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Treating cancer has been challenging for decades, following countless approaches and attempts. Nu-
cleosides, alone or as part of nucleotides, are vital elements of living systems and have shown phar-
macological effects, e.g. as antibiotic or antiviral agents. We investigated the antitumor potential on
human melanoma, lung and ovarian carcinomas, and on colon adenocarcinoma of a new series of purine
nucleosides based on a 6-chloropurine or a 2-acetamido-6-chloropurine scaffold linked to perbenzylated
hexosyl (glucosyl, galactosyl and mannosyl) residues. All compounds were tested in a sulforhodamine B
(SRB) assay for their cytotoxicity and provided micromolar GI50 values with order of magnitude com-
parable to structurally similar chemotherapeutics, namely 2-chloro-20-deoxyadenosine (cladribine).
Furthermore, the induction of apoptosis was established and cell cycle analysis was accomplished
demonstrating a G2/M cell cycle arrest.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Purine nucleosides and nucleotides have been major targets of
anticancer research for several decades. One of the first in-
vestigations was accomplished by the group of Noell in 1962 syn-
thesizing a series of thioguanines and 2-amino-6-alkylthiopurine
derivatives [1]. Studies dealing with compounds containing purine
moieties, e.g. in gold (III) complexes [2] or adenine derivatives [3e5]
have also been reported and effective camptothecin purine de-
rivatives possessing GI50 values in micromolar range were synthe-
sized by Li et al. [6]. Caba et al. [7] reported on an antiproliferative
agent against the MCF-7 adenocarcinoma with micromolar GI50
value embodying tetrahydrobenzoxazepine N9-linked to a 6-
chloropurine while a coumarin N9-linked to a 2-amino-6-
chloropurine showed moderate activity (25e35 mM) against the
HeLa, HepG2 and SW620 cell lines [9]. Voller et al. accomplished
substitutions at different positions of a 6-aminopurine scaffold and
have shown that some of the ribosides exhibited micromolar anti-
cancer activity while their N7- or N9-linked glucoside analogues
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were not active [8]. In addition, a 9-norbornyl-6-chloropurine was
recently reported as a novel antileukemic compound [10]. The
previously reported anticancer potential of 6-chloropurine derived
compounds encouraged us to investigate, for the first time, a series
of purines embodying a 6-chloro substitution (CP) or both 6-chloro-
and 2-acetamido groups (ACP), linked at N7 or N9 to perbenzylated
d-glucosyl, D-mannosyl and D-galactosyl residues. The reaction con-
ditions described by Marcelo et al. [11] using a silylated base was
optimized for this type of nucleosides. The anticancer activity was
determined using a sulforhodamine B (SRB) assay to yield GI50
values for humanmelanoma, lung and ovarian carcinoma, and colon
adenocarcinoma cancer cell lines. Furthermore, the substanceswere
tested on murine embryonic fibroblasts (NiH 3T3) to investigate
their tumor cell-to-control-specifity. In addition, acridine orange/
propidium iodide assays, DNA laddering experiments and cell cycle
analyses were performed for the most active compound to gain
some information about the mode of action of this family of new
anticancer molecular entities.

2. Results

2.1. Chemistry

Nucleoside synthesis can be performed by a two steps proce-
dure, starting with the acetylation [12] or halogenation [13,14] of

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:aprauter@fc.ul.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2014.11.019&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
http://dx.doi.org/10.1016/j.ejmech.2014.11.019
http://dx.doi.org/10.1016/j.ejmech.2014.11.019
http://dx.doi.org/10.1016/j.ejmech.2014.11.019


Table 1
Experimental conditions for the reaction of methyl 2,3,4,6-tetra-O-benzyl-a-D-
glycoside with the purine (CP or ACP). Yields and product ratios were determined by
1H NMR experiments. 1 Equivalent of the monosaccharide and 1.5 equivalents of the
silylated purine in dry acetonitrile were used, conventional heating at 65 �C was
performed.

Entry Purine Eq. TMSOTf Time b-N7/N9 Overall yield

1 CP 1 24 h n.d.a

2 CP 2 2 h 1/1.9 43%
3 CP 4 2 h 1/4.5 62%
4 CP 8 2 h 1/3.8 65%

5 ACP 1 24 h n.d.
6 ACP 2 2 h 1/2.4 1%
7 ACP 4 2 h 1/1 62%
8 ACP 8 2 h 1/1.3 63%

a n.d: no product detected.
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suitable precursors, followed by reaction with the heterocyclic
base. A direct access to nucleosides can be gained by Lewis acid
activation with tin chloride [15,16] or TMSOTf [17] of methyl gly-
cosides in a reaction employing a persilylated purine. Marcelo et al.
applied TMSOTf in acetonitrile to link regioselectively bicyclic py-
ranosides to purine scaffolds at their N7 position with b-stereo-
selectivity [11]. These conditions were investigated in this study for
this nucleoside series. Therefore, monosaccharidyl donors were
prepared according to established procedures [18]. In the next step,
the molarity of TMSOTf was investigated regarding its impact on
the reaction yield and N7/N9 ratio. The proportions of the reaction
products formed, determined by 1H NMR, are compiled in Table 1,
showing that the use of eight equivalents of TMSOTf worked best
regarding the overall yields, while the N7/N9 ratio did not change
significantly by increasing the concentration of TMSOTf. However,
the expected N7 regioselectivity obtained by Marcelo et al. [11] in
the presence of TMSOTf in acetonitrile occurred only for the b-
mannosylation and the b-galactosylation of 2-acetamido-6-
chloropurine, while the thermodynamically controlled N9 nucleo-
side was the major b-anomer resulting from the N-glucosylation
and the N-galactosylation of 6-chloropurine. All four isomers (a/b,
N7/N9) could be detected using these reaction conditions [19].
Nevertheless, only the b-anomers (Scheme 1) were subjected to
biological testings, in as much as they were the predominant spe-
cies when introducing the glycosyl or galactosyl moieties and the a-
anomers appeared in very low amount. Therefore, also the minor b-
Scheme 1. Synthesis of the nucleosides. CP: 6-chloropurine; ACP: 2-acetamido
mannosyl nucleosides were isolated and tested in order to receive
comparable biological data to correlate structure with bioactivity in
this family of compounds. The hydroxy groups of the glycosyl
moities remained benzylated, since the presence of benzyl groups
enhances the cytotoxicity of glycosylated compounds [20,21].
Moreover, benzyl groups represent a suitable metabolic protection.

The configuration of the anomeric center as well as the purine
substitution pattern could be confirmed by the observed chemical
shifts in the 1H and 13C NMR spectra and the 3JH-1,H-2 coupling
constant of the anomeric proton. Chemical shifts of d ¼ 5.4 ppm to
d ¼ 5.7 ppm and coupling constants of J ¼ 7 to J ¼ 9 Hz were ob-
tained for D-gluco and D-galacto configurated derivatives proving an
axial position of the anomeric proton, while coupling constants of
approx. J ¼ 1 Hz were determined for D-manno configurated com-
pounds. In the 13C NMR spectra, the chemical shifts of d ¼ 83 to
d¼ 85 ppm for the anomeric carbon are in full agreement with data
given in the literature for the anomeric carbon of other b-hex-
opyranosyl nucleosides [22e24]. The distinction between N7 or N9

substitution at the purine scaffold can be achieved by the chemical
shift of purine carbon 5. In CP and ACP nucleosides the resonance of
C-5 ranges from d ¼ 131 ppm to d ¼ 128 ppm indicating N9 sub-
stitution while N7 substitution was characterized by C-5 chemical
shifts of about d ¼ 122 ppm for CP and about d ¼ 118 ppm for ACP
nucleosides. These assignments were also confirmed with NMR
HMBC experiments.

2.2. Biology

The cytotoxic activities of all synthesized compounds are rep-
resented by their GI50 values given in Table 2. The values were
determined in photometric SRB assays, using four different human
tumor cell lines as well as murine embryonic fibroblasts (NiH 3T3).
Some general tendencies could be observed within the bounds of
our study. While the purines CP and ACP did not show any activity
below 30 mM (cut-off), their N-glycosylation, increased consider-
ably their cytotoxic activity. In general, the ACP nucleosides showed
higher activities than the corresponding CP analogues. Further-
more, N7 derivatives showed lower GI50 values when compared to
their N9 regioisomers.

The influence of the glycosyl moiety was, however, less signifi-
cant. The introduction of glucosyl and galactosyl groups showed
similar results, e.g. GI50 values from 18 to above 30 mM were
determined for compounds 2 and 4, both N9 CP regioisomers,
-6-chloropurine. Reagents and conditions: (a) TMSOTf, CH3CN, 65 �C, 2 h.
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exhibiting the lowest activities amongst the CP nucleosides tested.
In contrast, those nucleosides bearing a mannosyl group showed
the highest cytotoxic potential. The only exception was compound
5, a N7 CP nucleoside, possessing GI50 values between 9 and 14 mM.
The corresponding ACP derivative 11 exhibited GI50 values of
1.4e2.2 mM and is the most potent compound of this investigation.
This compound exhibited a higher cytotoxicity than betulinic acid
(GI50 from 11.0 to 14.9 mM [25,26]) or tamoxifen (GI50 from 7.6 to
9.7 mM [27]), two common antitumor drugs. However, no selec-
tivity was detected when these substances were tested on murine
embryonic fibroblasts NiH 3T3, a non-malignant cell line.

The ability to trigger apoptosis is a fundamental quality of
potent anticancer drugs. Consequently, the most active compound
11 of this study was subjected to further screening, applying a dye
exclusion assay (acridine orange/propidium iodide, AO/PI) [28,29],
DNA laddering assay [25] and cell-cycle analysis [30]. The appear-
ance of green fluorescent cells with sections of diverse intensity
indicated that 11 is able to trigger apoptosis in HT-29 cells (Fig. 1).
This circumstance was confirmed by the results of the DNA lad-
dering test (Fig. 2) showing the characteristic DNA fragmentation.

As a result of the AO/PI assay, the induction of a programmed
cell death (PCD) [31] by 11 could be demonstrated. Membrane
integrity is a typical hallmark of PCDs, like e.g. apoptosis. For an
accidental cell death (necrosis) a membrane disruption is
described, instead. Necrotic cells are stained in this assay red, due to
intercalation of the cell membrane impermeable dye (propidium
iodide, PI) into the DNA double strand [32].

Additionally, investigation of the cell morphology suggested a
PCD mediated by apoptosis, due to the occurrence of typical
membrane blabbing. Also, the occurrence of many mitotic cells
indicates a potential interruption in the last cell cycle phase
(mitosis); some of the cells seem to be arrested in the telophase.

To establish the induction of apoptosis, the DNA enriched frac-
tion of the death-cells was submitted to a gel-electrophoresis based
fragmentation assay (DNA-ladder assay). As depicted in Fig 1 by the
occurrence of well-defined 178 kBp DNA fragments and multiples
thereof, treatment of the cells with 11 led to DNA fragmentation
and thus, to the activation of the caspase-activated DNAse (CAD)
[33]. The latter is another typical hallmark of the caspase mediated
apoptosis.

Triggering of apoptosis is known to be possible via several cas-
pase dependent routes, besides an intrinsic and an extrinsic way, an
inhibition of the cell cycle regulating cyclin-dependent kinases
(cdks) is known to effect the cell cycle distribution and hence to
Table 2
Cytotoxicity (GI50 in mM) of compounds 1e12measured in SRB-assays with 4 different hu
comparison to their parent purines CP and ACPa as well as to betulinic acid [25,26] and

Purine, purine nucleosideb N7/N9 518A2 (melanoma) A2780 (lung carcino

CP >30 >30
ACP >30 >30

1 GlcCP N7 4.7 ± 0.1 6.3 ± 0.1
2 GlcCP N9 >30 >30
3 GalCP N7 9.0 ± 0.3 4.0 ± 1.0
4 GalCP N9 >30 >30
5 ManCP N7 13.5 ± 0.6 10.9 ± 0.1
6 ManCP N9 13.7 ± 3.4 27.1 ± 1.9
7 GlcACP N7 3.4 ± 0.1 3.5 ± 0.1
8 GlcACP N9 7.6 ± 0.1 15.6 ± 0.8
9 GalACP N7 3.8 ± 0.1 5.5 ± 0.3
10 GalACP N9 8.9 ± 4.4 11.0 ± 3.2
11 ManACP N7 2.0 ± 0.1 2.2 ± 0.1
12 ManACP N9 11.5 ± 0.3 15.4 ± 0.2
e Betulinic acid e 11.9 ± 0.6 11.0 ± 0.6
e Tamoxifen e 7.6 ± 0.5 7.8 ± 0.5

a GI50 values represent mean values of 3 independent measurements and were calcul
b Betulinic acid and tamoxifen are standard anticancer drugs.
trigger apoptosis [34]. 2,6,9-Trisubstituted purine derivatives are
able to inhibit CDKs and some of them led to a specific G2 phase
arrest, promoting apoptosis in MT-2 cells [35], while several other
CDK inhibiting purine analogues were shown to induce a signifi-
cant G1 arrest or to trigger apoptosis independently from the
trapping of the cell cycle [36]. To gain a deeper insight into the
modulation of the cell cycle, cells were treated with 11 and sub-
mitted to a cell cycle distribution assay. As shown in Fig. 3, a sig-
nificant G2/M phase arrest was induced by the compound after an
incubation period of 24 h.
3. Conclusions

A new family of anticancer nucleosides embodying a 6-
chloropurine or a 2-acetamido-6-chloropurine linked to a hexo-
syl moiety is here disclosed. The structural features common to
the most active compounds are the 2-acetamido group and the N7

glycosyl linkage, in contrast to the N9-linkage present in the
antitumor purine derivatives described in the literature. The
mannosyl group was present in the most active nucleoside, but
the analogue galactosyl nucleoside also showed GI50 values of the
same order of magnitude. They were active on human melanoma,
lung and ovarian carcinomas, and colon adenocarcinoma in low
micromolar range, and the most active compounds provided data
of the same order of magnitude (e.g. compound 11 with GI50
1.5 mM) as that of the structurally similar chemotherapeutic 2-
chloro-20-deoxyadenosine (cladribine, GI50 2.43 mM on U266 leu-
kemia [35]).

A membrane-stability analysis (AO/PI assay), as well as a DNA-
fragmentation assay with the most potent compound 11
confirmed the cytocidal effect leading to apoptosis. In addition, cell
cycle analyses suggest an induced mode-of-action via modulation
of DNA-synthesis. The process is a known hallmark of several
clinical-approved and structurally related deoxyadenosine ana-
logues (e.g. fludarabine, pentostatin or cladribine [5,38,39]).
Treatment with these drugs offered several benefits, for example
promising overall survival rates at 12 years of 75e87% for the
treatment of hairy cell leukemia with 2-chlorodeoxyadenosine
[40]. However, resistance of the tumor cells via a down regulation
of drug-activating enzymes (dCK and dGK [41]) urges the necessity
of further improvements [37,42]. Our findings confirm the potential
of hexopyranosyl glycon based purines as a rewarding starting
point for further pharmacological investigations.
man cancer cell lines and non-malignant murine embryonic fibroblasts (NiH 3T3) in
tamoxifen [27].

ma) A549 (ovarian carcinoma) HT-29 (colon adenocarcinoma) NiH 3T3

>30 >30 >30
>30 >30 >30
4.2 ± 0.2 6.8 ± 0.4 6.9 ± 0.1
17.9 ± 8.7 n.d. 29.2 ± 13.9
8.1 ± 0.7 19.7 ± 1.1 7.9 ± 2.9
20.2 ± 16.4 n.d. 18.6 ± 6.1
9.4 ± 0.2 11.0 ± 1.1 9.8 ± 2.4
29.5 ± 6.4 25.3 ± 1.5 11.2 ± 5.2
4.6 ± 0.4 3.9 ± 0.1 3.6 ± 0.1
23.2 ± 0.6 >30 8.8 ± 0.3
4.1 ± 0.4 4.1 ± 0.6 4.2 ± 0.8
17.5 ± 6.8 15.7 ± 8.4 7.3 ± 3.0
1.6 ± 0.2 1.5 ± 0.1 1.4 ± 0.1
13.0 ± 0.1 13.2 ± 0.2 8.7 ± 0.2
14.9 ± 0.7 16.1 ± 0.8 10.0 ± 0.5
9.7 ± 0.7 e 7.3 ± 0.5

ated applying the two-parametric Hill slope equation.



Fig. 1. Results of AO/PI assay using HT-29 cells treated with compound 11 (5 mM) for
24 h, floated cells collected.

Fig. 3. Results of the cell cycle analysis in a size-number-diagram using HT-29 cells,
left e control, right e compound 11 (5 mM); incubation time was 24 h.
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4. Experimental section

4.1. Synthesis and analysis

Reagents were bought from commercial suppliers without any
further purification. Melting points were measured with a Melting
Point Apparatus, SMP3, Stuart Scientific, Bibby and were not cor-
rected. NMR spectra were recorded on BRUKER Avance 400 spec-
trometer at 298 Kwith trimethylsilane as an internal standard, d are
given in ppm and J in Hz. Mass spectra were taken on a FINNIGAN
MAT TSQ 7000 (electrospray, voltage 4.5 kV, sheath gas nitrogen)
instrument. Elemental analyses were measured on a Foss-Heraeus
Vario EL unit. Optical rotationswere determined on a PerkineElmer
341 polarimeter. TLC was performed on silica gel (Merck 5554).
Solvents were dried before use according to usual procedures. The
purity of the compounds was checked by HPLC-DAD and found to
be >95% for each compound.
4.2. General procedure for the N-glycosylation

N,O-Bis(trimethylsilyl)acetamide (BSA) (1.5 eq. for 6-chlor-
opurine and 3.0 eq. for 2-acetamido-6-chloropurine) was added to
a mixture of the respective purine (1.5 eq.) in dry acetonitrile
(10 mL). The mixture was stirred at room temperature for 40 min.
Then, the methyl glycoside (1 eq.), dissolved in dry acetonitrile
Fig. 2. DNA fragmentation scatter of the DNA laddering assay using HT-29 cells tested
with compound 11 (5 mM) for 24 h.
(2 mL), and trimethylsilyl trifluoromethanesulfonate (TMSOTf, 8
eq.) were added. After continuous stirring at 65 �C for 2 h, the so-
lution was poured into dichloromethane (10 mL), washed with a
saturated solution of Na2CO3 and extracted with dichloromethane
(3 � 15 mL). The combined organic layers were washed with brine,
dried (MgSO4) and concentrated. Compounds were isolated by
column chromatography.
4.2.1. 6-Chloro-7-(2,3,4,6-tetra-O-benzyl-b-D-glucopyranosyl)
purine (1) and 6-chloro-9-(2,3,4,6-tetra-O-benzyl-b-D-
glucopyranosyl)purine (2)

The compounds were obtained by the reaction of methyl
2,3,4,6-tetra-O-benzyl a-D-glucopyranoside (280 mg, 0.50 mmol)
and 6-chloropurine (122 mg, 0.75 mmol) according to the general
procedure. Purification by column chromatography (ethyl acetate/
cyclohexane 1:1) afforded 1 (65 mg, 19%) and 2 (103 mg, 30%). Data
for 1: colorless oil; Rf ¼ 0.10 (ethyl acetate/hexane 1:2); [a]¼�9� (c
1.01, CHCl3); MS (ESI):m/z (%) ¼ 587.1 ([M-BnþH]þ, 90), 609.3 ([M-
BnþNa]þ, 48), 677.0 ([MþH]þ, 100); 1H NMR (400 MHz, CDCl3):
d¼ 8.84 (s, 1H, H-2), 8.23 (s, 1H, H-8), 7.40e7.17 (m, 15H, Bn-arom.),
7.07e6.95 (m, 3H, Bn-arom.), 6.74 (m, 2H, Bn-arom.), 5.72 (br, 1H, H-
10), 5.01 (part A of AB system, 1H, Bn-CHH0, J ¼ 10.9), 4.95 (part B of
AB system,1H, Bn-CHH0, J¼ 10.9), 4.89 (part A of AB system,1H, Bn-
CHH0, J ¼ 10.7), 4.64 (part B of AB system, 1H, Bn-CHH0, J ¼ 10.7),
4.63 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.5), 4.54 (part A of AB
system, 1H, Bn-CHH0, J ¼ 12.1), 4.48 (part B of AB system, 1H, Bn-
CHH0, J ¼ 12.1), 4.23 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.5),
3.97e3.86 (br, 3H, H-20 and H-30 and H-50), 3.78e3.70 (br, 3H, H-40

and H-60a and H-60b) ppm; 13C NMR (100MHz, CDCl3): d¼ 161.4 (C-
4), 152.1 (C-2), 147.0 (C-8), 143.1 (C-6), 137.8 (Bn-Cq), 137.5 (Bn-Cq),
137.5 (Bn-Cq), 135.8 (Bn-Cq), 128.6 (Bn-arom.), 128.6 (Bn-arom.),
128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-
arom.), 128.2 (Bn-arom.), 128.2 (Bn-arom.), 128.1 (Bn-arom.), 128.0
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.),
127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.8 (Bn-arom.), 127.8 (Bn-
arom.), 127.8 (Bn-arom.), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 122.1
(C-50), 86.0 (C-30), 85.2 (C-10), 80.1 (C-20), 78.1 (C-40), 77.2 (C-50),
75.9 (Bn-CH2), 75.3 (Bn-CH2), 74.7 (Bn-CH2), 73.5 (Bn-CH2), 68.2 (C-
60) ppm. Elemental analysis calculated for C39H37ClN4O5 (677.2): C,
69.17; H, 5.51; N, 8.27; found: C, 68.98; H, 5.42; N, 8.02.
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Data for 2: colorless crystals; mp 146e149 �C; RF ¼ 0.35 (ethyl
acetate/hexane 1:2); [a] ¼ �24� (c 1.03, CHCl3); MS (ESI): m/z
(%) ¼ 677.1 ([MþH]þ, 100), 699.3 ([MþNa]þ, 29), 1354.7 ([2MþH]þ,
12); 1HNMR (400MHz, CDCl3): d¼ 8.68 (s,1H,H-2), 8.03 (s,1H,H-8),
7.39e7.27 (m, 13H, Bn-arom.), 7.23e7.18 (m, 2H, Bn-arom.), 7.12 (m,
1H, Bn-arom.), 6.99 (m, 2H, Bn-arom.), 5.59 (d, 1H, H-10, J¼ 9.0), 4.99
(part A of AB system,1H, Bn-CHH0, J¼ 11.0), 4.94 (part B of AB system,
1H, Bn-CHH0, J ¼ 11.0), 4.88 (part A of AB system, 1H, Bn-CHH0,
J¼ 10.7), 4.65 (part B ofAB system,1H, Bn-CHH0, J¼ 10.7), 4.61 (part A
ofAB system,1H, Bn-CHH0, J¼ 11.7), 4.55 (part AofAB system,1H, Bn-
CHH0, J¼ 12.2), 4.48 (part B of AB system,1H, Bn-CHH0, J¼ 12.2), 4.17
(part B of AB system,1H, Bn-CHH0, J¼ 11.7), 4.07 (t, 1H, H-20, J¼ 9.0),
3.91 (dd, 1H, H-30, J ¼ 9.0, 8.3), 3.87 (dd, 1H, H-40, J ¼ 9.6, 9.1),
3.76e3.69 (br, 3H, H-60a and H-50 and H-60b) ppm; 13C NMR
(100MHz, CDCl3): d¼ 152.0 (C-20,151.4 (C-4),151.0 (C-6),143.2 (C-8),
137.9 (Bn-Cq),137.7 (Bn-Cq),137.6 (Bn-Cq),136.2 (Bn-Cq),131.5 (C-5),
128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-
arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.1 (Bn-arom.), 128.1
(Bn-arom.), 128.1 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.),
127.9 (Bn-arom.),127.8 (Bn-arom.),127.8 (Bn-arom.),127.8 (Bn-arom.),
127.7 (Bn-arom.),127.7 (Bn-arom.),127.7 (Bn-arom.),127.7 (Bn-arom.),
127.7 (Bn-arom.), 85.9 (C-30), 83.3 (C-10), 79.9 (C-20), 78.3 (C-50), 77.2
(C-40), 75.9 (Bn-CH2), 75.3 (Bn-CH2), 74.9 (Bn-CH2), 73.5 (Bn-CH2),
68.2 (C-60) ppm. Elemental analysis calculated for C39H37ClN4O5
(677.2): C, 69.17; H, 5.51; N, 8.27; found: C, 69.02; H, 5.38; N, 8.11.

4.2.2. 6-Chloro-7-(2,3,4,6-tetra-O-benzyl-b-D-galactopyranosyl)
purine (3) and 6-chloro-9-(2,3,4,6-tetra-O-benzyl-b-D-
galactopyranosyl)purine (4)

The compounds were obtained by the reaction of methyl
2,3,4,6-tetra-O-benzyl a-D-galactopyranoside (280 mg, 0.50 mmol)
and 6-chloropurine (122 mg, 0.75 mmol) according to the general
procedure. Purification by column chromatography (ethyl acetate/
cyclohexane 1:1) afforded 3 (51 mg, 15%) and 4 (151 mg, 44%). Data
for 3: colorless oil; Rf ¼ 0.30 (ethyl acetate/hexane 1:1); [a] ¼ �22�

(c 1.00, CHCl3); MS (ESI): m/z (%) ¼ 587.0 ([M-BnþH]þ, 100), 609.3
([M-BnþNa]þ, 70), 676.9 ([MþH]þ, 7); 1H NMR (400 MHz, CDCl3):
d¼ 8.83 (s, 1H, H-2), 8.26 (s, 1H, H-8), 7.44e7.23 (m,15H, Bn-arom.),
7.11e6.96 (m, 3H, Bn-arom.), 6.75 (m, 2H, Bn-arom.), 5.78 (d, 1H, H-
10, J ¼ 8.1), 5.01 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.2), 4.85
(part A of AB system, 1H, Bn-CHH0, J ¼ 11.6), 4.78 (part B of AB
system, 1H, Bn-CHH0, J ¼ 11.6), 4.70 (part A of AB system, 1H, Bn-
CHH0, J¼ 11.4), 4.36 (part B of AB system,1H, Bn-CHH0, J¼ 11.2), 4.48
(part A of AB system, 1H, Bn-CHH0, J ¼ 11.8), 4.43 (part B of AB
system, 1H, Bn-CHH0, J ¼ 11.8), 4.28 (part B of AB system, 1H, Bn-
CHH0, J ¼ 11.4), 4.29 (dd, 1H, H-2), 4.10 (t, 1H, H-4, J ¼ 1.9), 3.86 (t,
1H, H-5, J ¼ 6.3), 3.81 (dd, 1H, H-3, J ¼ 9.4, 2.5), 3.66e3.58 (m, 2H,
H-60a and H-60b) ppm; 13C NMR (100 MHz, CDCl3): d ¼ 161.6 (C-4),
152.1 (C-2), 147.2 (C-8), 143.2 (C-6), 138.2 (Bn-Cq), 137.5 (Bn-Cq),
137.4 (Bn-Cq), 136.2 (Bn-Cq), 128.6 (Bn-arom.), 128.6 (Bn-arom.),
128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-
arom.), 128.2 (Bn-arom.), 128.2 (Bn-arom.), 128.0 (Bn-arom.), 128.0
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.),
127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.8 (Bn-arom.), 127.8 (Bn-
arom.), 127.8 (Bn-arom.), 127.6 (Bn-arom.), 127.6 (Bn-arom.), 122.3
(C-5), 85.2 (C-10), 83.4 (C-30), 77.2 (C-20), 76.6 (C-50), 75.0 (Bn-CH2),
74.9 (Bn-CH2), 73.6 (Bn-CH2), 73.1 (C-40), 72.6 (Bn-CH2), 68.2 (C-60)
ppm. Elemental analysis calculated for C39H37ClN4O5 (677.2): C,
69.17; H, 5.51; N, 8.27; found: C, 68.97; H, 5.69; N, 7.99.

Data for 4: colorless oil; Rf ¼ 0.30 (ethyl acetate/hexane 1:2);
[a] ¼ �16� (c 0.92, CHCl3); MS (ESI): m/z (%) ¼ 497.1 ([M-2BnþH]þ,
8), 519.3 ([M-2BnþNa]þ, 12), 587.1 ([M-BnþH]þ, 23), 609.4 ([M-
BnþNa]þ, 24), 677.1 ([MþH]þ, 100), 699.3 ([MþNa]þ, 49); 1H NMR
(400 MHz, CDCl3): d ¼ 8.72 (s, 1H, H-2), 8.07 (s, 1H, H-8), 7.44e7.24
(m, 15H, Bn-arom.), 7.16 (m, 1H, Bn-arom.), 7.03 (m, 2H, Bn-arom.),
6.64 (m, 2H, Bn-arom.), 5.68 (d, 1H, H-10, J ¼ 9.0), 5.05 (part A of AB
system, 1H, Bn-CHH0, J ¼ 11.5), 4.84 (part A of AB system, 1H, Bn-
CHH0, J¼ 11.7), 4.79 (part B of AB system,1H, Bn-CHH0, J¼ 11.7), 4.70
(part B of AB system,1H, Bn-CHH0, J¼11.5), 4.69 (part Aof AB system,
1H, Bn-CHH0, J ¼ 11.6), 4.48 (part A of AB system, 1H, Bn-CHH0,
J ¼ 11.9), 4.43 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.9), 4.32 (dd,
1H,H-20, J¼9.2, 9.0), 4.24 (part BofAB system,1H, Bn-CHH0, J¼11.6),
4.09 (br, 1H, H-40), 3.87e3.84 (br, 2H, H-50 and H-30), 3.61e3.59 (br,
2H, H-60a and H-60b) ppm; 13C NMR (100MHz, CDCl3): d¼ 152.0 (C-
2), 151.6 (C-4), 150.8 (C-6), 143.0 (C-8), 138.3 (Bn-Cq), 137.7 (Bn-Cq),
137.4 (Bn-Cq),136.4 (Bn-Cq),131.1 (C-5),128.6 (Bn-arom.),128.6 (Bn-
arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.3 (Bn-arom.), 128.3
(Bn-arom.), 128.1 (Bn-arom.), 128.1 (Bn-arom.), 128.0 (Bn-arom.),
127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.9 (Bn-
arom.), 127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.8 (Bn-arom.), 127.8
(Bn-arom.),127.8 (Bn-arom.),127.6 (Bn-arom.),127.6 (Bn-arom.), 83.4
(C-30), 82.8 (C-10), 77.7 (C-20), 76.6 (C-50), 75.1 (Bn-CH2), 74.7 (Bn-
CH2), 73.6 (Bn-CH2), 73.2 (C-40), 72.8 (Bn-CH2), 68.2 (C-60) ppm.
Elemental analysis calculated for C39H37ClN4O5 (677.2): C, 69.17; H,
5.51; N, 8.27; found: C, 69.00; H, 5.77; N, 8.17.

4.2.3. 6-Chloro-7-(2,3,4,6-tetra-O-benzyl-b-D-mannopyranosyl)
purine (5) and 6-chloro-9-(2,3,4,6-tetra-O-benzyl-b-D-
mannopyranosyl)purine (6)

The compounds were obtained by the reaction of methyl
2,3,4,6-tetra-O-benzyl a-D-mannopyranoside (250 mg, 0.45 mmol)
and 6-chloropurine (104 mg, 0.67 mmol) according to the general
procedure. Purification by column chromatography (ethyl acetate/
cyclohexane 1:1) afforded 5 (49 mg, 16%) and 6 (40 mg, 13%). Data
for 5: colorless oil; Rf ¼ 0.31 (ethyl acetate/hexane 1:1); [a] ¼ þ62�

(c 1.02, CHCl3); MS (ESI): m/z (%) ¼ 587.1 ([M-BnþH]þ, 100), 609.3
([M-BnþNa]þ, 29), 677.0 ([MþH]þ, 4); 1H NMR (400 MHz, CDCl3):
d¼ 8.77 (s, 1H, H-2), 8.51 (s, 1H, H-8), 7.46e7.23 (m,15H, Bn-arom.),
6.92e6.86 (m, 3H, Bn-arom.), 6.73 (m, 2H, Bn-arom.), 6.90 (d, 1H, H-
10, J ¼ 1.0), 4.98 (part A of AB system, 1H, Bn-CHH0, J ¼ 10.8), 4.90
(part A of AB system, 1H, Bn-CHH0, J ¼ 11.7), 4.80 (part B of AB
system, 1H, Bn-CHH0, J ¼ 11.7), 4.68 (part A of AB system, 1H, Bn-
CHH0, J ¼ 11.8), 4.66 (part B of AB system, 1H, Bn-CHH0, J ¼ 10.8),
4.64 (part A of AB system, 1H, Bn-CHH0, J ¼ 12.4), 4.56 (part B of AB
system, 1H, Bn-CHH0, J ¼ 12.4), 4.07 (t, 1H, H-40, J ¼ 9.5), 4.02 (dd,
1H, H-20, J ¼ 2.5, 1.0), 3.84 (dd, 1H, H-30, J ¼ 9.5, 2.5), 3.79e3.77 (br,
2H, H-60a and H-60b), 3.71 (dt, 1H, H-50, J ¼ 9.5, 3.6), 4.34 (part B of
AB system, 1H, Bn-CHH0, J ¼ 11.8) ppm; 13C NMR (100 MHz, CDCl3):
d ¼ 161.8 (C-4), 151.8 (C-2), 147.9 (C-8), 141.1 (C-6), 137.8 (Bn-Cq),
137.7 (Bn-Cq), 137.4 (Bn-Cq), 135.6 (Bn-Cq), 128.8 (Bn-arom.), 128.8
(Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.),
128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.3 (Bn-
arom.), 128.1 (Bn-arom.), 128.1 (Bn-arom.), 128.0 (Bn-arom.), 128.0
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 127.9 (Bn-arom.),
127.8 (Bn-arom.), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 127.7 (Bn-
arom.), 120.4 (C-5), 83.9 (C-10), 82.3 (C-30), 75.4 (Bn-CH2), 74.1 (Bn-
CH2), 74.0 (Bn-CH2), 73.6 (C-50), 73.5 (Bn-CH2), 72.8 (C-20), 73.5 (C-
40), 67.8 (C-60) ppm. Elemental analysis calculated for C39H37ClN4O5
(677.2): C, 69.17; H, 5.51; N, 8.27; found: C, 69.04; H, 5.62; N, 8.17.

Data for 6: colorless oil; Rf ¼ 0.24 (ethyl acetate/hexane 1:2);
[a] ¼ þ56� (c 0.91, CHCl3); MS (ESI):m/z (%) ¼ 677.1 ([MþH]þ, 100),
699.3 ([MþNa]þ, 38); 1H NMR (400 MHz, CDCl3): d ¼ 8.55 (s, 1H, H-
2), 8.38 (s, 1H, H-8), 7.43e7.20 (m, 15H, Bn-arom.), 7.06e6.98 (m,
3H, Bn-arom.), 6.86 (m, 2H, Bn-arom.), 5.81 (d,1H, H-10, J¼ 1.1), 4.95
(part A of AB system, 1H, Bn-CHH0, J ¼ 10.8), 4.84 (m, 2H, Bn-CH2),
4.76 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.6), 4.65 (part B of AB
system, 1H, Bn-CHH0, J ¼ 10.8), 4.62 (part A of AB system, 1H, Bn-
CHH0, J ¼ 12.3), 4.56 (part B of AB system, 1H, Bn-CHH0, J ¼ 12.3),
4.33 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.6), 4.08e4.10 (br, 2H,
H-20 and H-40), 3.91 (dd, 1H, H-30, J¼ 9.4, 2.6), 3.77e3.71 (br, 3H, H-
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60a and H-60b and H-50) ppm; 13C NMR (100 MHz, CDCl3): d ¼ 151.3
(C-2), 150.6 (C-6), 149.8 (C-4), 144.6 (C-8), 137.8 (Bn-Cq), 137.8 (Bn-
Cq), 137.6 (Bn-Cq), 136.0 (Bn-Cq), 130.7 (C-5), 128.6 (Bn-arom.),
128.6 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-
arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4
(Bn-arom.), 128.1 (Bn-arom.), 128.1 (Bn-arom.), 128.0 (Bn-arom.),
128.0 (Bn-arom.), 128.0 (Bn-arom.), 127.9 (Bn-arom.), 127.8 (Bn-
arom.), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 127.6 (Bn-arom.), 127.6
(Bn-arom.), 83.1 (C-30), 82.1 (C-10), 78.8 (C-50), 75.5 (Bn-CH2), 74.1
(C-40), 74.4 (Bn-CH2), 73.5 (Bn-CH2), 73.2 (Bn-CH2), 72.6 (C-20), 68.8
(C-60) ppm. Elemental analysis calculated for C39H37ClN4O5 (677.2):
C, 69.17; H, 5.51; N, 8.27; found: C, 69.04; H, 5.76; N, 8.04.

4.2.4. 2-Acetamido-6-chloro-7-(2,3,4,6-tetra-O-benzyl-b-D-
glucopyranosyl)purine (7) and 2-acetamido-6-chloro-9-(2,3,4,6-
tetra-O-benzyl-b-D-glucopyranosyl)purine (8)

The compounds were obtained by reaction of methyl 2,3,4,6-
tetra-O-benzyl a-D-glucopyranoside (280 mg, 0.50 mmol) and 2-
acetamido-6-chloropurine (156 mg, 0.75 mmol) according to the
general procedure. Purification by column chromatography (ethyl
acetate/cyclohexane 1:1) afforded 7 (91 mg, 25%) and 8 (127 mg,
35%). Data for 7: yellow crystals; mp 71e74 �C; Rf ¼ 0.09 (ethyl
acetate/hexane 1:1); [a] ¼ �13� (c 0.99, CHCl3); MS (ESI): m/z
(%) ¼ 734.1 ([MþH]þ, 100), 756.2 ([MþNa]þ, 78); 1H NMR
(400 MHz, CDCl3): d ¼ 8.15 (s, 1H, H-8), 8.06 (s, 1H, NH), 7.39e7.17
(m, 15H, Bn-arom.), 7.10e6.99 (m, 3H, Bn-arom.), 6.80 (m, 2H, Bn-
arom.), 5.61 (br, 1H, H-10), 5.00 (part A of AB system, 1H, Bn-CHH0,
J¼ 10.9), 4.94 (part B of AB system,1H, Bn-CHH0, J¼ 10.9), 4.88 (part
A of AB system,1H, Bn-CHH0, J¼ 10.7), 4.64 (part A of AB system,1H,
Bn-CHH0, J ¼ 11.5), 4.63 (part B of AB system,1H, Bn-CHH0, J ¼ 10.7),
4.54 (part A of AB system, 1H, Bn-CHH0, J ¼ 12.1), 4.48 (part B of AB
system, 1H, Bn-CHH0, J ¼ 12.1), 4.24 (part B of AB system, 1H, Bn-
CHH0, J ¼ 11.5), 3.94e3.84 (br, 3H, H-20 and H-30 and H-50),
3.77e3.67 (br, 3H, H-40 and H-60 and H-60b), 2.64 (s, 3H, Ac-Me)
ppm; 13C NMR (100 MHz, CDCl3): d ¼ 167.6 (Ac-COO), 162.8 (C-4),
152.1 (C-2), 149.3 (C-8), 143.6 (C-6), 137.7 (Bn-Cq), 137.5 (Bn-Cq),
136.6 (Bn-Cq), 136.0 (Bn-Cq), 128.6 (Bn-arom.), 128.6 (Bn-arom.),
128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-
arom.), 128.3 (Bn-arom.), 128.3 (Bn-arom.), 128.1 (Bn-arom.), 128.1
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.),
127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.8 (Bn-arom.), 127.8 (Bn-
arom.), 127.8 (Bn-arom.), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 117.9
(C-5), 85.9 (C-10), 85.9 (C-30), 78.1 (C-40), 77.2 (C-20), 77.2 (C-50), 75.9
(Bn-CH2), 75.3 (Bn-CH2), 74.7 (Bn-xCH2), 73.5 (Bn-CH2), 68.3 (C-60),
25.2 (Ac-Me) ppm. Elemental analysis calculated for C41H40ClN5O6
(734.2): C, 67.07; H, 5.49; N, 9.54; found: C, 66.81; H, 5.52; N, 9.33.

Data for 8: colorless oil; Rf ¼ 0.53 (ethyl acetate/hexane 1:1);
[a] ¼ �24� (c 1.01, CHCl3); MS (ESI): m/z (%) ¼ 734.2 ([MþH]þ, 84),
756.3 ([MþNa]þ, 100), 1468.9 ([2MþH]þ, 22), 1489.7 ([2MþNa]þ,
8); 1H NMR (400MHz, CDCl3): d¼ 8.05 (s, 1H, NH), 8.92 (s, 1H, H-8),
7.39e7.18 (m, 15H, Bn-arom.), 7.12e6.98 (m, 3H, Bn-arom.), 6.71 (m,
2H, Bn-arom.), 5.38 (d, 1H, H-10, J ¼ 9.1), 5.00 (part A of AB system,
1H, Bn-CHH0, J ¼ 11.0), 4.94 (part B of AB system, 1H, Bn-CHH0,
J¼ 11.0), 4.88 (part A of AB system,1H, Bn-CHH0, J¼ 10.7), 4.64 (part
B of AB system,1H, Bn-CHH0, J¼ 10.7), 4.61 (part A of AB system,1H,
Bn-CHH0, J ¼ 11.6), 4.52 (part A of AB system, 1H, Bn-CHH0, J ¼ 12.1),
4.45 (part B of AB system, 1H, Bn-CHH0, J ¼ 12.1), 4.24 (part B of AB
system, 1H, Bn-CHH0, J ¼ 11.6), 4.11 (t, 1H, H-20, J ¼ 9.0), 3.87 (t, 1H,
H-30, J ¼ 9.0), 3.80 (t, 1H, H-40, J ¼ 9.0), 3.75e3.68 (br, 3H, H-60a and
H-60b and H-50), 2.50 (s, 3H, Ac-Me) ppm; 13C NMR (100 MHz,
CDCl3): d¼ 171.1 (Ac-COO),151.9 (C-2), 151.8 (C-4), 151.2 (C-6), 143.0
(C-8), 137.9 (Bn-Cq), 137.5 (Bn-Cq), 137.5 (Bn-Cq), 136.3 (Bn-Cq),
128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-
arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.0 (Bn-arom.), 128.0
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.),
128.0 (Bn-arom.), 127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.9 (Bn-
arom.), 127.8 (Bn-arom.), 127.8 (Bn-arom.), 127.8 (Bn-arom.), 127.8
(C-5), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 85.9 (C-30), 83.8 (C-10),
75.1 (C-20), 77.9 (C-50), 77.2 (C-40), 75.8 (Bn-CH2), 75.2 (Bn-CH2),
74.5 (Bn-CH2), 73.5 (Bn-CH2), 68.2 (C-60), 25.2 (Ac-Me) ppm.
Elemental analysis calculated for C41H40ClN5O6 (734.2): C, 67.07; H,
5.49; N, 9.54; found: C, 66.81; H, 5.70; N, 9.42.

4.2.5. 2-Acetamido-6-chloro-7-(2,3,4,6-tetra-O-benzyl-b-D-
galactopyranosyl)purine (9) and 2-acetamido-6-chloro-9-(2,3,4,6-
tetra-O-benzyl-b-D-galactopyranosyl)purine (10)

The compounds were obtained by reaction of methyl 2,3,4,6-
tetra-O-benzyl a-D-galactopyranoside (280 mg, 0.50 mmol) and
ACP (156 mg, 0.75 mmol) according to the general procedure. Pu-
rification by column chromatography (ethyl acetate/cyclohexane,
1:1) gave 9 (172mg, 47%) and 10 (66 mg,18%). Data for 9: yellowoil;
Rf ¼ 0.26 (ethyl acetate/cyclohexane 1:1); [a] ¼ �4� (c 1.26, CHCl3);
MS (ESI):m/z (%)¼ 734.2 ([MþH]þ, 82), 756.4 ([MþNa]þ, 22),1468.9
([2MþH]þ, 100),1491.2 ([2MþNa]þ, 72); 1H NMR (400MHz, CDCl3):
d ¼ 8.16 (s, 1H, H-8), 8.00 (s, 1H, NH), 7.43e7.23 (m, 15H, Bn-arom.),
7.12e7.01 (m, 3H, Bn-arom.), 6.81 (m, 2H, Bn-arom.), 5.65 (d,1H,H-10,
J¼ 7.3), 5.00 (part A of AB system,1H, Bn-CHH0, J¼ 11.2), 4.84 (part A
of AB system, 1H, Bn-CHH0, J ¼ 11.6), 4.77 (part B of AB system, 1H,
Bn-CHH0, J ¼ 11.6), 4.71 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.4),
4.62 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.2), 4.48 (part A of AB
system, 1H, Bn-CHH0, J ¼ 11.8), 4.43 (part B of AB system, 1H, Bn-
CHH0, J¼ 11.8), 4.29 (part B of AB system,1H, Bn-CHH0, J¼ 11.4), 4.28
(br, 1H, H-20), 4.09 (t, 1H, H-40, J ¼ 2.5), 3.84 (br, 1H, H-50), 3.79 (dd,
1H,H-30, J¼9.3, 2.5), 3.66e3.57 (br, 2H,H-60a andH-60b), 2.63 (s, 3H,
Ac-Me) ppm; 13C NMR (100 MHz, CDCl3): d ¼ 171.4 (Ac-COO), 162.9
(C-4), 152.0 (C-2), 147.9 (C-8), 143.7 (C-6), 138.1 (Bn-Cq), 137.5 (Bn-
Cq),137.3 (Bn-Cq),136.0 (Bn-Cq),128.6 (Bn-arom.),128.6 (Bn-arom.),
128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-
arom.), 128.2 (Bn-arom.), 128.2 (Bn-arom.), 128.1 (Bn-arom.), 128.1
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 127.9 (Bn-arom.),
127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.9 (Bn-
arom.),127.9 (Bn-arom.),127.6 (Bn-arom.),127.6 (Bn-arom.),118.7 (C-
5), 85.2 (C-10), 83.6 (C-30), 77.2 (C-20), 76.5 (C-50), 75.1 (Bn-CH2), 75.0
(Bn-CH2), 73.6 (Bn-CH2), 73.2 (C-40), 72.6 (Bn-CH2), 68.2 (C-60), 25.2
(Ac-Me) ppm; analysis calculated for C41H40ClN5O6 (734.2): C, 67.07;
H, 5.49; N, 9.54; found: C, 67.00; H, 5.67; N, 9.40.

Data for 10: a colorless oil; Rf ¼ 0.57 (ethyl acetate/hexane 1:1);
[a] ¼�14� (c 1.02, CHCl3); MS (ESI):m/z (%) ¼ 734.3 ([MþH]þ, 100),
756.5 ([MþNa]þ, 56), 1467.9 ([2MþH]þ, 12); 1H NMR (400 MHz,
CDCl3): d¼ 7.93 (s, 1H, NH), 7.92 (s, 1H, H-8), 7.43e7.22 (m,15H, Bn-
arom.), 7.10 (m, 1H, Bn-arom.), 7.01 (m, 2H, Bn-arom.), 6.73 (m, 2H,
Bn-arom.), 5.35 (d, 1H, H-10, J ¼ 9.0), 4.96 (part A of AB system, 1H,
Bn-CHH0, J ¼ 11.4), 4.81 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.7),
4.75 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.7), 4.68 (part A of AB
system, 1H, Bn-CHH0, J ¼ 11.8), 4.64 (part B of AB system, 1H, Bn-
CHH0, J¼ 11.8), 4.45 (part A of AB system,1H, Bn-CHH0, J¼ 11.9), 4.43
(m, 1H, H-2), 4.40 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.9), 4.29
(part B of AB system, 1H, Bn-CHH0, J ¼ 11.4), 4.06 (d, 1H, H-40,
J ¼ 1.9), 3.79 (t, 1H, H-50, J ¼ 6.3), 3.76 (dd, 1H, H-30, J ¼ 9.6, 2.6),
3.54e3.56 (br, 2H, H-60a and H-60b), 2.42 (s, 3H, Ac-Me) ppm; 13C
NMR (100 MHz, CDCl3): d ¼ 171.3 (Ac-COO), 152.1 (C-2), 151.9 (C-4),
151.1 (C-6), 143.1 (C-8), 138.2 (Bn-Cq), 137.6 (Bn-Cq), 137.4 (Bn-Cq),
136.6 (Bn-Cq), 128.6 (Bn-arom.), 128.6 (Bn-arom.), 128.4 (Bn-arom.),
128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.1 (Bn-
arom.), 128.1 (Bn-arom.), 128.1 (Bn-arom.), 128.0 (Bn-arom.), 128.0
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.),
128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-
arom.), 127.8 (C-5), 127.6 (Bn-arom.), 127.6 (Bn-arom.), 83.9 (C-10),
83.6 (C-30), 76.5 (C-50), 75.7 (C-20), 74.8 (Bn-CH2), 74.8 (Bn-CH2),
73.6 (Bn-CH2), 73.0 (C-40), 72.6 (Bn-CH2), 68.2 (C-60), 25.2 (Ac-Me)
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ppm; analysis calculated for C41H40ClN5O6 (734.2): C, 67.07; H,
5.49; N, 9.54; found: C, 66.92; H, 5.61; N, 9.47.

4.2.6. 2-Acetamido-6-chloro-7-(2,3,4,6-tetra-O-benzyl-b-D-
mannopyranosyl)purine (11) and 2-acetamido-6-chloro-9-(2,3,4,6-
tetra-O-benzyl-b-D-mannopyranosyl)purine (12)

The compounds were obtained by the reaction of methyl 2,3,4,6-
tetra-O-benzyl a-D-mannopyranoside (280mg, 0.50mmol) and ACP
(156mg, 0.75mmol) according to thegeneral procedure. Purification
by column chromatography (ethyl acetate/cyclohexane 1:1) yielded
11 (95 mg, 26%) and 12 (11 mg, 3%). Data for 11: yellow crystals; mp
80e82 �C; Rf ¼ 0.36 (ethyl acetate/hexane 4:1); [a] ¼ þ74� (c 0.98,
CHCl3);MS (ESI):m/z (%)¼734.5 ([MþH]þ, 66), 756.5 ([MþNa]þ, 24),
1469.2 ([2MþH]þ, 100), 1491.3 ([2MþNa]þ, 40); 1H NMR (400 MHz,
CDCl3): d¼ 8.34 (s, 1H, H-8), 8.09 (s, 1H, NH), 7.38e7.16 (m,15H, Bn-
arom.), 6.89 (m, 3H, Bn-arom.), 6.71 (m, 2H, Bn-arom.), 5.75 (d,1H, H-
10, J¼ 1.0), 4.90 (part A of AB system,1H, Bn-CHH0, J¼ 10.9), 4.83 (part
A of AB system,1H, Bn-CHH0, J¼ 11.8), 4.72 (part B of AB system,1H,
Bn-CHH0, J ¼ 11.8), 4.61 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.8),
4.59 (part B of AB system, 1H, Bn-CHH0, J ¼ 10.9), 4.55 (part A of AB
system, 1H, Bn-CHH0, J ¼ 12.4), 4.49 (part B of AB system, 1H, Bn-
CHH0, J¼ 12.4), 4.26 (part B of AB system,1H, Bn-CHH0, J¼ 11.8), 3.98
(t,1H, H-40, J¼ 9.4), 3.91 (br,1H, H-20), 3.75 (dd,1H, H-30, J¼ 9.4, 2.5),
3.70 (m, 2H, H-60a and H-60b), 3.63 (m,1H, H-50), 2.56 (s, 3H, Ac-Me)
ppm; 13C NMR (100 MHz, CDCl3): d ¼ 172.2 (Ac-COO), 162.9 (C-4),
152.9 (C-2), 148.5 (C-8), 141.5 (C-6), 137.7 (Bn-Cq), 137.7 (Bn-Cq),
137.4 (Bn-Cq), 135.8 (Bn-Cq), 128.8 (Bn-arom.), 128.8 (Bn-arom.),
128.6 (Bn-arom.), 128.6 (Bn-arom.), 128.5 (Bn-arom.), 128.5 (Bn-
arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.2
(Bn-arom.), 128.2 (Bn-arom.), 128.1 (Bn-arom.), 128.1 (Bn-arom.),
128.0 (Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 127.8 (Bn-
arom.),127.8 (Bn-arom.),127.8 (Bn-arom.),127.6 (Bn-arom.),116.9 (C-
5), 83.9 (C-10), 82.3 (C-30), 78.9 (C-50), 74.0 (C-40), 75.2 (Bn-CH2), 74.2
(Bn-CH2), 73.7 (Bn-CH2), 73.4 (Bn-CH2), 72.9 (C-20), 68.7 (C-60), 25.2
(Ac-Me) ppm; analysis calculated for C41H40ClN5O6 (734.2): C, 67.07;
H, 5.49; N, 9.54; found: C, 66.87; H, 5.39; N, 9.47.

Data for 12: yellow oil; Rf ¼ 0.61 (ethyl acetate/hexane 1:1);
[a]¼þ77� (c 1.00, CHCl3); MS (ESI):m/z (%) ¼ 734.5 ([MþH]þ, 100),
756.6 ([MþNa]þ, 50), 1256.5 ([2MþH]þ, 12); 1H NMR (400 MHz,
CDCl3): d ¼ 8.21 (s, 1H, H-8), 8.19 (s, 1H, NH), 7.38e7.16 (m, 15H, Bn-
arom.), 7.03e6.96 (m, 3H, Bn-arom.), 6.83 (m, 2H, Bn-arom.), 5.62
(br, 1H, H-10), 4.89 (part A of AB system,1H, Bn-CHH0, J¼ 10.8), 4.79
(m, 2H, Bn-CH2), 4.72 (part A of AB system, 1H, Bn-CHH0, J ¼ 11.6),
4.59 (part B of AB system, 1H, Bn-CHH0, J ¼ 10.8), 4.56 (part A of AB
system, 1H, Bn-CHH0, J ¼ 12.2), 4.49 (part B of AB system, 1H, Bn-
CHH0, J ¼ 12.2), 4.32 (part B of AB system, 1H, Bn-CHH0, J ¼ 11.6),
4.05 (br, 1H, H-20), 4.02 (t, 1H, H-4, J ¼ 9.5), 3.84 (dd, 1H, H-30,
J ¼ 9.4, 2.5), 3.71e3.65 (br, 3H, H-60a and H-60b and H-50), 2.38 (s,
3H, Ac-Me) ppm; 13C NMR (100 MHz, CDCl3): d ¼ 170.4 (Ac-COO),
151.3 (C-4), 150.8 (C-2), 150.6 (C-6), 143.9 (C-8), 137.8 (Bn-Cq), 137.8
(Bn-Cq), 137.6 (Bn-Cq), 136.2 (Bn-Cq), 128.6 (Bn-arom.), 128.6 (Bn-
arom.), 128.5 (Bn-arom.), 128.5 (Bn-arom.), 128.4 (Bn-arom.), 128.4
(Bn-arom.), 128.4 (Bn-arom.), 128.4 (Bn-arom.), 128.3 (C-5), 128.0
(Bn-arom.), 128.0 (Bn-arom.), 128.0 (Bn-arom.), 127.9 (Bn-arom.),
127.9 (Bn-arom.), 127.9 (Bn-arom.), 127.8 (Bn-arom.), 127.7 (Bn-
arom.), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 127.7 (Bn-arom.), 127.7
(Bn-arom.), 82.8 (C-30), 82.1 (C-10), 78.7 (C-50), 75.3 (Bn-CH2), 74.3
(Bn-CH2), 74.1 (C-4), 73.4 (Bn-CH2), 73.1 (Bn-CH2), 72.5 (C-20), 68.7
(C-60), 25.0 (Ac-Me) ppm; analysis calculated for C41H40ClN5O6
(734.2): C, 67.07; H, 5.49; N, 9.54; found: C, 66.98; H, 5.54; N, 9.37.

4.3. Cell lines and culture conditions

The human cell lines 518A2 (melanoma), A549 (lung carci-
noma), A2780 (ovarian carcinoma), HT-29 (colon adenocarcinoma)
and the NiH 3T3 mouse fibroblast cell line were included in this
study. Cultures were maintained as monolayer in RPMI 1640 (PAA
Laboratories, Pasching, Germany) supplemented with 10% heat
inactivated fetal bovine serum (Biochrom AG, Berlin, Germany) and
penicillin/streptomycin (PAA Laboratories) at 37 �C in a humidified
atmosphere of 5% CO2/95% air.

4.4. Cytotoxicity assay [43]

The cytotoxicity of the compounds was evaluated using the
sulforhodamine-B (SRB) (Sigma Aldrich) microculture colorimetric
assay. In short, exponentially growing cells were seeded into 96-
well plates on day 0 at the appropriate cell densities to prevent
confluence of the cells during the period of experiment. After 24 h,
the cells were treated with serial dilutions of the compounds
(0e100 mM) for 96 h. The final concentration of DMSO or DMF
solvent never exceeded 0.5%, which was non-toxic to the cells. The
percentages of surviving cells relative to untreated controls were
determined 96 h after the beginning of drug exposure. After a 96 h
treatment, the supernatant medium from the 96 well plates was
discarded and the cells were fixed with 10% TCA. For a thorough
fixation, the plates were allowed to rest at 4 �C. After fixation, the
cells were washed in a strip washer. The washing was done four
times with water using alternate dispensing and aspiration pro-
cedures. The plates were then dyed with 100 ml of 0.4% SRB (sul-
forhodamine B) for about 20 min. After dying, the plates were
washed with 1% acetic acid to remove the excess of the dye and
allowed to air dry overnight. 100 ml of 10 mM Tris base solution
were added to each well, and absorbance was measured at
l¼ 570 nm (using a 96 well plate reader, Tecan Spectra, Crailsheim,
Germany). The GI50 value was determined from three independent
measurements applying the two-parametric Hill slope equation.

4.5. Acridine orange/propidium iodide dye exclusion assay (AO/PI)

Apoptotic cell death was analyzed by acridine orange/ethidium
bromide dye usingfluorescencemicroscopy on A549 cells. Therefore
approx. 500.000 cells were seeded in cell culture flasks and were
allowed to grow for 24 h. The medium was removed, and the sub-
stance loaded medium was added. After 24e48 h, the supernatant
mediumwas collected and centrifuged; the pellet was suspended in
phosphate-buffer saline (PBS) and centrifuged again. The liquid was
removed and the pellet was suspended in PBS. After mixing the
suspensionwith a solution of AO/PI, analysis was performed under a
fluorescence microscope. While a green fluorescence showed
apoptosis, a red colored nucleus indicated necrotic cells [28,29].

4.6. DNA laddering

The DNA fragmentation assay was performed as described
previously [25].

4.7. Cell cycle analysis

Approximately 1*106 cells (HT29, A2780 or NiH 3T3) were
seeded in cell culture flasks (25 cm2), and the cells were allowed to
grow for 24 h. After removing of the used medium, the substance
loaded medium was reloaded (or a blank fresh medium as a con-
trol). After 24 or 48 h, the living cells were harvested, washed with
PBS (with Mg2þ and Ca2þ) twice and ethanol fixed (70%, 4 �C, 1 h).
After removing of the fixation and permeabilization agent, the cells
were washed with PBS buffer (with Mg2þ and Ca2þ, containing 1%
BSA and 0.1% NaN3, 3 � 1 mL, 1000 rpm) and adjusted to
1*105 million cells. The pellet was gently suspended in staining
buffer (PBS buffer containing BSA, RNAase, NaN3 and PI analog
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Darzynkiewicz et al. [30]) and incubated for 30 min at 37 �C. An-
alyses were performed using the Attune® FACS machine; collecting
data from the BL-3A channel. Doublet cells were excluded from the
measurements by plotting BL-3A against BL-3H. For each cell cycle
distribution 20.000 events were collected. Distribution was calcu-
lated by the method of Dean et al. [44].
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