagents and conditions: (a) CH3I, NaH, DMF, 76%; (b) Ac2O–HOAc–H2SO4, 35:15:1, 65%; (c) EtSH, BF3·OEt2, CH2Cl2, 52%; (d)
HO-P(O)(OBn)2, NIS, AgOTf, CH2Cl2, 75%; (e) (i) H2, Pd(OH)2–C, toluene, Et3N, pyridine; (ii) CH3OH–H2O–Et3N, 5:2:1, 67%.

Scheme 3: Reagents and conditions: (a) TrCl, DMAP, pyridine, 85%; (b) DMP, p-TsOH, 76%; (c) CH3I, NaH, DMF, 91%; (d) Ac2O–HOAc–H2SO4,
35:15:1, 55%; (e) EtSH, BF3·OEt2, CH2Cl2, 70%; (f) HO-P(O)(OBn)2, NIS, AgOTf, CH2Cl2, 80%; (g) (i) H2, Pd(OH)2–C, toluene, Et3N, pyridine; (ii)
CH3OH–H2O–Et3N, 5:2:1, 70%.

ation of the alcohol under standard conditions proceeded in

80% yield affording 15. The benzylidene protecting group was

cleaved, together with the methyl glycoside, by acetolysis

giving the tetra-O-acetylated compound 16 in 81% yield. This

glycosyl acetate was converted to the corresponding thioglyco-

side (17), which was, in turn, coupled with dibenzyl phosphate

under NIS–AgOTf activation conditions, providing compound

18 in 55% yield over two steps from 16. The anomeric stereo-

chemistry in 18 was confirmed by the magnitude of the 1JC1,H1,

which was 177.9 Hz, consistent with α-stereochemistry as

described earlier by Timmons and Jakeman for rhamnopyra-

nosyl phosphates [27]. In the other phosphorylation reactions

reported in this paper, the anomeric stereochemistry was deter-

mined in an analogous manner. Compound 18 was then depro-

tected in two steps, namely catalytic hydrogenolysis and then,

without further purification, treatment with a mixture of

CH3OH–H2O–Et3N 5:2:1 to remove the acetyl groups. This

series of reactions gave 2-methoxy Manp-1P analogue 9 in 92%

overall yield from 18.

Synthesis of 3-methoxy derivative 10
The preparation of the 3-methoxy Manp-1P analogue 10 fol-

lowed a route similar to that used for the synthesis of 9

(Scheme 2). Methyl 2-O-benzyl-4,6-O-benzylidene-α-D-

mannopyranoside (19) [26] was first methylated giving 20 and

then converted into glycosyl acetate 21 in 49% yield over the

two steps. Subsequent thioglycosylation provided a 52% yield

of 22. The protected dibenzyl phosphate 23 was next formed by

the NIS–AgOTf promoted glycosylation of dibenzyl phosphate

with 22, which afforded the desired compound, 23, in 75%

yield. Hydrogenolysis of the benzyl groups and deacylation led

to the formation, in 67% yield, of Manp-1P derivative 10.

Synthesis of 4-methoxy derivative 11
As illustrated in Scheme 3, the synthesis of the 4-methoxy

Manp-1P analogue 11 started by treatment of methyl α-D-

mannopyranoside (24) with trityl chloride in pyridine. The

product, 25, was then converted to the isopropylidene acetal 26

in 65% overall yield from 24. The hydroxy group in 26 was
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Scheme 4: Reagents and conditions: (a) (i) NaOCH3, CH3OH; (ii) TBDPSCl, imidazole, DMF, 78%; (b) BnBr, NaH, TBAI, 84%; (c) TBAF, THF, 83%;
(d) CH3I, NaH, DMF, 87%; (e) HO-P(O)(OBn)2, NIS, AgOTf, CH2Cl2, 70%; (f) H2, Pd(OH)2–C, NaHCO3, CH3OH, 91%.

Scheme 5: Reagents and conditions: (a) Ag2O, CaSO4, CH3I, 52%; (b) Ac2O–HOAc–H2SO4, 70:30:1, 96%; (c) EtSH, BF3·OEt2, CH2Cl2, 75%; (d)
HO-P(O)(OBn)2, NIS, AgOTf, CH2Cl2, 89%; (e) (i) H2, Pd(OH)2–C, toluene, Et3N, pyridine; (ii) CH3OH–H2O–Et3N, 5:2:1, 85%.

methylated under standard conditions (CH3I, NaH) to give the

4-methoxy analogue 27 in 91% yield. Acetolysis of 27 to the

corresponding glycosyl acetate 28, followed by reaction with

ethanethiol and BF3·OEt2, yielded thioglycoside 29, in a modest

39% yield from 27 over two steps. This compound was then

converted to 11, in 56% yield, as outlined above, by successive

phosphorylation and deprotection.

Synthesis of 6-methoxy derivative 12
Two routes, differing in the choice of protecting groups, were

explored to produce the 6-methoxy Manp-1P derivative 12

(Scheme 4 and Scheme 5). In one route, the C-2, C-3, and C-4

hydroxy groups of the mannose residues were protected with

benzyl ethers and in the other they were protected with benzoyl

esters. The overall yields of these two methods were 30% and

17%, respectively. In the first method (Scheme 4), the initial

step was the conversion, in 78% yield, of the fully acetylated

thioglycoside 31 [28] into silyl ether 32 by treatment with

sodium methoxide and then tert-butyldiphenylchlorosilane in

DMF. Benzylation of 32 using benzyl bromide and sodium

hydride gave 33 in 84% yield. The TBDPS group was then

cleaved and replaced with a methyl group to give the 6-methoxy

compound 35 in 72% yield over two steps. The protected

dibenzyl phosphate 36 was formed in 70% yield by phosphory-

lation as described for the synthesis of 9–11. Catalytic

hydrogenolysis in the presence of NaHCO3 was used to cleave

all the benzyl groups, which gave the 6-methoxy Manp-1P

derivative 12 in 91% yield.

The second route to 12 began with methyl 2,3,4-tri-O-benzoyl-

α-D-mannopyranoside (37) [29] and is illustrated in Scheme 5.

Methylation of the free OH, even under mildly basic

conditions (e.g., Ag2O–CaSO4), led to significant amounts of

acyl group migration, and the desired product was obtained

in only 52% yield. Nevertheless, enough material was

produced to move forward. Acetolysis conditions were used to

replace the methyl group at the anomeric center in 38 with an

acetyl group, resulting in a 96% yield of 39. Thioglycosylation,

followed by coupling of the resulting thioglycoside donor 40

(obtained in 75% yield) with dibenzyl phosphate, gave phos-

phate 41 in a yield of 67% over the two steps. The 6-methoxy

Manp-1P analogue 12 was obtained by catalytic hydrogeno-

lysis of the benzyl ethers followed by treatment with

CH3OH–H2O–Et3N 5:2:1 providing 12 in 85% yield over two

steps.

Synthesis of 6-deoxy derivative 13
The synthesis of the 6-deoxy Manp-1P analogue 13 used an

intermediate (37) prepared in the course of the synthesis of the

6-methoxy analogue (Scheme 6). First, the hydroxy group of 37

was converted to the corresponding iodide in 65% yield, by

using triphenylphospine and iodine. The product, 42, was then

subjected to acetolysis and catalytic hydrogenation, which gave

6-deoxy glycosyl acetate derivative 43 in 72% yield. The subse-

quent thioglycosylation, phosphorylation and deprotection steps

proceeded, as outlined above, to give the 6-deoxy Manp-1P 13

in 43% yield over four steps.
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Scheme 6: Reagents and conditions: (a) PPh3, imidazole, I2, 65%; (b) (i) Ac2O–HOAc–H2SO4, 35:15:1; (ii) Pd–C, H2, Et3N, EtOAc, 72%; (c) EtSH,
BF3·OEt2, CH2Cl2, 89%, α/β 4:1; (d) HO-P(O)(OBn)2, NIS, AgOTf, CH2Cl2, 67%; (e) (i) H2, Pd(OH)2–C, toluene, Et3N, pyridine;
(ii) CH3OH–H2O–Et3N, 5:2:1, 72%.

Figure 3: Reaction catalyzed by GDP-ManPP.

Figure 4: Structure of modified GDP-Man derivatives 48–52 produced from 9–13.

Evaluation of 9–13 as substrates for GDP-
Man pyrophosphorylase
With 9–13 in hand, each was evaluated as a substrate for the

S. enterica GDP-ManPP. Before doing that, the recombinant

protein was produced and the natural substrate for the enzyme,

Manp-1P (46, Figure 3), was evaluated by incubation with the

enzyme and GTP. The reaction was monitored by HPLC

(Figure S1 in Supporting Information File 1) and stopped when

the complete consumption of GTP was observed. Simultaneous

with the loss of the GTP was the appearance of the signal for a

new product, which was found to elute at a retention time

similar to that for an authentic sample of GDP-Manp. The

product was isolated, and analysis by high-resolution electro-

spray ionization mass spectrometry revealed an ion with m/z =

604.0691, which corresponds to the [M − H]− ion (calcd m/z =

604.0699) of GDP-Manp.

Having established that the enzyme GDP-ManPP was active,

we carried out the same incubations for 9–13, and in all cases

the corresponding GDP-Manp analogue peaks could be

observed (Figure S2 in Supporting Information File 1).

However, in the case of 11 and 9, a peak corresponding to GDP,

resulting from hydrolysis of the GDP-sugar, was also observed,

and, in the case of 9, a much smaller amount of the GDP-Manp

analogue was produced. To confirm the identity of each GDP-

Manp analogue, the product peaks were isolated and analysed

by electrospray ionization mass spectrometry. For the reactions

involving 9–12 a signal at m/z ≈ 618 was observed, as would be

expected for the [M − H]− ion of the methylated GDP-Man

derivatives (48–51, Figure 4). Similarly, for the reaction with

13, a signal at m/z ≈ 588 was observed in the mass spectrum

consistent with the 6-deoxy GDP-Man derivative 52.

Relative activity of Manp-1P analogues with
GDP-ManPP
After it was established that all five Manp-1P analogues could

serve as substrates for GDP-ManPP, the relative activity with

each was assessed. This was done by using an established

colorimetric activity assay, which relies on the detection of the

pyrophosphate (PPi, Figure 3) formed as a byproduct of the
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enzymatic reaction [30]. As illustrated in Figure 5, all five syn-

thetic derivatives 9–13 were active as substrates, although at

lower levels than the parent compound 46. The 6-methoxy (12)

and 6-deoxy (13) analogues, demonstrated moderate to good

relative activities, while the 2-methoxy (9), 3-methoxy (10), and

4-methoxy (11) compounds showed much lower activities. For

example, the 2-methoxy, 3-methoxy, and 4-methoxy analogues

displayed a 6-, 14-, and 17-fold decrease relative to 46, respect-

ively. Because both the 6-deoxy and 6-methoxy analogues (12

and 13) showed relatively good activity it is likely that this

hydroxy group does not interact significantly with the enzyme.

On the other hand, because the 2-methoxy, 3-methoxy, and

4-methoxy compounds all showed a large decrease in activity, it

is likely that these positions are bound tightly in the active site

of the enzyme. A graphical summary of the substrate speci-

ficity for GDP-ManPP is shown in Figure 6.

Figure 5: Comparison of the relative activity of synthetic Manp-1P
analogues 9–13 for GDP-ManPP, with that of the parent compound 46.
Error bars represent the standard deviation of duplicate reactions.

Figure 6: Summary of the substrate specificity of GDP-ManPP. Data
from previous studies on the enzyme are also included as indicated
[24,25].

Kinetic analysis of Manp-1P analogues with
GDP-ManPP
To better understand how these 9–13 interact with GDP-

ManPP, kinetic analyses were performed by using the colori-

metric activity assay mentioned above (Table 1). Both the

6-methoxy Manp-1P (12) and 6-deoxy Manp-1P (13) deriva-

tives bind relatively well to the enzyme, showing only a two- or

three-fold increase in KM, respectively, compared to the native

Manp-1P donor 46. The turnover rate of 6-methoxy analogue 12

is, however, much lower than the 6-deoxy counterpart (13) and

the natural substrate 46, as substantiated by a greater than

10-fold decrease in kcat. Taken together, these results suggest

that the C-6 hydroxy group does not engage in any critical

hydrogen-bonding interactions and that a bulky substituent

interferes with the rate of substrate turnover. The binding of the

2-methoxy (9) and 4-methoxy (11) analogues is very weak

compared to the native substrate, as seen by the greater then

100-fold increase in KM; consequently, the turnover rates are

also low. The binding between 3-methoxy analogue 10 is

moderate, with only a five-fold increase in the observed KM, but

it shows an extremely low turnover rate. These results all

suggest that GDP-ManPP is not tolerant of bulky substituents at

the C-2, C-3, and C-4 positions, which is consistent with the

results obtained from their relative activity. It should be noted

that these trends are consistent with earlier studies of the

enzyme using deoxygenated or azido analogues [24,25].

Table 1: KM, kcat, and kcat/KM of GDP-ManPP kinetic studies.

compound KM (μM) kcat
(min−1)

kcat/KM
(min−1·μM−1)

9 (2-methoxy
analogue)

4000 ± 1100 70 ± 11 (2 ± 1) × 10−2

10 (3-methoxy
analogue)

200 ± 72 5.2 ± 0.7 (2.6 ± 0.1) × 10−2

11 (4-methoxy
analogue)

3400 ± 870 31 ± 4.7 (9 ± 5) × 10−3

12 (6-methoxy
analogue)

120 ± 18 27 ± 1 0.23 ± 0.06

13 (6-deoxy
analogue)

70 ± 13 300 ± 13 4 ± 1

46 (Man-1P) 40 ± 6 360 ± 16 9 ± 3

Conclusion
In this paper, we report the synthesis of a panel of methoxy and

deoxy analogues of Manp-1P. Five analogues, 9–13, in which

one of the hydroxy groups was methylated or deoxygenated

were generated by chemical synthesis, and the ability of these

compounds to be converted to the corresponding GDP-Manp

analogues by GDP-ManPP from S. enterica was evaluated. All

the derivatives acted as substrates for GDP-ManPP, but with

uniformly lower activity than the natural substrate Man-1P. The
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results suggest that the C-2, C-3, and C-4 hydroxy groups of

Manp-1P are bound within the active site of GDP-ManPP and

the addition of a methyl group at these positions is tolerated

very poorly. Conversely, the addition of a methyl group to, or

deoxygenation of, O-6 had a much smaller effect, suggesting

that this position protrudes from the active site, or is accommo-

dated in a pocket that can tolerate either of these modifications.

These results are consistent with earlier studies of this enzyme,

which were focused on deoxygenated and azido derivatives

[24,25]. Considered together, our studies and those published

previously suggest that this enzyme can be used to access deoxy

and azido derivatives of GDP-Man on a preparative scale, but

that the synthesis of analogues containing more sterically

demanding groups is likely to be only possible when the modifi-

cations are present on O-6.

Experimental
Detailed experimental procedures can be found in Supporting

Information File 1.

Supporting Information
Supporting Information File 1
Detailed experimental procedures.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-136-S1.pdf]
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Abstract
Sialic acid-containing glycans play a major role in cell-surface interactions with external partners such as cells and viruses.

Straightforward access to sialosides is required in order to study their biological functions on a molecular level. Here, automated

oligosaccharide synthesis was used to facilitate the preparation of this class of biomolecules. Our strategy relies on novel sialyl

α-(2→3) and α-(2→6) galactosyl imidates, which, used in combination with the automated platform, provided rapid access to a

small library of conjugation-ready sialosides of biological relevance.
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Introduction
Sialic acid (Sia) belongs to a family of nonulosonic acids, i.e.,

monosaccharides equipped with a carboxylic moiety and a nine-

carbon backbone, which play a unique role in glycobiology.

Sia-containing glycans mediate pathogen invasion [1] and are

involved in signalling cascades, which have been extensively

studied [2]. The distinctive structure of Sia confers special prop-

erties to membrane oligosaccharides [3] resulting in sialosides

having exceptional biological significance. Rapid access to syn-

thetic sialylated glycans would contribute greatly to the bio-

logical studies on this important class of molecules. The auto-

mated synthesis of oligosaccharides has been significantly im-

proved since the first report in 2001 [4]. Currently, the platform

enables the rapid assembly of complex oligosaccharides and

accommodates the most commonly employed glycosylation

reactions [5-7]. However, accessing sialosides by automation

has been hampered by several factors. Chemical silalylation

represents a significant challenge, and is usually plagued by low

yields and anomeric mixtures [8]. To avoid synthetic complica-

tions, Sia has often been introduced by enzymatic methods [9].

In order to allow for access to synthetic sialosides, an intense

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Peter.Seeberger@mpikg.mpg.de
http://dx.doi.org/10.3762%2Fbjoc.8.183
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Figure 1: (a) Synthesis sequence for the preparation of building blocks 4 and 5; (b) Retrosynthetic analysis for the preparation of 1.

effort has been devoted to identifying sialic acid building blocks

with superior sialylation properties [10]. In turn, only limited

attention has been given to the design of more efficient nucleo-

philes for sialylations. In naturally occurring N- and O-glycans

the terminal sialic acid residue is most often connected to the

C3 or C6 hydroxy group of galactose. Therefore, differently

protected galactose precursors have been exploited for sialyla-

tion reactions. The obtained disaccharides have been used to

prepare synthetic sialosides [11-13]. A disaccharide building

block approach is an attractive possibility for solid-phase syn-

thesis, since it avoids performing a low yielding and unse-

lective sialylation on a solid support.

Here, we describe a method for the rapid preparation of

different sialosides relying on a new automated solid-phase syn-

thesis platform [5]. Central to the success of this approach is

the use of galactals as nucleophiles for chemical sialylation,

which allows for efficient access to the novel sialyl α-(2-3) and

α-(2-6) galactosyl imidate disaccharide building blocks.

The combination of the automated platform and sialylated

building blocks proved successful for the synthesis of represen-

tative Sia-containing oligosaccharides ready for biological eval-

uation.

Results and Discussion
Building-blocks preparation
Many sialylation strategies utilize building blocks that require

multistep syntheses [10]. In contrast, solid-phase automated

synthesis requires readily accessible building blocks that can be

used in excess to drive reactions to completion. As our initial

goal, we developed a method to provide sialic acid containing

disaccharide glycosylating agents with minimal synthetic effort.

Simple N-acetyl building blocks such as 1 (Figure 1) were used

due to their facile syntheses, in contrast to other commonly

employed N-5 modified building blocks [14-17]. Most of the

N-acetyl sialic acid glycosylating agents reported in the litera-

ture can be accessed from the common intermediate 6 [18],

which is prepared in two steps from commercially available Sia

(Figure 1b).

Compound 6 was converted in a single step into various

sialylating agents, such as the N-phenyl trifluoroacetimidoyl

glycoside 10, and glycosyl phosphites 8 and 1 as previously

described (Table 1) [19-21]. Galactal 2 was identified recently

as an efficient acceptor for sialylation [11,12]. Its efficiency can

be attributed to a combination of reduced steric hindrance and

good nucleophilicity of the C3 hydroxy group. Thus, galactal 2

was glycosylated with different N-acetyl sialic acid building

blocks (Table 1).

We started our screening by comparing the glycosylation of

building blocks 1, 8 and 10 with galactal 2 under similar condi-

tions (Table 1, entries 1–3). Sialylation with building block 8

failed to yield any disaccharide 9 (Table 1, entry 1), while gly-

cosylating agents 10 and 1 gave moderate yields and good

selectivity (Table 1, entries 2 and 3). The glycosylation of

galactal 2 with phosphite 1, which we described in the

supporting information of [5], was further optimized. In particu-

lar, elevating the reaction temperature proved beneficial and

disaccharide 9 was isolated in higher overall yield, albeit with a



Beilstein J. Org. Chem. 2012, 8, 1601–1609.

1603

Table 1: Synthesis of building blocks 9 and 11.

entry glycosylating agent nucleophile conditionsa product yield α/β ratio

1

8 (1.0 equiv)
2 (1.5 equiv)

a

9

– –

2

10 (1.0 equiv)

2 (1.5 equiv) a 9 30% 9/1

3

1 (1.0 equiv)

2 (1.5 equiv) a 9 27% 9/1

4 1 (1.0 equiv) 2 (1.7 equiv) b 9 80% 4/1

5 1 (1.0 equiv)

3 (2.0 equiv)

b

11

75% 2.5/1

aReagents and Conditions: (a) TMSOTf (0.2 equiv), EtCN, AW-4Å MS, −78 °C; (b) TMSOTf (0.2 equiv), CH3CN, AW-4Å MS, −42 °C.

slight decrease in selectivity. The best results were obtained by

using 1.7 equivalents of 2 at −42 °C, using acetonitrile as the

solvent instead of the more expensive propionitrile (Table 1,

entry 4). The conditions established for the synthesis of com-

pound 8 were applied to synthesize sialyl α-(2→6) galactal 11

(Table 1, entry 5) in good yield upon glycosylation of galactal 3

[22]. In all cases, the desired anomer was readily purified by

column chromatography.

In order to convert the disaccharide products into the corres-

ponding glycosyl imidates, the double bond in compounds 9

and 11 was oxidized by treatment with PhI(OAc)2 and catalytic

amounts of BF3·Et2O [23] and gave disaccharides 12 and 13,

respectively after acetylation (Scheme 1). Removal of the

anomeric acetate mediated by hydrazine acetate provided the

hemiacetals, which was followed by introduction of the

anomeric N-phenyl trifluoroacetimidate to furnish disaccharide

building blocks 4 and 5. It should be noted that building block 4

can be prepared with higher overall yield than the recently

disclosed N-Troc protected disaccharide building block [11]

obtained with a similar method.

Solution-phase studies
In order to evaluate the utility of building block 4 for the solid-

phase synthesis of sialosides we undertook a model solution-

phase synthesis of the glycan portion of GM3 ganglioside 16

(Scheme 2). GM3 serves as an important receptor for viral

infection [24,25] and contains the common sialyl α-(2→3)

galactose motif. The key step en route to compound 16 was the

glycosylation of compound 14 with building block 4

(Scheme 2), which proceeded efficiently in the presence of

trimethylsilyl triflate (TMSOTf) as promoter at −10 °C to afford

trisaccharide 15 with a yield of 80%. It is worth mentioning that

glycosylation of an analogue of glucose 14 equipped with a

benzoyl group at the C3 hydroxy position resulted in a lower

glycosylation yield (36%), suggesting that an ester can lower

the nucleophilicity of the vicinal C4-hydroxy. The synthesis

was completed by deacetylation of compound 15 under

Zemplén's conditions, followed by saponification and hydro-

genolysis affording good yields of the trisaccharide 16,

equipped with an amino spacer for conjugation. The synthesis

of GM3 trisaccharide 16 proved that compound 4 is efficient for

installing the capping sialyl α-(2→3) galactose unit into syn-
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Scheme 1: Reagents and conditions: (i) PhI(OAc)2, BF3·Et2O, CH2Cl2, −40 °C; then Ac2O, pyridine; (ii) N2H4·AcOH, DMF; (iii) CF3C(NPh)Cl,
Cs2CO3, CH2Cl2, DCM, 66% over three steps for 4 (for a detailed description of the synthesis of compound 4 see the supporting information of [5]);
62% over three steps for 5.

Scheme 2: Reagents and conditions. (i) TMSOTf, DCM, −10 °C, 80%; (ii) NaOMe, MeOH; then KOH, MeOH, 60 °C; then Pd/C, H2, AcOH, MeOH,
THF, H2O, rt, 76% over three steps.

thetic oligosaccharides. Furthermore, conditions applied to the

preparation of 16 can be easily adapted for solid-phase syn-

thesis making 4 a valuable candidate for automation.

Automated synthesis of sialosides
Automated synthesis of linear α-(2→3) sialosides
The new integrated platform for automated synthesis of oligo-

saccharides [5] offers the possibility to construct a diverse set of

glycans rapidly and efficiently. The automated synthesizer

proved capable of performing iterative glycosylation–deprotec-

tion cycles under conditions commonly employed for solution-

phase oligosaccharide synthesis. The synthetic strategy relies on

the solid support-bound linker 17 (Scheme 3), which contains a

latent amino spacer useful for conjugation. In addition, manual

operations are minimized by performing the trichloroacetyl

(TCA) reduction, ester removal and cleavage from the solid

support by automation. In many cases, only hydrogenolytic

cleavage of the remaining benzyl ethers and carbamates has to

be performed manually at the end of an automated sequence.

These features make the automated platform very attractive for

sialoside synthesis. Based on the encouraging results obtained

for the solution-phase synthesis of 16, building blocks 4 and 5

were used for the automated solid-phase synthesis of various

sialosides. Some of the results presented herein have been

communicated in preliminary form [5]. Sialyl lactosamine 20

(Scheme 3) [25], which serves as a site of attachment for

viruses during infections, and sialyl lactose (GM3) 16

(Scheme 4) were chosen to confirm the viability of building

block 4 for the automated solid-phase synthesis of linear sialo-

sides.
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Scheme 3: Automated synthesis of 20. Reagents and conditions: (i) (a) NIS, TfOH, dioxane, DCM, −40 to −20 °C, 40 min; (b) piperidine, DMF. (ii) (a)
TMSOTf, DCM, 0 °C, 2 h; (b) piperidine, DMF. (iii) AIBN (cat.), Bu3SnH (10 equiv), xylene, 90 °C. (iv) NaOMe, MeOH, DCM, 1.5 h, 33%. (v) Pd/C, H2,
MeOH/H2O, cat. AcOH, 78% (for experimental details see the supporting information of [5]).

Scheme 4: Automated synthesis of 16. Reagents and conditions: (i) (a) NIS, TfOH, dioxane, DCM, −40 to −20 °C, 40 min; (b) piperidine, DMF. (ii) (a)
TMSOTf, DCM, 0 °C, 2 h; (b) piperidine, DMF. (iii) NaOMe, MeOH, DCM, 1.5 h. (iv) KOH, MeOH, H2O, THF, 60 °C, 40%. (v) Pd/C, H2, MeOH/H2O,
cat. AcOH, 91% (for experimental details see the supporting information of [5]).
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For all sialosides, a similar synthetic route was followed,

consisting of automated glycosylation and deprotection cycles,

followed by TCA reduction (when glucosamines are present)

and final ester removal/cleavage to afford the semi-protected

oligosaccharide. The automated synthesis of 20 (Scheme 3)

started with the glycosylation of resin-bound linker 17 with

glucosamine building block 18 (2 × 5 equiv) [5] in the presence

of N-iodosuccinimide and triflic acid. Fluorenylmethoxycar-

bonyl (Fmoc) removal was followed by glycosylation with

building block 4 (2 × 5 equiv) for 1 h at −10 °C with TMSOTf

used for activation. Radical reduction using tributyltinhydride

and azobisisobutyronitrile (AIBN) was performed to convert the

trichloroacetamide into an N-acetyl moiety, followed by meth-

oxide-mediated cleavage to provide compound 19. Analysis of

the crude mixture by LC–MS showed incomplete glycosylation

of the resin bound glucosamine by building block 4. The reac-

tion was optimized to identify the best glycosylation conditions

for building block 4 under the solid-phase paradigm.

Performing the glycosylation at a higher temperature (0 °C) and

longer time (2 h) proved sufficient to drive the reaction to

higher conversion and trisaccharide 19 was isolated in 33%

overall yield with respect to resin loading. Hydrogenolysis

under standard conditions afforded the fully deprotected tri-

saccharide 20 in 78% yield. These conditions were applied to

the synthesis of GM3 trisaccharide 16 previously prepared in

solution phase (see above). Glucose thioglycoside building

block 21 and disaccharide building block 4 served for the

assembly of 16 (Scheme 4). Final saponification afforded the

partially protected glycan 22 in 40% overall yield before hydro-

genolysis gave the final trisaccharide 16 in 91% yield. The effi-

ciency of the solid-phase and the solution-phase syntheses was

compared. The solution-phase synthesis of trisaccharide 16 was

completed with an overall yield of 42% (taking into account the

preparation of compound 14, 69%) in about one week. The

same number of steps was executed in the solid-phase synthesis

with little operator interference, to yield the desired compound

in a comparable overall yield (36%) in shorter time. An average

time of 3 h per glycosylation cycle (coupling and deprotection)

or cleavage from the support, allows the assembly of a tri-

saccharide in roughly 10 h. In general, although an excess of

building block is used in the automated solid-phase synthesis,

the method provides the final assembled oligosaccharide with

much greater efficiency than in the solution-phase synthesis,

and avoids the loss of material encountered when performing

purifications in between steps.

Automated synthesis of sialyl LewisX

Branching is often observed in naturally occurring sialosides.

Assembly of branched oligosaccharides is particularly challen-

ging due to the steric hindrance of the branching sites, which

can affect glycosylation yields. Working in a solid-phase envir-

onment could, in principle, additionally reduce the accessibility

of a sterically hindered nucleophile. Thus, the possibility of

accessing branched structures was explored on the solid support

[5].

Sialyl LewisX tetrasaccharide 27 (Scheme 5), has been impli-

cated in inflammation and cancer metastasis [26], and was

chosen as a model glycan for the construction of branched com-

pounds. Glucosamine building block 23,  containing

C3-levulinoyl (Lev) and C4-Fmoc protecting groups [27], was

first reacted with the linker. The glycosylation was followed by

Fmoc removal from the C4 hydroxy group and a second

glycosylation was performed with building block 4 under the

conditions optimized in the context of the synthesis of tri-

saccharide 20. Removal of the levulinoyl ester from C3 by

treatment with hydrazine hydrate and acetic acid exposed the

second hydroxy nucleophile on the central glucosamine. Our

first attempt to glycosylate using fucose thioglycoside building

block 25 afforded the product in low yield and as a mixture of

anomers as confirmed by LC–MS analysis. The use of N-phe-

nyl trifluoroacetimidate building block 24 proved more effi-

cient. Nevertheless, when fucosylation with building block 24

was performed in dichloromethane, a mixture of anomers of

compounds 26 was detected by NMR analysis. Only running

the reaction in ether, which is a strong α-directing solvent [28],

ensured stereoselective introduction of the fucose residue.

Under these optimized conditions, the branched tetrasaccharide

26 was isolated in 51% overall yield after TCA reduction,

cleavage, ester saponification and HPLC purification. Finally,

solution-phase hydrogenolysis gave tetrasaccharide 27.

Automated synthesis of linear α–(2→6) sialosides
α-(2→6) Sialylated oligosaccharides have been identified in

humans as a recurring constituent of the upper respiratory

epithelial glycocalix [29]. For instance, tetrasaccharide 30 has

been reported to bind to haemagglutinins isolated from different

H1N1 human viral strains, and was chosen as a target to show-

case the solid-phase automated synthesis of α-(2→6) sialosides

(Scheme 6).

The synthesis of tetrasaccharide 30 started with the glycosyl-

ation of linker 17 by using galactose building block 28 under

standard conditions for the activation of thioglycosides, fol-

lowed by Fmoc removal and a glycosylation with building

block 18. The solid-phase bound disaccharide was further

elongated, following removal of the temporary protecting

group, by reaction with building block 5. For this reaction, we

applied the reaction conditions optimized for building block 4

without further optimization. Thus, standard TCA reduction,

cleavage from the support, saponification and isolation afforded

semiprotected tetrasaccharide 29 in 16% overall yield. As
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Scheme 5: Automated synthesis of 27. Reagents and conditions: (i) (a) NIS, TfOH, dioxane, DCM, −40 to −20 °C, 40 min; (b) piperidine, DMF. (ii) (a)
TMSOTf, DCM, 0 °C, 2 h; (b) NH2NH2·H2O, AcOH, pyridine, DCM. (iii with 24) TMSOTf, Et2O, −10 °C, 1 h. (iii with 25) NIS, TfOH, dioxane, DCM,
−40 °C to −20 °C, 40 min. (iv) AIBN (cat.), Bu3SnH (10 equiv), xylene, 90 °C. (v) NaOMe, MeOH, DCM, 1.5 h. (vi) KOH, MeOH, H2O, THF, 60 °C,
51%. (vii) Pd/C, H2, MeOH/H2O, cat. AcOH, 30% (for experimental details see the supporting information of [5]).

Scheme 6: Automated synthesis of 30. Reagents and conditions: (i) (a) NIS, TfOH, dioxane, DCM, −40 to −20 °C, 40 min; (b) piperidine, DMF. (ii)
NIS, TfOH, dioxane, DCM, −40 to −20 °C, 40 min. (iii) TMSOTf, Et2O, 0 °C, 2 h. (iv) AIBN (cat.), Bu3SnH (10 equiv), xylene, 90 °C. (v) NaOMe,
MeOH, DCM, 1.5 h. (vi) KOH, MeOH, H2O, THF, 60 °C, 16%. (vii) Pd/C, MeOH/H2O/EtOAc, cat. AcOH, 51%.
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Scheme 7: Reagents and conditions: (i) 10% DMF in PBS buffer pH 7.5, overnight, 80%.

shown by LC–MS analysis (see Supporting Information File 1)

the crude mixture contains the desired tetrasaccharide, but also

some deletion sequences that can be attributed to the non-opti-

mized conditions used for the synthesis. Moreover, building

blocks 18 and 28 have been observed to be a non-ideal

donor–acceptor pair (unpublished results). Nevertheless, simple

reverse-phase HPLC was sufficient to isolate semiprotected

tetrasaccharide 29 in milligram quantities. To complete the syn-

thesis, hydrogenolysis was performed to give final tetrasac-

charide 30 in 51% yield. The above example shows that the

platform can provide access to target oligosaccharides by using

generalized coupling protocols even when conditions are not

optimized.

Formation of biotinylated probes
The syntheses of glycans 27 and 30 showed the efficiency of

sialyl building blocks 4 and 5 in combination with the auto-

mated solid-phase platform for the rapid and reliable access to

complex sialosides. Our synthetic strategy makes use of linker

17, which incorporates an amino spacer for conjugation into the

final oligosaccharide. In this way, the synthetic sialosides can

be easily conjugated to probes for biological evaluation or

labelled for instance with UV-active tags. Biotinylation is a

typical example of a commonly employed labelling technique

[30] and has been extensively used for instance as a functional-

ization technique for antigens in antibody selection by phage-

display methods [31]. Thus, trisaccharide 16 (Scheme 7) was

reacted with biotin derivative 31 in PBS buffer to afford com-

pound 32 in 80% yield after gel filtration.

Conclusion
The synthesis of sialosides is important to create tools for

glycobiology. The work presented here demonstrates that

several important sialylated oligosaccharides can be accessed by

using a standardized automated approach. Two sialic acid

containing disaccharide building blocks containing either

α-(2→3) or α-(2→6) galactose linkages were obtained in high

overall yields from readily accessible starting materials. In

combination with a fully automated synthesizer, the disac-

charide building blocks have been exploited for the solid-phase

synthesis of several oligosaccharides ready for biological evalu-

ation. This work represents the first full account of an auto-

mated solid-phase synthesis of sialosides.

Supporting Information
Supporting Information File 1
Experimental procedure and characterization data for new

compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-183-S1.pdf]

Supporting Information File 2
1H and 13C NMR spectra for new compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-8-183-S2.pdf]
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Abstract
The Amadori rearrangement was investigated as a potential method for the conjugation of carbohydrate moieties to suitable amino

components. Starting from selected aldoheptoses, which are readily available by means of the Kiliani–Fischer C-elongation reac-

tion of the corresponding aldohexoses, glycoconjugates presenting D-gluco, D-manno and D-galacto as well as GlcNAc motifs

have been synthesised. Following this strategy, non-natural C-glycosyl type glycoconjugates, which can be utilised as building

blocks for the composition of larger molecular constructions, are available by a very short synthetic approach.

1619

Introduction
Glycoconjugates such as glycoproteins, glycopeptides, glyco-

lipids and peptidoglycans are ubiquitous in nature [1]. They are

found on cell surfaces and are responsible for processes such as

cell–cell interaction, recognition and communication. In order

to investigate and elucidate their many functions, reliable syn-

thetic methods for the conjugation of carbohydrates to

biomolecules are of crucial importance [2]. Several ligation

strategies are described in the literature, such as chemical liga-

tion [3], conjugation by means of click chemistry (Huisgen

cycloaddition) [4,5], glycosylation protocols [6,7], and

Staudinger ligation [8], just to mention the most prominent

examples. However, many applications in this respect require a

ligation method that is functional in aqueous medium, and, for

economic purposes in general, protecting-group manipulations

should be kept to a minimum. Considering these aspects, we

were interested in probing the Amadori rearrangement as a

conjugation method for the synthesis of glycoconjugates. The

Amadori rearrangement (AR) allows the formation of

1-aminodeoxyketoses 2 and 3 from the respective aldose 1 and

a suitable amine under acid catalysis (Scheme 1).

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:t.wrodnigg@tugraz.at
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Scheme 1: Amadori rearrangement.

The reaction is known to be very sensitive to the nature of the

carbohydrate substrate, the acid catalyst, and the amino

component, as well as to the temperature and duration. Addi-

tionally, some challenges accompany the reaction limiting its

synthetic use, several steps during the introduction of the amine

and the subsequent isomerisation to the ketose are reversible,

and furthermore, the product itself can enter the Maillard reac-

tion cascade [9,10] pathway. Consequently, a range of side and

degradation products can be formed. In general, the rearrange-

ment product can occur as a mixture of different isomers, and in

principal the furanoid as well as pyranoid in their α- and

β-anomeric forms can be obtained. Thus, isolation of the

rearrangement product can be challenging and tedious, and only

a few preparatively useful examples of the Amadori rearrange-

ment are known in the literature [11-20]. However, this reac-

tion accomplishes the introduction of various amines onto the

position C-1 of aldoses and at the same time the isomerisation

to the corresponding 1-aminodeoxyketose without the require-

ment for protecting-group manipulations, and is thus a very

valuable reaction sequence [21-24]. We have succeeded in

optimising the reaction conditions for the Amadori rearrange-

ment when introducing D-glycero-D-gulo-aldoheptose as the

starting material. In this special case, all substituents of the

resulting 1-aminodeoxy ketose adopt an equatorial position in

the 5C2 pyranoid conformation, which is a strong driving force

providing excellent preparative yields [25]. In general, this reac-

tion leads to non-natural C-glycosyl type glycoconjugates,

which are of particular interest for biological investigation

because of their chemical stability towards physiological hydro-

lysis of the glycosidic linkage, compared to the naturally occur-

ring O- as well as N-glycosides [26].

A broad application of this reaction is not feasible as yet. How-

ever, according to its mechanism, the scope of the Amadori

rearrangement could well comprise a variety of useful conjuga-

tion reactions, including mono- as well as oligo- and polyvalent

amines, and the carbohydrate decoration of functionalized

surfaces. Fields of application concern the construction of

oligovalent glycoconjugates, such as glycoclusters and glyco-

dendrimers, the modification of surfaces (glycosylated surfaces,

e.g., “glyco-chips”, gold, polystyrene plates, glass, nano-

particles), or labelling and imaging of carbohydrates (fluores-

cence markers, biotin, photolabelling) [27,28].

Herein we describe the application of the Amadori rearrange-

ment as a key step for the synthesis of non-natural C-glycosyl

type glycoconjugates in the D-manno, D-galacto as well as

GlcNAc series starting from the respective aldoheptoses and

suitable amino components. Aldoheptoses were synthesised by

C-elongation of the corresponding hexoses and subsequent

reductive hydrolysis following the Kiliani–Fischer cyanohydrin

reaction procedure.

Results and Discussion
C-Elongation
In an initial C-elongation attempt, with the aim to avoid HCN as

C-synthon, we decided to follow a protocol employing sodium

cyanide, as described by Hudson [29] (Scheme 2). By this reac-

tion sequence, starting from aldohexose 1, the obtained

heptonolactones 4 are expected to be formed as a mixture of

diastereomers at position C-2. Consequently, the respective

aldoheptoses 5, obtained by reduction of the lactones employing

sodium borohydride, will be present as C-2 diastereomers as

well. However, during the Amadori rearrangement this centre

will be oxidised to a keto group, thus the stereochemical

outcome of the chain elongation is not of relevance and there-

fore a separation is not necessary. As a side product, the fully

reduced heptitol 6 is expected to be formed.

To probe this reaction sequence, i.e., C-elongation followed by

Amadori rearrangement, D-glucose (8) was employed as a

model substrate, since in this case NMR data of the obtained

D-glycero-D-gulo aldoheptose 10 can be compared with a

commercially available sample (Scheme 3). An aqueous solu-

tion of D-glucose (8) was treated with sodium cyanide at

100 °C for two days. Hydrolysis of the resulting cyanohydrin to

aldonolactone 9 was accomplished by treatment with strong

acidic ion-exchange resin IR-120 H+. In contrast to the

described reduction employing sodium amalgam, we preferred

sodium borohydride, which has been reported as a suitable

agent for the reduction of lactones to the corresponding acetals

when the pH value is kept below 6 [30]. In the D-gluco series,
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Scheme 2: C-Elongation using the sodium cyanide/sodium borohydride and HCN/Pd(BaSO4) method.

Scheme 3: C-Elongation as well as Amadori rearrangement in the D-gluco series.

D-glycero-D-gulo-aldoheptose 10 was isolated in 81% yield,

and no C-2 epimer was detected, as shown by comparison of the

NMR data with a commercial sample [31]. Aldoheptose 10 was

taken to the Amadori rearrangement without further purifica-

tion. Three typical amines, dibenzylamine, 6-aminohexanol as

well as 6-aminohexanoic acid methyl ester hydrochloride were

investigated [25]. In all cases the corresponding Amadori

products 11, 12 as well as 13 were formed, which was

confirmed by comparison of the NMR data [25].

Despite thorough investigation of the conditions for the reduc-

tion with sodium borohydride by adjusting the pH value, the

amount of reagent, and the temperature, it was not possible to

obtain the desired aldoheptose in the D-galacto as well as the

D-manno series in satisfactory yields (Scheme 2). In all cases, a

mixture of the unreacted lactone 4, the fully reduced alditol 6 as

the main product, and a small amount of the desired aldohep-

tose 5 was formed. When N-acetyl-D-glucosamine was

subjected to this reduction method, the corresponding heptitol 6

was isolated as the main product under all conditions tried.

These unsatisfactory results caused us to change the strategy for

the C-elongation reaction sequence. Following a slightly modi-

fied procedure of the Kiliani–Fischer cyanohydrin reaction

reported by Kuhn and Baschang [32], aldoses were exposed to

hydrocyanic acid in pyridine and triethylamine, replacing water

as solvent, and thereby shortening the reaction time from 15 to

3 days (Scheme 2). A small amount of the reaction mixture was

per-O-acetylated in order to monitor the reaction by TLC, thus

avoiding hydrolysis of the cyanohydrin on the TLC plate, and to

track the progress of the reaction. The subsequent reductive

hydrolysis of the heptononitrile 7 to the desired aldoheptoses 5

was performed as described by these authors employing

Pd/BaSO4 in water and acetic acid. Thus, the corresponding

heptose 5, in some cases as mixtures of C-2 epimers, were isol-

ated in preparatively useful yields. With this method in hand,

D-galactose (14), D-mannose (17) as well as GlcNAc (20) were

successfully converted to the corresponding aldoheptoses

(Scheme 4), namely D-glycero-L-manno/L-gluco-heptopyran-

ose 16a and 16b, D-glycero-D-galacto/D-talo-heptopyranose

19a and 19b, and 3-acetamido-3-deoxy-D-gluco-D-ido/D-gulo-

heptopyranose 22a and 22b, via the respective cyanohydrins 15,

18 and 21, in preparatively expedient yields.

Amadori rearrangement
With these aldoheptoses in hand we investigated the Amadori

rearrangement. The product mixture, containing mainly a C-2

epimeric mixture of α,β-aldoheptoses and minor amounts of
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Scheme 4: C-Elongation method by modified Kiliani–Fischer protocol from of D-galactose, D-mannose as well as GlcNAc.

side products from the reductive hydrolysis, was used without

further purification. It was expected that the respective aldohep-

tose would undergo predominantly the Amadori rearrangement,

whereas the remaining aldohexose and side products would be

rather unreactive under the reaction conditions employed.

In the D-galacto series, the mixture containing D-glycero-L-

manno/L-gluco-heptopyranose 16a and 16b was treated with

dibenzylamine in ethanol and 1,4-dioxane as co-solvent,

employing one equivalent of acetic acid, to give, after purifica-

tion by silica-gel chromatography, predominantly the α-anomer

of 1-(N,N-dibenzyl)amino-1-deoxy-α-D-galacto-hept-2-ulose in

a yield of 71% and as mixture of the pyranoid 23a and furanoid

23b forms in a ratio of 3:1 (Scheme 5). 6-Aminohexanol as

amino component in aqueous ethanol, containing one equiva-

lent of acetic acid gave, after three days at 50 °C, 1-(6-hydroxy-

hexylamino)-1-deoxy-α-D-galacto-hept-2-ulose in a yield of

74% and with a 4:1 ratio of the pyranoid 24a and furanoid 24b

forms. In the case of 6-aminohexanoic acid methyl ester hydro-

chloride, the Amadori rearrangement was performed in ethanol

with 1,4-dioxane and water as co-solvent in the presence of

triethylamine in order to liberate the free amine from the corres-

ponding ammonium hydrochloride. After purification, 1-(5-

(methoxycarbonyl)pentylamino-1-deoxy-α-D-galacto-hept-2-

ulose was also obtained as a mixture of pyranoid 25a and fura-

noid 25b forms with a 5:1 ratio and a combined yield of 35%.

The Amadori products featuring a secondary amine at position

C-1, compounds 24 and 25, were further reacted with triphos-

gene [25]. In this reaction, the anomeric hydroxy group and the

amine at position C-1 formed a cyclic carbamate, thereby stabil-

ising the hemiacetal at the anomeric position. Compounds 24 (a

and b) gave the corresponding 1-N,2-O-cyclic carbamates in

95% yield with a 3:2 ratio of the pyranoid 26a and furanoid 26b

forms, and compounds 25 (a and b) reacted accordingly and

gave cyclic carbamates 27a and 27b in a 5:3 ratio and a

combined yield of 50%.
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Scheme 5: Amadori rearrangement in the D-galacto series.

Scheme 6: Amadori rearrangement in the D-manno series.

In the D-manno series, the C-elongation employing HCN in

pyridine and triethylamine and subsequent reductive hydrolysis

of the corresponding nitriles 18 (a and b) gave very good

conversion to D-glycero-D-galacto heptose 18a, together with a

minor amount of D-glycero-D-talo-heptopyranose 19b

(Scheme 4). From the NMR analysis of the crude product mix-

ture it was obvious that the predominant product was the

β-anomer of D-glycero-D-galacto-aldoheptose. This was veri-

fied by 1H NMR data analysis, the β-anomer presenting a coup-

ling constant of J1,2 = 7.8 Hz between protons H-1 and H-2.

The Amadori rearrangement with dibenzylamine gave 1-(N,N-

dibenzylamino)-1-deoxy-α-D-manno-hept-2-ulopyranose (28)

in 72% yield, exclusively (Scheme 6). Likewise, with 6-amino-

hexanol as amino component, the Amadori rearrangement of

aldoheptoses 19 (a and b) gave the corresponding 1-(N-6-

hydroxyhexyl)amino-1-deoxy-α-D-manno-hept-2-ulose (29),

exclusively in an isolated yield of 70%. No β-anomer forma-

tion could be observed from NMR analysis. Treatment of com-

pound 29 with triphosgene and sodium carbonate in 1,4-dioxane

and H2O gave 1-N-(hydroxyhexyl)amino-α-D-manno-1-N,2-O-

carbamate 30 in 75% yield. With 6-aminohexanoic acid hydro-

chloride, the Amadori rearrangement, employing triethylamine

for liberation of the free amine from the hydrochloride, gave a

90% yield of the α-anomer 31. Its treatment with triphosgene

provided 1-N-2-O-cyclic carbamate 32 in 50% yield.

3-Acetamido-3-deoxy-D-gluco-D-ido/D-gulo-heptopyranose 22

(a and b) gave under Amadori rearrangement conditions with

dibenzylamine predominantly 1-(N,N-dibenzyl)amino-3-acet-

amido-3-deoxy-α-D-gluco-heptulose (33a, Scheme 7), and a

small amount of the corresponding furanoid form 33b could be

detected by NMR analysis. 6-Aminohexanol as amino

component gave exclusively the α-anomer of 1-(N-6-hydroxy-

hexyl)amino-3-acetamido-D-gluco-heptulose 34 in the pyra-

noid form and in 50% yield after purification by column chro-

matography. Methyl 6-aminohexanoate hydrochloride gave the

corresponding α-pyranose 35, albeit in only 25% yield. With the

α-N-Boc protected L-lysine derivative Boc-L-Lys(Z)-OMe, the

Amadori rearrangement gave the 1-[(5S-tert-butoxylcar-

bonylamino)-6-methoxycarbonylpentyl]amino-3-acetamido-

1,3-dideoxy-α-D-gluco-hept-2-ulopyranose (36) in the pyra-

noid form in 30% yield.
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Scheme 7: Amadori rearrangement in the GlcNAc series.

Conclusion
In conclusion, we have successfully developed a protocol for

the conjugation of carbohydrate moieties to amine containing

molecules through the Amadori rearrangement. By reaction of

respective aldoheptoses, non-natural C-glycosyl type glycocon-

jugates presenting the sugar motif in D-gluco, D-manno, and

D-galacto as well as GlcNAc configuration are available. This

indicates that the Amadori rearrangement is a valuable tool in

the repertoire of ligation methods, with the advantage that no

protecting-group manipulations are necessary in the carbo-

hydrate moiety and the reaction can be carried out in aqueous

environment offering obvious advantages in glycobiology. In

preliminary studies, several disaccharidic structures, such as

cellobiose, lactose and N-DTPM-2-aminodeoxylactose [33],

were successfully converted to the respective C-glycosyl type

glycoconjugates by this method. Optimisation of yields is

currently under progress [34].

Experimental
General methods: NMR spectra were recorded on a Bruker

Ultrashield spectrometer at 300.36 or 75.53 MHz, in methanol-

d4 or D2O as indicated. Chemical shifts are listed in parts per

million (ppm) employing residual, nondeuterated solvent as the

internal standard. Structures of crucial intermediates were

unambiguously assigned by 1D-TOCSY and HSQC experi-

ments. Optical rotations were measured on a Perkin Elmer 341

polarimeter at a wavelength of 589 nm and a path length of

10 cm at 20 °C. Analytical TLC was performed on precoated

aluminium plates Silica Gel 60 F254 (E. Merck 5554), detected

with UV light (254 nm), 10% vanillin/sulfuric acid and ceric

ammonium molybdate (100 g ammonium molybdate/8 g ceric

sulfate in 1 L 10% H2SO4), and heated on a hotplate. Prepar-

ative TLC was performed on precoated glass plates silica gel 60

F254, 0.5 mm (E. Merck 5744). For column chromatography

silica gel 60 (230–400 mesh, E. Merck 9385) was used.

General procedure for generation of HCN [35]: Equipment

for all reactions in which HCN or cyanides were involved, was

placed in a well-ventilated hood. For safety, an electrochemical

sensor for HCN detection was used. The required amount of

HCN was freshly prepared by adding a saturated NaCN solu-

tion dropwise to aqueous sulfuric acid (60%) at 80 °C. HCN

was transferred in a nitrogen stream through a drying column

(CaCl2) and collected in a cooling trap at −12 °C. Waste solu-

tions containing cyanides were treated with aqueous sodium

hypochlorite (10%).

General procedure for preparation of aldoheptoses [32]:

The respective aldose was dissolved in pyridine, then triethyl-

amine (0.08 equiv) and HCN (8 equiv) were added, and the

reaction was kept in a sealed flask at room temperature for

several days. For monitoring of the reaction by TLC, a small

amount of the reaction mixture was subjected to a per-O-acet-

ylation. After complete consumption of the starting material, the

remaining HCN and solvents were removed under reduced pres-

sure. The remaining material was azeotroped/co-evaporated

with EtOH, and subsequently the products were precipitated by

treatment of the residue with ether/ethylacetate 1:1 v/v at 4 °C.

The obtained heptononitriles were used for the next step imme-

diately. For the reductive hydrolysis, the respective heptononi-

trile was dissolved in water, and then acetic acid (1.1 equiv) and

Pd/BaSO4 (0.6 g per g heptononitrile) were added, and the reac-

tion mixture was stirred under a hydrogen atmosphere at

ambient pressure and temperature until the starting material was

consumed. The catalyst was removed by filtration and the pH

adjusted with ion-exchange resin (IR-120 H+) to 2. Filtration of

the resin and removal of the solvent under reduced pressure

afforded a mixture of products, containing mainly the respective

aldoheptoses. This mixture was used for the Amadori rearrange-

ment immediately without further purification.

General method A (Amadori rearrangement with free

amines) [25]: The respective aldose was dissolved in abs.

EtOH, and then 1.2 equiv of the free amine and 1.2 equiv of

AcOH were added, and the reaction mixture was stirred at

40 °C until TLC showed satisfactory conversion of the starting

material. The reaction mixture was concentrated under reduced

pressure, and the obtained products were separated by flash
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chromatography with the solvent system indicated in the experi-

mental section.

General method B (Amadori rearrangement with amine

hydrochlorides) [25]: The respective amine hydrochloride was

dissolved in abs. EtOH, 1 equiv of Et3N was added, and the

mixture was stirred for 20 min at rt. To this mixture the aldose

was added, and the reaction mixture was stirred at 40 °C until

TLC showed satisfactory conversion of the starting material.

The reaction mixture was concentrated under reduced pressure

and the obtained residue was purified by flash chromatography

with the solvent system indicated in the experimental section.

General method C (cyclic carbamate formation with

triphosgene) [25]: The Amadori rearrangement compound was

dissolved in water, and in indicated cases 1,4-dioxane was

added to enhance the solubility. A large access of Na2CO3,

typically >6 equiv, was added at 0 °C. After 15 min triphos-

gene was added and the reaction mixture stirred for 20 min at

0 °C followed by stirring at room temperature until TLC

showed conversion of the starting material. The reaction was

concentrated under reduced pressure and the obtained com-

pound mixture separated by flash chromatography with the

solvent mixture indicated in the experimental section.

1-(N,N-Dibenzylamino)-1-deoxy-α-D-galacto-hept-2-

ulopyranose (23a) and -furanose (23b): The general

procedure for the preparation of aldoheptoses was applied to

D-galactose (14, 3 g, 16.7 mmol) by using pyridine (45 mL),

triethylamine (0.18 mL, 1.3 mmol, 0.08 equiv) and HCN

(5.6 mL, 0.14 mmol, 8.5 equiv) as described. After five days

complete consumption of the aldose was indicated by TLC (per-

O-acetylation of a sample of the reaction mixture was

performed, EE/C (ethyl acetate/cyclohexane) 1:1 v/v) and 5 g of

the crude heptononitriles 15a and 15b was obtained. This mix-

ture of heptononitriles (2.5 g) was treated in water (50 mL)

containing acetic acid (0.75 mL, 1.1 equiv) with Pd/BaSO4

(1.5 g) under a hydrogen atmosphere at ambient pressure. After

TLC (CHCl3/MeOH 1:1 v/v containing 0.25% concd NH4OH)

indicated complete consumption of the starting material and

workup as described, 3 g of crude aldoheptoses 16a and 16b

were obtained, which were used for the Amadori rearrange-

ment immediately without any further purification. General

procedure A was applied to the mixture of aldoheptose 16a and

16b (400 mg) employing EtOH (4 mL) and 1,4-dioxane as

co-solvent, dibenzylamine (360 µL, 1.9 mmol) and acetic acid

(110 µL, 1.9 mmol). The reaction mixture was stirred at 50 °C

for five days. Column chromatography (EE/MeOH 15:1 v/v)

gave 480 mg of a mixture of pyranoid 23a and furanoid 23b

product in a ratio of 3:1 and in an overall yield of 70%.

α-Anomer: [α]D = +20 (c 1.4, MeOH); 1H NMR (methanol-d4)

δ 7.37–7.35 (m, 10H, Ph), 4.06 (d, J = 13.4 Hz, 2H, CH2Ph),

4.06–4.00 (m, 1H, H-6), 3.93 (dd, J4,5 = 3.4 Hz, J5,6 = 3.5 Hz,

1H, H-5), 3.78–3.71 (m, 2H, H-4, H-7), 3.69–3.65 (m, 1H,

H-7), 3.55 (d, 2H, CH2Ph), 3.52 (d, J3,4 = 9.8 Hz, 1H, H-3),

3.05 (d, J1,1 = 13.4 Hz, 1H, H-1), 2.72 (d, 1H, H-1); 13C NMR

δ 139.6, 130.5, 129.8, 129.6 (Ph), 98.7 (C-2), 72.6, 72.4, 71.5,

70.9 (4C, C-3, C-4, C-5, C-6), 62.6 (C-7), 60.0 (2C, CH2Ph),

58.8 (C-1); anal. calcd for C21H27NO6: C, 64.77; H, 6.43;

found: C, 63.09; H, 6.52.

1-(N-(6-Hydroxyhexyl)amino)-1-deoxy-α-D-galacto-hept-2-

ulopyranose (24a) and -furanose (24b): Following general

method A, the aldoheptoses 16a and 16b (370 mg) were treated

with 6-aminohexanol (200 mg, 1.76 mmol, 1 equiv) in EtOH

(5 mL) and 1,4 dioxane as co-solvent in the presence of acetic

acid (0.1 mL, 1.76 mmol, 1 equiv) at 50 °C for three days.

Silica-gel chromatography (CHCl3/MeOH 4:1 v/v containing

10% of concd NH4OH) gave the respective Amadori com-

pound in a mixture of α-pyranose 24a and α-furanose 24b in a

ratio of 4:1 and an overall yield of 74%. Pyranoid α-anomer

24a: 1H NMR (methanol-d4) δ 4.00 (m, 1H, H-6), 3.88 (m, 1H,

H-5), 3.81–3.69 (m, 3H, H-4, 2 × H-7), 3.63 (d, J3,4 = 9.6 Hz,

1H, H-3), 3.57 (t, 2H, H-13), 3.29 (d, J1,1 = 12.5 Hz, 1H, H-1),

3.15 (d, 1H, H-1), 3.02 (t, 2H, H-8), 1.82–1.68 (m, 2H, H-9),

1.64–1.53 (m, 2H, H-12), 1.51–1.40 (m, 4H, H-10, H-11);
13C NMR δ 96.7 (C-2), 73.6 (C-6), 71.8, 71.5, 71.1 (3C, C-3,

C-4, C-5), 62.9 (C-7), 62.7 (C.13), 54.6 (C-1), 49.7 (C-8),

33.3 (C-12), 27.5, 27.1, 26.5 (3C, C-9, C-10, C-11); anal.

calcd for C13H27NO7: C, 50.50; H, 8.82; found: C, 50.46; H,

8.88.

1-(N-(5-(Methoxycarbonyl)pentyl)amino)-1-deoxy-α-D-

galacto-hept-2-ulopyranose (25a) and -furanose (25b):

Following general method B, a solution of 6-aminohexanoic

acid methyl ester hydrochloride (480 mg, 2.7 mmol, 1.0 equiv)

in EtOH (6 mL) with 1,4-dioxane (1 mL) as co-solvent

containing Et3N (370 μL, 2.6 mmol, 1.0 equiv) was applied to

the aldoses 16a and 16b (560 mg, 2.7 mmol). The reaction mix-

ture was stirred at 60 °C for one day. The solvents were

removed under reduced pressure and silica-gel chromatography

(CHCl3/MeOH 4:1 v/v containing 10% of concd NH4OH) gave

300 mg of a mixture of pyranose 25a and furanose 24b in 5:1

ratio and 35% yield as a yellow oil. Pyranose 25a signals:
1H NMR (methanol-d4) δ 3.91–3.84 (m, 1H, H-6), 3.81–3.73

(m, 1H, H-5), 3.68 (dd, J4,5 = 3.2 Hz, J3,4 = 9.7 Hz, 1H, H-4),

3.63–3.57 (m, 2H, H-7), 3.56 (s, 3H, OCH3), 3.53 (d, 1H, H-3),

2.79 (d, J1,1 = 12.1 Hz, 1H, H-1), 2.73 (d, 1H, H-1), 2.62–2.48

(m, 2H, H-8), 2.25 (t, 2H, H-12), 1.60–1.48 (m, 2H, H-10),

1.48–1.40 (m, 2H, H-11), 1.33–1.23 (m, 2H, H-9); 13C NMR δ

175.9 (C-13), 98.2 (C-2), 72.8, 72.4, 71.6, 71.3 (3C, C-3, C-4,

C-5, C-6), 62.9 (C-7), 56.0 (C-1), 52.1 (OCH3), 50.8 (C-8), 34.7
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(C-12), 30.0 (C-11), 27.7 (C-9), 25.9 (C-10); anal. calcd for

C14H27NO8: C, 49.87; H, 8.09; found: C, 49.79; H, 8.11.

1-(N-(6-Hydroxyhexyl)amino)-1-N,2-O-carbonyl-1-deoxy-β-

D-galacto-hept-2-ulopyranose 26a and -furanose 26b:

General method C was applied to compounds 24a and 24b

(349 mg) in H2O (10 mL) and 1,4-dioxane (2 mL), employing

Na2CO3 (1.3 g, 11.8 mmol, 6 equiv) and triphosgene (0.6 g,

2.0 mmol, 1.8 equiv). Silica-gel chromatography (CHCl3/

MeOH 3:1 v/v containing 1% of concd NH4OH) gave a mix-

ture of pyranose 26a and furanose 26b (350 mg, 95%) in a 3:2

ratio. Pyranose 26a signals: 1H NMR (methanol-d4) δ

4.07–3.99 (m, 2H, H-5, H-6), 3.87 (d, J1,1 = 10.0 Hz, 1H, H-1),

3.84–3.79 (m, 2H, H-3, H-4), 3.79–3.69 (m, 2H, H-7), 3.58 (t,

2H, H-13), 3.47 (d, 1H, H-1), 3.32–3.25 (m, 2H, H-8),

1.67–1.49 (m, 4H, H-9, H-12), 1.49–1.30 (m, 4H, H-10, H-11);
13C NMR δ 158.8 (C=O), 104.6 (C-2), 75.7 (C-5), 71.9, 70.6,

70.8 (3C, C-3, C-4, C-6), 62.9 (C-13), 62.4 (C-7), 53.5 (C-1),

44.5 (C-8), 33.5 (C-12), 28.1, 27.4, 26.5 (3C, C-9, C-10, C-11);

anal. calcd for C14H25NO8: C, 50.17; H, 7.53; found: C, 50.10;

H, 7.59.

1-(N-(5-Methoxycarbonylpentyl)amino)-1-N,2-O-carbonyl-

1-deoxy-β-D-galacto-hept-2-ulopyranose (27a) and -furanose

(27b): General method C was applied to the mixture of

Amadori products 26a and 26b (200 mg, 0.6 mmol), Na2CO3

(680.0 mg, 6.4 mmol, 6.0 equiv) and triphosgene (320 mg,

1.1 mmol, 1.8 equiv) in H2O (7 mL) and 1,4-dioxane as

co-solvent (1 mL). When TLC indicated complete consumption

of the starting material, the solvents were removed under

reduced pressure, and silica-gel chromatography (CHCl3/MeOH

6:1 v/v containing 1% of concd NH4OH) gave a mixture of

cyclic carbamates in the pyranoid 27a and furanoid 27b form in

a ratio of 5:3 (280 mg, 50%) as a yellow oil. Pyranose 27a

signals: 1H NMR (methanol-d4) δ 4.06–3.94 (m, 2H, H-5, H-6),

3.87–3.79 (m, 2H, H-1, H-4), 3.87–3.70 (m, 3H, H-3, H-7),

3.68 (s, 3H, OCH3), 3.45 (d, J1,1 = 9.8 Hz, 1H, H-1), 2.37 (t,

2H, H-12), 1.72–1.55 (m, 4H, H-9, H-11), 1.42–1.31 (m, 3H,

H-10); 13C NMR δ 176.0 (C-13), 158.6 (NCO), 104.5 (C-2),

75.7, 72.0, 70.9, 70.8 (4C, C-3, C-4, C-5, C-6), 62.5 (C-7), 53.4

(C-1), 52.1 (OCH3), 44.3 (C-8), 34.7 (C-12), 27.8 (C-9), 27.0

(C-10), 25.7 (C-11); anal. calcd for C15H25NO9: C, 49.61; H,

6.95; found: C, 49.58; H, 6.97.

1-(N ,N-Dibenzylamino)-1-deoxy-α-D-manno-hept-2-

ulopyranose (28): General method for sugar elongation was

applied to D-mannose 17 (3 g, 16.7 mmol), pyridine (50 mL),

triethylamine (0.18 mL, 1.3 mmol, 0.08 equiv) and HCN

(4.5 mL, 0.11 mmol, 6.9 equiv). After five days, complete

consumption of the aldose was indicated by TLC, and 8 g of the

crude heptononitrile 18 (a and b) were obtained. For the

reductive hydrolysis the heptononitriles 18 (4.5 g) were treated

as described employing dist. water (90 mL), acetic acid

(1.35 mL, 1.1 equiv) and Pd/BaSO4 (2.7 g). After TLC (CHCl3/

MeOH 1:1 v/v containing 0.25% concd NH4OH) showed

complete consumption of the starting material, and workup with

ion-exchange resin IR-120 H+, 3.7 g of crude aldoheptoses 19a

and 19b were obtained. NMR analysis of the crude product

mixture indicated the D-glycero-D-galacto-β-aldoheptose 19a

as the predominant compound (4.48 ppm, J1,2 = 7.8 Hz, 1H,

H-1β) next to its α-anomer (5.14 ppm, J1,2 = 3.6 Hz, 1H, H-1α)

in a ratio of 5:2. This compound mixture was used for the

Amadori rearrangement. General procedure A was applied to

the mixture of aldoheptoses 19 (400 mg) employing EtOH

(5 mL) and 1,4-dioxane (1 mL) as cosovlent, dibenzylamine

(360 µL, 1.9 mmol) and acetic acid (110 µL, 1.9 mmol). The

reaction mixture was stirred at 50 °C for three days. Column

chromatography (EE/MeOH 20:1 v/v) gave product 28 in a

yield of 72% (540 mg). α-Anomer 28: [α]D = +20 (c 1.1,

MeOH); 1H NMR (methanol-d4) δ 7.51–7.24 (m, 10H, Ph),

3.94 (d, J = 13.3 Hz, 2H, CH2Ph), 3.85–3.75 (m, 4H, H-4, H-5,

2 × H-7), 3.73–3.60 (m, 3H, H-6, CH2Ph), 3.47 (d, J3,4 = 3.1

Hz, 1H, H-3), 2.93 (d, J1,1 = 13.7 Hz, 1H, H-1), 2.77 (d, 1H,

H-1); 13C NMR δ 139.8, 130.6, 130.3, 129.6 (Ph), 97.5 (C-2),

75.8, 74.2, 73.3, 68.7 (4C, C-3, C-4, C-5, C-6), 63.2 (C-7), 60.2

(2C, CH2Ph), 59.9 (C-1); anal. calcd for C21H27NO6: C, 64.77;

H, 6.43; found: C, 63.07; H, 6.50.

1-(N-(6-Hydroxyhexyl)amino)-1-deoxy-α-D-manno-hept-2-

ulose (29): Following general method A, the mixture of aldo-

heptoses 19 (360 mg) was treated with 6-aminohexanol

(200 mg, 1.71 mmol, 1 equiv) in EtOH (5 mL) and 1,4-dioxane

as co-solvent in the presence of acetic acid (0.1 mL, 1.71 mmol,

1 equiv) at 50 °C for three days. When TLC indicated complete

consumption of the starting material, silica-gel chromatography

(CHCl3/MeOH 4:1 v/v containing 10% of concd NH4OH) gave

the respective Amadori compound 29 (360 mg) exclusively in

the α-pyranose form in a yield of 70%. [α]D = +7 (c 1.0,

MeOH); 1H NMR (methanol-d4) δ 3.93–3.83 (m, 3H, H-3, H-5,

H-7), 3.83–3.71 (m, 2H, H-6, H-7), 3.71–3.62 (m, 1H, H-4),

3.59 (t, 2H, H-13), 3.36 (d, 1H, H-1), 3.12 (d, J1,1 = 12.6 Hz,

1H, H-1), 3.04 (q, 2H, H-8), 1.81–1.69 (m, 2H, H-9), 1.64–1.53

(m, 2H, H-12), 1.51–1.40 (m, 4H, H-13, H-14); 13C NMR δ

96.3 (C-2), 75.2, 74.6, 72.6, 67.9 (4C, C-3, C-4, C-5, C-6), 62.8

(C-13), 62.6 (C-7), 55.0 (C-1), 49.4 (C-8), 33.6 (C-12), 27.5,

26.8, 26.5 (3C, C-9, C-10, C-11); anal. calcd for C13H27NO7:

C, 50.50; H, 8.82; found: C, 50.45; H, 8.89.

1-(N-(6-Hydroxyhexyl)amino)-1-N,2-O-carbonyl-1-deoxy-β-

D-manno-pyranose (30): General method C was applied to

compound 29 (200 mg, 0.6 mmol) in H2O (5 mL) and 1,4-

dioxane (1 mL), Na2CO3 (0.74 g, 6.9 mmol, 6 equiv) and
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triphosgene (0.35 g, 1.12 mmol, 1.8 equiv). Silica-gel chroma-

tography (CHCl3/MeOH 6:1 v/v containing 1% of concd

NH4OH) gave the corresponding cyclic carbamate 30 in the

pure β-anomeric pyranoid form (160 mg) in a yield of 75%.

β-Anomer: [α]D = +22 (0.9, MeOH); 1H NMR (methanol-d4) δ

3.92 (d, J3,4 = 2.6 Hz, 1H, H-3), 3.83 (d, J1,1 = 10.7 Hz, 1H,

H-1), 3.81–3.65 (m, 5H, H-4, H-5, H-6, 2 × H-7), 3.56 (t, 2H,

H-13), 3.48 (d, 1H, H-1), 3.32–3.22 (m, 2H, H-8), 1.64–1.47

(m, 4H, H-9, H-12), 1.46–1.26 (m, 4H, H-10, H-11); 13C NMR

δ 158.2 (C=O), 103.8 (C-2), 77.1, 73.2, 72.6, 67.3 (4C, C-3,

C-4, C-5, C-6), 62.9 (C-13), 62.3 (C-7), 54.4 (C-1), 44.7 (C-8),

33.5 (C-12), 28.1, 27.3, 26.5 (3C, C-9, C-10, C-11); anal. calcd

for C14H25NO8: C, 50.17; H, 7.53; found: C, 50.13; H, 7.60.

1-(N-(5-(Methoxycarbonyl)pentyl)amino)-1-deoxy-α-D-

manno-hept-2-ulopyranose (31): Following general method B,

aldose 19 (350 mg, 1.7 mmol) was treated with a mixture of

6-aminohexanoic acid methyl ester hydrochloride (600 mg,

3.4 mmol, 2.0 equiv) in EtOH (5 mL) and H2O (1 mL) as

co-solvent containing Et3N (480.0 μL, 3.4 mmol, 2.0 equiv),

and the reaction mixture was stirred at 40 °C for four days. The

solvents were removed under reduced pressure and silica-gel

chromatography (CHCl3/MeOH 3:1 v/v containing 1 % of

concd NH4OH) gave 600 mg of pyranose 31 in a yield of 90%

as a yellow oil. [α]D = +8 (c 1.2, MeOH); 1H NMR (methanol-

d4) δ 3.99–3.72 (m, 6H, H-3, H-4, H-5, H-6, 2 × H-7), 3.68 (s,

3H, OCH3), 3.38 (d, 1H, J1,1 = 12.3 Hz, H-1), 3.18 (d, 1H,

H-1), 3.06 (bt, 2H, H-8), 2.39 (t, 2H, H-12), 1.84–1.62 (m, 4H,

H-9, H-11), 1.51–1.39 (m, 2H, H-10); 13C NMR δ 175.8

(C-13), 96.2 (C-2), 75.2, 74.6, 72.5, 67.8 (4C, C-3, C-4, C-5,

C-6), 62.5 (C-7), 55.1 (C-1), 52.1 (OCH3), 47.7 (C-8), 34.4

(C-12), 27.1, 26.4, 25.5 (3, C-9, C-10, C-11); anal. calcd for

C14H27NO8: C, 49.87; H, 8.09; found: C, 49.78; H, 8.12.

1-(N-(5-(Methoxycarbonyl)pentyl)amino)-1-N,2-O-carbonyl-

1-deoxy-β-D-manno-hept-2-ulopyranose (32): General

method C was applied to Amadori product 31 (200 mg,

0.6 mmol), Na2CO3 (680.0 mg, 6.4 mmol, 6.0 equiv) and

triphosgene (320 mg, 1.1 mmol, 1.8 equiv) in H2O (7 mL) and

1,4-dioxane as co-solvent (1 mL). After complete consumption

of the starting material, the solvent was removed under reduced

pressure, and silica-gel chromatography (CHCl3/MeOH 6:1 v/v

containing 1% of concd NH4OH) gave cyclic carbamate 32

(110 mg, 50%) in the β-anomeric pyranoid form exclusively as

a slightly yellow oil. [α]D = +46 (c 1.4, MeOH); 1H NMR

(methanol-d4) δ 3.89–3.83 (m, J3,4 = 2.7 Hz, 2H, H-3, H-7),

3.81 (d, J1,1 = 10.4 Hz, 1H, H-1), 3.79–3.69 (m, 4H, H-4, H-5,

H-6, H-7), 3.68 (s, 3H, OCH3), 3.47 (d, 1H, H-1), 3.36–3.30

(m, 2H, H-8), 2.38 (t, 2H, H-12), 1.74–1.55 (m, 4H, H-9, H-11),

1.44–1.30 (m, 2H, H-10); 13C NMR δ 175.9 (C-13), 158.1

(NCO), 103.8 (C-2), 77.2, 72.7, 72.6, 67.5 (4C, C-3, C-4,

C-5, C-6), 62.6 (C-7), 54.3 (C-1), 52.1 (OCH3), 44.5

(C-8), 34.6 (C-12), 27.9, 27.0, 25.6 (3C, C-9, C-10, C-11);

anal. calcd for C15H25NO9: C, 49.61; H, 6.95. found: C, 49.56;

H, 6.98.

1-(N,N-Dibenzylamino)-3-acetamido-1,2-dideoxy-α-D-gluco-

hept-2-ulopyranose (33a) and -furanose (33b): General

method for sugar elongation was applied to GlcNAc 20 (3 g,

13.6 mmol) dissolved in pyridine (45 mL, 0.56 mmol) and

triethylamine (0.15 mL, 1.1 mmol, 12.6 equiv) employing HCN

(4.5 mL, 0.11 mmol, 8.5 equiv). After four days complete

consumption of the starting material was indicated by TLC

(per-O-acetylation of a small sample, C/EE 1:1 v/v) and 3.5 g of

the crude heptononitriles 21a and 21b were obtained.

Heptononitriles 21a and 21b (3.5 g, 14.1 mmol) were treated as

described in distd water (40 mL) employing acetic acid (1.23

mL, 1.5 equiv) and Pd/BaSO4 (2.1 g). After TLC (CHCl3/

MeOH 1:1 v/v containing 0.25% concd NH4OH) showed

complete consumption of the starting material, the workup was

applied as described, and 2.8 g of a mixture of 3-acetamido-3-

deoxy-D-gluco-D-ido/D-gulo-heptoses 22a and 22b were

obtained, which were used for the Amadori rearrangement

immediately without any further purification. General

procedure A was applied to aldoheptoses 22 (300 mg,

1.2 mmol) in EtOH (6 mL) employing dibenzylamine (460 mL,

2.4 mmol, 2 equiv) and acetic acid (120 mL, 2.1 mmol,

1.8 equiv). The reaction mixture was stirred at 40 °C for three

days. When TLC indicated complete consumption of the

starting material the solvent was removed under reduced pres-

sure. Column chromatography (CHCl3/MeOH 3:1 v/v

containing 1% concd NH4OH) gave 210 mg of the pyranoid

product 33a and a minor amount of furanoid compound 33b in

an overall yield of 41%. α-Anomer: 1H NMR (methanol-d4) δ

7.39–7.20 (m, 10H, Ph), 4.02 (d, 1H, J3,4 = 9.6 Hz, H-3), 4.06

(d, 2H, J = 13.4 Hz, CH2Ph), 3.71–3.44 (m, 4H, H-6, 2 × H-7,

H-5), 3.27 (dd, J4,5 = 8.3 Hz, 1H, H-4), 3.26 (d, 2H, CH2PH),

2.51–2.41 (2 × d, J1,1 = 14.2 Hz, 2H, 2 × H-1), 1.46 (s, 3H,

CH3); 13C NMR δ 173.7 (NHCO), 140.1, 130.5, 129.6, 128.5

(Ph), 98.3 (C-2), 74.4, 73.8, 72.2 (3C, C-3, C-4, C-5, C-6), 63.0

(C-7), 60.5 (2C, CH2Ph), 57.4 (C-1), 56.5 (C-3); anal. calcd for

C23H30N2O6: C, 64.17; H, 7.04; found: C, 64.12; H, 7.09.

1-(N-(6-Hydroxyhexyl)amino)-3-acetamido-1,2-dideoxy-α-

D-gluco-hept-2-ulopyranose (34): Following general method

A, the mixture of 3-NHAc-aldoheptoses 22 (a and b) (300 mg,

1.2 mmol) was treated with 6-aminohexanol (220 mg,

1.9 mmol, 1.6 equiv) in EtOH (6 mL) in the presence of acetic

acid (0.26 mL, 4.54 mmol, 3.8 equiv) at 60 °C for two days.

When TLC indicated complete consumption of the starting ma-

terial, the solvent was removed under reduced pressure. Silica-

gel chromatography (CHCl3/MeOH 5:1 v/v containing 30% of
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concd NH4OH) gave the respective Amadori compound as

α-pyranose 34 (210 mg) in a yield of 50%. α-Anomer: [α]D =

+19 (c 3.1, MeOH); 1H NMR (methanol-d4) δ 3.83–3.75 (m,

5H, H-3, H-4, H-5, 2 × H-7), 3.58 (t, 2H, H-13), 3.47 (ddd, J5,6

= 7.8 Hz, J6,7’ = 2.4 Hz, J6,7 = 8.9 Hz, 1H, H-6), 2.79 (d, J1,1 =

12.3 Hz, 1H, H-1), 2.67 (t, 2H, H-8), 2.61 (d, 1H, H-1), 2.05 (s,

3H, CH3), 1.45–1.36 (m, 4H, H-10, H-11); 13C NMR δ 174.6

(NHCO), 98.1 (C-2), 74.2, 73.4, 71.7 (3C, C-4, C-5, C-6), 62.9

(C-13), 62.5 (C-7), 56.0 (2C, C-1, C-3), 50.9 (C-8), 33.6

(C-12), 29.9, 28.0, 26.8 (3C, C-9, C-10, C-11), 22.7 (CH3);

anal. calcd for C15H30N2O7: C, 51.41; H, 8.64; found: C, 51.36;

H, 8.68.

1-(N-(5-(Methoxycarbonyl)pentyl)amino)-2-acetamido-1,2-

dideoxy-α-D-gluco-hept-2-ulopyranose (35): Following

general method B, a mixture of 6-aminohexanoic acid methyl

ester hydrochloride (350 mg, 1.9 mmol, 1.6 equiv) in EtOH

(6 mL) containing Et3N (260.0 μL, 1.9 mmol, 1.6 equiv) was

applied to the mixture of 3-NHAc-aldoses 22 (a and b)

(300 mg, 1.2 mmol), and the reaction mixture was stirred at

40 °C for four days. The solvents were removed under reduced

pressure, and silica-gel chromatography (CHCl3/MeOH 5:1 v/v

containing 1% of concd NH4OH) gave 115 mg of 3-NHAc-

pyranose 35 in a yield of 25% (115 mg) as a yellow oil. [α]D =

+6 (c 0.9, MeOH); 1H NMR (methanol-d4) δ 3.92–3.77 (m, 4H,

H-3, H-4, 2 × H-7), 3.74 (d, J2,3 = 10.3 Hz, 1H, H-3), 3.69 (s,

3H, OCH3), 3.50 (dd, J5,6 = 5,4 = 9.0 Hz, 1H, H-5), 3.15–2.93

(m, 4H, 2 × H-1, 2 × H-8), 2.58 (t, 2H, H-12), 2.1 (s, 3H,

COCH3), 1.86–1.63 (m, 4H, H-9, H-11), 1.54–1.41 (m, 2H,

H-10); 13C NMR δ 175.7, 175.5 (2C, NHCO, C-13), 96.7 (C-2),

74.5, 72.1, 71.4 (3C, C-4, C-5, C-6), 61.7 (C-7), 56.0 (C-3),

54.1 (C-1), 52.1 (OCH3), 49.5 (C-8), 34.4 (C-13), 26.9, 26.7,

25.4 (3C, C-9, C-10, C-11), 22.5 (CH3); anal. calcd for

C16H30N2O8: C, 50.78; H, 8.00; found: C, 50.83; H, 8.06.

1-N-[(5S)-( tert-Butoxycarbonylamino)-5-(methoxy-

carbonyl)pentyl]amino-3-acetamido-1,2-dideoxy-α-D-gluco-

hept-2-ulopyranose (36): Following general method B, a mix-

ture of Boc-Lys-OMe [36] (360 mg, 1.2 mmol, 1.0 equiv) in

EtOH (6 mL) and acetic acid (70.0 μL, 1.2 mmol, 1.0 equiv)

was applied to the mixture of 3-NHAc-aldoses 22 (a and b)

(300 mg, 1.2 mmol), and the reaction mixture was stirred at

50 °C for two days. After complete conversion of the starting

material, the solvents were removed under reduced pressure,

and silica-gel chromatography (CHCl3/MeOH 7:1 v/v

containing 10% of concd NH4OH) gave 3-NHAc-pyranose 36

in a yield of 30% (180 mg) as a yellow oil. [α]D = +12 (c 0.4,

MeOH); 1H NMR (methanol-d4) δ 4.17–4.07 (m, 2H, H-12),

3.58–3.69 (m, 8H, H-3, H-4, H-6, 2 × H-7, OCH3), 3.48 (dd,

J4,5 = 5,6 = 8.6 Hz, 1H, H-5), 2.75 (d, J1,1 = 12.2 Hz, 1H, H-1),

2.61 (t, 2H, H-8), 2.53 (d, 1H, H-1), 2.05 (s, 3H, COCH3),

1.87–1.63 (m, 4H, H-10, H-11), 1.63–1.49 (m, 2H, H-9), 1.46

(s, 9H, 3 × CH3); 13C NMR δ 175.1, 174.1, 158.2 (3C, 3 ×

C=O), 98.3 (C-2), 80.6 (C-13), 74.1, 73.7, 71.8 (3C, C-3, C-4,

C-5), 62.6 (C-7), 56.3 (C-1), 55.9 (C-9), 55.1 (C-12), 52.7

(OCH3), 50.7 (C-8), 32.5, 29.9 (2C, C-10, C-11), 28.8 (3C, 2 ×

CH3), 24.5 (C-9), 22.7 (OCH3); anal. calcd for C21H39N3O10:

C, 51.11; H, 7.99; found: C, 51.16; H, 8.06.
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Abstract
A new synthetic approach to (+)-batzellaside B from naturally abundant L-pyroglutamic acid is presented in this article. The key

synthetic step involves Sharpless asymmetric dihydroxylation of an olefinic substrate functionalized with an acetoxy group to intro-

duce two chiral centres diastereoselectively into the structure. Heterocyclic hemiaminal 4, which could be converted from the

resulting product, was found to provide stereospecific access to enantiomerically enriched allylated intermediate, offering better

prospects for the total synthesis of this natural product.

1831

Introduction
Iminosugars, monosaccharide analogues in which the endo-

cyclic oxygen has been replaced by nitrogen, display beneficial

therapeutic activity as sugar-mimicking glycosidase inhibitors

[1-4]. Since the discovery of nojirimycin (Figure 1), which was

isolated from Streptomyces roseochromogenes R-468 and

S. lavendulae SF-425 in the 1960s [5], this class of compounds

has attracted a great deal of interest in the medical community

due to their promising pharmaceutical potential as antidiabetic

[6], antitumor [7] and antiviral [8] agents. Undoubtedly,

approval of Glyset [9] and Miglustat [10] (Figure 1) for treat-

ment of type II diabetes and Gaucher disease, respectively, has

imparted therapeutic applications of this class of natural prod-

ucts.

In this context, (+)-batzellasides A–C (1a–c) (Figure 2),

C-alkylated azasugars isolated in 2004 from a sponge Batzella

sp. collected off the west coast of Madagascar, represent the

first example of iminosugars from a marine organism [11].

These naturally occurring products have been demonstrated to

retain a remarkably high degree of potency against Staphylo-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:tchyoda@ipc.shizuoka.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.8.210
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Scheme 1: Our previous approach to (+)-batzellaside B and retrosynthetic analysis for the new synthetic strategy.

Figure 1: Examples of naturally occurring iminosugars.

Figure 2: The chemical structures of (+)-batzellasides A–C (1a–c).

coccus epidermidis with MICs of ≤6.3 μg/mL, thus serving as

new potent antibacterial agents [11]. As a part of our research

program on the synthesis and investigation of biologically

active natural products [12-18], we have pursued the synthetic

elaboration of (+)-batzellaside B (1b) as a represent member of

this new class of iminosugar alkaloids.

In a previous publication, we communicated the first total syn-

thesis of (+)-batzellaside B (1b) by the use of L-arabinose,

wherein the absolute stereochemistry of this natural product was

completely established by the modified Mosher analysis of a

synthetic intermediate prepared through a separate route

(Scheme 1) [19]. In this approach involving nucleophilic

cyclization of acyclic aldehyde in situ generated from olefin 2

for constructing the piperidine ring system, proper synthetic

manipulation of the three inherent stereocenters contained in the

chiral source was a key strategy for ensuring effective stereo-

control to achieve completion of the target-directed synthesis.

The overall yield in 22 steps from 2,3,5-tri-O-benzyl-L-arabi-

nose (3) was 3.9%. Although 1b and its related analogues are

now accessible through the pathway established above,
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Scheme 2: Reagents and conditions: (a) see [22]; (b) MeONa, MeOH, rt; 98%; (c) (i) p-TsOH, MeOH, rt; (ii) BF3·Et2O, 2,2-DMP, acetone, rt; 93%
(two steps); (d) (i) LDA, HMPA, PhSeBr, THF, −78 °C; (ii) m-CPBA, CH2Cl2, −40 °C; 90% (two steps); (e) DIBAL-H, THF, 0 °C; 95%; (f) OsO4, NMO,
t-BuOH/H2O (1/1), rt; 30%, 12a-A/12a-B = 24/76; (g) (i) TBSCl, Et3N, CH2Cl2, rt; (ii) BnBr, NaH, Bu4NI, THF, rt; (h) (i) p-TsOH, MeOH, rt; (ii) TFA,
CH2Cl2, rt; (i) (i) NaIO4, Et2O/H2O (1/1), rt; (ii) PCC, MS 4 Å, CH2Cl2, rt; 17% (six steps); (j) TBSCl, imidazole, DMF; 77% (6b); or MOMCl, NaH, THF;
68% (6c); or Ac2O, DMAP, Et3N, CH2Cl2; 99% (6d).

pursuing a new synthetic approach strongly appealed to us,

because the existing route is still rather unsatisfactory mainly in

terms of the insufficient supply and the time-consuming

preparation of the tribenzyl ether 3, which is not commercially

available [20]. We thus decided to explore new alternative

strategies allowing for a more efficient and convenient access to

this natural product and its derivatives. From a retrosynthetic

point of view, L-pyroglutamic acid, whose rich natural

abundance makes it a commercially and economically viable

substrate [21], can be envisaged as a potentially practical

starting material for this purpose (Scheme 1). Furthermore, it

can be considered that the heterocyclic hemiaminal 4, a

common precursor of the target molecule for both synthetic

strategies, would be derived by an analogous cyclization of the

acyclic aldehyde generated in situ from cyanide 5. In this

proposed strategy, the key transformation will involve Sharp-

less asymmetric dihydroxylation to install stereoselectively the

hydroxy groups at C3 and C4 positions of the olefinic substrate

6, and an intramolecular cyclization of aldehyde generated in

situ from 5 to construct the piperidine ring system.

The present publication describes the results of our continuing

challenges associated with this targeted natural product on the

basis of the above synthetic strategy. As a result, and in addition

to improvement of the inefficient stereoselectivity observed in

allylation process from 4 to 7, we established the new alter-

native synthetic route to (+)-batzellaside B from L-pyroglu-

tamic acid, which offers the advantages of convenience and

simplicity of total synthesis.

Results and Discussion
The synthesis began with the preparation of N-Boc-protected

γ-lactam 8 by stepwise functionalization of L-pyroglutamic

acid, using literature procedures (Scheme 2) [22]. As indicated

previously, this compound underwent efficient ring opening

upon treatment with sodium methoxide in methanol to provide

acyclic ester 9 in 98% yield [23]. In the next step, the TBS

protecting group in 9 was removed by exposure to methanolic

p-TsOH to give the corresponding alcohol, which was then

subjected to reaction with 2,2-dimethoxypropane (2,2-DMP) in

the presence of BF3·Et2O [24] to produce N,O-acetonide 10 in
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Table 1: Asymmetric dihydroxylation of 6a–d.

Entry 6 R Reagent (amount [mol %]) T Yield [%]a (12-A/12-B)b

1 a H AD-mix-α (0.5), MeSO2NH2 (100) rt 32 (45/55)
2 a H AD-mix-β (0.5), MeSO2NH2 (100) rt 77 (13/87)
3 b TBS AD-mix-α (0.5), MeSO2NH2 (100) rt 33 (14/86)
4 b TBS AD-mix-β (0.5), MeSO2NH2 (100) rt 35 (40/60)
5 c MOM AD-mix-α (0.5), MeSO2NH2 (100) rt 52 (50/50)
6 c MOM AD-mix-β (0.5), MeSO2NH2 (100) rt 88 (0/100)
7 d Ac AD-mix-α (0.5), MeSO2NH2 (100) rt 48 (69/31)
8 d Ac AD-mix-β (0.5), MeSO2NH2 (100) rt 51 (9/91)
9 d Ac AD-mix-α (0.5), MeSO2NH2 (100) 0 °C 54 (78/22)
10 d Ac AD-mix-α (0.5) 0 °C 52 (84/16)
11 d Ac AD-mix-α (0.5), (DHQ)2PHAL (10) 0 °C 53 (83/17)

aIsolated yield. bDiastereomeric ratios were determined by 1H NMR (300 MHz).

93% yield over two steps. For the preparation of the E-isomer

of α,β-unsaturated ester 11, Wittig–Horner reaction employing

Garner’s aldehyde has been well known [25,26]; however, we

selected stereoselective olefination through deprotonation of 10

with LDA followed by the addition of phenylselenyl bromide

[27] and subsequent oxidative elimination of the resulting

phenylseleno group with m-CPBA according to our previous

report [28], which gave E-isomer 11 in quantitative geometric

purity and 90% yield over two steps. Then, the ester moiety of

this compound was reduced with DIBAL-H to the corres-

ponding hydroxymethyl functionality to afford 6a in 95% yield

[29].

With this olefinic compound in hand, we examined the dihy-

droxylation of 6a, which was carried out with OsO4 and NMO

in 50% aqueous t-BuOH at room temperature [30-33]. Under

these conditions, 6a provided an approximately 1:3 ratio of the

more- and less-polar diastereomeric triols 12a-A and 12a-B,

respectively, in 30% yield. These diastereomers were separated

by silica-gel column chromatography and then derivatized to

trans-1,2-dibenzyloxy-substituted γ-lactone, which allows a

precise assignment of the absolute configuration by comparison

with the specific optical rotation value [34]. Accordingly, the

primary hydroxy group of 12a-B was chemoselectively

protected as the TBS ether [35] and the remaining diol moiety

was then etherified with NaH and benzyl bromide, affording

13B in a crude form. Deprotection of the acetal and TBS groups

of this product was carried out by stepwise reactions with

p-TsOH and TFA to give a dihydroxyamine intermediate,

which underwent spontaneous cyclization upon treatment with

NaIO4 [36] followed by PCC oxidation to form the corres-

ponding trans-1,2-dibenzyloxy-substituted γ-lactone 14B in

17% yield over six steps. For comparison, optical rotation

measurement was performed on a solution of 14B in CHCl3 at

c 0.36. Indeed, this compound exhibited optical activity with an

[α]D
24 value of −51.6, indicative of an opposite sense of

absolute configuration in comparison to the literature data given

for (1S,2S)-dibenzyloxy γ-lactone ([α]D
25 +60.1, c 1.0, CHCl3)

[34]. From this, we can conclude, as seen in Scheme 2, that the

more polar triol 12a-A obtained as a minor component of this

dihydroxylation process could be identified as the (1S,2S)-

isomer that should be supplied to advance our ongoing syn-

thetic strategy, albeit with low yield for its preparation.

In an effort to improve selectivity of stereogenesis for the dihy-

droxylation step, we prepared three other olefinic substrates, in

which the hydroxy group in 6a was replaced by tert-butyl-

dimethylsilyloxy (TBSO), methoxymethyloxy (MOMO) and

acetoxy (AcO) groups, according to standard procedures

[37,38], to give moderate to high yields (68–99%) of 6b–d, res-

pectively. Having the four different olefinic compounds 6a–d

available, we turned to an asymmetric technique of dihy-

droxylation to synthesize the (1S,2S)-constituent in preference

to another (Table 1). Indeed, the Sharpless methodology was

initially applied to 6a, by carrying out the reactions at room

temperature under a standard set of the asymmetric hy-
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Scheme 3: Reagents and conditions: (a) (i) K2CO3, MeOH, rt; (ii) TBSCl, Et3N, CH2Cl2, rt; (iii) BnBr, NaH, Bu4NI, THF, rt; 50% (three steps); (b) (i)
TBAF, THF, rt; (ii) TsCl, pyridine, 0 °C to rt; (iii) NaCN, NaHCO3, DMSO, 60 °C; 80% (three steps); (c) (i) p-TsOH, MeOH, rt; (ii) BnBr, Ag2O, AcOEt,
rt; 67% (two steps); (d) DIBAL-H, toluene, −78 °C; 67%.

droxylation conditions [39-41]. Using AD-mix-α and -β, we

obtained mixtures of 12a-A and 12a-B in 45:55 and 13:87 ratios

with overall isolated yields of 32 and 77%, respectively

(Table 1, entries 1 and 2). Analogously, the asymmetric dihy-

droxylations of 6b and 6c produced predominantly the unde-

sired less-polar diastereomers 12b-B and 12c-B, which could be

converted by acidic deprotection to 12a-B (Table 1, entries 3,4

and 6), while the reaction of 6c with AD-mix-α afforded a

50:50 mixture of diastereomers (Table 1, entry 5).

A remarkable change in the product profile occurred when 6d

was used for this reaction. By employing AD-mix-α under

the above reaction conditions, 6d gave rise to a 69:31 mixture

of 12d-A and 12d-B in 48% yield, leading to 12a-A and 12a-B

through hydrolysis under basic conditions, respectively,

whereas the use of AD-mix-β resulted in predominant

formation of the undesired diastereomer (Table 1, entries 7

and 8). The above observations led us to explore the

AD-mix-α-mediated reaction of 6d at lower temperatures.

When the reaction was performed at 0 °C with the same

set of the reagents, the product selectivity for 12d-A was

slightly improved (Table 1, entry 9). Remarkably, 6d under-

went slow reaction in the absence of MeSO2NH2 to give the

product mixture in 52% yield, and the diastereomeric ratio

could be further enriched to 84:16 (Table 1, entry 10). Ad-

ditionally, a similar result was obtained by carrying out the

reaction using 0.1 equiv of (DHQ)2PHAL (53%, 83:17 in Ta-

ble 1, entry 11). The above observations clearly suggested a

possibility of improving the product selectivity by lowering the

reaction temperature and/or introducing an additional catalytic

amount of chiral ligand.

Having established the optimized conditions for the preparation

of 12d-A, our next objective was the construction of the

piperidine ring system. As shown in Scheme 3, the acetyl group

of the diastereomerically enriched mixture of 12d-A and 12d-B

was removed by exposure to K2CO3 in methanol to give the

separable mixture of alcohols 12a-A and 12a-B, respectively

[42]. After purification by silica-gel column chromatography,

12a-A was subjected to the TBS protection–benzylation

sequence, as illustrated for the preparation of 13B, to generate

13A in 50% yield over three steps. In the next step, deprotec-

tion of the TBS group with TBAF [37] and subsequent tosyla-

tion of the resulting hydroxy group with TsCl in the presence of

pyridine was carried out to yield the corresponding tosylate,

whose activated ester group could be displaced with NaCN in

DMSO to provide cyanide 15 in 80% yield over three steps

[43]. Then, the N,O-acetonide group of 15 was cleaved upon

treatment with p-TsOH in methanol [44], and the released

primary hydroxy group was subsequently protected as the

benzyl ether to produce the key intermediate 5 in 67% yield

over two steps. As expected, conversion of this compound into

the heterocyclic hemiaminal 4 was achieved in one pot with

DIBAL-H by the formation of the aldehyde followed by

spontaneous intramolecular cyclization with a yield of 67%.

The structural identity of this product was precisely confirmed

by 1H NMR spectroscopic data, which proved to be in good

agreement with those on record for 4 [19]. Hence, we can

conclude that a formal total synthesis of (+)-batzellasides B was

accomplished, considering that the synthetic route from 4 to 1b

has been established previously.

At this point, it was thus suggested that the remaining chal-

lenge was to improve the stereoselectivity of the allylation of 4.

In the first approach of our previous work [19], we demon-

strated that the heterocyclic hemiaminal 4 was allylated by

following a protocol using allyltributylstannane (AllylSnBu3)

and tert-butyldimethylsilyl triflate (TBSOTf) at −78 °C in
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Table 2: Diastereoselective allylation of 4.

Entry Reagent (amount [equiv]) Solvent T Time Yield [%]a (7/7’)b

1 AllylSnBu3 (3.0), TBSOTf (1.5) toluene −78 °C 9 h 96 (69/31)
2 AllylSnBu3 (3.0), InCl3 (1.5) CH2Cl2 0 °C 0.75 h quant. (44/56)
3 AllylTMS (4.0), ZnCl2 (4.0) toluene rt 16 h 24 (99/1)
4 AllylTMS (4.0), TBSOTf (2.0) CH2Cl2 −78 to −45 °C 2 h 29 (99/1)
5 AllylTMS (10.0), TBSOTf (1.5) toluene −78 °C 3 h 41 (96/4)

aIsolated yield. bDiastereomeric ratios were determined by 1H NMR (300 MHz).

toluene to furnish the product 7 as a 69:31 mixture of diastereo-

meric isomers in 96% yield (Table 2, entry 1). Despite the

appealing performance observed in the above synthetic process,

this reaction protocol has the major disadvantage of low stereo-

selectivity causing operational inconvenience associated with

the laborious chromatographic separation of the two stereoiso-

mers. From the practical considerations, we next explored a

more efficient synthetic method for the stereoselective allylation

of 4 using an appropriate combination of allylic reagent and

Lewis acid to produce the desired diastereomer 7 preferentially.

Beginning with a reaction employing indium chloride (InCl3)

instead of TBSOTf at 0 °C in dichloromethane, we observed no

substantial improvement in the stereoselectivity of the

allylation, affording a 44:56 mixture of 7 and 7’ in quantitative

yield (Table 2, entry 2). A much greater preference for the

formation of 7 was observed in the cases where allyltrimethyl-

silane (AllylTMS) was used as an allylic reagent (Table 2,

entries 3–5). In fact, the reaction carried out with zinc chloride

(ZnCl2) at room temperature in toluene led to exclusive stereo-

selectivity for 7 with 98% de, albeit in low yield (24%, Table 2,

entry 3). Furthermore, the use of TBSOTf as a Lewis acid

resulted in significant enhancement of the reaction rate to give

almost the same stereochemical outcome (98 and 92% de) with

slightly and moderately higher yields (29 and 41%) for the

periods of 2 and 3 h (Table 2, entries 4 and 5), respectively. In

spite of its increased susceptibility, which should be discrimi-

nated from those of unsubstituted structural systems [45-50], it

became apparent that this multiply functionalized hemiaminal 4

is well tolerated to undergo direct allylation with the silyl

reagents. The results of the above investigations provide one

particularly successful route that has the potential to allow

direct asymmetric access to the advanced-stage intermediate 7

under precise stereochemical control as well as for circum-

venting the purification problems related to the diastereomeric

impurity in this product.

Conclusion
We have described a new synthetic approach to (+)-batzella-

side B from L-pyroglutamic acid. Starting from this chiral ma-

terial, the formal total synthesis of the heterocyclic hemiaminal

4, a key intermediate elaborated commonly in the first total syn-

thesis, has been achieved in an efficient 21-step protocol in

7.1% overall yield. Furthermore, the stereospecificity in the

allylation of 4 has been exemplified by performing the pro-

cedures with AllylTMS and two types of Lewis acids, which

allows for simpler synthetic operation due to the ease of purifi-

cation of the products. The present study clearly demonstrates

that L-pyroglutamic acid can be used as a versatile chiral source

for synthesizing this class of biologically potent piperidine

alkaloids and related analogues.
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Abstract
Safety-catch linkers are useful for solid-phase oligosaccharide synthesis as they are orthogonal to many common protective groups.

A new acylsulfonamide safety-catch linker was designed, synthesized and employed during glycosylations using an automated

carbohydrate synthesizer. The analysis of the cleavage products revealed shortcomings for oligosaccharide synthesis.

2067

Findings
Solid-phase oligosaccharide synthesis [1,2] has been automated

[3-5] to rapidly assemble complex oligosaccharides. Key to the

success of solid-phase syntheses is the linker that connects the

first carbohydrate building block to the solid support [6]. This

linker has to remain stable throughout oligosaccharide syn-

thesis but must be cleaved at the end of the reaction sequence to

release the oligosaccharide and reveal a functional group for

ready conjugation to array surfaces and carrier proteins. Since

the first successful automated system for solid-phase oligosac-

charide synthesis was introduced [7], alternative linker strate-

gies have been explored [8-12]. Recently, a bifunctional

amino–ester linker 1 [13,14] (Figure 1) has been developed,

which can be readily cleaved from the resin by basic methano-

lysis. The released chromophore-containing part, such as

aromatic benzyl ether protecting groups, facilitates the purifica-

tion of the synthetic oligosaccharides by HPLC. Final deprotec-

tion of the product provides a terminal amine at the reducing

end of the oligosaccharide for the fabrication of carbohydrate

microarrays.

An acylsulfonamide safety-catch linker 2 (Figure 1), was devel-

oped in combination with TentaGel resin to provide orthogo-

nality to temporary ester protecting groups. This linker was

employed in the successful synthesis of a sialyl LewisX
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Figure 1: Structures of two novel linkers on different resins.

tetrasaccharide [15] and a sialyl Tn antigen [16]. In the search

for a linker suitable for the solid-phase synthesis of complex

glycosaminoglycans (GAGs) [17,18], we designed a new acyl-

sulfonamide safety-catch linker that combined the advanta-

geous features of linker 1, the amino–ester bifunctional linker,

and linker 2, the safety-catch linker, to create a connection to

the solid support that remains stable under conditions for

cleaving temporary ester protective groups. Furthermore, the

safety-catch linker should enable a variety of different reaction

conditions on solid support since cleavage only occurs

following preactivation. Thus, different modification reactions,

such as Staudinger reduction, ester saponification or sulfation,

necessary for the synthesis of GAGs, can be performed on solid

support in an automated carbohydrate synthesizer. In the

process of evaluating the performance of this linker in solid-

phase glycosylation reactions, the potential as well as some

severe limitations became apparent.

Linker 10 is the newly designed acylsulfonamide safety-catch

linker (Scheme 1). The safety-catch linkage to the resin permits

methanolysis of temporary ester protecting groups. This linker

can only be cleaved after activation with TMSCH2N2 or

ICH2CN, afterwards, the subsequent aromatic protection of the

masked amine enables UV detection during HPLC purification

of the resultant oligosaccharide [13]. Finally, the terminal amine

group revealed during final deprotection serves in the forma-

tion of glycoconjugates and glycan microarrays [19].

Synthesis of 10 relied on key intermediates 4 and 6 (Scheme 1).

Monobenzylated amine 4 was prepared by reductive amination

[20]. An established three-step synthesis starting with hydrocin-

namic acid generated ester 6 with an overall yield of only 28%

[21,22]. In contrast, when commercially available 4-formylcin-

namic acid (5) served as starting material, ester 6 was prepared

in just two steps and with an increased overall yield of 88%

[23]. Reaction of alcohol 6 and disuccinimidyl carbonate (DSC)

in the presence of NEt3 afforded a crude carbonate, which was

Scheme 1: Synthesis of a new acylsulfonamide safety-catch linker.
Reagents and conditions: (a) benzaldehyde, Na2SO4, DCM; (b)
NaBH4, EtOH; 82% over two steps; (c) H2, 10% Pd/C, EtOH, DIPEA;
(d) cat. H2SO4, MeOH, 88% over two steps; (e) DSC, Et3N, DCM/
CH3CN, 85%; (f) DHP, p-TsOH·H2O, DCM, 86%; (g) LiOH·H2O, THF/
H2O, reflux, 95%; (h) 4-sulfamoylbenzoic acid, DCC, DMAP, DCM/
DMF, 60%.

smoothly reacted with amine 4 to provide carbamate 7 with

85% yield. Carbamate 7 was converted to the free acid 9 by

simple protection to form THP ether 8 followed by saponifica-

tion. Finally, coupling acid 9 with 4-sulfamoylbenzoic acid [15]

afforded linker 10.

To support oligosaccharide synthesis, the safety-catch linker

was first coupled to different resins (Scheme 2). In addition,

since the activation and cleavage of safety-catch linkers is typi-

cally quite slow, a second, base-labile (Zemplén [24]) cleavage

site was integrated to facilitate the fast release and analysis of

glycosides. Linker-functionalized resin 11 contains both

cleavage sites, and was accessed by coupling the cesium salt of

linker 10 with Merrifield chloride resin prior to capping and

deprotection (Scheme 2). A second resin 12, containing only the

safety-catch cleavage site, was created by installing linker 10 on
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Scheme 2: Functionalization of different resins. Reagents and conditions: (a) Cs2CO3, DMF, TBAI, Merrifield chloride resin; (b) CsOAc, DMF, TBAI;
(c) p-TsOH·H2O, MeOH; (d) DIC, HOBt, DCM, Merrifield amine resin; (e) Ac2O, pyridine; (f) (COCl)2, DMF (cat), 99%; (g) TentaGel amine resin,
DCM, pyridine, then Ac2O; (h) 10, Cs2CO3, DMF, TBAI.

Merrifield amine resin by treatment with DIC and HOBt

(Scheme 2) [15]. After capping with acetic anhydride and

removing the THP protecting group with p-TsOH·H2O, the

functionalized resin 12 was ready for use. Finally, a third linker-

functionalized resin 16 was created with TentaGel resin [15,16],

which swells in water, because encouraging results have been

achieved previously with this resin. 4-(Chloromethyl)benzoic

acid (13) served as an additional spacer [25] between 10 and

TentaGel amino resin to incorporate the Zemplén cleavage site.

Treatment of acid 13 with oxalyl chloride yielded acyl chloride

14, which, in turn, was coupled to linker 10 under the condi-

tions established for the construction of resins 11 and 12, and

afforded modified TentaGel resin 16 with both cleavage sites

(Scheme 2).

Functionalized resins 11 and 16, both containing acylsulfon-

amide safety-catch linker 10 plus the Zemplén cleavage site,

were employed in glycosylation reactions on a solid phase using

an automated synthesizer [13], subsequently cleaved with

NaOMe, and the products were analyzed by HPLC (Scheme 3,

see Supporting Information File 1). Glycosylations were

performed with either glucosamine thioglycoside 17 and

glucosamine trichloroacetimidate 18 or perbenzylated thiogly-

coside 19, which are both important building blocks for the syn-

thesis of heparin and heparan sulfate. Three repetitions of a

glycosylation using each three equivalents trichloroacetimidate

18 activated by TMSOTf were conducted, and followed by

Zemplén cleavage. Similarly, three equivalents of thioglyco-

sides 17 and 19 were added three times (triple coupling) for

each glycosylation employing DMTST or NIS/TfOH as an acti-

vator. In both instances, surprisingly, only N-glycoside 20

(minor product) and glycosylated linker 21 (major product)

rather than the desired product 22 were found (Scheme 3).

N-Glycosidic sulfonamides were previously used during the

synthesis of inhibitors of hepatocellular carcinoma cells [26].

This observation illustrates a limitation of the linker system

since these undesired reactions result in the preactivation of the

safety-catch linker, which can lead to cleavage in presence of

nucleophiles. Similar results were observed when the experi-

ments were repeated. The desired product 22 was detected in

trace amounts only in the case of the coupling of thioglycoside

17 activated by NIS/TfOH to Merrifield resin 11, as deter-

mined by HPLC (see Supporting Information File 1).

Based on these unexpected findings, we hypothesized that

excess glycosylating agent may alkylate the sulfamyl group

during glycosylation, such that subsequent cleavage provides

products 20 and 21. To test this, the amount of glycosylating

agent was decreased during a reaction, which resulted in the

production of glycosylated linkers 21 and 22. It was evident that

two unexpected reactions had occurred. First, the use of excess

glycosylating agent, common practice for solid-phase-synthesis

protocols, leads to activation of the sulfamyl group of the acyl-

sulfonamide safety-catch linker, permitting cleavage at this



Beilstein J. Org. Chem. 2012, 8, 2067–2071.

2070

Scheme 3: Glycosylation and cleavage reactions for analysis. Reagents and conditions: (a) automated glycosylations using 17, 18 or 19; (b) NaOMe,
MeOH.

location. This reaction had not been reported previously

[15,16], because the architecture of this safety-catch linker

means that the modified sulfamyl group remains on the resin

after cleavage and release of the product, and this was not

examined. As the new bifunctional resins 11 and 16 contain the

additional Zemplén cleavage site, the product of this dominant

but undesired reaction was evident. Second, the observation that

reducing the concentration of the glycosylation agent caused an

increase in the production of glycosylated linker 21, implied

that sodium methoxide may directly cleave safety-catch linkers

without prior activation.

To examine linker reactivity in more detail, additional auto-

mated glycosylations were performed by using thioglycoside 19

activated with NIS/TfOH, on Merrifield resin 12 containing

only the safety-catch cleavage site (Scheme 4). The presence of

glycosylated linker 23 as the main product confirmed that

premature linker cleavage had occurred. Even nonglycosylated

resin 12 was cleaved by treatment with sodium methoxide to

afford linker 7 (Scheme 4). A possible explanation is provided

by Unverzagt and co-workers [27], who reported, when using

another acylsulfonamide safety-catch linker on a solid support,

that capping the remaining amino group using acetic anhydride

preactivates the sulfamyl group. To test this hypothesis, linker

10 was transformed by benzylation and deprotection to afford

24 prior to treatment with sodium methoxide (Scheme 4).

Surprisingly, linker 7 was again isolated as the major product as

determined by TLC and NMR, indicating that the nucle-

ophilicity or basicity of NaOMe was responsible for cleavage.

Other reagents, such as aqueous NaOH, hydrazine acetate, pyri-

dine and benzylamine failed to cleave the linker. Even the

strongly basic and weakly nucleophilic t-BuOK was not suffi-

cient to induce premature cleavage. Thus, it is the nucleophilic

action of sodium methoxide that is strong enough to induce

cleavage of the safety-catch linker (Scheme 4).

Scheme 4: Further investigations of safety-catch linker. Reagents and
conditions: (a) NaOMe, MeOH; (b) 19, NIS, TfOH, DCM; (c) DCC,
BnOH, DCM; (d) p-TsOH·H2O, MeOH; 55% over two steps.

In conclusion, we described a new acylsulfonamide safety-catch

linker with an additional Zemplén cleavage site, designed for
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automated solid-phase synthesis of glycosaminoglycans. With

this novel linker, inherent but previously unknown limitations

of the safety-catch concept for solid-phase oligosaccharide syn-

thesis were discovered. The sulfamyl group can be attacked by

excess glycosylating agent to give the unexpected resin-bound

N-glycoside, which may block additional reaction sequences

and extension of the oligosaccharide [28]. In addition, sodium

methoxide can directly cleave the sulfamyl group, prohibiting

its use in conjunction with safety-catch linkers in general. While

safety-catch linkers offer many attractive features for the solid-

phase synthesis of complex molecules, particularly peptides,

they should be used with great caution for oligosaccharide

assembly.

Supporting Information
Supporting Information File 1
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Abstract
Deprotection of an Nα-Fmoc-protected glycocysteine derivative 7 with an excess of morpholine unexpectedly led to the fluorenyl-

methyl-protected thioether 8 in high yield. The suggested mechanism for this reaction comprises the addition of the cysteine thio-

late on the exocyclic double bond of dibenzofulvene, which is formed during Fmoc deprotection. The influence of base concentra-

tion on this transprotection reaction was studied.

2149

Introduction
In the course of our work on the synthesis of glycoamino acids,

we have recently used L-cysteine as a scaffold for the synthesis

of various glycoclusters [1-3]. This is an attractive concept,

because it can be combined with solid-phase peptide synthesis

(SPPS) [4,5], as well as with native chemical ligation (NCL)

utilizing an S→N acyl shift [3,6-10]. In addition, glycocysteine

derivatives can be easily converted into the corresponding

dimers by oxidiation of the cysteine moiety into the respective

cystine form.

Indeed, preparation of glycoamino acid derivatives such as

3-dimer, an oxidized cysteine, or cystine derivative, is facile

and can be realized via different synthetic routes. However, as

we employed the fluorenylmethoxycarbonyl (Fmoc) protecting

group for the synthesis of 3-dimer, we observed an unexpected

but high-yielding S-fluorenylmethyl (Fm) protection of the

cysteine side chain during N-Fmoc deprotection. Hence, this

side reaction was further investigated under different reaction

conditions and the results of this study are described in this

account together with a survey of the synthetic approaches to

obtain 3 and 3-dimer.

Results and Discussion
Synthesis of 3-dimer was started from the known N,S-protected

glycoamino acid derivative 1 [2], which can be obtained by

peptide coupling of 2-aminoethyl α-D-mannopyranoside [11]
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Scheme 1: Synthesis of glycoamino acid derivative 3 and its dimer, from the known mannopyranoside 1.

and the corresponding protected cysteine derivative, Fmoc-

Cys(Trt)-OH (Scheme 1). Fmoc-deprotection by using morpho-

line as the base gave the free amine 2, and then removal of the

S-trityl protecting group under oxidative conditions (iodine in

methanol) led to the cystine derivative 3-dimer after in situ oxi-

dation of the intermediate free thiol in good yield.

As O-acetylated building blocks are often advantageous over

the OH-free analogues for SPPS [2-4], our next step was to

apply the synthesis outlined in Scheme 1 to the O-acetylated

glycoamino acid derivative 4 (Scheme 2). The O-acetylated

mannopyranside 4 can be prepared by Staudinger ligation of

O-acetyl-protected 2-azidoethyl α-D-mannopyranoside [11] and

the cysteine derivative Fmoc-Cys(Trt)-OH as described earlier

[1]. Then, a sequence of Fmoc-deprotection, leading to 5 and

acidic removal of the trityl group by using TFA and triethylsi-

lane (TES) as cation scavenger [12] yields the O-acetylated

glycoamino acid derivative 6 together with its respective disul-

fide (not shown in Scheme 2), and de-O-acetylation under

Zemplén conditions [13] furnishes the unprotected compound

3-dimer after oxidation in air, as reported previously [3].

However, when the trityl group in 4 was removed first, thiol 7

was obtained as expected, but the following Fmoc deprotection

under standard conditions [14], employing 6 equiv of morpho-

line in DMF, unexpectedly led to the S-fluorenylmethyl (Fm)-

protected glycoamino acid 8 in 77% yield (Scheme 2). The

anticipated glycoamino acid derivative 6 was not obtained.

De-O-acetylation of 8 gave mannopyranoside 9 with main-

tained fluorenylmethyl protection at the sulfur atom.

The structure of the S-Fm-protected glycoamino acid derivative

8 could be unequivocally confirmed by NMR analysis and

MALDI–TOF mass spectrometry. The HMBC NMR spectrum

of 8 (Figure 1) clearly indicates that the formerly unprotected

thiol group of the cysteine side chain of 7 became protected by

a fluorenylmethyl (Fm) moiety. This is indicated by the respec-

tive cross peaks between C-β and the Fm-CH2 protons on one

hand and between Fm-CH and the H-βa and H-βb protons on

the other hand.

N-Fmoc→S-Fm transprotection was reported earlier by

Katritzky et al. for cysteine peptides [15]. In this case, DBU

was employed as the base and the reaction was conducted in dry

THF at 0 °C for 15 min to give the rearrangement products in

69–87% yield. The mechanistic rational proposed by the

Katrizky group is based on a report by Rich et al., where the

influence of the employed base on N-Fmoc→S-Fm transprotec-

tion was studied [16]. According to the proposal provided by
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Scheme 2: To obtain the glycocystine derivative 3-dimer from the protected cysteine mannopyranoside precursor 4, the sequence of deprotection
steps matters. When the thiol function was deprotected first to give 7, then N-Fmoc deprotection resulted in N-Fmoc→S-Fm transprotection. On the
other hand, Fmoc deprotection was no problem starting from 4 with the thiol function protected.

Figure 1: In the 1H/13C HMBC NMR spectrum of the S-Fm-protected glycoamino acid derivative 8, protecting-group rearrangement is confirmed by
the cross peaks between C-β and the Fm-CH2 protons (in blue) and between Fm-CH and the H-βa,β protons (in red).
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Scheme 3: Proposed mechanism for the formation of S-Fm-protected 8 from N-Fmoc-protected 7 according to Rich and co-workers [16].

Table 1: Product analysis of deprotection reactions under different basic reaction conditions.a

Starting material/ used baseb Products

9/50% piperidinec 70% 3-dimer

8 6 and its disulfide

10

7/0.1 equiv piperidine 43% 22% 22%d

7/1 equiv piperidinea 66% 32% –
7/6 equiv piperidine 47% 46% –
7/6 equiv morpholinee 62% 35% –
7/20% piperidine – 93% –

aOnly products obtained with yields >5% were isolated and analyzed;
breaction conditions: 7 (50 mg in dry DMF) was reacted at a concentration of 100 mM for 2 h at rt under a nitrogen atmosphere;
cthis reaction was carried out at a concentration of 57.5 mM;
dconfirmed by MALDI–TOF mass spectrometry;
e6 equiv morpholine at a concentration of 173 mM led to 77% 8 (see above).

Rich et al., formation of the cysteine derivative 7 can be

explained by an elimination reaction of the E1cb type, in which

Nα is deprotected with the release of carbon dioxide and forma-

tion of dibenzofulvene (Scheme 3). Then, presumably, the

cysteine thiol is deprotonated by morpholine. Since the nucle-

ophilicity of the so formed thiolate is higher than that of

morpholine or the generated primary Nα amino group, the in

situ generated fulvene is quenched by the cysteine thiolate,

leading to S-Fm-protected 8.

Next, we have investigated different reaction conditions for the

conversions of 7 and 9 with piperidine, which is the common

base used in SPPS. Deprotection of the S-Fm-protected

glycoamino acid derivative 9 was possible by using 50% piperi-

dine in DMF at room temperature to yield the fully deprotected

disulfide 3-dimer in 70% yield (Table 1). Separately, 7 was

treated with different concentrations of piperidine. When 0.1

equiv of piperidine in DMF was employed, only about 20% of

the fully deprotected mannopyranoside 6 was obtained, whereas
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over 40% of the N→S-transprotected product 8 was formed.

Concurrently, the doubly N,S-protected derivative 10 was iden-

tified as an additional product (Table 1). When 1 equiv of

piperidine was employed, the overall yield of 8 and 6 was

increased, while no doubly N,S-protected compound 10 was

detected. However, transprotection occurred with 66%. Further

increase of the piperidine concentration to 6 equiv led to 47%

transprotection, whereas when the same amount of morpholine

was used at 100 mM concentration, 62% transprotection

occurred. Standard SPPS Fmoc deprotection conditions with

20% piperidine in DMF, however, led to complete deprotection

of 7 and a high combined yield of the desired glycoamino acid

derivative 6 and its respective cystine dimer.

These experiments show that the amount of base is crucial to

avoid N-Fmoc→S-Fm transprotection during N-Fmoc removal.

The problem of transprotection can be solved by choosing the

appropriate base at appropriate concentrations.

Conclusion
Glycocysteine/cystine derivatives are versatile building blocks

for the synthesis of a wide variety of glycoconjugates, which

are thus accessible by, among other methods, NCL or SPPS. In

addition, mannosidic glycoamino acids are of interest as ligands

for mannose-specific lectins in solution [17] as well as for the

fabrication of glycoarrays on solid support [10,18,19]. More-

over, we are interested to advance glycoamino acid deriatives

such as 3 into ligands that can be “switched” between two states

by oxidation/reduction. A key step, when glycoamino acids are

further conjugated, is Fmoc protection and deprotection. Here,

we have shown an N-Fmoc→S-Fm transprotection reaction,

which can occur upon N-Fmoc deprotection, and how it can be

controlled under different basic reaction conditions. Though this

type of transprotection reaction has been described before, here

the first example with glycoamino acid derivatives is reported.

The results of our study can be utilized wherever glycocysteine

derivatives are employed in the synthesis of glycoclusters or

glycopeptides, for example, in the context of an orthogonal

protection/deprotection approach.

Experimental
General methods
Commercially available starting materials and reagents were

used without further purification unless otherwise noted.

Glycoamino acid derivatives 1 [1], 2 [2], 3 [3], 4 [2], 5 [2] and 6

[3] were prepared according to the literature. Anhydrous DMF

was purchased; other solvents were dried for reactions or

distilled for chromatography. Air- or moisture-sensitive reac-

tions were carried out under an atmosphere of nitrogen. Thin-

layer chromatography was performed on silica-gel plates (GF

254, Merck). Detection was effected by UV irradiation and

subsequent charring with 10% sulfuric acid in EtOH followed

by heat treatment. Flash chromatography was performed on

silica gel 60 (230–400 mesh, particle size 0.040–0.063 mm,

Merck). Preparative MPLC was performed on a Büchi appa-

ratus by using a LiChroprep RP-18 column (40–60 µm, Merck)

for reversed-phase silica-gel chromatography. 1H and 13C

spectra were recorded on Bruker DRX-500 and AV-600 spec-

trometers at 300 K. 2D NMR experiments (1H/1H COSY, 1H/
13C HSQC and 1H/13C HMBC) were performed for full assign-

ment of the spectra. Chemical shifts are relative to internal TMS

(1H: δ 0.00 ppm) or were calibrated relative to solvent peaks of

CHCl3 (13C: δ 77.0 ppm), MeOH (1H: δ 3.31 ppm; 13C: δ

49.0 ppm), or H2O (δ 4.65 ppm). For peak assignment, atoms

were numbered according to conventions for carbohydrate and

amino-acid nomenclature. The abbreviation “Fmoc” refers to

fluorenylmethoxycarbonyl and “Fm” to fluorenylmethyl. ESI

mass spectra were recorded on a Mariner ESI-TOF 5280

(Applied Biosystems) instrument and MALDI-MS measure-

ments on a MALDI-TOF-MS-Biflex III (Bruker) instrument by

using 2,5-dihydroxybenzoic acid (DHB) or α-cyano-4-hydroxy-

cinnamic acid (CCA) as matrix. IR-spectroscopic measure-

ments were recorded on a FTIR spectrometer Paragon 1000

(Perkin-Elmer) by using a Golden-Gate diamond-ATR unit with

a sapphire stamp. Optical rotations were measured on a Perkin-

Elmer 241 polarimeter (Na-D-line: 589 nm, length of cell

1 dm).

L-Cystine-bis[2-(α-D-mannopyranosyloxy)ethyl]-
amide (3-dimer)
The S-Fm-protected glycoamino acid derivative 9 (290 mg,

575 μmol) was dissolved in dry DMF (5 mL), and then piperi-

dine (5 mL) was added, and the reaction mixture was stirred for

24 h at ambient temperature under a nitrogen atmosphere. Then

the reaction mixture was concentrated in vacuo, and the crude

product was purified by two subsequent RP-MPLC purification

steps: (i) RP-18, A = water, B = methanol, B: 10% → 50%,

60 min; (ii) RP-18, A = water, B = ethanol, B: 95% → 20%,

60 min). After lyophilization, the title compound 3 (130 mg,

200 μmol, 70% based on monomeric starting material) was

obtained. Rf 0.74 (RP-18, MeOH); [α]D
23 +15 (c 0.6, MeOH);

IR (ATR)  3270, 2919, 1648, 1546, 1409, 1200, 1130, 1050,

963, 609, 458 cm−1; 1H NMR (600 MHz, D2O) δ 4.91 (d, 3J1,2

= 1.8 Hz, 2H, 2 H-1), 3.99 (dd, 3J1,2 = 1.8 Hz, 3J2,3 = 3.4 Hz,

2H, 2 H-2), 3.92 (dd, 3J5,6 = 4.3 Hz, 2J6,6’ = 12.0 Hz, 2H, 2

H-6), 3.90–3.88 (m, 2H, 2 H-α), 3.87–3.83 (m, 4H, 2 H-3, 2

man-OCHH), 3.78 (dd, 3J5,6 = 5.9 Hz, 2J6,6’ = 12.0 Hz, 2H, 2

H-6’), 3.69–3.65 (m, 6H, 2 H-4, 2 H-5, 2 man-OCHH), 3.58

(mc, 2H, 2 man-OCH2CHH), 3.45 (ddd ~ tdd, 3J = 4.0 Hz, 3J =

6.7 Hz, 2J = 14.6 Hz, 2H, 2 man-OCH2CHH), 3.15–3.06 (m,

4H, 2 H-β, 2 H-β’) ppm; 13C NMR (150 MHz, D2O) δ 175.5 (2

C(O)C-α), 101.5 (2 C-1), 74.6 (2 C-5), 72.3 (2 C-3), 71.8 (2
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C-2), 68.5 (2 C-4), 67.5 (2 man-O C H2CH2), 62.7 (2 C-6), 55.2

(2 C-α), 42.7 (2 C-β), 40.9 (2 man-OCH2 C H2) ppm;

HRMS–ESI (m/z): calcd for C22H42N4NaO14S2, 673.2031;

found, 673.2183.

Procedure for the preparation of 3-dimer by iodine
oxidation of 2 (Scheme 1)
Manoside 2 (500 mg, 880 µmol) was dissolved in methanol

(2 mL), and then iodine (334 mg, 2.62 mmol) dissolved in

methanol (9 mL) was added dropwise. After being stirred for

45 min at ambient temperature, the reaction was quenched with

saturated sodium thiosulfate solution (3 mL), and solvents were

removed under reduced pressure. The crude product was

subjected to size-exclusion chromatography (LH-20, methanol)

yielding 3-dimer (377 mg, 580 µmol, 66%) as a colorless

lyophylisate. Analytical data are according to the literature [3].

N-(Fluoren-9-ylmethoxycarbonyl)-L-cysteine-[2-
(2,3,4,6-tetra-O-acetyl-α-D-
mannopyranosyloxy)ethyl]amide (7)
The S-protected glycoamino acid derivative 4 (1.35 g,

1.41 mmol) was dissolved in dry dichloromethane (8 mL), and

then triethylsilane (1.26 mL, 7.91 mmol) and TFA (600 μL,

7.79 mmol) were added, and the reaction mixture was stirred for

2 h at ambient temperature under a nitrogen atmosphere. Then

another portion of TFA (600 μL, 7.79 mmol) was added and

stirring was continued for 30 min until no further conversion of

1 was observed by TLC (toluene/ethyl acetate, 1:1). The reac-

tion mixture was concentrated under reduced pressure and

repeatedly codistilled with toluene (3 × 20 mL). The crude pro-

duct was purified by flash column chromatography (toluene/

ethyl acetate, 2:1) yielding 7 (884 mg, 1.23 mmol, 87%) as a

colorless foam. Rf 0.06 (toluene/ethyl acetate, 2:1); [α]D
23 +25

(c 0.7, CHCl3); IR (ATR)  3311, 2932, 1741, 1661, 1519,

1449, 1367, 1215, 1135, 1079, 1042, 977, 910, 728, 644, 598,

463 cm−1; 1H NMR (600 MHz, CDCl3, TMS) δ 7.70 (d, 3J =

7.6 Hz, 2H, aryl-HFmoc), 7.53 (d, 3J = 7.3 Hz, 2H, aryl-HFmoc),

7.33 (dd ~ t, 3J = 7.5 Hz, 3J = 7.5 Hz, 2H, aryl-HFmoc), 7.29 (dd

~ t, 3J = 7.5 Hz, 3J = 7.3 Hz, 2H, aryl-HFmoc), 6.62 (br s, 1H,

NHα), 5.81 (d, 3J = 8.0 Hz, 1H, man-OCH2CH2-NH), 5.26 (dd,
3J2,3 = 3.6 Hz, 3J3,4 = 9.5 Hz, 1H, H-3), 5.21–5.15 (m, 2H, H-2,

H-4), 4.77 (br s, 1H, H-1), 4.42 (mc, 1H, CHHFmoc), 4.33–4.26

(m, 2H, CHHFmoc, H-α), 4.18 (dd, 2J6,6’ = 12.2 Hz, 3J5,6 =

5.6 Hz, 1H, H-6), 4.16 (t, 3J2,3 = 6.9 Hz, 1H, fluorenyl-H),

4.06–4.02 (m, 1H, H-6’), 3.94 (mc, 1H, H-5), 3.72 (dd, 3J = 4.4

Hz, 2J = 9.0 Hz, 1H, man-OCHH), 3.56–3.38 (m, 3H, man-

OCHHCH2), 3.00 (mc, 1H, H-β), 2.70 (mc, 1H, H-β’), 2.08,

2.02, 1.95, 1.91 (each s, each 3H, 4 C(O)CH3), 1.50 (br s, 1H,

S-H) ppm; 13C NMR (150 MHz, CDCl3) δ 170.7 (C(O)CH3),

170.2 (C(O)C-α), 170.0, 169.9, 169.8 (3 C(O)CH3), 156.1

(Fmoc-O-CO), 143.7, 141.4, 127.8, 127.1, 125.0, 120.0 (12

C-ArFmoc), 97.7 (C-1), 69.4 (C-2), 68.9 (C-3), 68.7 (C-5), 67.2

(CH2-Fmoc), 67.0 (man-OCH2CH2), 66.3 (C-4), 62.6 (C-6),

56.3 (Cα), 47.2 (CH2-CHFmoc), 39.3 (man-OCH2CH2), 26.8

(C-β), 21.0, 20.8, 20.7, 20.7 (4 C(O)CH3) ppm; HRMS–ESI

(m/z): calcd for C34H40N2NaO13S, 739.2143; found, 739.2033.

S-(Fluoren-9-yl)-L-cysteine-[2-(2,3,4,6-tetra-O-
acetyl-α-D-mannopyranosyloxy)ethyl]amide (8)
The N-protected L-cysteine derivative 7 (864 mg, 1.21 mmol)

was dissolved in dry DMF (7 mL), and then morpholine

(640 μL, 7.30 mmol) was added, and the reaction mixture was

stirred for 2 h at ambient temperature under a nitrogen atmos-

phere. Then the solvent was removed under reduced pressure,

the residue was dissolved in methanol, and the formed precipi-

tate was filtered off. The filtrate was concentrated under

reduced pressure and the crude product was purified by gradient

flash column chromatography (cyclohexane/ethyl acetate, 1:12

→ ethyl acetate/methanol, 9:1 → ethyl acetate/methanol, 3:1)

yielding 8 (630 mg, 936 μmol, 77%) as a colorless foam. Rf

0.45 (ethyl acetate/methanol, 9:1); [α]D
23 +14 (c 0.7, CHCl3);

IR (ATR)  3355, 1930, 1742, 1666, 1518, 1446, 1366, 1216,

1135, 1081, 1043, 977, 911, 729, 599 cm−1; 1H NMR

(600 MHz, CDCl3, TMS) δ 7.68 (d, 3J = 7.5 Hz, 2H, aryl-HFm),

7.61 (mc, 2H, aryl-HFm), 7.32 (dd ~ t, 3J = 7.5 Hz, 2H, aryl-

HFm), 7.25 (dt, 3J = 7.5 Hz, 4J = 1.0 Hz, 2H, aryl-HFm), 5.27

(dd, 3J3,4 = 10.0 Hz, 3J2,3 = 3.5 Hz, 1H, H-3), 5.21–5.16 (m,

2H, H-4, H-2), 4.75 (d, 3J1,2 =1.2 Hz, 1H, H-1), 4.17 (dd ~ dt,
3J5,6 = 5.6 Hz, 2J6,6’ = 12.3 Hz, 1H, H-6), 4.09–4.03 (m, 2H,

fluorenyl-H, H-6’), 3.90 (ddd, 3J4,5 = 10.1 Hz, 3J5,6 = 5.2 Hz,
3J5,6’ = 2.4 Hz, 1H, H-5), 3.68 (mc, 1H, man-OCHH),

3.52–3.44 (m, 2H, man-OCHH, man-OCH2CHH), 3.40–3.31

(m, 2H, H-2, man-OCH2CHH), 3.09 (dd, 3J = 6.2 Hz, 2J =

12.9 Hz, 1H, CHHFm), 3.03 (dd, 3J = 6.4 Hz, 2J = 12.9 Hz, 1H,

CHHFm), 2.99 (dd, 3J = 3.9 Hz, 2J = 13.7 Hz, 1H, H-β), 2.65

(dd ~ dt, 3J = 8.9 Hz, 2J = 13.7 Hz, 1H, H-β’), 2.07, 2.01, 1.97,

1.92 (each s, each 3H, 4 C(O)CH3) ppm; 13C NMR (125 MHz,

CDCl3) δ 173.6 (C(O)C-α), 170.6, 170.1, 170.0, 169.7 (4

C(O)CH3), 145.8, 141.1, 127.6, 127.0, 124.7, 119.9 (12

C-ArFm), 97.6 (C-1), 69.5 (C-2), 69.0 (C-3), 68.7 (C-5), 67.0

(man-OCH2CH2), 66.1 (C-4), 62.4 (C-6), 54.0 (C-α), 46.9

(CH2-Fm), 38.7 (C-β), 38.6 (man-OCH2CH2), 36.4 (CH2-

CHFm), 21.0, 20.9, 20.7, 20.7 (4 C(O)CH3) ppm; HRMS–ESI

(m/z): calcd for C33H41N2O11S, 673.24; found, 673.21;

MALDI–TOF–MS (CCA) m/z 673.73.

S-(Fluoren-9-yl)-L-cysteine-[2-(α-D-
mannopyranosyloxy)ethyl]amide (9)
The O-acetylated glycoamino acid derivative 8 (600 mg,

892 μmol) was dissolved in dry methanol (8 mL), and then

freshly prepared sodium methanolate solution (200 μL, 1 M in

MeOH) was added, and the reaction mixture was stirred
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overnight at ambient temperature under a nitrogen atmosphere.

Then acidic ion-exchange resin (Amberlite IR 120) was added,

and the mixture was stirred for 5 min to allow neutralization of

the solution. After filtration of the resin, the solvent was

removed under reduced pressure, and the crude product was

purified on silica gel (ethyl acetate/ethanol, 7:1) yielding 9

(316 mg, 626 μmol, 70%) as a colorless foam. Rf 0.24 (ethyl

acetate/methanol,10:1); IR (ATR)  3286, 2919, 1660, 1409,

1298, 1027, 738, 501 cm−1; 1H NMR (600 MHz, CD3OD) δ

7.81 (d, 3J = 7.5 Hz, 2H, aryl-HFm), 7.76 (dd, 3J = 4.4 Hz, 3J =

7.5 Hz, 2H, aryl-HFm), 7.34 (t, 3J = 7.5 Hz, 2H, aryl-HFm), 7.33

(t, 3J = 7.5 Hz, 2H, aryl-HFm), 4.80 (d, 3J1,2 = 1.5 Hz, 1H, H-1),

4.17 (t, 3J1(Fm),2(Fm) = 6.3 Hz, 1H, fluorenyl-H), 3.87 (dd, 3J5,6

= 2.3 Hz, 2J6,6’ = 11.7 Hz, 1H, H-6), 3.85 (dd, 3J2,3 = 3.4 Hz,
2J1,2 = 1.8 Hz, 1H, H-2), 3.79 (ddd, 3J = 6.4 Hz, 3J = 4.5 Hz, 2J

= 10.7 Hz, 1H, man-OCHH), 3.75–3.70 (m, 2H, H-3, H-6’),

3.63 (dd, 3J3,4 = 9.2 Hz, 3J4,5 = 9.6 Hz, 1H, H-4), 3.60–3.54 (m,

2H, H-5, man-OCHH), 3.50–3.43 (m, 3H, H-α, man-

OCH2CH2), 3.17 (ddt, 4J = 0.7 Hz, 3J = 6.3 Hz, 2J = 13.0 Hz,

2H, CH2 Fm), 2.90 (ddd, 4J = 0.7 Hz, 3J = 5.6 Hz, 2J = 13.6 Hz,

1H, H-β), 2.74 (dd, 3J = 7.2 Hz, 2J = 13.6 Hz, 1H, H-β’) ppm;
13C NMR (150 MHz, CD3OD) δ 175.9 (C(O)C-α), 147.4,

142.5, 128.6, 128.1, 126.0, 120.8 (12 C-ArFm), 101.7 (C-1),

74.8 (C-5), 72.6 (C-3), 72.1 (C-2), 68.7 (C-4), 67.2 (man-

OCH2CH2), 63.0 (C-6), 55.6 (C-α), 48.2 (CH2-CHFm), 40.3

(man-OCH2CH2), 39.3 (C-β), 37.6 (CH2-CHFm) ppm.
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Abstract
Sugar moieties are present in a wide range of bioactive molecules. Thus, having versatile and fast methods for the decoration of

biomimetic molecules with sugars is of fundamental importance. The glycosylation of peptoids and polyamines as examples of such

biomimetic molecules is reported here. The method uses Cu-catalyzed azide alkyne cycloaddition to promote the reaction of azido-

sugars with either polyamines or peptoids. In addition, functionalized nucleic acids were attached to polyamines via the same route.

Based on a modular solid-phase synthesis of peralkynylated peptoids with up to six alkyne groups, the latter were modified with

azidosugar building blocks by using copper-catalyzed azide alkyne cycloadditions. In addition, the up-scaling of some particular

azide-modified sugars is described.
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Introduction
To date, oligosaccharides have gained more and more interest

as potential drugs in the treatment of a variety of diseases.

However, the rendering of nucleic acids and oligosaccharides as

therapeutically active substances often requires a derivatization

or a chemical coupling reaction that permits the selective and

simple formation of covalent adducts. Some modifications

permit the attachment to other molecules through a variety of

functional groups, such as amines (–NH2) and carboxylic acids

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ute.schepers@kit.edu
mailto:braese@kit.edu
http://dx.doi.org/10.3762%2Fbjoc.9.7
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Figure 1: Azidosugars used in this study. The synthesis of the azidosugars 1–3 was modified from [47,48], compounds 4, 6 and 7 were commercially
available.

(–COOH) resulting in peptide bonds, thiols (–SH) resulting in

disulfides, thioethers or thioesters, aldehydes (–CHO) and

hydroxy (–OH) groups. Nonetheless, coupling to these groups

often requires a laborious protection of other reactive func-

tional groups as they can compete in the coupling step. A

matched pair of groups, which are selective in reacting with

each other while being unreactive with other functional groups

in the molecule would, therefore, be highly useful in the prepar-

ation of functional structures. Likewise, the coupling reaction

should be permitted in hydrophilic solvents such as water or

DMSO, since both unprotected nucleic acids and oligo-

saccharides, as well as many other biomacromolecules, prefer a

hydrophilic reaction environment.

With the advent of mild and biocompatible conjugation

methods such as the Staudinger ligation [1] or the copper-

catalyzed alkyne azide cycloaddition (CuAAC) [2,3], a large

number of versatile and functional bioconjugates are accessible

for various applications in chemical biology [4].

To date, many therapeutically active molecules are synthetic

derivatives of biomacromolecules that have to be soluble in

hydrophilic environments to be taken up in vivo or in cell cul-

ture. Common solubilizers that enhance the cellular uptake are

polyamines and other polycationic moieties such as particular

peptoids.

Recently, polycationic polyamines have been shown to be effi-

cacious in the cellular delivery of oligonucleotides such as

DNA [5-7] and RNA [8-11]. Conjugates of polyamines with ali-

phatic lipids or cholesterol yielding, i.e., dioctadecylamino-

glycylspermine (DOGS, transfectam) are well established

reagents for the transfection of DNA and oligonucleotides

[5-7,11-13] displaying only very little toxicity towards

mammalian cells [11]. They have also been shown to function

in the recognition of biomacromolecules. Likewise, other poly-

cationic species, such as the N-alkylated glycine oligomers

(peptoids) [14-25], have emerged as powerful tools in the

context of drug delivery [26-29], peptidomimetics and other

biologically relevant applications [28,30-32] as well as ma-

terials science [33,34].

During the last decade the synthesis of polyamines and peptoids

has been well established on solid phases [26,27,29,35-39].

However, the on-bead addition of oligosaccharide or monosac-

charide modifications are not known so far. The modification of

polyamines or peptoids is usually achieved by alternation of the

termini [36,40] or by direct use of different side-chain function-

alities. For peptoids, CuAAC has already been used success-

fully to introduce diverse side-chain functionalities directly

during solid-phase synthesis of peptoids starting from both,

azido- and alkyne-functionalized side chains [41,42]. In addi-

tion CuAAC has also been used in order to constrain peptoid

secondary structures [43].

CuAAC reactions for the attachment of sugar residues to

peptoid backbones have been reported for some cases [44,45];

however, a fully glycosylated structure is unknown (for glyco-

dendrons see [46]). In this study, we describe the first solid-

phase synthesis of glycosylated polyamines and a fully glyco-

sylated hexapeptoid.

Results and Discussion
Synthesis of azidosugars
Although the syntheses of the azidosugars 1–3 and 5 (Figure 1)

were described before [47], we optimized and revised the proce-

dure reported by Laughlin and Bertozzi [48] due to some diffi-

culties in obtaining reproducible results.
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Table 1: Optimization of the synthesis of azide 1.

Entry Reaction scale Solvent (2nd step) MN3 Overall reaction yield (over 3 steps)

1 1.16 mmol DMF 5.00 equiv (M = Li) 61%
2 4.64 mmol DMF 5.00 equiv (M = Na) 23%
3 4.64 mmol MeOH 2.10 equiv (M = Na) 35%
4 4.64 mmol MeOH 3.50 equiv (M = Na) 55%
5 13.4 mmol MeOH 2.10 equiv (M = Na) 38%
6 23.2 mmol MeOH 2.00 equiv (M = Na) 42%

Instead of 5.00 equiv of chloroacetic anhydride only 1.10 equiv

were used. A change from LiN3 to NaN3, which is more stable

and cheaper, in conjunction with lowering the amount of the

azide salt from 5.00 equiv to less than 3.60 equiv gave similar

results. The solvent was changed from DMF to MeOH. By

applying revised conditions 55% yield (on a 4.64 mmol scale)

was obtained with a comparable yield on a 1.16 mmol scale

(61%). In contrast to the originally reported procedure, the

purification and isolation of intermediates could be omitted. We

tried to use fewer equivalents of sodium azide during the scale-

up of the reaction but this caused a decrease of the overall reac-

tion yields.

In all cases, the test reactions were performed starting from

D-glucosamine hydrochloride as a model compound for the

synthesis of 1,3,4,6-tetra-O-acetyl-N-azidoacetyl-D-

glucosamine (Ac4GlcNAz = 1). Optimal variations from

Bertozzi’s protocol for this model compound were the use of

1.10 equiv chloroacetic anhydride in the first step and

3.50 equiv sodium azide as well as methanol in the second step

(for further details, see Table 1). Eventually, we applied these

optimized reaction conditions to synthesize also 1,3,4,6-tetra-O-

acetyl-N-azidoacetyl-D-galactosamine (Ac4GalNAz = 2) and

1,3,4,6-tetra-O-acetyl-N-azidoacetyl-D-mannosamine

(Ac4ManNAz = 3) with similar yields under these optimized

conditions (see Supporting Information File 1).

Click reaction on alkynylated polyamines and
peptoids
The covalent coupling of many biomacromolecules to solid-

phase-bound polycationic moieties, such as polyamines or

peptoids, often requires a hydrophilic reaction environment as

well as very mild cleaving conditions of the final product from

the solid support. To avoid a degradation of the coupled

biomacromolecules at high concentrations of strong acids, a

polystyrene resin was chosen that contains a tritylchloride

linker. The resin was obtained by treatment of Merrifield resin

with p-hydroxytriphenylmethyl alcohol and subsequent chlori-

nation [49,50]. This tritylchloride linker allowed a mild

cleavage of the acid labile products using less than 0.5% tri-

fluoroacetic acid (TFA) in dichloromethane. The loading of the

Merrifield resin occurred in pretty good yields as the ratio of the

measured to the calculated loading value was 0.70 mmol/g to

0.78 mmol/g (Scheme 1).

The synthesis started with the assembly of the 2-nitrobenzene-

sulfonyl-(Nosyl, further abbreviated with Ns)-protected sper-

mine backbone 8 on a solid phase via Fukuyama Ns strategy

[51]. The next step was the Ns protection of the residual prima-

ry amine with 6.00 equiv of Ns-chloride and 12.0 equiv 2,4,6-

collidine in CH2Cl2  followed by N-alkylation with

5-chloropent-1-yne to insert the terminal alkyne moiety. To

accomplish that, we used 10.0 equiv of alkyne and 15.0 equiv of

K2CO3 in DMF; the reaction led to resin 9 with virtually quanti-

tative yield, as shown in Scheme 1. For the CuAAC with the

azides moieties 4, 6 and 7, respectively, we used 0.500 equiv of

CuSO4·5H2O and 5.00 equiv sodium ascorbate as the catalytic

system, which is a slightly higher catalyst concentration than

reported for the reaction in solution [52]. To ensure, that the

reaction proceeds completely we chose 2 days of agitation at

ambient temperature and obtained resin 10−12.

Finally, the Ns deprotection was achieved in 18 h with

20.0 equiv of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and

20.0 equiv of β-mercaptoethanol. The cleavage from the resin

was carried out with 1% TFA in dichloromethane at 10 min
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Scheme 1: Reaction conditions and reagents: (a) Ns-chloride (6.00 equiv), 2,4,6-collidine (12.0 equiv), CH2Cl2, rt, 16 h; (b) 5-chloropent-1-yne
(10.0 equiv), K2CO3 (15.0 equiv), DMF, 60 °C, 16 h; (c) azidosugars 6, 7 or AZT (4) (2.00 equiv/1.86 equiv), CuSO4·5H2O (0.500 equiv), sodium
ascorbate (5.00 equiv), DMF/H2O (6:1), rt, 2 d; (d) DBU (20.0 equiv), β-mercaptoethanol (20.0 equiv), DMF, rt, 18 h; (e) 1% TFA in CH2Cl2, rt, 10 min.

residence time. The products 13–15 were obtained with >90%

yield, calculated on the initial loading of the resin

(0.70 mmol/g). The 1H NMR data clearly showed the aromatic

shift of the triazole proton at 8.02 ppm, 8.03 ppm and 7.94 ppm

for 13–15, respectively. The 13C NMR spectra indicated the

presence of the anomeric carbon atoms at 89.70 ppm for 13 as

well as at 89.41 ppm and 105.47 ppm for 14.

In a different approach, we synthesized glycosylated spermine

derivatives by our optimized procedure on a 2-chlorotrityl chlo-

ride resin [35,37-39]. The reaction of the resin 16 and 17 with

the Ac4GlcNAz derivative 1 proceeded smoothly in the pres-

ence of copper ions. In some cases, changing the base from

DIPEA to DBU was beneficial (Scheme 2).

After these encouraging results, we turned our attention to

peptoids. For the glycosylation of peptoids, we envisaged the

generation of a fully glycosylated peptoid in order to investi-

gate the compatibility of peptoid synthesis and decoration with

sugars.

As a model compound we started with the synthesis of a

hexaglycosylated peptoid hexamer. Therefore, we synthesized a

hexaalkynated peptoid structure 26,27 on resin (Scheme 3).

The synthesis of a hexaalkynated peptoid backbone 26,27 was

carried out on Rink or Barlos resin containing a 2-chlorotrityl

chloride linker by standard methods using the submonomer

strategy [14]. By using this method, the peptoid backbone is

assembled in two subsequently repeated steps: In the first step

(acylation), bromoacetic acid is reacted with the resin, and in

the second step (amination) a primary amine is used to substi-

tute the bromine to give the peptoid residue. This approach

avoids the use of N-terminally protected monomers, which have

to be synthesized in advance.

For the incorporation of the alkyne side chains we chose propar-

gylamine as building block. A sixfold repetitive coupling

sequence resulted in the peptoids, which were further modified

with rhodamine B (Rho-CO2H) as an easily accessible and

versatile fluorescent tag.
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Scheme 2: Synthesis of spermine conjugates 20,21 and 24,25. 2-chlorotrityl chloride resin was used as a solid support.

Scheme 3: Synthesis of hexaalkynyl peptoids 26 and 27 on solid supports.
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Scheme 4: Synthesis of a hexa-glycosylated peptoid 28.

Rhodamine B was coupled to the N-terminus in order to provide

a label for future biological applications, such as the study of

the cellular uptake. For both resins, the peptoid synthesis was

successful; the only differences are the functional groups on the

C-terminus. After cleavage from Rink-amide resin with tri-

fluoroacetic acid, an amide is obtained, whereas cleavage from

2-chlorotrityl chloride resin with hexafluoroisopropanol (HFIP)

gives the carboxylic acid. The mild cleavage conditions of the

2-chlorotrityl linker did not harm the sugar moieties of the final

glycosylated compound, and this linker was therefore favored

over the Rink linker.

For the conjugation of Ac4GalNAz (2), the same conditions

were used as described for the spermine conjugation

(Scheme 2) with minor modifications. The CuAAC was

carried out by using Cu(CH3CN)4PF6 in THF with 2,6-lutidine

as base. Only 1.60 equiv of the azidosugar were necessary to

achieve full conversion after 18 h, and no shorter oligomers

were observed in the MALDI–TOF spectrum. Cleavage from

the resin by treatment with 33% hexafluoroisopropanol (HFIP)

in dichloromethane and subsequent HPLC purification resulted

in the fully glycosylated hexameric product 28 (Scheme 4).

Conclusion
In conclusion, we were able to improve protocols for the syn-

thesis of tetra-O-acetyl protected sugars. Applying this, better

yields as well as upscaling was possible. With these sugar

building blocks, functionalization of polyamine derivatives was

possible directly on solid supports by using copper-catalyzed

alkyne azide cycloaddition conditions. In addition to that, the



Beilstein J. Org. Chem. 2013, 9, 56–63.

62

functionalization of a peptoid-hexaalkyne was also possible. By

using the more labile 2-chlorotrityl chloride resin, the cleavage

of peptoid 28 could be achieved without degradation.

Supporting Information
Supporting Information File 1
Methods and NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-7-S1.pdf]
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Abstract
Automated oligosaccharide assembly requires suitable linkers to connect the first monosaccharide to a solid support. A new

hydrogenolysis-labile linker that is stable under both acidic and basic conditions was designed, synthesized and coupled to different

resins. Glycosylation and cleavage efficiencies on these functionalized solid supports were investigated, and restrictions for the

choice of solid support for oligosaccharide synthesis were found.
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Findings
Since Bruce Merrifield introduced the concept of solid-phase

peptide synthesis in 1963 [1], synthesis on solid supports has

evolved as a powerful tool for organic chemists [2]. Over the

past fifty years this strategy has been successfully applied to the

synthesis of other biopolymers, such as oligonucleotides [3] and

oligosaccharides [4]. Solid-phase synthesis is performed on

insoluble supports that are functionalized with a linker that

connects the growing molecule with the resin (Scheme 1). Once

the target molecule has been assembled, it is cleaved from the

solid support. The solid-phase paradigm allows for the use of

excess reagents to drive reactions to completion, as any left-

overs are easily removed by washing of the resin between reac-

tion steps.

Given the repetitive character of solid-supported synthesis, the

process was successfully automated for all types of biopoly-

mers [5-7]. As glycobiology is rapidly expanding [8], the need

for synthetic tools has prompted synthetic carbohydrate

chemists to develop methods for the accelerated synthesis of all

types of glycans [9-19]. Automated synthesis of oligo-

saccharides is beginning to provide molecules for biological

evaluation [20-23]. It was early on recognized that the linker

plays a pivotal role for oligosaccharide synthesis, as its chem-

ical properties determine the conditions that can be used for

glycosylation and deprotection reactions [7,20,23-25]. Equally

important is the choice of solid support and many different

resins were briefly explored [26]. However, for automated

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:peter.seeberger@mpikg.mpg.de
http://dx.doi.org/10.3762%2Fbjoc.9.13
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Figure 1: Different resins used for solid-phase synthesis. (A) Hydrophobic PS resins. (B) Water-compatible resins with PEG chains. (C) Nonswelling
solid support compatible with aqueous reactions. X represents the functional groups, such as chlorides or amines.

Scheme 1: Solid-phase synthesis of biopolymers. X represents a reac-
tive site such as an amino group for peptide synthesis or a hydroxy
group for oligonucleotide and oligosaccharide synthesis.

solid-phase oligosaccharide synthesis, Merrifield polystyrene

resin has almost exclusively been used as the solid support.

Here, we describe the development of a new linker system that

was tested in the context of different solid supports. In order to

be suitable for automated solid-phase synthesis the resins have

to be stable, chemically and mechanically, have to be perme-

able for the reagents, have to allow for reproducible loadings,

and must exhibit good swelling behavior in a wide range of

solvents. Mindful of these requirements, different solid supports

have been developed (Figure 1, [27,28]). The most commonly

used solid support for organic synthesis is the Merrifield resin

[1]. This polystyrene (PS) resin shows good swelling properties

in organic media but is not compatible with the aqueous condi-
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Scheme 2: Design of linker 1. Cleavage by hydrogenolysis from a solid support reveals a conjugation site for the synthesis of glycoconjugates or
glycan arrays and simultaneously removes permanent benzyl protecting groups. The linker can be coupled to amino- and chloro-functionalized resins.
By placement of insert 2 on amino resins, an additional Zemplén cleavage site for fast LC–MS analysis is introduced.

tions that are often required for hydrolysis or enzymatic reac-

tions. There are different variations of pure polystyrene resins.

Jandajel resin for example features crosslinking of PS chains by

tetrahydrofuran derivatives [29,30]. To improve the swelling

behavior of PS resins in polar solvents, the PS core was grafted

with polyethylene glycol (PEG) chains [31], resulting in solid

supports such as Tentagel, Hypogel or Argogel. These resins

were successfully used for the synthesis of peptides [31].

Meldal and co-workers developed PEGA resins [32] with good

swelling behavior in water and polar solvents. Since the amide

bonds of this solid support mimic peptides, the degree of aggre-

gation of peptide chains during solid-phase synthesis is

decreased, which facilitates the synthesis of peptides and glyco-

peptides [33]. Since amides are incompatible with many organic

reactions, pure PEG resins, such as SPOCC [34], ChemMatrix

[35] or NovaPEG, were introduced. To perform enzymatic reac-

tions on a solid support, nonswelling resins (Synbeads) with

large surfaces and big cavities that can be accessed even by

proteins were developed [36].

For the design of linkers for oligosaccharide synthesis on solid

support, several key features have to be considered. Not only

has the linker to be orthogonal to the reaction conditions neces-

sary for chain elongation, which are in general acidic for glyco-

sylations and basic for the removal of temporary protecting

groups; the linker also has to allow for the introduction of many

naturally occurring modifications such as sulfation or phos-

phorylation, as well as non-native features for biological experi-

ments, such as linkers for glycoconjugation. This results in a

high requirement concerning the chemical stability of the linker

and solid support. Orthogonal linker 1 (Scheme 2) was designed

to address these issues. Cleavage of the linker by hydrogeno-

lysis results in a free amine functionality for the immobilization

of oligosaccharides on glycan arrays or for the synthesis of

glycoconjugates. Hydrogenolysis on a solid support has been

used previously in peptide chemistry [37]. In the early 1980s,

catalytic-transfer-hydrogenation conditions proved to be very

efficient for both deprotection and cleavage of the peptide from

the solid support [38]. In this context, in situ generation of

palladium black by reduction of palladium(II) acetate with

ammonium formate in DMF yielded the best results. Although

hydrogenolysis is widely used in carbohydrate chemistry as a

means to achieve the final deprotection step, few examples for

hydrogenolytic cleavage of an oligosaccharide from a support

have been reported [39,40]. To assemble oligosaccharides,

linker 1 was equipped with a primary hydroxy group as a

glycosylation site, which was obtained by removal of the tetra-

hydropyran (THP) protecting group after coupling to the solid

support. A terephthalic chromophore was incorporated into the

linker to facilitate the UV detection during HPLC analysis or

purification. The linker was directly attached to chloro-func-

tionalized resins leading to an ester linkage. Cleavage of this
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Scheme 3: Synthesis of linker 1. Reactions and conditions: (a) NEt3, DCM, rt, 84%; (b) DHP, pyridinium p-toluenesulfonate, DCM, rt, quant.; (c) 2 M
aq NaOH, THF, rt, 91%; (d) DSC, NEt3, CH3CN, 0 °C to rt; (e) NEt3, DCM, rt, 80% over 2 steps; (f) TFA, DCM, rt, 99%; (g) NHS, DCC, DMAP,
CH3CN, DCM, rt, 63%; (h) 2 M aq NaOH, THF, 55 °C, 92%; (i) p-TsOH·H2O, MeOH, DCM, rt, 94%; (j) Pd(OAc)2, HCOONH4, MeOH, H2O, 90%.

ester under Zemplén conditions provides quick access to

samples for HPLC analysis that may be used to control the

glycosylation efficiency during chain elongation. When amino-

functionalized resins were used, insert 2 was placed to obtain

the additional Zemplén cleavage site in addition to the stable

amide linkage to the solid support. This construct was used for

linker evaluation where rapid cleavage for HPLC analysis was

of key importance. After the utility of the linker had been estab-

lished the linker could be directly coupled to amino-functional-

ized resins, which resulted in an amide bond that is stable under

Zemplén conditions.

Linker 1 was prepared starting from chromophore fragment 7

and masked amine 12 (Scheme 3, Supporting Information

File 1). Fragment 7 was synthesized starting from aminopen-

tanol 3 and acyl chloride 4. Following the condensation of 3 and

4, the primary hydroxy group of the resulting intermediate 5

was protected and the ester was hydrolyzed to afford 7 in 76%

yield over three steps. The synthesis of fragment 12 started with

the transformation of 8 to carbonate 9. Subsequent nucleophilic

attack of secondary amine 10 [41,42] to afford intermediate 11

and removal of the Boc protecting group furnished amine 12.

Condensation of 7 and 12 provided precursor 13 in 63% yield.

Finally, linker 1 was obtained by saponification of methyl ester

13.

In the next step, solution-phase studies towards cleavage of

linker 1 from a solid support were conducted. To this end, com-

pound 14 was prepared and subjected to different conditions for

hydrogenolysis (Scheme 3, Supporting Information File 1).

Compound 14 was reduced by using palladium(II) acetate and

ammonium formate. When the cleavage reaction was carried
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Scheme 4: Coupling of linker 1 to different resins. Reactions and conditions: (a) 1. 1 and 16 or 17, Cs2CO3, DMF, TBAI, 60 °C; 2. CsOAc, TBAI,
DMF, 60 °C; 3. p-TsOH·H2O, MeOH, DCM, rt; (b) 1. 1 and 18, 19, 20, 21 or 22, HOBt, DIC, DMF, rt; 2. Ac2O, pyridine, DCM, rt; 3. p-TsOH·H2O,
MeOH, DCM, rt; (c) 1. 2 and 18, 19, 20 or 22, pyridine, DCM, rt; 2. Ac2O, pyridine, DCM, rt; 3. 1, Cs2CO3, DMF, TBAI, 60 °C; 4. CsOAc, TBAI, DMF,
60 °C; 5. p-TsOH·H2O, MeOH, DCM, rt.

Table 1: Functionalization of different resins with linker 1 and loading determination.

chloro-functionalized
PS resins

amino-functionalized
water-compatible resins

Merrifield
16

Jandajel
17

Tentagel
18

Hypogel200
19

Hypogel400
20

NovaPEG
21

Synbeads
22

initial loading [mmol/g] 0.74 1.00 0.30 0.92 0.71 0.66 0.70

23 24 25 26 27 28 29
linker loading [mmol/g] 0.14 0.61 0.22 0.44 0.40 0.29 0.25
coupling efficiency 19% 61% 73% 48% 56% 44% 36%

30 31 32 33
linker loading via insert [mmol/g] – – 0.13 0.23 0.21 – 0.05
coupling efficiency – – 43% 25% 30% – 7%

out in a mixture of methanol/ethyl acetate (3:2), N-methylation

and N-formylation were observed (Supporting Information

File 1). Considering prior evidence that methanol can generate

formaldehyde in the presence of Pd(0) by an oxidative addition

mechanism [43,44] and the observation that apolar solvents

cause N-formylation during the hydrogenolysis reactions [45],

our experimental results could be explained. To avoid any such

side reactions, the hydrogenolytic cleavage was performed in

MeOH and water resulting in pure 15 in 90% yield. Encour-

aged by the good cleavage result of model compound 14,

different solid supports were functionalized with linker 1

(Scheme 4). Coupling to both chloro-functionalized Merrifield

resin 16 and Jandajel 17 was achieved by a tetrabutyl-

ammonium iodide (TBAI) mediated substitution in the pres-

ence of Cs2CO3. Capping of unreacted chlorides by cesium

acetate and subsequent acidic hydrolysis of the THP protecting

group led to ester-bound linkers 23 and 24. Fluorenylmethoxy-

carbonyl (Fmoc) protection and deprotection of the hydroxy

group of an aliquot enabled the determination of the loading by

measurement of the UV absorption of the corresponding

dibenzofulvene released upon Fmoc deprotection (Table 1,

Supporting Information File 1, [46]).

Attachment of linker 1 to the amino-functionalized resins

Tentagel (18), Hypogel200 (19), Hypogel400 (20), NovaPEG

(21) and Synbeads (22) was achieved by dehydrative coupling

in the presence of diisopropylcarbodiimide (DIC) and hydroxy-

benzotriazole (HOBt; Scheme 4). To avoid neutralization of the

activator during glycosylation reactions, unreacted amino

groups were capped by acetylation. Resin loadings with the
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Scheme 5: Model glycosylation by using an automated oligosaccharide synthesizer. Reactions and conditions: (a) 34, TMSOTf, DCM, −15 °C
(30 min); (b) 35, NIS, TfOH, DCM, dioxane, different temperatures and reaction times; (c) Pd(OAc)2, HCOONH4, H2O; (d) NaOMe, MeOH, DCM, rt.

amide-bound linkers 25–29 were determined by using variants

including the ester insert for rapid cleavage (Table 1).

Glycosylation with monosaccharide building blocks 34 or 35

was performed by using an automated oligosaccharide synthe-

sizer (Scheme 5, Supporting Information File 1). This synthe-

sizer is an improved version of a recently disclosed synthesizer

prototype [20] whereby a separate unit to accommodate

aqueous chemistry was added. To avoid cross contamination of

the anhydrous solutions that are used for glycosylation reac-

tions, all aqueous solutions are completely separated from the

organic units by an additional syringe pump. Building blocks 34

and 35 can be used for the synthesis of heparin, a major

subclass of GAGs. The synthesis of heparin necessitates

aqueous solutions to perform Staudinger reductions in the

placement of amino groups as well as for ester saponification

used to remove temporary protective groups prior to sulfation.

A range of different glycosylation conditions were explored,

whereby the couplings were performed either twice by using

five equivalents of the building block each time or were carried

out three times by using three equivalents of the building block

each time. Glycosyl trichloroacetimidate 34 was activated by

catalytic amounts of trimethylsilyl trifluoromethanesulfonate

(TMSOTf) at −15 °C in dichloromethane or toluene. Thioglyco-

side 35 was activated with N-iodosuccinimide (NIS) and triflic

acid (TfOH) in dichloromethane and dioxane. In order to estab-

lish optimal reaction conditions, temperatures ranging from

−40 °C to 25 °C were screened and the reaction time was varied

between 15 and 45 minutes.

After completion of the glycosylations, the products were

cleaved from the resin by hydrogenolysis before the crude prod-

ucts were analyzed by LC–MS. In order to obtain high cleavage

efficiencies and to ensure that all permanent protecting groups

are removed during the cleavage process, an excess of Pd cata-

lyst was used. Unfortunately, an efficient cleavage of the prod-

ucts from Merrifield resin was impossible since PS resins fail to

swell in water. When dioxane was used to swell the PS resin,

some partially deprotected compounds were detected. Other

polar solvents that suppress the described side reactions and

swell PS solid supports may have to be further investigated.

Additionally, the suspension can be filtered and the solution can

be resubmitted for a second hydrogenolysis reaction to remove

the remaining protecting groups.

On the other hand, when resins that are compatible with

aqueous reaction conditions, such as Tentagel, were employed,

glycosylation reactions proved to be ineffective and resulted in

nonglycosylated linker 36 as the major product (Figure 2, A). A

possible explanation for the low conversion to 37 is the long

PEG chains contained in the resin structure that can either trap

water to hydrolyze the monosaccharide building blocks or may

complex the acidic activators due to the presence of many

Lewis basic sites on PEG chains [47].

Since the hydrogenolytic linker cleavage did not work equally

well for all types of solid support, this cleavage method was ill

suited for the comparison of glycosylation efficiencies on

different types of resin. Therefore, Zemplén conditions were
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Figure 2: Representative HPLC chromatograms of glycosylation experiments on PS-based and water-compatible resins. (A) Tentagel (Nucleosil C4,
5% → 95% in 20 min, eluents: H2O and MeCN, detection at 254 nm). (B) Merrifield resin (Nucleosil C4, 50% → 80% in 30 min, eluents: H2O and
MeCN, detection at 254 nm; the double peak for 39 is caused by an anomeric mixture).

Scheme 6: Glycosylation of 34 to linker 23 and subsequent Staudinger reduction of the azide. Reactions and conditions: (a) TMSOTf, DCM, −15 °C,
30 min; (b) PMe3, NEt3, H2O, THF, 25 °C, 30 min; (c) NaOMe, MeOH, DCM, rt.

employed as an alternative cleavage method. Sodium

methoxide-mediated cleavage of the ester bond between linker

1 and the solid support in the case of polystyrene resins, as well

as the ester bond between linker 1 and insert 2 in the case of all

water-compatible resins, reliably afforded the crude products of

the automated syntheses for analysis. For automated solid-phase

syntheses on Merrifield resin, LC–MS analysis of the crude

products indicated good glycosylation efficiencies. Only small

quantities of nonglycosylated linker 38 were detected when

compared to the desired product 39 (Figure 2B). It is well

known that glycosylations on PS resins can be optimized to

achieve full conversion [7,20-22]. However, due to the prob-

lems encountered regarding the hydrogenolytic linker cleavage

on Merrifield resin, a further optimization of this system was

not pursued.

To enable rapid LC–MS analysis and to exclude solubility

issues caused by aqueous conditions during hydrogenolysis, the

amino-functionalized resins 18–22 were equipped with an addi-

tional Zemplén cleavage site. To this end, insert 2 was coupled

to these resins by amide-bond formation (Scheme 4, Supporting

Information File 1). In the next step, the alkyl chlorides were

displaced by the cesium carboxylate of 1. Resin loadings were

determined by Fmoc quantification (Table 1). Glycosylations on

functionalized solid supports 30–33 were performed on the

automated oligosaccharide synthesizer, and subsequent linker

cleavage with sodium methoxide afforded the crude products,

which were analyzed by LC–MS. These analyses clearly

showed lower glycosylation efficiencies for all water-compat-

ible resins when compared to PS resins 23 and 24. To prevent

the basic residues on the water-compatible resins from inter-

fering with the acidic activators used during the glycosylations,

solid supports 25–33 were washed before glycosylations with

the acidic solutions. By using such prewashes, the ratio between

the desired product 39 and the unglycosylated linker 38 impro-

ved, but complete conversions in glycosylations that are

possible by using PS resins could not be achieved with water-

compatible solid supports (data not shown).

To investigate the orthogonality of the linker for the introduc-

tion of naturally occurring modifications in oligosaccharides,

the azide protecting group of the glucosamine was reduced

under Staudinger conditions (Scheme 6, Supporting Informa-

tion File 1). Therefore, imidate 34 was glycosylated to function-
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alized resin 23. In the next step the azide was reduced by using

PMe3 under basic and aqueous conditions. The use of THF

swelled the PS resin, granting access to the reactive sites on the

solid support. The azide reduction can be used as a key step to

facilitate N-sulfation, which is necessary in the synthesis of

heparin [48], or for the introduction of prevalent N-acetates.

In summary, we demonstrate that PS-based resins perform best

in the automated solid-phase oligosaccharide synthesis. A linker

that can be cleaved by hydrogenolysis and incorporates a chro-

mophore to facilitate LC–MS analysis and purification was

developed and served as example for glycosylation studies

involving different solid supports. Cleavage of this linker is

more efficient in aqueous media and necessitates the use of

PEG-containing resins for the best results.

Supporting Information
Supporting Information File 1
Experimental details, characterization data and spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-13-S1.pdf]
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Abstract
The availability of rare monosaccharides that cannot be isolated from natural sources is currently limiting the access to the syn-

thesis and the biological evaluation of complex bacterial cell-surface glycans. Here, we report the synthesis of D- and L-fucosamine

building blocks by a de novo approach from L- and D-Garner aldehydes. These differentially protected monosaccharide building

blocks were utilized to prepare disaccharides present on the surface of Pseudomonas aeruginosa bacteria.
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Introduction
Protein functions are directly influenced by their glycosylation

patterns [1,2]. Therefore, an understanding of protein glycosy-

lation is of utmost importance in order to develop new therapeu-

tics [3-6]. The ability of bacteria to colonize human hosts and

cause diseases is directly influenced by their capacity to synthe-

size glycoproteins and express them on cell surfaces. This evi-

dence makes it particularly relevant especially for the identifica-

tion of novel antibacterial agents as well as vaccines [7-9].

Those bacterial glycans often contain unusual monosaccharides

that are not present in the human body. An immune response

against these cell-surface glycans is the basis for the develop-

ment of new vaccine candidates against bacterial infections [10-

13].

Our efforts were directed to the development of new vaccine

candidates [14-16] to prevent bacterial infections, including

glycans of the highly pathogenic bacteria Pseudomonas aerugi-

nosa. P. aeruginosa is a nosocomial pathogen that is involved

in ventilator-associated pneumonia and has become resistant to

many antimicrobials. The somatic pili of P. aeruginosa are a

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:peter.seeberger@mpikg.mpg.de
http://dx.doi.org/10.3762%2Fbjoc.9.38
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Scheme 1: Retrosynthetic analysis of D- and L-fucosamine building blocks.

major virulence factor playing a pivotal role in the adherence

and invasiveness of the bacterium. In 2001, the P. aeruginosa

pilin O-linked glycans were found to be linear trisaccharides

that are covalently attached to serine (Figure 1). The O-glycans

contain a D-fucosamine residue at the protein-binding site. This

unusual monosaccharide is not present in eukaryotes, and there-

fore may be used to stimulate an antibacterial response in the

host organism [17-23]. Access to differentially protected D- and

L-fucosamine building blocks, which can be used in preparing

the corresponding glycans, is instrumental for the evaluation of

oligosaccharide-based vaccine candidates against this bacterium

[24-28].

The synthesis of fucosamine building blocks has been reported

in the literature, but it is highly affected by long synthetic

sequences, extensive protecting group manipulations and

expensive starting materials [29-33]. The de novo synthesis of

rare sugars [34-43] provides an attractive alternative for rapid

access to the required building blocks, but this approach has not

been reported for D- or L-fucosamine [29-33,44-46].

Here, a full account of the de novo synthesis of differentially

protected D- and L-fucosamine building blocks is described

following a recent preliminary communication [47]. The

building blocks prepared by de novo synthesis were used in the

assembly of two disaccharides that are found on P. aeruginosa.

Results and Discussion
De novo synthesis of D- and L-fucosamine
building blocks
Our retrosynthetic analysis of D-fucosamine envisioned the

installation of the syn-1,2-diol unit by osmium-catalysed dihy-

droxylation of allylic ether A. It was anticipated that the con-

formation adopted by the molecule would allow for the forma-

tion of the required anti relationship between C3 and C4

hydroxy groups. A in turn would be accessed by the addition of

Figure 1: Structure of some O-linked glycans found on the cell surface
of P. aeruginosa.

a carbon nucleophile to L-Garner aldehyde L-1 (Scheme 1)

[48]. The fact that D- and L-Garner aldehydes are commer-

cially available greatly facilitates the synthesis of both D- and

L-fucosamine building blocks. The fucosamine residues are

usually further elongated at the C3 position in P. aeruginosa

requiring two orthogonal protecting groups (PGs) at C3 and C4
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Scheme 2: (A) Synthesis of aldehydes 6a and 6b. (B) Alkyne reduction by hydrosilylation–protodesilylation sequence (see Table 1).

of the building block in order to differentiate the two hydroxy

groups at a later stage.

The three carbon C4–C6 fragment of D-fucosamine was intro-

duced by chelation-controlled addition [49,50] of commercially

available propynylmagnesium bromide to L-1 (Scheme 2A)

[51,52] The following E-selective alkyne reduction was accom-

plished by using diluted RedAl in Et2O [53]. This reaction

proved to be highly dependent on the quality of the aluminium

reagent obtained from commercial sources. Inspired by the

work from the Trost group [54,55], an alternative reduction

protocol based on a Ru-catalyzed hydrosilylation–protodesilyla-

tion sequence was pursued (Scheme 2B). Thus, exposure of

alkyne 2 to Cp*Ru(CH3CN)3PF6 catalyst in the presence of the

appropriate trialkylsilane gave the desired silylated products

7a–c (Table 1). The alkene geometry was confirmed as Z by

nuclear Overauser effect (nOe). Treatment of 7a–c with TBAF

and CuI delivered 3 in high yields. Generally, BnMe2SiH has

been found to be optimal for these transformations [54,55]. In

our hands however, the best results were achieved using the

cheaper Et3SiH (Table 1). With a gram amount of 3 in hand, the

C3 hydroxy group was protected and the acetonide removed by

treatment with p-TSA. Oxidation of primary aminoalcohols

5a–b with the Dess–Martin reagent [56] yielded the desired

aldehydes 6a–b, in five steps from commercially available

starting materials. The two different O-protecting groups,

namely naphthyl ether (Nap) [57-59] and benzoate ester (Bz),

were introduced to gain access to two sets of electronically

different and orthogonally protected derivatives (Scheme 2A).

Table 1: Hydrosilylation yields.

entry R yield (%)

1 7a: Et3 81
2 7b: Et2Me 71
3 7c: Me2Bn traces

Dihydroxylation of aldehyde 6a under standard Upjohn condi-

tions gave, after peracetylation with Ac2O, D-fucosamine

building block D-8a in 81% yield and 5:1 dr (anti/syn, dia-

stereomers separable by column chromatography) (Scheme 3)

[60-62]. The formation of the desired C3–C4–C5 syn,syn cyclic

product was confirmed based on observation of a 3JH3–H4

coupling of 3.5 Hz. When the same sequence of dihydroxy-

lation–peracetylation was performed on Bz-substituted alde-

hyde 6b, compound D-8b was formed in 71% as a single

diastereomer (Scheme 3). This product was crystallized from

n-hexane/EtOAc solvent mixture, and the stereochemical

assignment was confirmed by X-ray analysis (data shown in

Supporting Information File 1).
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Scheme 3: Synthesis of D-fucosamine building blocks 8a and 8b.

Scheme 4: Epimerization of aldehyde 6a.

Table 2: Oxidation of 5a to D-fucosamine D-8a.

entry reaction conditions D-Fuc/D-Tala

1b DMP, CH2Cl2, rt then 1 M Na2S2O3 in NaHCO3, sat. >20:1
2 DMSO, (COCl)2, Et3N, CH2Cl2, −78 °C 2:1
3 DMSO, (COCl)2, iPr2NEt, CH2Cl2, −78 °C 8:1
4 SO3·pyr, DMSO, CH2Cl2, 0 °C 2:1
5 TCCA, TEMPO, CH2Cl2, 0 °C 3:1

aDetermined by 1H NMR analysis of the crude product after dihydroxylation and peracetylation. bReaction run on 1 g scale.

During the optimization of the synthetic sequence we explored

potentially more economic oxidation protocols to convert the

primary alcohol 5a to the D-fucosamine building block. Since

α-amino protected aldehydes easily undergo α-epimerization,

oxidation had to proceed under mild conditions in order to

avoid the formation of the undesired D-talosamine building

block D-9 (Scheme 4).

Several oxidation methods were tested (Table 2). All the reac-

tions were performed sequentially without column-chromato-

graphic purification of the aldehyde. Classic Swern oxidation

[63] (Table 2, entry 2) gave a 2:1 mixture of C2 epimers

demonstrating the acid lability of aldehyde 6a. This ratio in

favour of the desired product was improved to 8:1 by switching

the base from Et3N to iPr2EtN as reported by Dondoni and

co-workers (Table 2, entry 3) [64]. Parrikh–Doering oxidation

[65] and TCCA–TEMPO mediated oxidation [66] (Table 2,

entries 4 and 6, respectively) were not suitable as considerable

amounts of D-talosamine building block were formed. DMP

emerged as the reagent of choice for the oxidation of 5a. Inter-

estingly, the dihydroxylation of aldehyde epi-6a resulted in the

formation of talosamine D-9 as a single diastereomer while the

dihydroxylation of 6a gave D-8a in 5:1 dr (Scheme 3).

Carrying out the synthetic sequence optimized for the synthesis

of D-8a, on D-Garner aldehyde (D-1, commercially available)
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Scheme 5: Synthesis of L-fucosamine building block L-8a from D-Garner aldehyde.

gave alcohol ent-5a (four steps, two chromatographic purifica-

tions) that after the direct oxidation–dihydroxylation–peracety-

lation protocol yielded the desired L-fucosamine building block

L-8a (Scheme 5).

Synthesis of fucosamine-containing
disaccharides
To facilitate the use of the bacterial monosaccharides in the

glycan microarray platform and their conjugation to carrier

proteins, an appropriate linker was required at the anomeric

position [67]. Placement of a C3 naphthyl ether anticipated the

site for further glycosylation at this position, which typically

serves as the connection to the next sugar. Therefore, building

block 8a is ideal in terms of orthogonality and chemical syn-

thesis. Hence, we tested the ability of D-8a to undergo anomeric

functionalization and to effect glycosylation at the C3 hydroxy

group. Due to the presence of N-acetylated D- and

L-fucosamine residues in P. aeruginosa O-linked glycans, the

strategic N-protecting group was evaluated. Direct glycosy-

lation by using the building block D-8a was not possible.

Hence, a direct N-Boc deprotection/N-acetylation sequence

afforded D-10 in 84% yield (Scheme 6A). Direct glycosylation

of D-10 by using glycosylating agent 11 [67] and BF3·Et2O as

the activating agent, yielded the linker-functionalized monosac-

charide D-12 as the β-anomer (3JH1–H2 = 8.3 Hz, Scheme 6A).

At this point, the C3 naphthyl ether was cleaved under oxida-

tive conditions and the corresponding alcohol was revealed by

using a two-step deprotection protocol consisting of ester

hydrolysis and hydrogenation. Monosaccharide D-13 was

obtained in 85% yield (the β-linkage further confirmed by
1JC1–H1 164.1 Hz, Scheme 6A). Direct glycosylation after

DDQ-deprotection was possible and the use of differentially

protected glucose building block 15 [68] yielded the desired

β-disaccharide 16 in 61% yield over two steps (β anomer,
3JH1–H2 of 7.8 Hz, Scheme 6A). Global deprotection employed

saponification, and hydrogenation gave the fully deprotected

D-fucosamine containing disaccharide 17 (Scheme 6A).

When the same synthetic sequence was performed on

L-FucNAc building block L-10 the fully deprotected monomer

L-13 and disaccharide 19 were obtained in similar yields and

selectivities (Scheme 6B). Diagnostic 1JC–H analysis also

corroborated the formation of the β-glycosydic linkages

(Scheme 6B). Linker-terminated disaccharide 19 represents the

terminal unit of the P. aeruginosa serotype O11 O-linked

glycan (Figure 1).

Conclusion
The de novo synthesis of differentially protected D- and

L-fucosamine building blocks from D- and L-Garner aldehyde

is reported. Placement of a naphthyl ether protecting group at

the C3 position allows for further elongation by glycosylation.

The key oxidation step was optimized to minimize the forma-

tion of the unwanted D-talosamine building block D-9. The

fucosamine building blocks prepared by de novo synthesis

enabled the preparation of monosaccharides and disaccharides

for attachment to microarray surfaces. The terminal disaccha-

ride of P. aeruginosa O11 O-linked glycan has been prepared

and will be the basis for biological studies involving this

pathogen.

Experimental
General experimental details
All reagents were obtained from commercial suppliers and were

used without further purification unless otherwise specified. All

reactions were conducted under an Ar atmosphere by using

standard Schlenk techniques. THF and Et2O were distilled from

purple Na/benzophenone diketyl; CH2Cl2, pyridine and

BF3·Et2O were distilled from CaH2. Deionized water was

obtained from an in-house purification system. The compounds

purified by flash chromatography were further concentrated by

the removal of residual solvent under high vacuum (<0.2 mbar).
1H NMR and 13C NMR spectra were measured with a Varian

400-MR or Varian 600 spectrometer. The proton signal of

residual, nondeuterated solvent (δ 7.26 ppm for CHCl3 or δ 4.79

ppm for HDO) was used as an internal reference for 1H spectra.

For 13C spectra, the chemical shifts are reported relative to the δ

77.36 ppm resonance of CDCl3. Coupling constants (J values)

are quoted to one decimal place with values in hertz (Hz) and

were corrected. Infrared (IR) spectra were recorded as thin films

on a Perkin Elmer Spectrum 100 FTIR spectrophotometer.

Optical rotations (OR) were measured with a Schmidt &

Haensch UniPol L 1000 spectrometer at a concentration (c)

expressed in grams per hundred millilitres (g/100 mL). High-
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Scheme 6: Synthesis of D- and L-fucosamine-containing mono- and disaccharides carrying the pentanolamine linker.
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resolution mass spectra (HRMS) were recorded with an Agilent

6210 ESI–TOF mass spectrometer at the Freie Universität

Berlin, Mass Spectrometry Core Facility. Analytical thin-layer

chromatography (TLC) was performed on Kieselgel 60 F254

glass plates precoated with a 0.25 mm thickness of silica gel.

The TLC plates were visualized with UV light and by staining

with Hanessian solution (ceric sulfate and ammonium molyb-

date in aqueous sulfuric acid) or potassium permanganate solu-

tion (potassium permanganate in basic aqueous solution).

Column chromatography was performed by using Kieselgel 60

(230–400 mesh) silica gel with a typical 50–100:1 weight ratio

of silica gel to crude product. For the preparation and character-

ization of compounds 2–10, D-12 and D-16 see [14].

L-Fucosamine monosaccharide L-12
Under the same reaction conditions reported in [14], L-10

(75 mg, 0.17 mmol, 1.0 equiv), 11 (86 mg, 0.26 mmol,

1.5 equiv) and BF3·Et2O (33 mL, 0.26 mmol, 1.5 equiv) gave

L-12 (74 mg, 61%) as an oil; [α]D
20 −63.2 (c 2.0, CHCl3), other

data as above.

D-Fucosamine monosaccharide D-13

A solution of D-12 (56 mg, 80.0 mmol, 1.0 equiv) in CH2Cl2

(0.9 mL) and H2O (90 mL) was treated with DDQ (21 mg,

94.0 mmol, 1.2 equiv) and stirred in the dark at rt for 2 h. Satu-

rated NaHCO3 (2 mL) and CH2Cl2 (5 mL) were added and the

layers were separated. The aqueous layer was extracted with

CH2Cl2 (2 × 3 mL). The combined organic layers were dried

(MgSO4), filtered and concentrated. The crude was purified by

filtration over a short plug of silica gel eluting with CH2Cl2/

MeOH 9:1 (34 mg, 76%) and immediately used for the next

step. The monodeprotected compound (18 mg, 32.0 mmol,

1.0 equiv) in MeOH (0.4 mL) and THF (0.4 mL) was treated

with KOH (1.8 mg, 32.0 mmol, 1.0 equiv) and stirred at rt for

30 min. H2O (2 mL) was added and the solvents were removed

under vacuum. CH2Cl2 (5 mL) was added and the layers were

separated. The aqueous layer was extracted with CH2Cl2

(2 × 5 mL). The combined organic layers were dried (MgSO4),

filtered and concentrated. The crude product was solubilised in

MeOH/H2O/AcOH (2.0:1.0:0.05 mL) and Pd/C (10 mg) was

added. The heterogeneous mixture was stirred under an atmos-

phere of H2 for 24 h. The mixture was filtered over celite to

give D-13 (8 mg, 85%) as an amorphous solid; [α]D
20 +112.9 (c

1.1, H2O); 1H NMR (400 MHz, D2O) δ 4.38 (d, J = 8.4 Hz, 1H,

CHF), 3.83 (dt, J = 10.1, 6.3 Hz, 1H, CHG), 3.79 (dd, J = 10.7,

8.4 Hz, 1H, CHE), 3.75–3.69 (m, 2H, CHC and NH), 3.68 (dd, J

= 10.7, 3.4 Hz, 1H, CHD), 3.66 (dt, J = 10.1, 6.3 Hz, 1H, CHG),

3.41 (q, J = 6.4 Hz, 1H, CHB), 2.95 (t, J = 7.6 Hz, 2H, CH2
K),

1.99 (s, 3H, CH3), 1.87 (AcOH), 1.71–1.62 (m, 2H, CH2
J),

1.59–1.51 (m, 2H, CH2
H), 1.39–1.29 (m, 2H, CH2

I), 1.23 (d, J

= 6.4 Hz, 3H, CH3
A); 13C NMR (100 MHz, D2O) δ 101.4

(CHF), 71.0 (CHD), 70.4 (CHC), 70.3 (CHB), 69.8 (CH2
G), 52.0

(CHE), 39.2 (CH2
K), 28.0 (CH2

J), 26.3 (CH2
H), 23.1 (CH3),

22.1 (CH3), 21.9 (CH2
I), 15.3 (CH3

A); LRMS–ESI (m/z): 291.2

[M + H+]; HRMS–ESI (m/z): [M + H+] calcd for C13H27N2O5,

291.1914; found, 291.1919.

L-Fucosamine monosaccharide L-13
Using the same reaction conditions reported for D-13, D-12

(24 mg, 34.0 mmol, 1.0 equiv), DDQ (21 mg, 41.0 mmol,

1.2 equiv), KOH (1.8 mg, 34.0 mmol, 1.0 equiv) and Pd/C

(10 mg), gave L-13 (9 mg, 75%) as an amorphous solid; [α]D
20

−111.1 (c 1.0, H2O), other data as above.

D-Fucosamine disaccharide 17

A solution of 16 (21 mg, 19.0 mmol, 1.0 equiv) in MeOH

(0.4 mL) and THF (0.4 mL) was treated with KOH (1.0 mg,

19.0 mmol, 1.0 equiv) and stirred at rt for 30 min. H2O (2 mL)

was added and the solvents were removed under vacuum.

CH2Cl2 (5 mL) was added and the layers were separated. The

aqueous layer was extracted with CH2Cl2 (2 × 5 mL). The

combined organic layers were dried (MgSO4), filtered and

concentrated. The crude product was solubilised in MeOH/H2O/

AcOH (2.0:1.0:0.05 mL) and Pd/C (20 mg) was added. The

heterogeneous mixture was stirred under an atmosphere of H2

for 24 h. The mixture was filtered over celite to give 17 (9 mg,

91%) as an amorphous solid; [α]D
20 +13.5 (c 0.9, H2O);

1H NMR (400 MHz, D2O) δ 4.47 (d, J = 7.9 Hz, 1H, CHG),

4.41 (d, J = 7.9 Hz, 1H, CHF), 3.94 (d, J = 2.7 Hz, 1H, CHC),

3.90 (dd, J = 10.3, 7.9 Hz, 1H, CHE), 3.87–3.77 (m, 3H, CHL &

CHM & CHD), 3.70 (q, J = 6.5 Hz, 1H, CHB), 3.68 (dd, J =

12.1, 3.4 Hz, 1H, CHL), 3.54 (dt, J = 10.0, 6.2 Hz, 1H, CHM),

3.44–3.32 (m, 3H, CHI, CHJ and CHK), 3.25 (t, J = 7.9 Hz, 1H,

CHH), 2.94 (t, J = 7.6 Hz, 2H, CH2
Q), 1.97 (s, 3H, CH3), 1.90

(s, 3H, AcOH), 1.68–1.59 (m, 2H, CH2
P), 1.58–1.50 (m, 2H,

CH2
N), 1.41–1.32 (m, 2H, CH2

O), 1.22 (d, J = 6.5 Hz, 3H,

CH3
A); 13C NMR (100 MHz, D2O) δ 104.2 (CHG), 101.1
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(CHF), 80.2 (CHD), 75.5 (CH), 75.4 (CH), 72.7 (CHH), 70.4 (2

× CHB&C), 69.8 (CH2
L), 69.2 (CH), 60.3 (CH2

M), 50.8 (CHE),

39.1 (CH2
Q), 28.0 (CH2

N), 26.2 (CH2
P), 23.1 (CH3), 22.1

(CH3), 22.0 (CH2
O), 15.3 (CH3

A); LRMS–ESI (m/z): 453.2 [M

+ Na+]; HRMS–ESI (m/z): [M + H+] calcd for C19H37N2O10,

453.2443; found, 453.2468.

L-Fucosamine disaccharide 18

A solution of L-12 (60 mg, 86 mmol, 1.0 equiv) in CH2Cl2

(1 mL) and H2O (0.1 mL) was treated with DDQ (21 mg,

95 mmol, 1.2 equiv) and stirred in the dark at rt for 2 h. Satu-

rated NaHCO3 (2 mL) and CH2Cl2 (5 mL) were added and the

layers were separated. The aqueous layer was extracted with

CH2Cl2 (2 × 3 mL). The combined organic layers were dried

(MgSO4), filtered and concentrated. The crude was purified by

filtration over a short plug of silica gel eluting with CH2Cl2/

MeOH (9:1) and immediately used for the next step. An oven-

dried flask was immediately charged with the product and 15

(77 mg, 0.12 mmol, 1.5 equiv) was added. The flask was left

under high vacuum for 4 h. After refilling the flask with argon,

freshly distilled CH2Cl2 (1.5 mL) was added, and the mixture

was cooled to −30 °C. NIS (29 mg, 0.13 mmol, 1.5 equiv) and

TfOH (4 mL, 43 mmol, 0.5 equiv) were added. The mixture

was stirred at −30 °C for 4 h and then it was allowed to warm to

rt overnight. Saturated Na2SO3 (3 mL) and CH2Cl2 (3 mL)

were added and the layers were separated. The aqueous layer

was extracted with CH2Cl2 (2 × 5 mL). The combined organic

layers were dried (MgSO4), filtered and evaporated. Purifica-

tion by column chromatography on silica gel, eluting with

n-hexane/EtOAc (6:4), gave 18 (45 mg, 48%) as an oil; Rf 0.22

[n-hexane/EtOAc (4:1)]; [α]D
20 −5.5 (c 0.3, CHCl3); FTIR

(film) νmax (cm−1): 3321, 2925, 2857, 1743, 1716, 1705, 1662,

1368, 1271, 1240, 1071; 1H NMR (400 MHz, CDCl3, rotamers)

δ 8.04 (d, 2H, J = 7.3 Hz, 2 × CH), 7.57 (tt, J = 7.4, 1H, 1.2

CH), 7.44 (t, J = 7.7 Hz, 2H, 2 × CH), 7.35–7.22 (m, 17H, 17 ×

CH), 7.17–7.04 (m, 8H, 8 × CH), 5.88 (br d, J = 6.5 Hz, 0.5H,

NH), 5.73 (br d, J = 6.0 Hz, 0.5H, NH), 5.21 (dd, J = 9.1,

8.0 Hz, 1H, CHH), 5.17 (br s, 1H, CHQ), 5.14 (br s, 1H, CHQ),

5.13 (d, J = 3.5 Hz, 1H, CHC), 5.07 (d, J = 8.0 Hz, 1H, CHF),

4.79 (d, J = 10.8 Hz, 1H, CHM), 4.70 (d, J = 11.0 Hz, 1H,

CHM), 4.65–4.53 (m, 6H, CHD & CHG & 4 × CHM), 4.52–4.46

(m, 2H, CH2
R), 3.86 (t, J = 9.3 Hz, 1H, CHI), 3.82–3.74 (m,

4H, CHJ, CH2
L, CHN), 3.67 (q, J = 6.4 Hz, 1H, CHB), 3.50 (br

dt, J = 9.6, 2.3 Hz, 1H, CHK), 3.44–3.40 (m, 1H, CHN),

3.23–3.17 (m, 3H, CHE and CH2
P), 1.85 and 1.81 (s, 3H, CH3),

1.53–1.50 (m, 3H, 3 × CHO), 1.45 (s, 3H, CH3), 1.29–1.21 (m,

3H, 3 × CHO), 1.08 (d, J = 6.4 Hz, 3H, CH3
A); 13C NMR

(100 MHz, CDCl3, rotamers) δ 171.2 (C=O), 170.5 (C=O),

165.1 (C=O), 137.9 (2 × C), 137.7 (2 × C), 137.6 (C), 133.2 (2

× CH), 130.1 (2 × CH), 129.5 (C), 128.5 (2 × CH), 128.4 (4 ×

CH), 128.3 (4 × CH), 128.2 (4 × CH), 127.9 (2 × CH), 127.8 (4

× CH), 127.7 (CH), 127.6 (CH), 127.3 (CH), 127.2 (CH), 127.1

(CH), 99.6 (CH), 98.4 (CH), 82.9 (CH), 77.7 (CH), 75.2 (CH2),

75.0 (CH2), 74.7 (CH), 73.5 (CH), 73.4 (CH2), 72.5 (CH), 69.7

and 69.5 (CH2), 69.1 (CH), 68.9 (CH), 68.7 (CH2), 67.1 (CH2),

54.4 (CH), 50.4 and 50.1 (CH2), 47.1 and 46.1 (CH2), 29.7 and

29.1 (CH2), 27.8 and 27.4 (CH2), 23.5 (CH3), 23.1 (CH2), 19.9

(CH3), 16.4 (CH3); LRMS–ESI (m/z): 1115.4 [M + Na+].

L-Fucosamine disaccharide 19

A solution of 18 (29 mg, 27.0 mmol, 1.0 equiv) in MeOH

(0.6 mL) and THF (0.6 mL) was treated with KOH (0.8 mg,

13.5 mmol, 0.5 equiv) and stirred at rt for 30 min. H2O (2 mL)

was added and the solvents were removed under vacuum.

CH2Cl2 (5 mL) was added and the layers were separated. The

aqueous layer was extracted with CH2Cl2 (2 × 5 mL). The

combined organic layers were dried (MgSO4), filtered and

concentrated. The crude product was solubilised in MeOH/H2O/

AcOH (3.0:1.5:0.06 mL) and Pd/C (30 mg) was added. The

heterogeneous mixture was stirred under an atmosphere of H2

for 24 h. The mixture was filtered over celite to give 19 (10 mg,

74%) as an amorphous solid; [α]D
20 +59.2 (c 0.9, H2O);

1H NMR (400 MHz, D2O) δ 4.48 (d, J = 7.9 Hz, 1H, CHG),

4.43 (d, J = 7.9 Hz, 1H, CHF), 3.96–3.89 (m, 3H, CHC, CHD

and CHL), 3.88–3.80 (m, 2H, CHE and CHM), 3.72 (q, J =

6.5 Hz, 1H, CHB), 3.67 (dd, J = 12.1, 6.5 Hz, 1H, CHL), 3.56

(dt, J = 10.2, 6.2 Hz, 1H, CHM), 3.45 (t, J = 9.5 Hz, 1H, CHI),

3.42–3.46 (m, 1H, CHJ), 3.36–3.31 (m, 1H, CHK), 3.27 (dd, J =

9.5, 7.9 Hz, 1H, CHH), 2.95 (t, J = 7.6 Hz, 2H, CH2
Q), 1.99 (s,

3H, CH3), 1.97 (s, 3H, AcOH), 1.69–1.60 (m, 2H, CH2
P),

1.59–1.50 (m, 2H, CH2
N), 1.42–1.32 (m, 2H, CH2

O), 1.26 (d, J

= 6.5 Hz, 3H, CH3
A); 13C NMR (100 MHz, D2O) δ 177.0

(C=O), 103.9 (CHF), 102.7 (CHG), 80.1 (CHD), 79.5 (CHI),



Beilstein J. Org. Chem. 2013, 9, 332–341.

340

77.9 (CHJ), 75.3 (CHB), 73.0 (CHH), 72.4 (CH2
L), 72.2 (CHK),

70.4 (CHC), 63.5 (CH2
M), 52.8 (CHE), 41.7 (CH2

Q), 30.5

(CH2
N), 28.8 (CH2

P), 24.8 (CH3), 24.5 (CH2
O), 24.4 (CH3),

17.8 (CH3); LRMS–ESI (m/z): 453.2 [M + H+]; HRMS–ESI (m/

z): [M + H+] calcd for C19H37N2O10, 453.244; found,

453.2468.
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