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Abstract—Carbohydrate-based divalent and tetravalent lactoside glycodendrons were constructed in a convergent manner. The

dendrons were synthesized beginning with the photoaddition of hepta-O-acetyl-1-thio-b-lactose, in an anti-Markovnikov manner, to

a bis-allyl AB2 trisaccharide to form a divalent dendron. Following two nearly quantitative deprotection steps, the divalent lactoside

was coupled to another AB2 trisaccharide by reductive amination to afford a tetravalent dendron. These paucivalent compounds

were characterized by NMR spectroscopy and mass spectrometry.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Nature uses complex polysaccharides––where the car-

bohydrate residues act as both the recognition units and

multivalent scaffolds––to regulate biological pheno-

mena.1 With multivalency2 playing such a crucial role in

physiological and pathological processes, there is

increasing interest3 in the synthesis of glycodendrimers4

and glycopolymers5 as structural mimetics of naturally-
occurring glycoproteins and glycolipids. In our own

research efforts,6 we have focused on carbohydrate-

based architectures,7 where the constitutional, configu-

rational, and conformational diversity of carbohydrates

is used to control the presentation of saccharide ligands.

While nature has a myriad of enzymes to catalyze the

synthesis of its polysaccharides efficiently, chemists have

to rely upon mild and selective chemical approaches to
construct multivalent carbohydrate-based architectures.

While glycosylation6b;8 and amide-bond formation6b;9

are common strategies for synthesizing carbohydrate-
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based dendrimers, we have sought to explore other
chemical approaches for coupling carbohydrate mono-

mers together to form glycodendrimers. Photoaddition

reactions10 between thiols and allyl ethers have been

incorporated previously11 in the synthesis of glycocon-

jugates. Reductive aminations between an aldehyde and

an amino functionality also constitute mild conditions

by which multivalent dendrons and dendrimers can be

synthesized.6b;c;12 These reactions have proven to be
highly efficient and chemoselective, a consideration,

which is particularly important in dendrimer syntheses3b

where many reactions are necessary for increasing gen-

erations. Here, we discuss the utility of combining the

photoaddition and reductive amination methodologies

in the synthesis of carbohydrate-based dendrons using a

convergent approach.
2. Results and discussion

AB2 trisaccharides 3 and 6 were chosen as the monomer

units for the formation of dendrons. This choice permits
the formation of large, water-soluble molecules with

adequate spacing between the arms of the growing
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dendrons and dendrimers. The reducing end (A) of the

trisaccharides contain an isopropylidene-protected
aldehyde group, capable of reacting with amino groups

under reductive alkylation conditions. Depending on the

type of reaction to be used, the remaining two mono-

saccharides (B2) possess, at the 6-position of the pyra-

nose ring, either allyl functionalities for photoaddition,

or methylamino ones for reductive amination.

The trisaccharide 1 was synthesized as described

previously.13 The silyl protecting groups were removed
efficiently using IBr14 to expose the two primary hy-

droxyl groups in the trisaccharide 2. Because attempted

allylation of this trisaccharide 2 under basic conditions

using NaH and allyl bromide resulted in a mixture of

products, the two primary hydroxyl groups were ally-

lated under acidic conditions using allyltrichloroace-

timidate and triflic acid to afford the trisaccharide 3

(Scheme 1). The allylation proceeded best when a 3:7
mixture of dichloromethane and cyclohexane was used

as the solvent to minimize the thermal rearrangement15

of the imidate to the amide.

We chose the photoaddition of thiolactosides to allyl

ethers as a versatile method to incorporate glycosides

onto the periphery of the dendrons. Hepta-O-acetyl-1-

thio-b-lactose11b and the trisaccharide 3 were stirred

under a mercury lamp for 3 h in methanol to afford
(Scheme 2) the dendron 4. The reaction was remarkably

efficient, with the anti-Markovnikov addition proceed-

ing in 75% yield. The divalent dendron 4 was then fully

deprotected using sodium methoxide in methanol, fol-

lowed by cleavage of the acetal protecting groups using

90% aqueous trifluoroacetic acid to yield the dendron 5.

While the photoaddition proceeds with retention of the

stereochemistry at the anomeric center of hepta-O-ace-
tyl-1-thio-b-lactose moieties, a small amount (<1%) of

the a-anomer was observed in the 1H NMR spectrum of

the dendron.

Reductive amination was employed to form the next

generation dendron. The reducing end of dendron 5 and

the amino functionalities of the bis-methylamino tri-

saccharide13 6 were coupled together (Scheme 3) using

sodium cyanoborohydride in a 1:1 mixture of methanol
and water as the solvent. The lower yield (48%), relative
O
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Scheme 1. Reagents and conditions: (a) IBr, CH3OH, 84%. (b) Allyltrichlor
to that for the formation of the first generation dendron

by reductive amination6b can be attributed to the steric
bulk of the growing dendron. Nonetheless, the second

generation dendron 7 was isolated and characterized by

NMR spectroscopy and mass spectrometry. HMQC

experiments (Fig. 1) were particularly useful in verifying

that the appropriate number of anomeric signals were

present. Crosspeaks were present for each of the seven

chemically distinct anomeric signals in the dendron 7.

In conclusion, AB2 trisaccharide monomers were used
in the synthesis of di- and tetravalent lactoside dendrons

in a convergent manner using photoaddition and

reductive amination during the coupling steps. These

reactions are not only mild and chemoselective, but they

also have the added benefit of working well in polar

solvents such as methanol and water. While the b-thio-
lactoside was coupled to the periphery of the dendrons,

the procedure is versatile, and should be capable of
extension to the attachment of other thioglycosides or

thiol-containing ligands.
3. Experimental

Trisaccharide13 1 and hepta-O-acetyl-1-thio-b-lactose11b

were prepared as described in the literature. Allyltri-

chloroacetimidate was purchased from Senn Chemicals.

All other chemicals were purchased from Aldrich and

used as received. Solvents were used as purchased,

except for CH2Cl2 (distilled from CaH2) and CH3OH

(distilled from Mg turnings). All photoadditions were
performed in borosilicate glass vials. Analytical TLC

was performed on silica gel 60-F254 (Merck) with

detection by fluorescence and/or by charring following

immersion in a 5% H2SO4/EtOH. Flash chromatogra-

phy was performed with silica gel 60 (Silicycle).

Preparative gel permeation chromatography was per-

formed using (1) a 25 · 900mm column of Sephadex

LH20 resin (Sigma), eluting with CH3OH or (2) a
5 · 100 cm column of Sephadex G-25 resin (Amersham

Pharmacia Biotech), eluting with 5% n-BuOH in water.

Reversed-phase HPLC was conducted by using a

Hypersil 5 lm BDS C-18 silica column (ThermoQuest;
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oacetimidate, triflic acid, 3:12 CH2Cl2–C6H12, 0 �C, 54%.
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Scheme 2. Reagents and conditions: (a) hm, CH3OH, 75%. (b) NaOCH3, CH3OH, 97%. (c) 90% aq TFA, quant. yield.
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4.6 · 150mm). 1H and 13C NMR spectra were recorded

on a Bruker Avance 500 spectrometer (at 500 and
125MHz, respectively) at ambient temperature. 1H and
13C NMR spectra were referenced using their residual

solvent signals. The following abbreviations were

used to explain the signal multiplicities or characteris-

tics: s, singlet; d, doublet; dd, doublet of doublet; pd,

pseudo-doublet; pt, pseudo-triplet; m, multiplet; b,

broad. Electrospray mass spectrometry (ESI) was

performed using a Sciex API IIIR triple quadrupole
electrospray mass spectrometer using H2O/MeCN/

HCOOH, 50:50:0.1 as the mobile phase. High resolution

matrix-assisted laser-desorption ionization (HR-MAL-
DI) spectra were recorded using dihydroxybenzoic acid

as the matrix on an IonSpec Ultima 7.4 Tesla FTMS
instrument.

3.1. 2,3,4-Tri-O-acetyl-a-DD-glucopyranosyl-(1fi 4)-2,3-

di-O-acetyl-b-DD-glucopyranosyl-(1fi 6)-1,2:3,4-di-O-

isopropylidene-a-DD-galactopyranose (2)

Trisaccharide13 1 (2.5 g, 2.44mmol) was dissolved in

CH3OH (1mL). IBr (7.3mL, 7.3mmol) was added to
the solution with stirring and the brown reaction mix-

ture was stirred at ambient temperature for 3 h. The

solution was quenched by the addition of aqueous
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Scheme 3. Reagents and conditions: (a) NaCNBH3, AcOH, H2O, CH3OH, 48%.
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Na2S2O3, before being washed with aqueous NaHCO3

solution (2 · 100mL) and brine (2 · 100mL). The
organic layer was dried (Na2SO4) and concentrated.

Column chromatography using CH2Cl2–EtOAc (7:3) as

the elution solvent afforded 2 as a white foam (1.6 g,

84%). 1H NMR (CDCl3): d 1.29 (s, 3H, C(CH3)2), 1.31

(s, 3H, C(CH3)2), 1.42 (s, 3H, C(CH3)2), 1.48 (s, 3H,

C(CH3)2), 1.97–2.02 (m, 15H, 5 ·COCH3), 2.75 (br s,

2H, OH), 3.47–3.52 (m, 1H), 3.61–3.69 (m, 2H), 3.80–

3.99 (m, 4H), 4.14–4.21 (m, 2H, H-4a, H-4b), 4.27 (dd,
1H, J1;2 ¼ 5:0, J2;3 ¼ 7:9Hz, H-2a), 4.56 (dd, 1H,

J2;3 ¼ 7:9, J3;4 ¼ 2:4Hz, H-3a), 4.61 (d, 1H,

J1;2 ¼ 7:9Hz, H-1b), 4.80–4.88 (m, 2H, H-2b, H-2c),

4.91 (dd, 1H, J3;4 ¼ 10:1, J4;5 ¼ 10:1Hz, H-4c), 5.28 (dd,

1H, J2;3 ¼ 3:5, J3;4 ¼ 3:5Hz, H-3b), 5.38 (dd, 1H,

J2;3 ¼ 10:1, J3;4 ¼ 10:1Hz, H-3c), 5.42 (d, 1H,

J1;2 ¼ 4:2Hz, H-1c), 5.42 (d, 1H, J1;2 ¼ 5:0Hz, H-1a);
13C NMR (CDCl3): d 20.7, 20.8, 21.1, 24.4, 25.1, 26.0,
26.1, 60.7, 61.2, 67.4, 69.1, 69.5, 70.4, 70.6, 70.7, 71.1,

72.2, 74.5, 75.6, 76.8, 77.2, 77.4, 77.5, 95.4, 96.3, 101.1,
108.7, 109.5, 169.9, 170.1, 170.2, 170.5, 170.7; HR-

MALDI-TOF found m=z 817.2741 [M+Na]þ. Calcd for
C34H50O21Na 817.2742.

3.2. 2,3,4-Tri-O-acetyl-6-O-allyl-a-DD-glucopyranosyl-

(1fi 4)-2,3-di-O-acetyl-6-O-allyl-b-DD-glucopyranosyl-

(1fi 6)-1,2:3,4-di-O-isopropylidene-a-DD-galactopyranose

(3)

Diol 2 (2.1 g, 2.6mmol) and allyl trichloroacetimidate
(1.3mL, 9.5mmol) were combined under argon flow and

dissolved in a 3:7 CH2Cl2–C6H12 mixture (10mL). Tri-

flic acid (63 lL) was added slowly and the solution was

stirred at ambient temperature for 4 h, after which time

another portion of the allyl trichloroacetimidate

(1.3mL, 9.5mmol) and triflic acid (63 lL) were added.

The reaction mixture was allowed to stir for another

16 h before the solution was quenched by the addition of
pyridine. The solvent was removed in vacuo to provide

an oil that was purified by column chromatography (1:1,



Figure 1. HMQC NMR (500MHz, D2O) of tetralactoside dendron 9.
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hexanes–EtOAc) affording 3 (1.2 g, 54%) as a white

foam. 1H NMR (CDCl3): d 1.29 (s, 3H, C(CH3)2), 1.31

(s, 3H, C(CH3)2), 1.43 (s, 3H, C(CH3)2), 1.48 (s, 3H,

C(CH3)2), 1.96–2.05 (m, 15H, 5 ·COCH3), 3.42 (dd, 1H,

J5;6 ¼ 3:6, J6;60 ¼ 10:8Hz, H-6c), 3.50–3.56 (m, 2H, H-

5b, H-60c), 3.67 (dd, 1H, H-60a, J5;60 ¼ 7:3, J6;60 11.1Hz),
3.71 (dd, 1H, J5;6 ¼ 2:0, J6;60 ¼ 11:6Hz, H-6b), 3.80 (dd,

1H, J5;6 ¼ 3:7, J6;60 ¼ 11:6Hz, H-60b), 3.88–4.11 (m, 8H),

4.18 (dd, 1H, J4;5 ¼ 1:8, J3;4 ¼ 7:9Hz, H-4a), 4.28 (dd,

1H, J1;2 ¼ 2:4, J2;3 ¼ 5:0Hz, H-2a), 4.53–4.59 (m, 2H,

H-1b, H-3a), 4.78–4.86 (m, 2H, H-2b, H-2c), 5.12 (dd,

1H, J3;4 ¼ 10:0, J4;5 ¼ 10:0Hz, H-4c), 5.15–5.31 (m, 5H,

H-3b, OCH2CHCH2), 5.35 (dd, 1H, J2;3 ¼ 9:6,
J3;4 ¼ 10:0Hz, H-3c), 5.41 (d, 1H, J1;2 ¼ 3:9Hz, H-1c),
5.49 (d, 1H, J1;2 ¼ 5:0Hz, H-1a), 5.79–5.94 (m, 2H,

OCH2CHCH2);
13C NMR (CDCl3): d 20.6, 20.6, 20.7,

20.7, 20.9, 24.4, 25.0, 25.9, 26.0, 67.5, 67.9, 68.4, 68.9,

69.0, 69.1, 69.7, 70.3, 70.4, 70.6, 71.1, 71.4, 72.0, 72.6,

72.7, 74.4, 75.4, 94.9, 96.2, 101.1, 108.6, 109.3, 117.1,

117.5, 134.3, 134.6, 169.4, 169.8, 170.1, 170.3, 170.5; HR

ESI found m=z 897.3362 [M+Na]þ. Calcd for

C40H58O21Na 897.3368.

3.3. Dendron 4

Hepta-O-acetyl-1-thio-b-lactose11b (195mg, 0.3mmol)

and the bisallyl derivative 3 (40mg, 0.05mmol) were

dissolved in dry CH3OH (5mL) in a 3 dram vial. The

solution was bubbled with argon for 20min before

exposing the mixture to an Hg lamp for 5 h. The solvent
was then evaporated in vacuo to give an off-white solid,

which was purified by flash chromatography (3:7, hex-

anes–EtOAc) yielding 4 (58mg, 75%) as a white solid.
1H NMR (CDCl3): d ¼ 1:21 (s, 6H, 2 ·C(CH3)2), 1.32

(s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2), 1.69–1.78 (m,

4H, SCH2CH2), 1.85 (s, 6H, 2 ·COCH3), 1.88–1.97 (m,
36H, 14 ·COCH3), 2.00 (s, 3H, COCH3), 2.02 (s, 3H,

COCH3), 2.03 (s, 3H, COCH3), 2.53–2.69 (m, 4H,

SCH2CH2), 3.27–3.35 (m, 2H), 3.37–3.60 (m, 8H), 3.66–

3.73 (m, 2H), 3.77–3.90 (m, 6H), 3.97–4.03 (m, 8H), 4.08

(dd, 1H), 4.18 (dd, 1H), 4.34–4.49 (m, 8H), 4.65–4.72

(m, 2H), 4.79–4.87 (m, 4H), 4.94–5.12 (m, 3H), 5.07–

5.17 (m, 3H), 5.19–5.25 (m, 3H), 5.28 (d, 1H,

J1;2 ¼ 3:8Hz, H-1c), 5.37 (d, 1H, J1;2 ¼ 4:9Hz, H-1a);
13C NMR (CDCl3): d 13.48, 18.89, 20.26, 20.39, 20.48,

20.50, 20.55, 20.62, 20.65, 20.66, 20.75, 20.79, 24.17,

24.81, 25.76, 25.82, 27.09, 27.26, 29.75, 29.94, 30.41,

60.63, 62.07, 64.06, 66.47, 67.39, 68.41, 68.78, 68.90,

69.08, 69.24, 69.43, 69.76, 70.07, 70.18, 70.23, 70.44,

70.79, 70.99, 71.69, 72.05, 73.62, 73.62, 74.16, 74.83,

76.11, 76.35, 76.38, 83.50, 83.60, 94.88, 95.98, 100.86,

100.89, 100.95, 108.37, 109.10, 168.80, 169.07, 169.32,
169.42, 169.58, 169.76, 169.85, 169.89, 170.00, 170.05,

170.26, 170.92.

3.4. Dendron 5

Sodium methoxide (0.8mL) was added to a solution of

the dendron 3 (730mg, 0.33mmol) in CH3OH (50mL).

After stirring for 3.5 h, the solution was neutralized
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using Amberlite IR-120 Hþ resin, filtered, and then

concentrated to provide the 5 as a white solid (452mg,
97%); 1H NMR (CD3OD): d 1.31 (s, 3H, C(CH3)2), 1.34

(s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2), 1.52 (s, 3H,

C(CH3)2), 1.84–1.95 (m, 4H, SCH2CH2), 2.71–2.87 (m,

4H, SCH2CH2), 3.22–3.33 (m, 4H), 3.40–3.84 (m, 35H),

3.85–3.93 (m, 2H), 3.97–4.60 (m, 2H), 4.24–4.45 (m,

6H), 4.59–4.65 (m, 2H), 5.07–5.16 (m, 1H, H-1c), 5.50

(d, 1H, J1;2 ¼ 4:9Hz, H-1a); 13C NMR (CD3OD): d
23.22, 24.10, 24.95, 26.27, 29.75, 60.72, 61.02, 61.16,
67.57, 68.77, 69.11, 69.46, 69.50, 69.97, 70.40, 70.39,

71.00, 72.28, 72.48, 72.61, 72.95, 73.25, 73.63, 74.05,

75.50, 75.88, 75.90, 76.35, 78.90, 79.22, 80.61, 85.44,

85.56, 96.17, 101.73, 103.26, 103.52, 108.60, 108.97; HR-

MALDI-TOF found m=z 1403.4700 [M+Na]þ. Calcd

for C54H92O36S2Na 1403.4707. The deacetylated product

(508mg, 0.36mmol) was then stirred in a 90% aqueous

TFA solution for 15min. The solvent was reduced
in vacuo to afford the fully deprotected dendron 5 as an

off-white solid. The compound was redissolved in H2O

and lyophilized to afford a fluffy white solid (474mg,

quant. yield). 1H NMR (D2O): d 1.79 (m, 4H,

SCH2CH2), 2.61–2.69 (m, 4H, SCH2), 3.15–3.93 (m,

46H), 4.09–4.15 (m, 0.4H, 2aa), 4.31 (d, 2H, H-1d, H-

1f), 4.33–4.41 (m, 3.6H, H-1ab, H-1b, H-1e, H-1g), 5.11

(d, 0.4H, H-1aa), 5.19 (d, 1H, H-1c); 13C NMR (D2O): d
26.56, 29.08, 60.06, 60.87, 68.40, 68.67, 68.80, 68.91,

69.28, 69.30, 69.59, 69.66, 70.79, 70.98, 71.10, 71.60,

71.87, 72.36, 72.47, 72.60, 72.68, 73.01, 73.64, 75.19,

75.62, 75.90, 78.05, 78.50, 85.23, 96.28, 102.73; HR-

MALDI-TOF found m=z 1323.4111 [M+Na]þ. Calcd

for C48H84O36S2Na 1323.4081.

3.5. Dendron 7

Acetic acid (1.4mL, 60mmol) was added to a solution

of 5 (78mg, 60mmol), 6 (14mg, 23mmol), and NaCN-

BH3 (131mg, 2.1mmol) in a 1:1 solution of CH3OH

(1mL) and H2O (1mL). The reaction mixture was stir-

red and heated under reflux for 20 h. The mixture was

allowed to cool to room temperature, before being

concentrated and redissolved in H2O (0.5mL) and
purified by preparative reverse-phase HPLC (C-18 re-

versed-phase: CH3OH–H2O, 0:100 to 100:0, retention

time¼ 6.0min) to afford the pure lactoside glycoden-

dron 7 (35mg, 48%); 1H NMR (D2O): d 1.26, 1.27, 1.36,

1.47 (12H, 4s, 2 ·C(CH3)2), 1.79–1.88 (m, 8H,

SCH2CH2), 2.29, 2.33 (2s, 6H, 2 ·NCH3), 2.6–2.8 (m,

8H, SCH2), 3.1–4.1 (m, 112H), 4.36–4.45 (m, 9H, H-1b,

H-1f, H-1g, H-1i, H-1m, H-1n, H-1p), 4.29–4.35 (m, 4H,
H-1h, H-1j, H-1o, H-1q), 5.19, 5.24 (2d, 2H, 3J1;2 ¼ 3:7,
2.8Hz, H-1e, H-1l), 5.36 (d, 1H, 3J1;2 ¼ 3:5Hz, H-1c),

5.56 (d, 1H, 3J1;2 ¼ 4:8Hz, H-1a); Selected 13C NMR

(D2O): d 23.2, 23.9, 24.8, 24.9 (2 ·C(CH3)2), 26.6

(SCH2), 29.7, (SCH2CH2), 44.9, 45.0 (2 ·NCH3), 85.1,

85.2 (C-1g, C-1i, C-1n, C-1p), 95.7 (C-1a), 96.7 (C-1c),
102.5, 102.8 (C-1f, C-1m), 109.9, 110.0 (C-1e, C-1l); ESI

m=z found 1591.3 [M+2H]2þ. Calcd for
C122H214N2O84S4 3179.1418.
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