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Mannose glyco-oligoamide β-D-Man-Py-γ-Py-Ind (β-D-Man,
1) and two new glyco-oligoamides, β-L-Man-Py-γ-Py-Ind (β-
L-Man, 2) and 6-deoxy-β-D-Man-Py-γ-Py-Ind (6-deoxy-β-D-
Man, 3), have been designed and synthesized to investigate
the role of hydrogen-bonding cooperative donor centres of
carbohydrates in their recognition by DNA. The free- and
bound-state geometries were studied, as were the affinities
of the D and L enantiomers of the mannose glyco-oligoamides
(1 and 2) for DNA polymers [ct-DNA and poly(dA-dT)2]. TR-
NOESY and DF-STD experiments for the diastereomeric
complexes formed with DNA allow the asymmetric centres
of the sugar residue that are close to the inner and outer re-
gions of the DNA minor grooves to be distinguished. A C�N

Introduction

It is vitally important to understand the fine structural
details involved in molecular recognition processes if the
related chemical and/or biological events are to be modu-
lated and influenced.[1] In this context, sugar recognition by
receptors is now a key research area, given its involvement
in multiple events relevant to biomedicine. Hydrogen bonds
and CH–π interactions form the basis of the recognition of
neutral carbohydrates by lectins.[2] In contrast, for the bind-
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hairpin folding in β-L-Man derivative 2 was observed, with
the α face of the sugar close to the indole ring. The C-2 and
C-3 centres are orientated towards the inner region of the
DNA minor groove. The affinity data for poly(dA-dT)2 indi-
cate that there is a chiral discrimination process, with β-L-
Man derivative 2 being the best ligand. 6-Deoxy-β-D-Man
derivative 3 forms the least stable complexes with DNA.
Molecular dynamics simulations of β-L-Man derivative 2 in
complex with a double-strand dodecamer d(AT)12 are in
agreement with the experimental NMR spectroscopic data.
Thus, the cooperative donor centre 2-OH in the L-mannose
enantiomer is a key contributor to the stability of the
2·poly(dA-dT)2 complex.

ing of carbohydrates to the minor groove of DNA, the rela-
tive importance of the forces that form the basis of the com-
plexation event are not precisely known.[3] The ability of
carbohydrates to form hydrogen bonds with the base-pair
donor and acceptor centres and the phosphate group
should be considered. Indeed, one way to increase the affin-
ity and the directionality of these forces would be to make
use of hydrogen-bonding cooperativity[4] (see Figure 1).

Hydrogen-bond cooperativity has been evaluated in non-
polar solvents,[5] but the effect of intramolecular hydrogen
bonds on intermolecular hydrogen bonds in water has never
been evaluated.[6] As illustrated in Figure 1, we have pre-
viously reported on the survival of an intramolecular
NH···2-OH bond in water for the glyco-oligoamide β-d-
Man-Py-γ-Py-Ind (1).[7] This directional intramolecular
hydrogen bond might allow 2-OH to behave as a coopera-
tive donor in an intermolecular process. In the work pre-
sented in this paper, we have explored the use of hydrogen-
bonding cooperativity for carbohydrate–DNA recognition.
Thus, we describe the synthesis, conformational analysis,
and binding properties of three mannose derivatives: β-d-
Man (1), β-l-Man (2), and 6-deoxy-β-d-Man (3) (Figure 1).
These chemical entities allow the presence of one direc-
tional intramolecular hydrogen bond between the 1-NH
amide at the anomeric position and 2-OH (see Figure 1),
which adopts an axial orientation in the mannose six-mem-
bered ring. We planned to use both d- and l-mannose
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Figure 1. Structure of glyco-oligoamides 1–3.

enantiomers (1 and 2) so as to provide diastereomeric com-
plexes that would allow the asymmetric centres of the re-
spective sugars to reach the complementary strand of the
minor groove of the B-DNA in different ways, always de-
pending on the folding adopted by the glyco-oligoamide.
Indeed, previous works by Chaires[8] and Dervan[9] have de-
scribed the benefit of using both enantiomers of a DNA
minor-groove chiral ligand for binding to the target DNA
sequence. This approach should provide relevant and dis-
tinct effects regarding the binding at the minor groove. We
also planned to assess the role of 6-OH in the recognition
process (Figure 1) by studying 6-deoxy derivative 3.

Results and Discussion

Synthesis and Structural Studies of glyco-Oligoamides 1–3

A retrosynthetic analysis of glyco-oligoamides 1–3 is
shown in Scheme 1. This route has previously been used[10]

to obtain neutral glyco-oligoamides with different substitu-
tion at pyrrole B, close to the sugar moiety, The key cou-
pling reaction between glycosylamine II and activated carb-
oxylic acid III at the C terminal of the oligoamide was
performed in the solution phase to give the β-glyco-oligo-
amides in good yields (see below).

Scheme 2. Synthesis of glycosylamines 8 and 9.
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Scheme 1. Retrosynthetic strategy for the synthesis of sugar-oligo-
amide I.

The synthesis of glycosylamine precursors 8 and 9 (II in
Scheme 1) was carried out following the synthetic sequence
shown in Scheme 2. Compounds 4 and 5 were obtained by
acetylation of the free sugars using either Ac2O/py or
NaOAc/Ac2O in good yields (80–86%). The corresponding
azides were synthesized by treatment with SnCl4 and tri-
methylsilyl azide[11] in 70–90 % yields. Finally, catalytic
hydrogenation (5% Pd/C, MeOH)[12] of the azide generated
the corresponding d and l amino sugars (Scheme 2), which
were used in the next step without further purification.

The synthesis of 6-deoxy-amine derivative 15 involved a
different route (Scheme 3). The key step was the removal of
the hydroxy group at C-6. The primary alcohol of d-mann-
ose was tosylated, and then the addition of acetic an-
hydride[13] gave 10 as a mixture of pyranose anomers in
97% yield. Removal of the tosyl group by C-6 iodination
with potassium iodide gave compound 11 in 61 % yield.
Raney Ni reduction produced the desired compound (i.e.,
13) in 23% yield, together with derivative 12, deprotected
at the anomeric position, in 60% yield (see Exp. Sect. and
Figure S8 in the Supporting Information). Compound 12
was acetylated with pyridine and anhydride acetic to give
more compound 13 (95% yield). Azidation of 13 with tri-
methylsilyl azide and SnCl4 gave[11] 14, and then hydrogen-
ation (5 % Pd/C, MeOH) gave amine 15 in 95% yield.

After obtaining the three protected glycosylamines 8, 9,
and 15, the next step in the synthesis was the formation
of the β-configured amidoglycosidic bonds. The addition–
elimination reaction between the glycosylamines and acti-
vated carboxylic acid 16[10] in DMF/DIEA (diisopropyl-
ethylamine) gave the corresponding acetylated glyco-
oligoamides (i.e., 17–19) in yields of 28–70%. (Scheme 4).

The common last step in the synthesis of the new glyco-
oligoamides (Figure 1) was the deprotection of acetylated
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Scheme 3. Synthesis of β-glycosylamine 15. i) TsCl, py; ii) Ac2O; iii) KI, 100 °C; iv) Raney Ni, py; v) TMSN3 (trimethylsilyl azide),
SnCl4; vi) H2, 5% Pd/C, MeOH.

Scheme 4. General scheme for the synthesis of protected sugar-oligoamides 17–19.

compounds 17–19. This was achieved using MeONa/
MeOH[10,14] to give the target water soluble β-sugar-oligo-
amides (i.e., 1–3) in yields of 70–79 %.

Before studying the structural data of 1–3 in the DNA-
bound state, the conformation of the ligands in the free
state was assessed by NMR spectroscopy at 5 and 25 °C.
We have previously characterized a hairpin structure for
free glyco-oligoamides with equatorial 2-OH groups.[10,15]

Following an analogous protocol, compound 1 (β-d-Man)
was shown to have a hairpin-like conformation, with its α
face pointing towards the indole ring.[7] The NMR spectro-
scopic data for 2 and 3 in the free state (Figure S18 in the
Supporting Information) also indicated the presence of a
major hairpin structure. This conclusion was based on the
nOes observed at 5 °C, especially those between the protons
of both of the pyrrole units and those between the carbo-
hydrate and the indole residues (in red in Figure S18 in the
Supporting Information). Additionally, intra-strand nOes
between the NH’s and the aromatic signals of the pyrroles
and indole at 5 °C in H2O (in green in Figure S18 in the
Supporting Information) also provided unambiguous infor-
mation on the existence of a crescent hairpin structure with
two well-defined different rims (the N-Me rim and NH
rim).
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These nOes show that the sugar residue of each of the d-
and l-mannose glyco-oligoamides (i.e., 1–3) presents its α
face pointing towards the indole ring, while the C-2 and C-
3 centres are orientated towards the NH rim (Figure 2). The
combined information of nOes and JNH-5,1-H coupling con-
stants (ca. 9.0 Hz in all three cases) is compatible only with
an N�C folding (Structure A in Figure 2) in the free state
for 1 and 3 (d-Man), while 2 (l-Man) shows a C�N folding
(Structure B in Figure 2).

Figure 2. Schematic view of the different folding possibilities of
1–3.

According to the hairpin-like conformation, the NH and
CH3 rims can be defined as schematically presented in Fig-
ure 3.
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Figure 3. Schematic structure of the glyco-oligoamides with the definition of the two rims and the two possible folding modes.

Inspection of the obtained geometries indicated that, for
these molecules, the cooperative centre 2-OH is orientated
towards the NH rim. Thus, if the conformation in the free
state is retained in the bound state, the cooperative centre
in the sugar should be orientated towards the inner region
of the DNA minor groove.

Interaction Studies with DNA Polymers [ct-DNA and
Poly(dA-dT)2]

Two DNA polymers were used for the DNA-binding
studies. These two polymers, ct-DNA and poly(dA-dT)2,
were chosen as models of random and defined DNA se-
quences, respectively, to assess the preferred DNA-binding
sequence of the three ligands using NMR experiments. The
structural features of the complexes of 1–3 were evaluated
by TR-NOESY and differential-frequency saturation-trans-
fer difference[16] (DF-STD) experiments. In this manner, in-
formation about the conformation of the ligands and the
orientation of the asymmetric centres of the carbohydrate
in the DNA minor groove were deduced. Moreover, estima-
tion of the binding affinities of 1–3 by 1H NMR titration
and competition experiments provided a relationship be-
tween the structural and affinity data. First, the DNA-se-
quence preference of glyco-oligoamides 1–3 was checked by
titration experiments with ct-DNA and poly(dA-dT)2 in a
qualitative manner. In particular, increasing amounts of the
polymer were added to a constant-concentration solution
of glyco-oligoamide 1. For both ct-DNA and poly(dA-dT)
2, a significant line-broadening of the resonances of 1 was
always observed (Figure S19 in the Supporting Infor-
mation). However, the intensities of the aromatic signals of
the ligand were observed to decrease earlier for the ad-
ditions to poly(dA-dT)2, which strongly suggests that bind-
ing to this DNA polymer is preferred (Figsures S19 and S20
in the Supporting Information).
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The conformation of the glyco-oligoamides in the bound
state was deduced from TR-NOESY experiments with both
DNA polymers. Negative and intense nOes were always ob-
served, consistent with the nOes detected in the free state
(Figure 4). A clear hairpin conformation was characterized
in the bound state thanks to the presence of inter-strand
contacts between pyrrole A and pyrrole B resonances (com-
mon nOes: P5A–MeB and P5B–MeA) in both complexes
for all three ligands 1–3. (For nomenclature and numbering
of the glyco-oligoamides, see the Supporting Information,
Figure 4 and also Figures S21–S27 in the Supporting Infor-
mation). Additional carbohydrate–indole nOes were also
found for the complexes of β-l-Man (2) bound to both ct-
DNA (1-H–Ind-3, 2-H–Ind-3, 2-H–Ind-4, 3-H–Ind-4, 3-H–
Ind-5) and poly(dA-dT)2 (1-H–Ind-3). Thus, these findings
reveal that the hairpin structure is better defined in these
two complexes with 2. Moreover, these experimental results
show the proximity of the α face of the l-mannose sugar to
the indole ring in the DNA-bound state, irrespective of the
DNA source.

Additional information on the geometry (folding direc-
tionality) of the complexes was deduced from DF-STD ex-
periments. These experiments have been used as a tool to
distinguish between the three principal ligand–DNA bind-
ing modes.[16] The difference between the horizontal and
vertical dimensions of DNA generate an anisotropic effect
causing a saturation diffusion with a different efficacy along
the axis of the macromolecule. In this manner, information
about the proximity of the different regions of 1–3 to the
internal and external regions of the minor groove in the two
different DNA complexes was obtained.

Two parallel sets of STD experiments were performed for
every complex of 1–3 with ct-DNA[17] and poly(dA-dT)2.
In one of them, the 4�-H/5�-H/5��-H spectral region (outer
region of the minor groove, Iout) was saturated. In the alter-
native experiment, the 1�-H (inner region, Iin) resonance
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Figure 4. Schematic representation of the conclusions extracted from the analysis of the TR-NOESY experiments. Above: Interstrand
nOes of 1–3 in the bound state to ct-DNA. Below: Interstrand nOes of 1–3 in the bound state to poly(dA-dT)2.

was chosen for saturation. Figure S28 in the Supporting In-
formation shows an example of the resulting 1H-STD ex-
periment for the two different selected irradiation fre-
quencies in the outer and in the inner regions of the minor
groove. Figure S29 in the Supporting Information gathers a
summary of the STD results of the bound states of 1–3 to
both ct-DNA and poly(dA-dT)2. It is important to high-
light that the magnetization is transferred to the whole mol-
ecule, including the sugar residue, which indicates that all
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parts of each of the ligands are inside the minor groove in
all of the DNA complexes. Furthermore, the distribution of
the saturation is similar within the oligoamide parts of 1–3
in each of the ct-DNA and poly(dA-dT)2 complexes, which
strongly suggests a similar binding mode for this part of the
ligand in all cases. (Figure S29 in the Supporting Infor-
mation). In contrast, for the proton resonances of the
carbohydrate moiety, the STD intensity ratio values (Iout/
Iin) were rather different (Figure S30 in the Supporting In-
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Figure 5. Schematic view of the presentation mode of glyco-oligoamides 1–3 with ct-DNA (above) and poly(dA-dT)2 (below) as deduced
from TR-NOESY and STD experiments for the complexes.

formation) for the different complexes. The smallest values
corresponded to the atoms closer to the inner region of the
minor groove, while the biggest ones corresponded to those
closer to the outer region of the minor groove. Conse-
quently, for the ct-DNA complex, d-Man derivatives 1 and
3 place the β face of the sugar towards the inner region of
the minor groove. On the other hand, there is a different
orientation in the complex with poly(dA-dT)2. In this case,
for β-d-Man derivative 1, the C-5 and C-6 centres are those
pointing towards the inner region of the minor groove; no
well-defined presentation could be found for 3. Fittingly,
for β-l-Man derivative 2, the mannose C-2 and C-3 centres
are always orientated towards the inner region of the minor
groove. Thus, in this case, the predicted cooperative
hydrogen-bond donor centre 2-OH is in the minor groove
of both ct-DNA and poly(dA-dT)2, where it could be in-
volved in interactions with hydrogen-bond acceptor centres.

Thus, the combined information from TR-NOESY and
STD NMR spectroscopic data allow us to postulate a pres-
entation mode for these molecules towards the DNA mol-
ecules, as illustrated in Figure 5.

In fact, only for the complexes of 2, did the experimental
NMR spectroscopic data allow us to determine the folding
direction in an unambiguous manner. For both of the com-
plexes of 2, we found carbohydrate-to-indole nOes that
demonstrate that the indole moiety is in close contact with
the α face of the mannose ring. Furthermore, the STD data
demonstrate that the C-2 and C-3 centres of the l-mannose
are presented to the inner region of the minor groove. This
combined information can only be accounted for by a
C�N folding of β-l-Man derivative 2 in the minor groove.
(Figure 6).
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Figure 6. Schematic representation of the C�N folding of the
glyco-oligoamide 2 in the complex with ct-DNA and poly-
(dA-dT)2.

Therefore, the bound geometry of 2 highly resembles that
which it has in the free state, suggesting a high degree of
preorganization of this ligand. This fact allows us to postu-
late that there is a minor entropy penalty for the binding
process. Thus, the presentation of 2-OH towards the inner
region of the minor groove is consistent with the higher
binding affinity of this ligand compared with its enantio-
mer.

Binding Affinities. Relative Kd Values of the Ligands 1–3
with Poly(dA-dT)2 Measured by 1H NMR Spectroscopy

The binding affinities were estimated by using 1H NMR
titration experiments, as described in the Exp. Section. The
three molecules behaved differently. Indeed, significant dif-
ferences were found in the amount of poly(dA-dT)2 needed
to produce a similar effect on the ligand signals (Fig-
ures S32–S34 in the Supporting Information). Table 1
shows the obtained Kd values together with the concentra-
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tions of the ligands, and the c values (see Exp. Sect. for
definition).

Table 1. Kd values obtained by data fitting for different proton reso-
nances Ind-3, P3A, P5A, P3B, P5B, MeA, and MeB of glyco-
oligoamides 1–3 in their interaction with poly(dA-dT)2.

Proton[a] c β-d-Man β-l-Man 6-deoxy-β-d-Man (3)

Ind-3 40 3.2 1.2 6.6
P5A 25 2.7 1.3 7.0
P3A 22 2.5 1.3 11.2
P5B 13 1.3[c] 0.2[c] 3.2
P3B 10 3.2 0.9 4.1
MeA 55 2.9 0.7 5.7
MeB 30 3.0 0.3 7.2
Kd [mM] [a][b] 2.9�0.4 0.9�0.4 6.1 �1.3
[ligand] [μm] 250 100 170

[a] The concentrations of the dissociation constants are expressed
in mm base pair (bp). [b] The dissociation constants are the arith-
metical average of the values measured for the different resonances.
The errors were calculated as the standard deviation of the average
Kd. [c] Excluded values from averaging.

The Kd values indicate that β-l-Man glyco-oligoamide 2
is the best binder, while 6-deoxy-β-d-Man derivative 3 is the
worst. The comparison between 1 and 3 shows that 6-OH
plays a significant role in the complexation. This fact is in
agreement with the NMR spectroscopic data obtained for
1, which indicated that 6-OH was orientated towards the
inner region of the minor groove in poly(dA-dT)2 binding.

The titration experiments were further validated by per-
forming competition experiments between pairs of ligands
in the presence of poly(dA-dT)2, as described in the Exp.
Section. The results for the competition of 1 vs. 3 with
poly(dA-dT)2 are gathered in Figure 7. Upon addition of
the DNA, the resonances of 1 broadened significantly, and
their intensities diminished much faster than those of 3.
This evidence supports the conclusions of the titration
experiments, which also showed that 1 interacts with poly-
(dA-dT)2 much more strongly than 3.

Figure 7. Competition experiment between 1 and 3 with poly(dA-dT)2. A) Expanded aromatic region of the signals of the 1H NMR
spectrum of 1 in the absence of poly(dA-dT)2 in red. B) Expanded aromatic region of the signals of the 1H NMR spectrum of 3 in the
absence of poly(dA-dT)2 in green. C) Spectrum of a mixture of 1 and 3 (c = 155 μm for both compounds) in the absence of DNA. D–
F) Spectra of a mixture of 1 and 3 in the presence of increasing amounts of poly(dA-dT)2: D) 31 μm (base pair = bp), E) 77 μm (bp),
F) 124 μm (bp). All spectra were recorded with 64 scans with a 500 MHz spectrometer using phosphate buffer at 25 °C.
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Calculations

Finally, a 3D structure of the most stable complex was
derived using MD (molecular dynamics) simulations. A
hairpin conformation of 2 was chosen as starting geometry
for the ligand (as deduced by the NMR spectroscopic
analysis), A double-strand dodecamer d(AT)12 sequence
was chosen as a model for the DNA. The MD simulations
showed that a stable complex is formed. Indeed, the mini-
mized starting geometry of the complex was fairly stable, in
agreement with the NMR-based experimental conclusions.
Ligand 2 adopts a hairpin conformation with a C�N fold-
ing. Interestingly, π–π and CH–π intramolecular interac-
tions are present within the ligand. The ligand is inserted
into the minor groove of the oligomer. Regarding the
carbohydrate moiety, it is important to mention that the α
face of the l-mannose moiety is pointing towards the indole
ring, and the C-2 and C-3 centres of the sugar are orien-
tated towards the inner region of the groove, inside the
minor groove, as expected from the NMR spectroscopy re-
sults. Figure 8 shows some details of the interactions, in-
cluding the intramolecular hydrogen bond between
5-NH and 2-OH of β-l-Man derivative 2. Additionally,
hydrogen bond interactions from the bases to 2-OH of the
l-mannose residue could also be observed. Indeed, the
simulation shows two intermolecular hydrogen bonds be-
tween this particular residue of the ligand and the base
pairs in the minor groove. This detail supports the presence
of a cooperative intermolecular hydrogen bond in this com-
plex. Fittingly, there are remarkable structural differences
with the complex of β-d-Man derivative 1 with poly-
(dA-dT)2. In this case, C-2 of the sugar was pointing to
the outer region of the groove, with a completely different
presentation.

These structural differences may account for the different
binding abilities found for the two enantiomers with poly-
(dA-dT)2.
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Figure 8. Structure of β-l-Man (2)/double-strand dodecamer d(AT)12 complex during the MD simulations in explicit water.

Conclusions

Three mannose glyco-oligoamide ligands (1, 2, and 3)
have been synthesized as model compounds to investigate
the fine structural details of sugar–DNA interactions. Their
water solution conformations indicate that they have a hair-
pin conformation, although the folding adopted by the
hairpin is rather different, depending on the sugar stereo-
chemistry. In both enantiomers 1 and 2, the α face of the
mannose unit is close to the indole, while C-2 and C-3 are
close to the NH rim. This orientation permits the putative
cooperative centre 2-OH to be orientated towards the NH
rim, ready to interact with the inner region of an encoun-
tering DNA groove.[3]

All three derivatives are ligands for ct-DNA and poly-
(dA-dT)2. Qualitatively, the 1H NMR titration experiment
suggests a certain selectivity for ATAT. The bound confor-
mation of the ligands in the presence of ct-DNA and
poly(dA-dT)2 was determined using TR-NOESY and STD
experiments. The β-l-Man analogue (2) shows a hairpin
conformation with an N�C folding direction in the bound

Eur. J. Org. Chem. 2015, 6180–6193 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 6187

state, with the α face of the l-mannose residue orientated
towards the indole ring. This orientation resembles that
which is also found in the free state.

The sugar orientation is ill-defined in the complexes of 1
and 3. The STD data also allowed an assessment of the
relative orientation of the ligand in the DNA minor groove,
especially for 1 and 2. In particular, 1 orientated its C-2
centre towards the outer region of the minor groove when
bound to poly(dA-dT)2, while the C-2 centre of β-l-Man
(2) pointed towards the inner region of the minor groove in
both DNA complexes. This latter inward-pointing orienta-
tion allows the corresponding 2-OH to be involved in an
intermolecular hydrogen bond with the acceptor moieties
in the DNA groove.

Indeed, the binding experiments have shown that l

enantiomer 2 shows better binding to poly(dA-dT)2 than
do the two d analogues. The role of 6-OH in the interaction
process has also been investigated. The binding affinity of
1 is two times greater than that of 3. In fact, 3 did not
show a clear orientation of the sugar centres in the bound
states.
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The use of molecular dynamics simulations of the com-

plex of 2 with a double-strand dodecamer d(AT)12 gave a
3D perspective of the interaction. The calculations suggest
that there are two intermolecular hydrogen bonds involving
2-OH of l-Man and the acceptor centres in the minor
groove of DNA, as well as a variety of intramolecular inter-
actions; they indicate the presence of an intramolecular 5-
NH–2-OH hydrogen bond.

These results suggest that there is a correlation between
the association constant values and the presentation of the
ligand relative to the DNA, with a special role for the C-2
centre in the l-Man glyco-oligoamide. This demonstrates
the importance of cooperative hydrogen bonding in provid-
ing effective intermolecular sugar–DNA interactions in the
minor groove.

Experimental Section
General Procedures: All reactions with sensitive reactants were car-
ried out under an argon atmosphere. Solvents and reactants were
purchased from Sigma–Aldrich, Fluka, Merck, and Acros, and
were purified when necessary. A purification system PS-400-3-MD
for drying solvents was used to remove residual water. The H2O
used for NMR studies was freshly filtered milli-Q water. Flash
chromatography was carried out with silica gel 60 (230–400 ASTM
mesh). Silica gel 60 F254 aluminum-backed TLC plates of 0.2 mm
thickness were used to monitor the reactions. NMR spectra were
obtained with Varian Innova 300 (300 MHz), Varian Innova 400
(400 MHz), and Bruker Avance 500 MHz spectrometers. COSY,
HSQC, and HMBC 2D NMR experiments were performed for fur-
ther assignment of the structures when required. Chemical shifts
were referenced using residual solvent peaks: CDCl3, δ = 7.26 ppm
for 1H NMR, and 77.00 ppm for 13C NMR; [D6]DMSO, δ =
2.50 ppm for 1H NMR, and 39.43 ppm for 13C NMR; [D4]meth-
anol, δ = 3.31 ppm for 1H NMR, and 49.00 ppm for 13C NMR;
and [D6]acetone, δ = 2.06 ppm for 1H NMR, and 30.84/206.7 ppm
for 13C NMR. Optical rotations were measured with a Perkin–
Elmer 241MC polarimeter at room temperature in a 1.0 dm cell.
Mass spectrometry was carried out with an HP series 1100 MSD
instrument. Elemental analyses were measured with a Carla Erba
CHNS-O EA1108 elemental analyser.

Compounds 4,[18] 6,[19] 8,[11,19] 10,[20] 11,[20,21] 13,[22] and 14[5a] have
been described previously in the literature.

1,2,3,4,6-Penta-O-acetyl-α/β-L-mannopyranose (5): A mixture of l-
mannose (1.0 g, 5.55 mmol), acetic anhydride (10.0 mL), and pyr-
idine (15 mL) was stirred at room temperature for 10 h. Toluene
was added, and then the solvents were removed under reduced
pressure. The crude material was purified by column chromatog-
raphy (hexane/ethyl acetate, 1:1) to give compound 5 (1.87 g, 86%)
as a mixture of α/β pyranose anomers (1:0.16). An analytical sam-
ple of the α pyranose anomer was isolated for complete characteri-
zation. Data for the α anomer: Rf = 0.27 (diethyl ether/pentane,
3:2). [α]D = –54.3 (c = 2.6 in CHCl3). 1H NMR (500 MHz, CDCl3):
δ = 2.00 (s, 3 H, CH3, AcO), 2.04 (s, 3 H, CH3, AcO), 2.08 (s, 3
H, CH3, AcO), 2.16 (s, 3 H, CH3, AcO), 2.17 (s, 3 H, CH3, AcO),
4.02–4.06 (m, 1 H, 5-H), 4.00 (dd, J = 12.4, 2.5 Hz, 1 H, 6-H), 4.27
(dd, J = 12.4, 4.9 Hz, 1 H, 6�-H), 5.25 (t, J = 2.2 Hz, 1 H, 2-H),
5.33–5.35 (m, 2 H, 3-H, 4-H), 6.08 (d, J = 1.9 Hz, 1 H, 1-H) ppm.
13C NMR (125 MHz, CDCl3): δ = 20.76 (CH3, AcO), 20.78 (CH3,
AcO), 20.84 (CH3, AcO), 20.89 (CH3, AcO), 20.99 (CH3, AcO),
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62.2 (CH2, C-6), 65.6 (CH, C-4), 68.4 (CH, C-2), 68.8 (CH, C-3),
70.7 (CH, C-5), 90.7 (CH, C-1), 168.2 (CO, AcO), 169.6 (CO,
AcO), 169.8 (CO, AcO), 170.1 (CO, AcO), 170.7 (CO, AcO) ppm.
HRMS (ESI+): calcd. for C16H26NO11 [M + NH4]+ 408.1500;
found 408.1499. IR (film): ν̃ = 2962, 1752, 1370, 1220, 1149, 1088,
1053, 1026, 974, 755 cm–1. C16H22O11 (390.34): calcd. C 49.23, H
5.68; found C 49.51, H 5.84.

2,3,4,6-Tetra-O-acetyl-α-L-mannopyranosyl Azide (7): Compound 7
was prepared from 5 (1.6 g, 4.1 mmol) analogously to the synthesis
of 6.[19] The crude material was purified by column chromatog-
raphy to give compound 7 (1.10 g, 70%). Rf = 0.23 (diethyl ether/
pentane, 2:3). [α]D = –120.9 (c = 3.9, CHCl3). 1H NMR (500 MHz,
CDCl3): δ = 1.99 (s, 3 H, AcO), 2.05 (s, 3 H, AcO), 2.11 (s, 3 H,
AcO), 2.16 (s, 3 H, AcO), 4.12–4.17 (m, 1 H, 5-H), 4.18 (d, J =
2.4 Hz, 6-H), 4.30 (dd, J = 12.5, 5.6 Hz, 1 H, 6�-H), 5.15 (dd, J =
3.1, 1.9 Hz, 1 H, 2-H), 5.23–5.31 (m, 2 H, 3-H, 4-H), 5.38 (d, J =
1.9 Hz, 1 H, 1-H) ppm. 13C NMR (125 MHz, CDCl3): δ = 20.75
(CH3, AcO), 20.81 (CH3, AcO), 20.85 (CH3, AcO), 20.96 (CH3,
AcO), 62.28 (CH2, C-6), 65.76 (CH, C-4), 68.37 (CH, C-3), 69.32
(CH, C-2), 70.77 (CH, C-5), 87.60 (CH, C-1), 169.76 (CO, AcO),
169.87 (CO, AcO), 169.99 (CO, AcO), 170.72 (CO, AcO) ppm.
HRMS (ESI+): calcd. for C14H23N4O9 [M + NH4]+ 391.1460;
found 391.1457. IR (film): ν̃ = 3637, 3438, 3390, 2960, 2464, 2122,
1748, 1434, 1371, 1223, 1125, 1085, 1053, 960 cm–1. C14H29N3O9

(383.40): calcd. C 45.04, H 5.13, N 11.26; found C 45.14, H 5.30,
N 11.17.

2,3,4,6-Tetra-O-acetyl-α/β-L-mannopyranosylamine (9): Pd/C (5%;
0.25 g) was added to a solution of 7 (0.5 g, 1.34 mmol) in anhy-
drous CH2Cl2. The mixture was stirred under H2 at atmospheric
pressure for 2 h. The Pd/C was removed by filtration through a
nylon filter. The filtrate was concentrated in vacuo to remove the
CH2Cl2 and give compound 9 (0.44 g, 95%) as a mixture of α/β
anomers (0.15:1), which was used without further purification. The
mixture of α and β anomers is described as follows: Rf = 0.13 (hex-
ane/EtOAc, 2:1). 1H NMR (500 MHz, CDCl3): δ = 1.98 (s, 3 H,
AcO, β anomer), 2.02 (s, 3 H, AcO, α anomer), 2.04 (s, 3 H, AcO,
β anomer), 2.06 (s, 3 H, AcO, α anomer), 2.10 (s, 6 H, 2 AcO, α
and β anomers), 2.15 (s, 3 H, AcO, α anomer), 2.20 (s, 3 H, AcO,
β anomer), 3.67 (ddd, J = 9.9, 5.6, 2.4 Hz, 1 H, 5-H, β anomer),
4.02–4.06 (m, 1 H, 6-H, α anomer), 4.11 (dd, J = 12.2, 2.3 Hz, 1
H, 6-H, β anomer), 4.25 (dd, J = 12.2, 5.6 Hz, 1 H, 6�-H, β
anomer), 4.29–4.35 (m, 2 H, 5-H, 6�-H, α anomer), 4.47 (s, 1 H, 1-
H, β anomer), 4.90 (d, J = 2.5 Hz, 1 H, 1-H, α anomer), 5.07 (dd,
J = 10.1, 3.4 Hz, 1 H, 3-H, β anomer), 5.19 (t, J = 10.0 Hz, 1 H,
4-H, β anomer), 5.21–5.26 (m, 2 H, 2-H, 4-H, α anomer), 5.34 (dd,
J = 9.2, 3.4 Hz, 1 H, 3-H, α anomer), 5.41 (dd, J = 3.4, 1.1 Hz, 1 H,
2-H, β anomer) ppm. 13C NMR (125 MHz, CDCl3): (β anomer): δ
= 20.76 (CH3, AcO), 20.88 (CH3, AcO), 20.94 (CH3, AcO), 20.99
(CH3, AcO), 62.99 (CH2, C-6), 65.98 (CH, C-4), 70.83 (CH, C-2),
72.15 (CH, C-3), 73.45 (CH, C-5), 82.37 (CH, C-1), 169.87 (CO,
AcO), 170.21 (CO, AcO), 170.38 (CO, 2 AcO), 170.87 (CO, AcO).
(α anomer): δ = 20.84 (CH3, AcO), 20.92 (CH3, AcO), 20.97 (CH3,
AcO), 21.10 (CH3, AcO), 62.67 (CH2, C-6), 66.91 (CH, C-4), 68.44
(CH, C-5), 69.16 (CH, C-3), 70.15 (CH, C-2), 81.15 (CH, C-1),
169.79 (CO, AcO), 170.14 (CO, AcO), 170.72 (CO, AcO), 170.98
(CO, AcO) ppm. MS (ES+): m/z = 348 [M + H]+, 370 [M + Na]+,
695 [2M + H]+. IR (film): ν̃ = 3412, 2927, 1748, 1636, 1432, 1368,
1280, 1219, 1120, 1063, 1041, 961 cm–1.

2,3,4-Tri-O-acetyl-6-deoxy-α/β-D-mannopyranose (12) and 1,2,3,4-
Tetra-O-acetyl-6-deoxy-α/β-D-mannopyranose (13): A solution of
compound 11 (2 g, 4.36 mmol) in MeOH (50 mL) was treated with
Raney Nickel (7 g) and pyridine (0.1 mL), and the mixture was
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hydrogenated for 4 d. The catalyst was removed by filtration, and
the solvent was evaporated under reduced pressure. The residue
was purified by column chromatography (SiO2; hexane/EtOAc,
90:10) to give, in order of elution, 13[22] (0.33 g, 23 %), and 12
(0.75 g, 60%). Compound 12 is described as follows: Rf = 0.4 (hex-
ane/EtOAc, 4:1). 1H NMR (CDCl3): for α isomer: δ = 1.2 (d, J =
6.3 Hz, 3 H, CH3), 1.98 (s, 3 H, AcO), 2.05 (s, 3 H, AcO), 2.14 (s,
3 H, AcO), 3.18 (m, 1 H, 6-H, 6�-H), 4.12 (m, 1 H, 5-H), 5.06 (t,
J = 9.9 Hz, 1 H, 4-H), 5.14 (s, 1 H, 1-H), 5.25 (dd, J = 1.8, 3.4 Hz,
1 H, 2-H), 5.36 (dd, J = 3.4, 10.1 Hz, 1 H, 3-H) ppm. 13C NMR
(CDCl3): δ = 17.36 (CH3), 20.65 (CH3, AcO), 20.73 (CH3, AcO),
20.85 (CH3, AcO), 66.19 (C-5), 68.84 (C-3), 70.33 (C-2), 71.1 (C-
4), 91.93 (C-1), 170.14 (CO, AcO), 170.2 (CO, AcO), 170.35 (CO,
AcO) ppm. MS (ES+): m/z (%) = 313.2 (100) [M + Na]+, 273 (6)
[M – OH]+.

To convert 12 into a further amount of 13, compound 12 (0.75 g,
2.586 mmol) was dissolved in pyridine (5 mL), and acetic anhydride
(0.52 mL) was added. The reaction mixture was stirred overnight.
The mixture was then concentrated, the residue was diluted with
CH2Cl2, and the mixture was washed with HCl (1 m) and NaHCO3.
The organic layer was dried with Na2SO4, and filtered. The solvent
was removed under reduced pressure to give compound 13 (0.81 g,
95%). This product was used without further purification.

2,3,4,6-Tetra-O-acetyl-6-deoxy-α/β-D-mannopyranosylamine (15): A
solution of 14 (1 g, 3.17 mmol) and Pd/C (0.6 g) in dry CH2Cl2
(25 mL) was stirred under a hydrogen atmosphere overnight. The
suspension was filtered, and the filtrate was evaporated to give
amine 15 (0.87 g, 95%) as a mixture of α/β anomers (1:10), which
was used without further purification in the next amide-bond for-
mation. The β anomer is described as follows: Rf = 0.1 (hexane/
EtOAc, 4:1). 1H NMR (300 MHz, CDCl3): δ = 1.21 (d, J =
6.17 Hz, 3 H, CH3), 1.95 (s, 3 H, AcO), 2.02 (s, 3 H, AcO), 2.16
(s, 3 H, AcO), 3.51 (m, 1 H, 5-H), 4.4 (d, J = 1.16 Hz, 1 H, 1-H),
4.92–4.98 (m, 2 H, 3-H, 4-H), 5.36 (dd, J = 1.16, 2.98 Hz, 1 H, 2-
H) ppm.

(AcO)4-α/β-D-Man-Py-γ-Py-Ind (17): Compound 8 (0.228 g,
0.658 mol) and activated acid 16 (which was synthesized previously
in our group)[10] (0.2 g, 0.33 mmol) were dissolved in anhydrous
DMF (5 mL), and DIEA (85 μL, 0.658 mmol) was added. The re-
action mixture was stirred at room temperature for 48 h. Com-
pound 8 (0.2 g, 0.57 mmol) was added, and the reaction mixture
was stirred for a further 92 h. When the reaction reached comple-
tion, the solvent was removed, and the residue was purified with
column chromatography (toluene/MeOH, 10:1 to 8:1) to give com-
pound 17 (189 mg, 70%) as a mixture of α/β anomers. The β an-
omer was characterized as follows: Rf = 0.3 (toluene/MeOH, 5:1).
1H NMR (500 MHz, [D6]DMSO): δ = 1.76–1.79 (m, 2 H, γ-b),
1.92 (s, 3 H, AcO), 2.00 (s, 3 H, AcO), 2.03 (s, 3 H, AcO), 2.17 (s,
3 H, AcO), 2.27 (t, J = 7.4 Hz, 2 H, γ-c), 3.20–3.22 (m, 2 H, γ-a),
3.77 (s, 3 H, MeA), 3.84 (s, 3 H, MeB), 3.99 (dd, J = 12.2, 2.3 Hz,
1 H, 6-H), 4.02–4.05 (m, 1 H, 5-H), 4.18 (dd, J = 12.2, 5.0 Hz, 1
H, 6�-H), 5.07 (d, J = 10.0 Hz, 1 H, 4-H), 5.24 (dd, J = 3.6, 1.3 Hz,
1 H, 2-H), 5.35 (dd, J = 10.2, 3.5 Hz, 1 H, 3-H), 5.81 (dd, J = 8.9,
1.4 Hz, 1 H, 1-H), 6.77 (d, J = 1.9 Hz, 1 H, Py-3B), 6.89 (d, J =
1.9 Hz, 1 H, Py-3A), 7.05 (ddd, J = 8.0, 6.9, 1.0 Hz, 1 H, Ind-5),
7.19 (ddd, J = 8.2, 7.0, 1.1 Hz, 1 H, Ind-6), 7.26–7.28 (m, 3 H, Ind-
3, Py-5A, Py-5B), 7.46 (d, J = 8.2, 2.8 Hz, 1 H, Ind-7), 7.64 (dd, J
= 8.0, 1.0 Hz, 1 H, Ind-4), 8.09 (t, J = 5.8 Hz, 1 H, 3-NH), 8.55
(d, J = 8.8 Hz, 1 H, 5-NH), 9.82 (s, 1 H, 4-NH), 10.28 (s, 1 H, 2-
NH), 11.59 (d, J = 2.2 Hz, 1-NH) ppm. 13C NMR (125 MHz, [D6]-
DMSO): δ = 20.4 (CH3, AcO), 20.5 (CH3, AcO), 20.6 (CH3, AcO),
21.0 (CH3, AcO), 25.7 (CH2, γ-b), 33.2 (CH2, γ-c), 36.1 (CH3,
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MeA), 36.2 (CH3, MeB), 38.2 (CH2, γ-a), 62.3 (CH, C-6), 65.4
(CH, C-4), 68.4 (CH, C-2), 70.9 (CH, C-3), 72.9 (CH, C-5), 77.2
(CH, C-1), 102.8 (CH, Ind-3), 104.1 (CH, Py-3A), 105.4 (CH, Py-
3B), 112.3 (CH, Ind-7), 118.1 (CH, Py-5A), 119.2 (CH, Py-5B),
119.8 (CH, Ind-5), 121.3 (C, PyB), 121.5 (CH, Ind-4), 121.6 (C,
PyA), 121.9 (C, PyB), 123.2 (C, PyA), 123.4 (CH, Ind-6), 127.1 (C,
Ind-3a), 131.7 (C, Ind-2), 136.6 (C, Ind-7a), 158.2 (CO), 160.4
(CO), 161.2 (CO), 169.3 (CO), 169.5 (CO, AcO), 169.6 (CO, AcO),
170.0 (CO, AcO), 170.4 (CO, AcO) ppm. MS (ES+): m/z = 1641
[2M + H]+ 843 [M + Na]+, 820 [M + H]+. IR (KBr): ν̃ = 3428,
2934, 1644, 1517, 1438, 1368 cm–1. C39H45N7O13 (819.3075): calcd.
C 55.67, H 5.49, N 11.95; found C 55.80, H 5.83, N 11.64.

(AcO)4-α/β-L-Man-Py-γ-Py-Ind (18): Compound 9 (280 mg,
0.82 mmol) and compound 16 (250 mg, 0.41 mmol) were dissolved
in anhydrous DMF (4 mL), and DIEA (258 ul, 1.6 mmol) was
added. The mixture was stirred at room temperature. After 92 h,
toluene was added to the reaction mixture, and then the solvent
was evaporated under reduced pressure. The residue was purified
by column chromatography (SiO2, EtOAc) to give compound 18
(94 mg, 28%) as a mixture of anomers α/β (1:4). An analytical sam-
ple of the β anomer was characterized as follows: Rf = 0.45 (EtOAc/
MeOH, 20:1), m.p. 138–140 °C. 1H NMR (500 MHz, [D6]DMSO):
δ = 1.76–1.79 (m, 2 H, γ-b), 1.92 (s, 3 H, AcO), 2.00 (s, 3 H, AcO),
2.03 (s, 3 H, AcO), 2.17 (s, 3 H, AcO), 2.27 (t, J = 7.4 Hz, 2 H, γ-
c), 3.20–3.22 (m, 2 H, γ-a), 3.77 (s, 3 H, MeA), 3.84 (s, 3 H, MeB),
3.99 (dd, J = 12.2, 2.3 Hz, 1 H, 6-H), 4.02–4.05 (m, 1 H, 5-H), 4.18
(dd, J = 12.2, 5.0 Hz, 1 H, 6�-H), 5.07 (d, J = 10.0 Hz, 1 H, 4-H),
5.24 (dd, J = 3.6, 1.3 Hz, 1 H, 2-H), 5.35 (dd, J = 10.2, 3.5 Hz, 1
H, 3-H), 5.81 (dd, J = 8.9, 1.4 Hz, 1 H, 1-H), 6.77 (d, J = 1.9 Hz,
1 H, Py-3B), 6.89 (d, J = 1.9 Hz, 1 H, Py-3A), 7.05 (ddd, J = 8.0,
6.9, 1.0 Hz, 1 H, Ind-5), 7.19 (ddd, J = 8.2, 7.0, 1.1 Hz, 1 H, Ind-6),
7.26–7.28 (m, 3 H, Ind-3, Py-5A, Py-5B), 7.46 (d, J = 8.2, 2.8 Hz, 1
H, Ind-7), 7.64 (dd, J = 8.0, 1.0 Hz, 1 H, Ind-4), 8.09 (t, J = 5.8 Hz,
1 H, 3-NH), 8.55 (d, J = 8.8 Hz, 1 H, 5-NH), 9.82 (s, 1 H, 4-NH),
10.28 (s, 1 H, 2-NH), 11.59 (d, J = 2.2 Hz, 1-NH) ppm. 13C NMR
(125 MHz, [D6]DMSO): δ = 20.4 (CH3, AcO), 20.5 (CH3, AcO),
20.6 (CH3, AcO), 21.0 (CH3, AcO), 25.7 (CH2, γ-b), 33.2 (CH2, γ-
c), 36.1 (CH3, MeA), 36.2 (CH3, MeB), 38.2 (CH2, γ-a), 62.3 (CH,
C-6), 65.4 (CH, C-4), 68.4 (CH, C-2), 70.9 (CH, C-3), 72.9 (CH,
C-5), 77.2 (CH, C-1), 102.8 (CH, Ind-3), 104.1 (CH, Py-3A), 105.4
(CH, Py-3B), 112.3 (CH, Ind-7), 118.1 (CH, Py-5A), 119.2 (CH,
Py-5B), 119.8 (CH, Ind-5), 121.3 (C, PyB), 121.5 (CH, Ind-4), 121.6
(C, PyA), 121.9 (C, PyB), 123.2 (C, PyA), 123.4 (CH, Ind-6), 127.1
(C, Ind-3a), 131.7 (C, Ind-2), 136.6 (C, Ind-7a), 158.2 (CO-1), 160.4
(CO-4), 161.2 (CO-2), 169.3 (CO-3), 169.5 (CO, AcO), 169.6 (CO,
AcO), 170.0 (CO, AcO), 170.4 (CO, AcO) ppm. HRMS (ESI+):
calcd. for C39H46N7O13 [M + H]+ 820.3148; found 820.3181. IR
(KBr): ν̃ = 3421, 2135, 1749, 1649, 1592, 1526, 1438, 1403, 1369,
1306, 1242, 1146, 1054, 813, 748, 672, 599 cm–1. C39H45N7O13

(819.81) calcd. C 57.14, H 5.53, N 11.96; found C 57.02, H 5.63,
N 12.13.

(AcO)3-6-deoxy-α/β-D-Man-Py-γ-Py-Ind (19): This compound was
prepared from 16 (0.3 g, 0.49 mmol) and 15 (0.23 g, 0.79 mmol) as
described above for the synthesis of compound 18. The residue was
purified by column chromatography (SiO2; toluene/MeOH, 10:1 to
8:1) to give compound 19 (189 mg, 70%) as a mixture of α/β ano-
mers. The β anomer was characterized as follows: Rf = 0.3 (toluene/
MeOH, 5:1). 1H NMR (300 MHz, [D6]DMSO): δ = 11.6 (s, 1 H,
NH), 10.29 (s, 1 H, NH), 9.83 (s, 1 H, NH), 8.46 (d, J = 8.76 Hz,
NH), 8.10 (t, J = 4.5 Hz, NH), 7.63 (d, J = 7.95 Hz, 4-H-Ind), 7.44
(d, J = 8.4 Hz, 7-H-Ind), 7.26 (m, 3 H, 3-H-Ind and H-Py), 7.18
(t, J = 7.2 Hz, 6-H-Ind), 7.03 (t, J = 8.1 Hz, 5-H-Ind), 6.88 (d, J
= 1.8 Hz, 3-H-Py), 6.70 (d, J = 1.8 Hz, 3-H-Py), 5.71 (d, J = 8.4 Hz,
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1-H), 5.02–5.28 (m, 2 H), 4.85 (m, 1 H), 3.79 (m, 5-H), 3.83 (s, 3
H, CH3), 3.74 (s, 3 H, CH3), 3.22 (m, 2 H,CH2-γ), 2.26 (m, 2 H,
CH2-γ), 2.16 (s, 3 H, CH3), 2.05 (s, 3 H, CH3), 1.91 (s, 3 H, CH3),
1.77 (m, 2 H,CH2-γ), 1.12 (d, J = 6.3 Hz, CH3) ppm. 13C NMR
(75 MHz, [D6]DMSO): δ = 171 (CO), 170.5 (CO), 170.1 (CO), 170
(CO), 162.4 (CONH), 160.6 (CONH), 159.2 (CONH), 136.6
(CONH), 130.9 (C), 127.7 (C), 124.7 (C), 123.4 (C), 122.1 (C),
121.8 (C), 121.7 (C), 120.9 (C), 120.8 (C), 120.35 (C), 119.4 (C),
112.0 (C), 104.7 (C), 104.4 (C), 103.06 (C), 103.0 (C), 76.2 (CH),
73.34 (CH), 71.7 (CH), 70.7 (CH), 70.3 (CH), 38.6 (CH2), 36.6
(CH2), 34.04 (CH2), 33.41 (CH2), 25.77 (CH2), 20.9 (CH3CO), 20.8
(CH3CO), 20.62 (CH3CO), 17.5 (CH3) ppm. MS (ES+): m/z (%) =
685 (10) [M + Na]+, 762 (100) [M + H]+. IR (KBr): ν̃ = 3422, 2934,
1750, 1646, 1514, 1438, 1402, 1370 cm–1.

β-D-Man-Py-γ-Py-Ind (1): A solution of 17 (171 mg, 0.21 mmol)
in MeOH (6 mL) was treated with a solution of NaOMe (45 mg,
0.83 mmol) in MeOH (1 mL). This resulted in an immediate deeper
yellow colour that indicated that the reaction was complete. The
solution was acidified to pH 6 with Amberlite IR-120 ion-exchange
resin. The resin was removed by filtration, and the solvent was
evaporated. The residue was purified by column chromatography
(CH2Cl2/MeOH/toluene, 5:2:1) to give 1 (108 mg, 79%). Rf = 0.12
(CH2Cl2/MeOH/H2O, 6:1:0.1), m.p. 187–190 °C. [α]D = + 9.61 (c =
0.77, MeOH). 1H NMR (500 MHz, [D6]DMSO): δ = 1.76–1.82 (m,
2 H, γ-b), 2.27 (t, J = 7.5 Hz, 2 H, γ-c), 3.10 (ddd, J = 9.3, 6.0,
2.2 Hz, m, 1 H, 5-H), 3.22 (q, J = 6.6 Hz, 2 H, γ-a), 3.33–3.45 (m,
3 H, 3-H, 4-H, 6-H), 3.63–3.66 (m, 1 H, 2-H), 3.65–3.68 (m, 1 H,
6�-H), 3.79 (s, 3 H, MeA), 3.84 (s, 3 H, MeB), 4.46 (t, J = 5.9 Hz,
1 H, 6-OH), 4.73 (t, J = 5.48 Hz, 2 H, 3-OH, 4-OH), 5.10 (d, J =
4.4 Hz, 1 H, 2-OH), 5.13 (d, J = 9.3 Hz, 1-H), 6.69 (d, J = 1.9 Hz,
1 H, Py-3B), 6.89 (d, J = 1.9 Hz, Py-3A), 7.05 (ddd, J = 8.0, 6.9,
1.0 Hz, 1 H, Ind-5), 7.17–7.21 (m, 2 H, Ind-6, P-5B), 7.28 (m, 2 H,
Ind-3, Py-5A), 7.46 (d, J = 9.2 Hz, 1 H, Ind-7), 7.49 (d, J = 9.2 Hz,
1 H, 5-NH), 7.64 (dd, J = 8.0, 0.9 Hz, 1 H, Ind-4), 8.11 (t, J =
5.7 Hz, 1 H, 3-NH), 9.83 (s, 1 H, 4-NH), 10.29 (s, 1 H, 2-NH),
11.61 (d, J = 2.2 Hz, 1-NH) ppm. 13C NMR (125 MHz, [D6]-
DMSO): δ = 25.6 (CH2, γ-b), 33.3 (CH2, γ-c), 36.0 (CH3, MeA),
36.1 (CH3, MeB), 38.22 (CH2, γ-a), 61.2 (CH, C-6), 66.6 (CH, C-
4), 70.6 (CH, C-2), 73.9 (CH, C-3), 77.1 (CH, C-1), 78.9 (CH, C-
5), 102.8 (CH, Ind-3), 103.7 (CH, Py-3B), 104.0 (CH, Py-3A), 112.2
(CH, Ind-7), 118.1 (CH, Py-5A), 118.7 (CH, Py-5B), 119.8 (CH,
Ind-5), 121.5 (CH, Ind-4), 121.5 (C, Py-4B), 121.6 (C, Py-2B), 122.2
(C, Py-4A), 123.1 (C, Py-2A), 123.3 (CH, Ind-6), 127.0 (C, Ind-3a),
131.6 (C, Ind-2), 136.5 (C, Ind-7a), 158.2 (CO), 159.9 (CO), 161.2
(CO), 169.3 (CO) ppm. HRMS (ESI+): calcd. for C31H38N7O9 [M
+ H]+ 652.2726; found 652.2726. IR (KBr): ν̃ = 3412, 2930, 2935,
1642, 1589, 1519 cm–1. C31H37N7O9 (651.67): calcd. C 57.14, H
5.72, N 15.05; found C 57.19, H 5.90, N 15.49.

β-L-Man-Py-γ-Py-Ind (2): Compound 2 was prepared from 18
(40 mg, 0.05 mmol) as described above for the synthesis of com-
pound 1. The residue was purified by column chromatography
(CH2Cl2/MeOH/H2O, 6:1:0.1) to give compound 2 (22 mg, 70%).
Rf = 0.12 (CH2Cl2/MeOH/H2O, 6:1:0.1), m.p. 150–155 °C. [α]D =
–10.7 (c = 0.8, MeOH). 1H NMR (500 MHz, [D6]DMSO): δ =
1.76–1.82 (m, 2 H, γ-b), 2.27 (t, J = 7.5 Hz, 2 H, γ-c), 3.10 (ddd,
J = 9.3, 6.0, 2.2 Hz, m, 1 H, 5-H), 3.22 (q, J = 6.6 Hz, 2 H, γ-a),
3.33–3.45 (m, 3 H, 3-H, 4-H, 6-H), 3.63–3.66 (m, 1 H, 2-H), 3.65–
3.68 (m, 1 H, 6�-H), 3.79 (s, 3 H, MeA), 3.84 (s, 3 H, MeB), 4.46
(t, J = 5.9 Hz, 1 H, 6-OH), 4.73 (t, J = 5.48 Hz, 2 H, 3-OH, 4-
OH), 5.10 (d, J = 4.4 Hz, 1 H, 2-OH), 5.13 (d, J = 9.3 Hz, 1-H),
6.69 (d, J = 1.9 Hz, 1 H, Py-3B), 6.89 (d, J = 1.9 Hz, Py-3A), 7.05
(ddd, J = 8.0, 6.9, 1.0 Hz, 1 H, Ind-5), 7.17–7.21 (m, 2 H, Ind-6,
P-5B), 7.28 (m, 2 H, Ind-3, Py-5A), 7.46 (d, J = 9.2 Hz, 1 H, Ind-
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7), 7.49 (d, J = 9.2 Hz, 1 H, 5-NH), 7.64 (dd, J = 8.0, 0.9 Hz, 1 H,
Ind-4), 8.11 (t, J = 5.7 Hz, 1 H, 3-NH), 9.83 (s, 1 H, 4-NH), 10.29
(s, 1 H, 2-NH), 11.61 (d, J = 2.2 Hz, 1-NH) ppm. 13C NMR
(125 MHz, [D6]DMSO): δ = 25.6 (CH2, γ-b), 33.3 (CH2, γ-c), 36.0
(CH3, MeA), 36.1 (CH3, MeB), 38.22 (CH2, γ-a), 61.2 (CH, C-6),
66.6 (CH, C-4), 70.6 (CH, C-2), 73.9 (CH, C-3), 77.1 (CH, C-1),
78.9 (CH, C-5), 102.8 (CH, Ind-3), 103.7 (CH, Py-3B), 104.0 (CH,
Py-3A), 112.2 (CH, Ind-7), 118.1 (CH, Py-5A), 118.7 (CH, Py-5B),
119.8 (CH, Ind-5), 121.5 (CH, Ind-4), 121.5 (C, Py-4B), 121.6 (C,
Py-2B), 122.2 (C, Py-4A), 123.1 (C, Py-2A), 123.3 (CH, Ind-6),
127.0 (C, Ind-3a), 131.6 (C, Ind-2), 136.5 (C, Ind-7a), 158.2 (CO),
159.9 (CO), 161.2 (CO), 169.3 (CO) ppm. HRMS (ESI+) calcd. for
C31H37N7O9 [M + H]+ 651.2726; found 652.2732. IR (KBr): ν̃ =
3414, 1643, 1591, 1520, 1465, 1438, 1404, 1341, 1307, 1252, 1207,
1146, 1075, 750, 549 cm–1. C31H37N7O9 (651.67): calcd. C 57.14, H
5.72, N 15.05; found C 57.45, H 5.50, N 15.23.

6-Deoxy-β-D-Man-Py-γ-Py-Ind (3): Compound 3 was prepared
from 19 (0.3 g, 0.42 mmol) as described above for the synthesis of
compound 1. The residue was purified by column chromatography
(SiO2; CH2Cl2/MeOH/H2O, 6:1:0.1) to give compound 3 (108 mg,
79%). Rf = 0.24 (CH2Cl2/MeOH/H2O, 6:1:0.1), m.p. 175–180 °C.
[α]D = –23.2 (c = 0.97, MeOH). 1H NMR (500 MHz, [D6]DMSO):
δ = 1.14 (d, J = 5.5 Hz, 3 H), 1.75–1.83 (m, 2 H, γ-b), 2.28 (t, J =
7.5 Hz, 2 H, γ-c), 3.12–3.17 (m, 2 H, 4-H, 5-H), 3.20–3.25 (m, 2
H, γ-a), 3.3 (m, 1 H, 3-H), 3.61–3.67 (m, 1 H, 2-H), 3.79 (s, 3 H,
MeB), 3.84 (s, 3 H, MeA), 4.70 (d, J = 5.9 Hz, 1 H, 3-OH), 4.77
(d, J = 5.0 Hz, 1 H, 4-OH), 5.09 (d, J = 4.7 Hz, 2 H, 1-H, 2-OH),
6.69 (d, J = 1.9 Hz, 1 H, Py-3B), 6.89 (d, J = 1.9 Hz, 1 H, Py-3A),
7.05 (ddd, J = 8.0, 7.0, 1.0 Hz, 1 H, Ind-5), 7.14–7.23 (m, 2 H, Ind-
6, Py-5B), 7.28 (t, J = 2.1 Hz, 2 H, Ind-3, Py-5A), 7.45–7.48 (m, 2
H, 5-NH, Ind-7), 7.65 (m, 1 H, Ind-4), 8.10 (t, J = 5.7 Hz, 1 H, 3-
NH), 9.82 (s, 1 H, 4-NH), 10.28 (s, 1 H, 2-NH), 11.60 (d, J =
2.2 Hz, 1 H, 1-NH) ppm. 13C NMR (125 MHz, [D6]DMSO): δ =
17.97 (CH3, Me), 25.62 (CH2, γ-b), 33.27 (CH2, γ-c), 36.06 (CH3,
MeA), 36.12 (CH3, MeB), 38.18 (CH2, γ-a), 70.82 (CH, C-2), 71.73
(CH, C-4), 73.48 (CH, C-5), 73.72 (CH, C-3), 77.15 (CH, C-1),
102.80 (CH, Ind-3), 103.89 (CH, Py-3B), 104.08 (CH, Py-3A),
112.29 (CH, Ind-7), 118.09 (CH, Py-5A), 118.76 (CH, Py-5B),
119.77 (CH, Ind-5), 121.52 (CH, Py-4A), 121.62 (CH, Ind-4),
121.71 (CH, Py-2B), 122.24 (CH, Py-4B), 123.22 (CH, Py-2A),
123.36 (CH, Ind-6), 127.12 (C, Ind-3a), 131.65 (C, Ind-2), 136.57
(C, Ind-7a), 158.19 (CO), 160.03 (CO), 161.19 (CO), 169.25 (CO)
ppm. HRMS (ESI+) calcd. for C31H37N7O8 [M + H]+ 636.2776;
found 636.2771. IR (KBr): ν̃ = 3429, 2930, 1640, 1591, 1518, 1645,
1438, 1403, 1341, 1307, 1250, 1146, 1067, 1014, 892, 748, 576 cm–1.
C31H37N7O8 (635.68): calcd. C 58.57, H 5.87, N 15.42; found C
58.49, H 5.79, N 15.62.

Sample Preparation for NMR Experiments: Calf thymus DNA (ct-
DNA) and poly(dA-dT)2 were purchased from Sigma–Aldrich, and
were used without further purification.

1H NMR Spectroscopy: All spectra in aqueous solution were re-
corded with presaturation of the water signal. Chemical shifts are
reported in ppm relative to [D4](trimethylsilyl)propionic acid (δ =
0.00 ppm) when D2O at 25 °C and H2O at 5 °C was used in the
experiment. NMR structural studies of compounds 1–3 in the free
state were based on one-dimensional and two-dimensional
(TOCSY, HSQC, NOESY, ROESY) experiments recorded at
500 MHz with a Bruker Avance spectrometer. Sample solutions
were prepared at concentrations in the range 10–4–10–3 m depending
on the solubility of the compounds.

Bound-State NMR Spectroscopic Experiments (TR-NOESY and
Differential Frequency STD Experiments): These experiments were
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carried out in phosphate buffer (10 mm, pH 7). Ligand samples
were prepared at a concentration of 10–4 m. The ct-DNA and poly-
(dA-dT)2 (stock solution) was prepared by dissolving the DNA
polymers (2 mg) in D2O (700 μL). The concentration of ct-DNA
was calculated by UV/Vis spectroscopy (c ≈ 10–3 m, ε =
13200 m–1 cm–1 for ct-DNA and ε = 12824 m–1 cm–1).[23] The NMR
spectroscopic sample was prepared by titration of the ligand solu-
tion (0.5 mL) with increasing amounts of the titrant DNA solution
to reach a DNA/ligand ratio of 4:1 in all cases. The bound-state
NMR experiments were carried out once the spectra of the free
ligand was clear but slightly broadened. The same NMR tube was
used for both the TR-NOESY and STD experiments in every case.

TR-NOESY Experiments: TR-NOESY experiments for the bound
ligand were performed with a Bruker Avance 500 spectrometer with
saturation of the residual H2O signal or with the Watergate pulse
sequence. TR-NOESY experiments were recorded at 25 °C with
mixing times of 200 ms.

STD Experiments: STD experiments for the bound ligands were
performed with a 500 MHz Bruker Avance spectrometer using D2O
as solvent. Either no water suppression or the Watergate sequence
was used, depending on the signal/noise ratio obtained without sol-
vent suppression. A ligand/receptor molar excess of up to 4:1 for
all ligands was used for the best STD effects. The STD effects of
the individual protons were calculated for each compound relative
to a reference spectrum with off-resonance saturation at δ =
100 ppm. For the reference STD spectrum, 128 scans were re-
corded. The best duration of the saturation pulse, the power of the
selective Gaussian pulse, and the recycling delay were optimized to
get the best possible signal/noise ratio with no spin diffusion within
a reasonable experimental time. The final experiments were per-
formed at 298 K with a recycling delay of 4 s, an acquisition time
of around 1.3 s, and a saturation time of 400 ms. The saturation
was accomplished by using 8 Gaussian-shaped pulses of 49 ms
each, separated by 1 ms, with an approximate power of γB = 20 Hz.
Two saturation frequencies were selected: δ = 4.5 ppm (to reach the
4�-H, 5�-H, and 5��-H region of deoxyribose in DNA), and δ =
5.6 ppm (to reach the 1�-H region in DNA). Control experiments
performed without the DNA receptor showed that no effect could
be observed in the ligand protons when the 1�-H region (δ =
5.60 ppm) in DNA was chosen, whereas �5% saturation was ob-
served for some ligands at the anomeric 1-H, MeA, and MeB for
on-resonance saturation at δ = 4.50 ppm. The intensities due to
saturation observed in the control experiments were subtracted
from the intensities observed in the presence of DNA to calculate
the STD intensities. The intensity of each peak in the STD spectra
was standardized relative to a proton-resonance intensity that was
designated to be 100. The normalization of the signal intensity was
done relative to Py3A. Such conclusions were obtained by compar-
ing the normalized value of each proton-resonance intensity upon
irradiation of the outer or inner region of the groove.

Dissociation Constant Calculations: Ligand samples were prepared
at a concentration of 10–4 m. The poly(dA-dT)2 titrant sample
(stock solution) was prepared by dissolving the DNA (2 mg) in a
10–4 m solution of ligand (700 μL). The NMR spectroscopic sample
was prepared by titration of the ligand solution (0.5 mL) with in-
creasing amounts of poly(dA-dT)2 solution with the ligand concen-
tration kept constant. A 1D spectrum was recorded in the same
“acquisition mode” (No. of scans = 64, T = 25 °C) after each ad-
dition of poly(dA-dT)2. A progressive broadening and disappear-
ance of the proton signals from the ligand was observed; this indi-
cates binding of the ligand to poly(dA-dT)2.

A set of 1D 1H NMR spectra were acquired for each DNA ligand
at different concentrations of polynucleotide, and the intensities of
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the ligand NMR signals were monitored. The concentration of the
ligand was kept constant, while the concentration of the macromol-
ecule was systematically increased in the different additions.

The 1H NMR peak-intensity ratios (Iobs/I0) in the presence (Iobs)
and absence (I0) of the macromolecule are related to the fraction
of the bound ligand. Thus, when the ligand binds to the DNA, its
relaxation properties change drastically. A dramatic line-broaden-
ing is observed, with a concomitant decrease in the signal inten-
sities.[24] In particular, we monitored the signal intensities of the
aromatic resonances of the ligand upon increasing the amount of
the macromolecule. As example, Figure S31A in the Supporting
Information shows the decrease in the intensities of the 1H NMR
signals of 1 upon addition of increasing amounts of poly(dA-dT)2.
Changes in the signal intensity of the [D4]trimethylsilylpropionic
acid reference were not observed (Figure S30B in the Supporting
Information), indicating that the variations in the peaks of 1 are
due to a binding event.

The dissociation constants Kd were estimated using Equation (1)
for data fitting, based on the procedure described by Shortridge et
al.[24]

(1)

In Equation (1), fB is the fraction of the ligand bound to DNA,
and can be expressed in terms of Kd and [poly(dA-dT)2] (See Sup-
porting Information). The nondimensional parameter (c) is defined
as c = (νB/νF – 1), where νB and νF correspond to the line-width
of the resonances of the ligand in the free and the bound states,
respectively. The ratio represents the proportional change in the
line-width of the ligand when it is bound to DNA, and acts as a
scaling factor for the calculation of the Kd value. Unfortunately,
the reduction in signal intensity to below observable levels before
binding saturation could be achieved impedes a precise estimate
of the c value; this can result in a systematic underestimation or
overestimation of Kd. However, although the calculated values of
Kd will be inaccurate, the ranking of the ligand binding affinities
would be maintained. We assume that all of the compounds bind
in a very close geometry, so the broadening for a particular proton
will be the same, independent of the compound, when the ligand
reaches the same bound molar fraction. A limiting lower value of
c for each type of proton was estimated from the highest value
observed among all compounds.

Equation (1) can be rearranged into the following form (see Sup-
porting Information).

Equation (2) assumes an interaction model for a complex with 1:1
stoichiometry.

(2)

The Kd values were obtained from nonlinear-regression fitting of
the experimental data using Equation (2). In the data fitting, the c
parameter was kept constant for each proton type, and Kd was
treated as adjustable parameter.

Competition Experiments: For these experiments, a 1H NMR spec-
trum of the buffer solution containing both ligands 1 and 3 in the
same concentration (155 μm) was recorded. Then further 1H NMR
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spectra were recorded after adding increasing amounts of poly-
(dA-dT)2 (5–6 mm base pair). The intensities of the resonances of
the ligand with the higher affinity for the DNA diminish more
quickly.

For the competition of 1 vs. 3 with poly(dA-dT)2, the aromatic
region of the spectra of the two ligands did not show any resonance
overlap (Figure 7), so a solution of equal concentrations of 1 and
3 was prepared in D2O (in 6.1 mm Na2HPO4, 3.9 mm NaH2PO4

buffer, pH = 7.2), and the corresponding 1H NMR spectrum was
recorded. Then, increasing amounts of poly(dA-dT)2 were added
(Figure 7). Examination of the aromatic region of the spectra of
the ligands upon addition of the macromolecule showed that the
resonances of 1 significantly broadened, and their intensity was
diminished at an earlier addition point compared to those of 3.
Figure S35 in the Supporting Information shows the decay of the
intensity ratios as a function of the amount of DNA added.

MD Simulations: The interaction between 2 (β-l-Man) with a
double-strand dodecamer d(AT)12 model was studied using MD
simulations. The geometry of the complex was built up by docking
the free-state structure obtained for the mannose ligand in the
polyAT DNA model constructed with the xLeaP Amber module.

An MD simulation with no restraints in an explicit solvent was
performed using the SANDER module in Amber 9.0.[25]

The ligand needed to be prepared for its use in the Amber package.
The RESP atomic charges were derived for the ligand in a system-
atic way, which involved fragmentation of the system into two
pieces, with the vector on one side (which was described by the
general Gaff Amber force field)[26] and the sugar moiety (which
followed the Glycam 06 force field)[27] on the other side. The RED
server protocol, which automated the procedure, was used for this
purpose.[28] The two moieties were brought together in the XLEaP
module from Amber to prepare the input files for the simulation.
Both the DNA models were described with force-field 99 (ff99).[29]

MD simulations in an explicit solvent were carried out using a
truncated octahedral box with dimensions of 10.0 Å for the explicit
TIP3P water molecules.[30] A total of 24 sodium ions were added
as counterions to neutralize the DNA charges. The simulation was
performed using periodic boundary conditions, and the particle-
mesh Ewald approach[31] to account for the electrostatic interac-
tions. The protocol included four steps. An initial minimization
restrained on the corresponding DNA molecule and the glyco-
oligoamide, to place the water molecules properly, followed by a
minimization of the whole system. A simulation of position-
restrained dynamics for 20 ps was carried out to relax the locations
of the solvent molecules and to heat the system. Finally, 1 ns of an
unrestrained MD simulation at 300 K and 1 atm was recorded,
with 5596 structures saved for further analysis.

The final frames were processed and clusterized using the Amber
module, and the most representative structure was selected for dis-
cussion.
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