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Ana Gómez-Bra a,b, Lourdes Gude a,b,*, María-Selma Arias-Pérez a,* 
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A B S T R A C T   

A series of 1H-imidazo [4,5-f][1,10] phenanthroline derivatives functionalized at 2-position with chiral, and 
conformationally flexible polyhydroxy alkyl chains derived from carbohydrates (alditol-based imidazophenan-
throlines, aldo-IPs) is presented herein. These novel glycomimetics showed relevant and differential cytotoxic 
activity against several cultured tumor cell lines (PC3, HeLa and HT-29), dependent on the nature and stereo-
chemistry of the polyhydroxy alkyl chain. The mannose-based aldo-IP demonstrated the higher cytotoxicity in 
the series, substantially better than cisplatin metallo-drug in all cell lines tested, and better than G-quadruplex 
ligand 360A in HeLa and HT29 cells. Cell cycle experiments and Annexin V-PI assays revealed that aldo-IPs 
induce apoptosis in HeLa cells. Initial study of DNA interactions by DNA FRET melting assays proved that the 
aldo-IPs produce only a slight thermal stabilization of DNA secondary structures, more pronounced in the case of 
quadruplex DNA. Viscosity titrations with CT dsDNA suggest that the compounds behave as DNA groove binders, 
whereas equilibrium dialysis assays showed that the compounds bind CT with Ka values in the range 104–105 

M− 1. The aldo-IP derivatives were obtained with synthetically useful yields through a feasible one-pot multistep 
process, by aerobic oxidative cyclization of 1,10-phenanthroline-5,6-diamine with a selection of unprotected 
aldoses using (NH4)2SO4 as promoter.   

1. Introduction 

Heterocycles coupled with carbohydrate moieties have become 
promising multitarget compounds with practical prospects. The char-
acteristics and structural variety of both domains allow the control of the 
biocompability and functions of the resulting conjugated and/or hybrid 
compounds.1–4 Small multifunctional compounds suitably functional-
ized have currently attracted much attention as versatile materials with 
novel chemical features and properties. Among the different strategies 
so far explored, those based on the combination of several active units 
are particularly effective due to the possibility of modulating the prop-
erties of these derivatives through structural variations in distinct 
frameworks, in an attempt to provide synergistic effects of the different 
domains. 

In this field, molecular hybrids and conjugates bearing carbo- and 
heterocyclic-fused imidazoles have been extensively studied because of 
their synthetic utility and variety of applications.5–10 Among them, 

imidazophenanthroline derivatives (IPs) and their metal complexes are 
attractive moieties for the development of functional materials and 
multifunctional compounds with high multimodal therapeutic perfor-
mance acting as antiviral, anti-inflammatory, antibacterial or anticancer 
agents.7–9 It has been reported that IP derivatives can inhibit the pro-
liferation of tumor cells by diverse mechanisms, such as stabilization of 
G-quadruplex DNA, DNA photocleavage via formation of reactive oxy-
gen species (ROS) or inhibition of DNA synthesis.7,9,11,12 

Carbohydrates are well known by their structural diversity and 
characteristics, including availability, high water-solubility and optical 
activity. Due to their site-specific character, oligosaccharides and gly-
coconjugates present on the cellular surface are associated with specific 
biological recognition, targeting and signalling processes that play 
important roles in both normal and disease states.4 Many carbohydrates 
are known to be good binders for nucleic acids, and it has been shown 
they are potential motifs for selective G-quadruplex recognition.13–15 

Several carbohydrate-functionalized derivatives have been proven to be 
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excellent G-quadruplex ligands and/or exhibit relevant antitumor ac-
tivity, which makes them interesting compounds from the perspective of 
anticancer therapies.13–15 Additionally, the conjugation of multivalent 
derivatives with carbohydrates could enhance the targeting efficacy of 
an anticancer agent by promoting the selective uptake in tumor cells, 
taking advantage of the “Warburg effect” and energy requirements 
displayed by cancerous cells.16 

Moreover, carbohydrates have been used as natural reagents for the 
synthesis of new materials, especially aromatic N-heterocycles, such as 
pyrimidines, pyrazines, imidazoles, benzimidazoles, naphtimidazoles or 
quinoxalines.17,18 Many carbohydrate-based derivatives have been 
applied in medicinal chemistry as antibiotic, antiviral or antitumor 
therapeutics, glycosylation inhibitors, diagnostic agents, pathologic 
probes and key structural units in vaccines.3,19 On the other hand, 
modification of the base or sugar components of nucleosides is a valu-
able strategy to find helpful analogues.19c,20,21 This is the case of the 
antiviral remdesivir (GS-5734), an inhibitor of the viral RNA-dependent 
polymerase used for the treatment of COVID-19,20 and [18F]FAZA ([18F] 
fluoro-azomycin-α-arabinoside), a 2-nitroimidazole (azomycin) sugar 
derivative -mimicking nucleosides-, acting as a PET radiotracer clini-
cally applied in diagnosing a wide range of solid tumors.21 

Bearing in mind these reports, we are involved in the development of 
carbohydrate-based heteroaromatic hybrids that could bind/or interact 
with DNA structures as potential antitumor agents.14 Herein, the syn-
thesis and characterization of a novel series of chiral 1H-imidazo[4,5-f] 
[1,10]phenanthroline derivatives functionalized at 2-position with a 
linear polyhydroxy alkyl chain of five or four carbons, derived from 
carbohydrates -alditol moiety- are presented (Scheme 1). These aldo- 
imidazophenanthrolines (aldo-IPs) were prepared through a one-pot 
multistep synthesis by aerobic oxidative cyclization of 1,10-phenan-
throline-5,6-diamine with a selection of unprotected aldoses (D-glucose, 
D-galactose, D-mannose, 2-deoxy-D-glucose, L-rhamnose, L-xylose, D- 
arabinose, D-ribose). Initial studies of DNA interactions and preliminary 
evaluation of cytotoxic activity against several cultured tumor cell lines 
of these alditol-based imidazophenanthrolines are included. Compared 
to the previously described family of N-4-(1H-imidazo[4,5-f][1,10] 
phenanthrolin-2-yl)phenyl-β-glycopyranosylamines (carb-APIPs),14a the 
new ligands retain the extended π-conjugated IP fragment, which can 
bind to duplex DNA and G-4 DNA structures through π-stacking. How-
ever, the rigid cyclic substituent at 2-position has been replaced by a 
flexible linear polyhydroxy alkyl chain, in which the structural integrity 
of the parent carbohydrate is lost. These changes may provide uselful 

information about the influence of carbohydrate structure and flexibility 
on biological activity. Most reported DNA ligands possess a rigid struc-
ture and less attention has been paid to conformationally flexible ones. 
However, it has been suggested that a high rotational flexibility of the 
ligands should increase the number of the possible binding modes with 
DNA structures, owing to their ability to adopt diferent conformations 
depending on the target, improving the binding affinity and/or selecti-
vity.1c,1d,22 Among the variety of sugar analogues, open chain sugar 
alcohols –alditols- present interesting properties.3b,17,23 They retain 
water-solubility and optical activity, but have high stability to heat and 
acids, are not prone to Maillard reaction and are more resistant to be 
digested and degraded by the enzyme system in the body.3b Thus, the 
natural product rivoflavin (vitamin B2), an essential coenzyme for redox 
reactions in many different metabolic pathways, displays a polyhydroxy 
carbon chain and a pyrimidine-fused heterocycle in its structure.23 

2. Results and discussion 

2.1. Synthesis and structural study 

Owing to the interesting properties of suitable functionalized imid-
azoles and carbo- or heterocyclic-fused derivatives, the development of 
efficient synthetic routes for their preparation has received much 
attention.5c,d,6,18,24–26 One conventional method involves the oxidative 
condensation of an aliphatic or aromatic aldehyde with 1,2-diamines in 
the presence or absence of a catalyst and/or an oxidizing agent. Strong 
acids or harsh reaction conditions are often used and extensive efforts 
have been devoted to finding sustainable and straightforward method-
ologies. In this regard, iodine promoted and metal-free aerobic oxidative 
protocols have been reported for benzimidazole synthesis.18,24,25 Lin et 
al. have also found that aldo-benzimidazoles and aldo-naphtimidazoles 
can be efficiently prepared by I2-catalyzed oxidative condensation of 
aldoses with the respective aromatic 1,2-diamine in acetic acid 
solution.18 

It has been proposed that the construction of the imidazole cycle, 
from aldehydes or aldoses and 1,2-diamines was initiated, as the N- 
glycosylation reactions, by formation of a Schiff base through conden-
sation of the carbonyl moiety with one of the amino groups in the 1,2- 
diamine.5c,d,6,18,24–26 The cyclization of the imine intermediate with 
participation of the other amino group would form an imidazoline, 
which could be oxidized in air or by an oxidant to give the imidazole 
derivative. Working on these bases, we decided to explore the aerobic 

Scheme 1. Synthesis and structure of the chiral 2-polyhydroxyalkyl-1H-imidazo[4,5-f][1,10]phenanthrolines (aldo-imidazophenanthrolines, aldo-IPs) 3a–h.  
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oxidative condensation of unprotected monosaccharides with 1,10- 
phenanthroline-5,6-diamine using a large excess of sugar and a catalytic 
amount of (NH4)2SO4 as promoter in methanol (Scheme 1). These con-
ditions were previously applied to the synthesis of N-hetero-
arylglycosylamines and N-glycopyranosyhydrazones with useful yields 
and excellent stereoselectivities.14a,b,d 

In order to optimize the process, the reaction of 1,10-phenanthro-
line-5,6-diamine and D-glucose was carried at different conditions 
(Table 1). At room temperature, no reaction was observed, even after a 
long time (48 h, entry 1) and the starting materials were recovered 
intact. By heating at 60 ◦C, only traces of the imidazophenanthroline 
derivative 3a (7–8 %) were formed at short reaction times and the N-(6- 
amino-1,10-phenanthrolyn-5-yl)-β-D-glucopyranosylamine (4a) was the 
major product (45 % and 85 % for 4 and 8 h, respectively). An increase 
of the reaction time led to higher yields of the aldo-IP 3a and the con-
version was practically quantitative at 60 ◦C for 24 h. Similar yields were 
found with 3 or 5 equiv. of sugar (entries 4 and 5). However, the yield of 
3a greatly decreased to 42 % in the absence of (NH4)2SO4 and the 
monoglycosylamine 4a was not detected. Using (NH4)2SO4 as promoter 
in methanol at 60 ◦C for 24 h, the reactions of the monosaccharides 
tested with 1,10-phenanthroline-5,6-diamine afforded the correspond-
ing oxidative condensation products (aldo-IPs 3a–h) in moderate to high 
yields (48–92 %, Table 1). In all cases, the diamine 2 was exhausted and 
the lowest yields were due to loss of product during isolation and pu-
rification. Bis-glycosylamines, 1,2-disubstituted imidazophenanthro-
lines and/or other side-products were not detectable in yields higher 
than 3 %. 

Based on these findings and previous mechanistic studies on related 
imidazole synthesis by oxidative cyclization,18,24 this one-pot multistep 
process could take place through the reaction sequence drawn in 
Scheme 2. The experimental results strongly suggest that (NH4)2SO4 
plays a key role, by promoting the formation of a highly reactive imine 
intermediate (B), not detectable under the employed conditions. The 
Schiff base B could experience two alternative cyclizations: 1) by direct 
reaction of the other amino group with the imine moiety to give the 
imidazoline intermediate (D, Scheme 2, pathway a); 2) by nucleophilic 
addition of the OH group at 5-position in the polyhydroxy alkyl chain to 
afford an amino N-glycopyranosylamine (4) (Scheme 2, pathway b). Das 
et al27 have described the preparation of a bis-glycosylamine in 61 % 
yield by heating at reflux 4,6-O-benzylidene-D-glucopyranose with o- 
phenylenediamine in ethanol solution for a short reaction time (15 min.) 

but they do not report the formation of the benzimidazole derivative. 
The involvement of the N-glycosylamine was not mentioned in the 
synthesis of aldo-benzimidazoles and aldo-naphtimidazoles by I2-cata-
lyzed oxidative condensation of aldoses in acetic acid solution.18 The 
authors suggest that the aldo-imidazole products might originate 
through the Schiff base B by the direct addition of the amino group 
followed by oxidation of the imidazoline intermediate (D) or previous 
formation of an N-iodoimidazoline intermediate by N-iodination of the 
carbon–nitrogen double bond and subsequent elimination of HI. How-
ever, Lee et al.24 have found that the synthesis of benzimidazoles from o- 
phenylenediamine and aldehydes via aerobic oxidation requires the 
presence of a nucleophile as I− , water or an alcohol. They proposed that 
the nucleophilic catalyst acts promoting the cyclization of the imine 
through the conversion of 5-endo-trig direct cyclization, disfavoured by 
the Baldwin’s rules,28 to favoured 5-exo-tet cyclization via a tetrahedral 
intermediate generated by the addition of the nucleophile to the imine 
group. According to this study, the imine B should undergo 6-exo-trig 
cyclization, favoured by Baldwin’s rules, rather than disfavoured 5- 
endo-trig cyclization to readily generate the N-glycosylamine 4. This 
hypothesis was corroborated by the isolation of 4a at short reaction 
times. Moreover, the aldo-IP 3a was also obtained when derivative 4a 
was directly subjected to the reaction conditions. 

The formation of the imidazoline intermediate D might be the rate- 
determining step and could occur by different routes. The formation of 
the imine B and N-glycosylamine 4 are reversible processes and, ac-
cording to previous studies,24 intermediates A and B could lead to the 
imidazoline D. As the reactions were carried out in methanol solution, 
during the equilibrium the alcohol could act as a nucleophilic catalyst to 
generate the methoxy tetrahedral intermediate C that could provide the 
imidazoline D by a favoured 5-exo-tet cyclization (Scheme 2, pathway c). 
Similarly, the tetrahedral intermediate A would be susceptible to form D 
too. Moreover, the amino N-glycosylamine 4 could also undergo a fav-
oured 5-exo-tet cyclization by nucleophilic attack of the amino group on 
the tetrahedral anomeric carbon affording D (Scheme 2, pathway d). As 
it was possible to stop the reaction sequence and isolate the amino N- 
glycosylamine 4, the last alternative may be the most favourable 
pathway in our conditions. Finally, the aerobic oxidation of the uni-
solated imidazoline intermediate would furnish the aldo-IPs 3. In this 
case, bis-glycosylamines 5 were not detected, and the high thermody-
namic stability of the extended π-conjugated imidazophenanthroline 
system seems to be the driving force of this multistep reaction. 

Table 1 
Aerobic oxidative condensation of unprotected monosaccharides with 1,10-phenanthroline-5,6-diamine.a  

Entry Carbohydrate Temperature (◦C)/Reaction time (h) Aldo-Imidazophenanthrolines (Aldo-IPs), yield (%)b 

1 D-glucose 25/48 –c 

2  60/4 3a, 7d 

3  60/8 8d 

4  60/24 89 
5  60/24 90 
6  60/48 42e 

7 D-galactose 60/24 3b, 80 
8 D-mannose 60/24 3c, 92 
9 2-deoxy-D-glucose 60/24 3d, 90 
10 L-rhamnose 60/24 3e, 67 
11 L-xylose 60/24 3f, 48 
12 D-arabinose 60/24 3g, 66 
13 D-ribose 60/24 3h, 79  

a Reaction conditions: catalytic (NH4)2SO4 in methanol, molar ratio monosaccharide: diamine 3:1 except for entries 2–4, 5:1; [diamine] = 0.033 
M. 

b Yields of isolated products except for entries 2 and 3, in which cases the values correspond to the conversion of starting diamine and were 
determined by 1H-NMR (±2 %) of the crude reaction mixture. 

c No reaction was observed and the starting diamine was recovered. 
d In these cases it was observed the formation of the N-(6-amino-1,10-phenanthrolyn-5-yl)-β-D-glucopyranosylamine (4a) as the major product 

(45 % and 85 % for 4 and 8 h, respectively). 
e The reaction was carried in the absence of (NH4)2SO4. 
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The aldo-IP derivatives 3a–h were studied in depth by 1H and 13C 
NMR in (CD3)2SO and (CD3)2SO-D2O using homonuclear and hetero-
nuclear 2D-NMR techniques for the identification and unambiguous 
assignment of the proton and carbon resonances (Figs. S3–S33). At 500 
MHz, the 1H NMR spectra in (CD3)2SO showed low resolution and 
greater complexity in the region around 3.0–6.0 ppm, where most sig-
nals of the polyhydroxy alkyl chains appear. In general, better resolution 
was observed in (CD3)2SO-D2O, and the aliphatic proton signals were 
simplified since, in these conditions, the vicinal coupling constants with 
OH protons were removed. The interpretation of the 1H–1H COSY and 
TOCSY spectra was based on the unambiguous assignment of the signals 
corresponding to H-1′ that, except in the case of 3d, appeared around 
5.0 ppm as a doublet of doublets in (CD3)2SO and a doublet in (CD3)2SO- 
D2O, CH2 protons, or CH3 group in 3e, owing to their shape and 
chemical shifts. Imidazolyl NH proton was observed as a singlet about 
13.4 ppm. Aromatic protons in aldo-IPs resonate around 9.0–7.8 ppm, 
showing a slightly greater deshielding (Δδ 0.2–0.5 ppm) than those in 
diamine 2. The unequivocal assignment of all carbon resonances was 
based on the chemical shifts found for related systems and the analysis of 
the direct and long-range 1H–13C correlated spectra (gC2HSQCSE, 

gHMBC), once the signals of the respective protons were established. 
Compared to precursor diamine, aromatic carbons of the phenanthroline 
moiety also appear deshielded in aldo-IPs, being the effect higher for C-6 
(9) and C-7a(7b) (Δδ ~ 2 ppm). In aldo-IPs chemical shifts and shape of 
the phenanthroline proton signals are dependent on the solvent and 
concentration; H-4/H-11 (see Scheme 1 for numbering) resonate as one 
or two broadened signals with small Δδ, while H-5/H-10 and H-6/H-9 
become chemically equivalent. Concerning the carbon atoms, the 
imidazo[4,5-f][1,10]phenanthroline group give broadened and weak 
signals -except C-2 and C-6(9) around 156.0 at 147.0 ppm, respectively- 
Moreover, excluding C-2 and C-7a(7b), quaternary carbons beyond 
detection in practically all cases and could not be observed even in the 
gHMBC 1H–13C correlation spectra (Figs. S5 and S9). This behavior 
suggests an intermediate exchange rate for the imidazole prototropic 
taumerism.9i,14a,29 Data are collected in Table 2 and in the experimental 
section. 

In the polyhydroxy alkyl chain of the aldo-IPs, the stereogenic cen-
ters retain the configuration of the sugar precursors because only the 
anomeric carbon was involved in the formation of the imidazole ring. 
Conformational properties of different carbohydrate-derived polyols 

Scheme 2. Plausible reaction sequence for the one-pot multistep synthesis of the aldo-imidazophenanthrolines 3 by aerobic oxidative cyclization.  

Table 2 
Selected NMR parameters of the 2-polyhydroxyalkyl-1H-imidazo[4,5-f][1,10] phenanthrolines 3a–h in (CD3)2SO-D2O.   

3a 3b 3c 3d 3e 3f 3g 3h 

δ (ppm) 
H-1′ 5.07 5.29 4.92 3.12;3.17 4.90 5.08 5.28 5.11 
H-2′ 4.15 3.98 4.20 4.35 4.21 3.95 3.88 3.93 
H-3′ 3.36 3.69 3.76 3.30 3.51 3.53 3.67 3.65 
H-4′ 3.54 3.79 3.55 3.55 3.65 3.45;3.53 3.50;3.67 3.46;3.62 
H-5′ 3.34;3.56 3.44;3.49 3.46;3.68 3.43;3.63 1.17    
C-1′ 70.2 67.7 68.1 33.5 68.0 69.2 67.8 69.5 
C-2 155.2 156.4 156.4 155.4 156.4 155.7 155.9 155.2 
J (Hz) 
3JH1′-H2′ 6.4 1.7 8.9 8.8;5.1 8.8 5.3 2.0 5.2 
3JH2′-H3′ 1.9 9.4 1.0 1.4 1.2 3.1 8.2 6.7 
3JH3′-H4′ 8.1 1.5 8.7 8.5 8.3 5.4;5.3a 6.7a;- 6.2;3.4 
3JH4′-H5′ 5.7;3.4 6.6;6.6 6.1;3.3 6.0;3.4 6.2     

a Values in (CD3)2SO. 

A. Gómez-Bra et al.                                                                                                                                                                                                                            



Bioorganic & Medicinal Chemistry 99 (2024) 117563

5

have been studied in detail and many factors are considered to influence 
their behavior, including steric interactions, the gauche effect, solvent 
effects and, predominantly, the cooperative effect of intra- and inter-
molecular hydrogen bonding.30,31 It is usually assumed that rotation 
about the C-C bonds in the polyhydroxy alkyl chain of a sugar alcohol is 
sufficiently unrestricted that a mixture of staggered conformers could 
exist in solution. NMR spectroscopic studies of acyclic sugar derivatives 
in solution have provided data consistent with the hypothesis that the 
acyclic carbon chains have the extended, planar, zigzag arrangement, 
unless this spatial disposition would give rise to steric 1,3-parallel in-
teractions.30 If such interactions are present, the carbon chain would 
adopt a bent conformation so that these interactions were avoided. In a 
planar, linear zigzag conformation for the 1,2-dihydroxy dimethine 
systems (internal C-C bonds) of a polyol the vicinal 3JHH coupling con-
stants should be either small (<3 Hz) or large (7–10 Hz), as the neigh-
boring protons are positioned either in a gauche or anti orientation.30a–f 

Intermediate 3JHH coupling constants (3–7 Hz) instead have been 
attributed to the contribution of gauche/anti equilibrating rotamers or 
are associated with a bent non-planar conformation by rotation of the 
linear carbon chain in solution.30a–f Thus, it was shown that galactose-, 
mannose- and arabinose-based polyols have essentially planar carbon 
chains - both in the solid state and in solution- and the vicinal coupling 
constants follow a regular pattern, being either small (1–2 Hz) when the 
neighboring protons are in gauche orientation, or large (8.1–9.5 Hz) 
when the neighboring protons are in anti disposition.30a,b,d–g,31b How-
ever, the intermediate values for 3JH2-H3 in glucitol were attributed to a 
twisted conformation at C2-C3 fragment.30d–g In the case of xylitol and 
ribitol it was proposed that they equilibrate between a twist confor-
mation at C2-C3 and one at C3-C4.30c,f,g,31b In the case of ribitol a bent 
carbon chain was observed in the solid state and in the gas phase five 
conformations have been identified, two with extended carbon chains 
and three with bent chains.30c,31b 

For all aldo-IPs prepared, the 3JHH coupling constant patterns of the 
polyol backbone (Table 2) are in perfect agreement with those reported 
earlier for the original polyols derived from the precursor sugar. The 
observed values did not exhibit any significant solvent-dependence 
((CD3)2SO-D2O and (CD3)2SO solutions) and indicate that the confor-
mational behavior of the polyhydroxylated carbon chain of the related 
alditols is practically retained in derivatives 3a–h. In compounds 3b,c 
the values of coupling constants 3JH1′–H2′, 3JH2′–H3′ and 3JH3′-H4′ are 
similar to those of 3JH2-H3, 3JH3-H4 and 3JH4-H5 coupling constants 
observed in galactitol and mannitol30a,b,d–g,31b; in 3g 3JH1′–H2′ and 
3JH2′–H3′ are in concordance with the 3JH2-H3 and 3JH3-H4 of arabini-
tol.30d–g,31b These observations agree with a planar and linear confor-
mation of the C1′-C2′-C3′-C4′ and C1′-C2′-C3′ fragments in 3b,c and 3g, 
respectively. The same arrangement can be proposed for the C1′-C2′-C3′- 
C4′ segment in 3e.31b Like glucitol,30d–g,31b aldo-IPs 3a,d exhibited a 
linear conformation for the C2′-C3′-C4′ chain, but the C1′-C2′ system of 
3a would mainly adopt a bent form, to avoid the 1,3-parallel interaction 

between OH-1′ and OH-3′. However, 3f,h, as xylitol and ribitol,30c,f,g,31b 

can be described by a pair of equilibrating rotamers twisted at C1′-C2′ or 
C2′-C3′ bonds, so removing the OH-1′/OH-3′ present in the planar chain 
form. The intermediate 3JHH values (3.4–6.7 Hz) observed for the ter-
minal C-C segment (C4′-C5′ or C3′-C4′) suggest conformational averaging 
by an equilibrium between its three staggered conformations -two gau-
che and one anti rotamers.30c-g 

2.2. Cytotoxic activity, cell cycle and apoptosis assays 

It has been reported that IP derivatives can inhibit the proliferation 
of tumor cells by diverse mechanisms.7,9 As an illustration, it has been 
found that the unsubstituted 1H-imidazo[4,5-f][1,10]phenanthroline 
can interfere with the PI3K/AKT/mTOR signaling pathway and might be 
a potential therapeutic candidate for the treatment of colorectal can-
cer,7c while fluorinated imidazole[4,5f][1,10]phenanthroline de-
rivatives, particularly 2-(2,3-difluorophenyl)-1H-imidazo[4,5-f][1,10] 
phenanthroline, may inhibit cell proliferation of liver cancer cells in vitro 
and in vivo, by inducing apoptosis via DNA damage.7d The family of 2- 
aryl-imidazo[4,5-f][1,10]phenanthroline conjugates (carb-APIPs) has 
shown a significant ability to bind telomeric G-quadruplex DNA, with 
the carbohydrate motif playing a crucial role in the quadruplex versus 
duplex DNA selectivity observed.14a In addition, these carb-APIPs, 
especially in the case of the rhamnose derivative, showed significant 
cytotoxic properties in PC3 and HeLa and, to a lesser extent, in MCF7 
and normal human fibroblasts (HFF1) cultured cells. Moreover, uracil- 
alditol derivatives having a porphyrin unit have shown photodynamic 
efficiency against prostate cancer cell line,17b and alditol- 
indenoisoquinolines have displayed potent topoisomerase I poisoning 
and antiproliferative activities, dependent upon stereochemistry.17e 

However, little systematic work about the potential antitumor activity of 
alditol-based heterocyclic derivatives has been described in the 
literature. 

In the present work, the cytotoxic activity in cultured cells of the 
novel aldo-IPs has been preliminary tested in PC3 (prostate), HeLa 
(cervix) and HT29 (colorectal adenocarcinoma) cancer cells and in 
normal human fibroblast (HFF1) cells, by the MTT assay after a 72 h 
treatment (Table 3, Figs. S34–S39). As reference compounds to establish 
comparisons with previous studies, G-quadruplex ligand 360A and 
cisplatin were considered. 

The aldo-IPs 3a–h showed relevant cytotoxicity in PC3, HeLa and 
HT29 tumor cell lines, with IC50 values in the micromolar concentration 
range. Although their relative activity is dependent on the cell line 
tested, overall, the mannose-based aldo-IP (3c) demonstrated the higher 
cytotoxicity in the series, followed by the galactose and rhamnose aldo- 
IPs (3b and 3e, respectively) and the glucose aldo-IP (3a). The cyto-
toxicity of 3c is substantially higher than cisplatin metallo-drug in all 
cell lines tested, and also higher than 360A in HeLa and HT29 cells. In 
general, the cytotoxic potency of the aldo-IP family in cultured cells 

Table 3 
Cytotoxic activity of compounds 3a–h and selected controls in PC3, HeLa, and HT29 tumor cells and in normal fibroblast (HFF1) cells after 72 h incubation.   

PC3 Hela HT29 HFF1 SIa 

Compound (precursor) IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM)  

3a (glucose) 14.3 ± 3.5 9.7 ± 1.9 64.2 ± 1.6 47.1 ± 4.9 3.3 
3b (galactose) 17.8 ± 3.9 15.4 ± 3.2 13.1 ± 1.3 73.4 ± 14.6 4.1 
3c (mannose) 6.3 ± 0.6 6.4 ± 0.3 14.2 ± 1.4 15.9 ± 2.4 2.5 
3d (2-deoxy-D-glucose) 17.6 ± 5.8 35.6 ± 5.2 63.4 ± 2.8 >300 >17 
3e (rhamnose) 10.3 ± 3.0 14.8 ± 1.7 25.3 ± 1.6 14.4 ± 3.0 1.3 
3f (xylose) 41.0 ± 5.6 40.6 ± 3.5 35.4 ± 2.1 >300 >7.3 
3g (arabinose) 20.6 ± 2.7 11.7 ± 1.4 44.9 ± 5.4 33.4 ± 1.9 1.6 
3h (ribose) 22.2 ± 7.7 71.1 ± 4.8 66.9 ± 15.3 >300 >13.5 
360Ab 2.5 ± 0.8 8.5 ± 1.4 >100 30.6 ± 2.3 12.2 
Cisplatinb 12.8 ± 0.9 18.0 ± 1.9 86.6 ± 7.0 36.4 ± 4.4 2.8  

a SI (Safety or selectivity index) determined as IC50 (HFF1)/IC50 (PC3). 
b IC50 values for reference compounds 360A and cisplatin for PC3, Hela and HFF1 were determined under equivalent experimental conditions.14a 
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compares well with that observed for cisplatin and, although they are 
overall less cytotoxic than compound 360A in HeLa and PC3, all de-
rivatives have lower IC50 values in the HT29 cell line than the reference 
compounds. At the same time, they also have proven cytotoxic in normal 
fibroblasts cells (HFF1), in some cases to a lower extent than in PC3 and 
HeLa cells, which confers some of the compounds with interesting 
selectivity. This is the case of the 2-deoxyglucose, xylose and ribose 
derivatives, 3d, 3f and 3h, which displayed selectivity indexes, deter-
mined as IC50 (HFF1)/IC50 (PC3), of at least 17-, 7- and 13-fold, 
respectively. The lower cytotoxicity of aldo-IPs 3a–h, compared to the 
carb-APIPs previously reported,14a might be associated with a dimin-
ished conjugation in the heteroaromatic moiety and the loss of the 
structural integrity of the precursor sugars by the replacement of the 
rigid and cyclic pyranoside by a flexible linear polyhydroxy alkyl chain. 

Aldo-IPs 3a, 3c, 3d and 3e (derived from glucose, mannose, 2-deox-
yglucose and rhamnose, respectively) were selected and further studied 
in cell cycle arrest assays using flow cytometry. Alterations in the cell 
cycle distribution (SubG0, G0/G1, S or G2/M populations) in HeLa and 
PC3 cells, after treatment with the compounds at ½ IC50 concentrations, 
for 72 h, were analyzed. It was found that, in HeLa cells, the aldo-IPs 
significantly increased the SubG0 population, suggestive of apoptosis, 
while they decreased the percentage of cells in the G0/G1 phase 

(Fig. S40). At the same time, minimal alterations in cell cycle distribu-
tion were observed for the aldo-IPs or positive control 360A tested in 
PC3 cells, under the analogous experimental conditions. 

Additional cell cycle experiments, combined with the Annexin V-PI 
apoptosis assay, were run in HeLa cells (Fig. 1). The cells were subjected 
to treatment with the selected aldo-IPs at 10 μM concentration for 48 h, 
and cell cycle and early stage apoptosis were analyzed in parallel, using 
flow cytometry. As it can be observed in Figs. 1 and S41, all derivatives 
demonstrated to have pro-apoptotic effects in HeLa cells at low con-
centration. Cell cycle analysis confirmed a consistent increase in the 
SubG0 population, whereas the Annexin V-PI assay allowed to discern 
between the cell populations in early stage apoptosis and those in late 
apoptosis, compared to untreated cells used as controls. From the tested 
aldo-IPs, it was found that the compounds are able to induce apoptosis 
after 48 h, producing a higher increase in the number of early apoptotic 
cells. Interestingly, compound 3d, the 2-deoxyglucose-derived alditol, 
showed the highest pro-apoptotic activity, comparable to that observed 
for antitumor compound 360A regarding total percentage of induced 
apoptosis, but significantly higher in terms of early stage apoptosis 
induction. 

Fig. 1. Identification of apoptosis by the flow cytometry assay with Annexin V/PI double staining. HeLa cells were treated with aldo-IPs 3a, 3c, 3d, 3e or reference 
compound 360A, at 10 μM for 48 h. The lower left quadrants of the panels show the intact viable cells, the lower right quadrants represent apoptotic cells at early 
stage, the upper right quadrants show late stage apoptosis and the upper left quadrants represent necrotic cells. (A) Untreated cells; (B) Cells treated with 3a; (C) Cells 
treated with 3c; (D) Cells treated with 3d; (E) Cells treated with 3e and (F) Cells treated with 360A. 
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2.3. DNA interactions 

DNA interactions of aldo-IPs were preliminarily studied by FRET 
melting assays, by viscosity titrations and by equilibrium dialysis. The 
first type of experiment was carried out to detect possible thermal sta-
bilization effects of the ligands on DNA secondary structures. For this 
purpose, short fluorescence-labelled oligonucleotide sequences, F10T 
and telomeric F21T, forming double-stranded or quadruplex structures, 
respectively, were selected. In addition, the non-covalent DNA binding 
mode was evaluated with Calf Thymus (CT) dsDNA, by testing the effect 
the aldo-IPs produce on the viscosity of DNA solutions. Targeting sec-
ondary structures and, in particular, DNA quadruplexes has currently 
many important applications. For example, it has recently proven to be 
an efficient strategy to develop compounds endowed with significant 
anticancer activity12 and to explore directed bio-orthogonal synthetic 
methodologies promoted by DNA Templates.32 Finally, equilibrium 
dialysis was used to determine apparent binding constants of selected 
aldo-IPs with CT DNA. 

2.3.1. DNA FRET melting assays 
Initial evaluation of aldo-IP-DNA interactions was carried out by 

FRET-based DNA melting assays33 using a duplex forming oligonucleo-
tide sequence designated as F10T and a representative example of a 
quadruplex sequence (F21T, human telomeric). Both oligonucleotide 
sequences tested are labeled with the fluorophore FAM at their 5′ end 
and the fluorophore TAMRA at the 3′ end. The experiments were carried 
out using folded (or annealed) DNA in the absence and in the presence of 
increasing concentrations of aldo-IPs, by slow heating from 25 ◦C to 95 
◦C, to determine Tm values (more precisely T1/2 values). 

In Table 4, the results obtained under the tested experimental con-
ditions are shown. Overall, the aldo-IPs can modestly stabilize DNA 
secondary structures, at high [ligand]/[DNA] ratios, and the ΔTm values 
determined for telomeric G4-DNA are slightly higher than for dsDNA. 
Compounds 3b, 3e, 3f and 3g (galactose, rhamnose, xylose and arabi-
nose, Table 4 and Fig. S42) showed a slightly more pronounced stabi-
lizing effect in the telomeric quadruplex structure, with ΔTm values ~4 
◦C (8 μM). A more sublet effect on DNA denaturing was observed for the 
mannose derivative 3c, whereas the rest of aldo-IPs, 3a, 3d and 3h 
displayed weaker stabilization effects. 

When aldo-IPs 3a–h were tested for stabilization of double-stranded 
DNA, with the 10 bp sequence F10T (Table 4, Fig. S42), it was found that 
most of the compounds do not appreciably affect DNA melting curves, 
with low ΔTm values ~0–1 ◦C, for most derivatives, and ΔTm values ~2 
◦C in the cases of 3b and 3d. Taken together, our results suggest that the 
aldo-IPs produce minimal thermal stabilization on the tested DNA sec-
ondary structures. 

All in all, the novel aldo-IPs ligands are not as good G4 stabilizers as 

the previously reported carb-APIPs,14a endowed with an extended aro-
matic surface more adequate for π-π stacking interactions, but they are 
better G4 stabilizers than their N-(1,10-phenanthrolin-5-yl)-β-glyco-
pyranosylamine counterparts,14c which lack the imidazole ring, rein-
forcing the established principle that increased aromatic surfaces 
enhance π-interactions with quadruplex structures. The lack of thermal 
stabilization effects on dsDNA is suggestive of an interaction that in-
volves groove binding, as opposite of what it is commonly expected to 
occur if an intercalation mechanism, with the ligands inserting between 
DNA base pairs, was involved. 

2.3.2. Viscosity titrations 
Viscosity titrations using Calf Thymus (CT) DNA solutions in the 

presence of aldo-IPs were carried out to determine the interaction mode 
with double-stranded DNA. This technique is commonly used to screen 
for non-covalent DNA/ligand interactions, such as DNA intercalation (it 
increases DNA viscosity), or groove or external binding,34 which barely 
affects the DNA viscosity in solution. According to the theory of Cohen 
and Eisenberg,35 plotting the cubed root of the relative DNA viscosity 
(η/ηo)1/3 versus the molar ratio of bound ligand to DNA nucleotide (r), 
can be used to determine the ligand-binding mode to DNA. If a linear 
correlation is obtained, slope values close to 0.0 are indicative of groove 
binding or electrostatic external interactions, whereas positive slope 
values, reaching values close to 1.0, are representative of classical 
monointercalant ligands, such as ethidium bromide. Experimentally, 
some deviations are normally observed, and minor-groove binders 
slopes can vary within the range from − 0.3 to 0.2.36 

Viscosity assays were conducted at a temperature of 25 ± 0.01 ◦C by 
adding small aliquots of each aldo-IP to the DNA solutions of Calf Thymus 
(CT) DNA, in 10 mM sodium phosphate buffer (pH 7.2). Flow times were 
recorded automatically, in the presence (η) and in the absence (ηo) of 
compounds (3a–3h). Viscosity results were plotted as (η/ηo)1/3 versus r, 
as shown in Fig. 2. 

Table 4 
Thermal stabilization of quadruplex DNA and dsDNA structures at 8 μM con-
centration of aldo-IPs.a   

G-DNA (F21T, K+) dsDNA (F10T) 

Compound (precursor) ΔTm (◦C) ΔTm (◦C) 

3a (glucose) 1.5 ± 0.5 0.0 ± 0.0 
3b (galactose) 3.8 ± 0.3 1.5 ± 0.5 
3c (mannose) 2.5 ± 0.5 1.0 ± 0.0 
3d (2-deoxy-D-glucose) 1.5 ± 0.5 2.0 ± 0.0 
3e (rhamnose) 3.5 ± 0.5 0.0 ± 0.0 
3f (xylose) 3.8 ± 0.3 1.3 ± 0.3 
3g (arabinose) 3.8 ± 0.3 1.0 ± 0.0 
3h (ribose) 1.8 ± 0.3 0.5 ± 0.1  

a ΔTm values are the average of replicate measurements (±mean deviation). 

Fig. 2. Viscosity titration experiments of Calf Thymus (CT) DNA and aldo-IPs 
3a–3h at 25 ◦C (10 mM sodium phosphate buffer, pH 7.2). Averaged slope 
values for aldo-IPs that show linear correlation are, ca. − 0.25 (3a), − 0.32 (3b), 
− 0.18 (3c), − 0.15 (3h). Slopes for selected controls: 1.02 (EB), − 0.04 (blank, 
no compound, dilution effect), − 0.17 (DETA). EB: ethidium bromide (classical 
intercalant); DETA: diethylenetriamine (non-specific, electrostatic binder). 
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Among the aldo-IPs tested in this work, it was found that derivatives 
3a–3c and 3h showed a linear (η/ηo)1/3 versus r correlation, at the 
[ligand]/[DNA] ratios used in the experiments. The compounds derived 
from glucose (3a), galactose (3b) mannose (3c) and ribose (3h) were 
found to produce a slight decrease in DNA viscosity in solution, with 
their viscosity slopes ranging from − 0.32 (3b) to − 0.15 (3h). On the 
contrary, the compounds derived from xylose and arabinose, 3f and 3g, 
respectively, produced a minor, non-linear viscosity increase. Interest-
ingly, the titration with compound 3d gave rise to disperse results that 
did not correlate well linearly but, altogether, they reflect that the 
compound does not significantly affect the viscosity of CT DNA. Finally, 
the effect of derivative 3e also deviated from a linear correlation, first 
decreasing the DNA viscosity, and then following a similar trend that the 
one observed with compounds 3a–3c and 3h, at higher [ligand]/[DNA] 
ratios. 

Overall, the aldo-IPs studied show a behavior consistent with an 
interaction likely to occur through recognition of the DNA grooves, 
which may involve a multiple hydrogen bond network in the grooves 
and/or the phosphate backbone. Our results indicate that the series of 
aldo-IPs do not interact with dsDNA by intercalation through the aro-
matic imidazophenanthroline ring, as the viscosity slope values deter-
mined by this technique are far away from the values accepted for 
classical intercalation mechanisms, as exemplified by ethidium bromide 
(Fig. 2). 

2.3.3. Equilibrium dialysis 
Having established that the aldo-APIs altered the viscosity of CT 

dsDNA upon binding, equilibrium dialysis experiments were carried out 
next to determine apparent binding association constants. The experi-
ments were adapted from a protocol reported by the Chaires group,37 

which is based on the fundamental thermodynamic principle of equi-
librium dialysis and the Crothers competition dialysis method.38,39 

2 μM solutions of representative aldo-IPs 3a, 3c, 3d and 3e were 
equilibrated with 75 μM of nucleic acid for 24 h, in the same buffering 
system used in viscosity titrations. At the end of the equilibration period, 
SDS (final concentration 1 %) was added to the dialysis solutions, and 
UV–visible spectra were recorded in order to determine the concentra-
tions of free and DNA-bound ligand. Apparent association constants 
were calculated by using the equation Kapp = Cb/(Cf)(Stotal − Cb),37c 

where Cb is the amount of ligand bound, Cf is the free ligand concen-
tration and Stotal = 75 μM, in monomeric units (base pairs in this case). 

Table 5 shows that aldo-IPs 3a, 3c, 3d and 3e bind CT dsDNA, with 
apparent association constants in the order of 104–105 M− 1. These re-
sults are in good agreement with previously reported work. The binding 
affinity is equivalent to that observed with the carb-APIPs14a and slightly 
better than the one reported by Schutte-Smith et al.7a with other imidazo 
[4,5-f][1,10]phenanthroline derivatives, likely explained by the 
different substitution patterns of the IP scaffold and the presence or not 
of a carbohydrate motif. Of interest, the relative dsDNA binding affinity 
of the tested aldo-IPs followed a similar trend than in the family of carb- 
APIPs, which, unlike the aldo-IP family, was found to significantly in-
crease CT DNA viscosity. It is noteworthy that, in both families of 
compounds, the lowest dsDNA binding affinity corresponds to deoxy- 
sugar derivatives. Further studies will be required to shed light on the 
molecular mechanisms that account for the biological activity of the 
aldo-IPs. 

3. Conclusions 

A novel series of carbohydrate-based imidazophenanthroline de-
rivatives was obtained with synthetically useful yields, through a one- 
pot multistep process, by aerobic oxidative cyclization of 1,10-phenan-
throline-5,6-diamine with a selection of unprotected aldoses using 
(NH4)2SO4 as promoter. The experimental results strongly suggest that 
(NH4)2SO4 plays a key role, by promoting the formation of a highly 
reactive imine intermediate, which should undergo a 6-exo-trig cycli-
zation to readily generate an amino N-glycopyranosylamine, isolated at 
short reaction times. The formation of the imidazole ring may take place 
by a favoured 5-exo-tet cyclization of this derivative, followed by aerobic 
oxidation of the imidazoline (not detected). All derivatives have shown 
relevant cytotoxic activity against PC3, HeLa and HT29 tumor cells, with 
IC50 values in the micromolar concentration range. Their cytotoxicity 
appear to be regulated by both the nature and stereochemistry of the 
chiral polyhydroxy alkyl chain, having the mannose-based aldo-IP the 
highest activity in the series, substantially better than cisplatin metallo- 
drug in all cell lines tested, and better than G-quadruplex ligand 360A in 
HeLa and HT29 cells. Aldo-IPs 3d, 3f and 3h (obtained from 2-deoxy-D- 
glucose, xylose and ribose precursors, respectively) were found less toxic 
than the rest of aldo-IPs in healthy human fibroblast cell line HFF1. 
Moreover, additional experiments of cell cycle analysis and annexin V-PI 
assay with compounds 3a, 3c, 3d and 3e revealed that aldo-IPs are able 
to induce apoptosis in HeLa cells, especially compound 3d, the 2-deox-
yglucose derived aldo-IP. Preliminary DNA interactions have shown that 
the compounds produce minimal thermal stabilization effects on short 
oligonucleotide sequences forming duplex or quadruplex secondary 
structures, mainly affecting the latter. These chiral compounds bind 
dsDNA through the grooves and/or external binding, discarding a 
classical intercalation mechanism involving the heteroaromatic part of 
the conjugate, with association constants in the order of 104-105 M− 1. 

4. Experimental 

4.1. General methods 

All reagents were commercially available (Sigma-Aldrich) in high 
purity and used as received. The oxidative cyclization reactions were 
monitored by thin-layer chromatography (TLC) and their composition 
was determined by 1H NMR spectroscopy; TLC was performed on pre-
coated Kieselgel 60 F254 aluminum sheets; plates were eluted with 
methanol/NH4OH (30 %) 10:1; detection was first by UV and then by 
charring with sulfuric acid in ethanol (1:4, v/v). Melting points were 
taken on an Electrothermal Digital IA9100 apparatus and were uncor-
rected. Optical rotations were measured in HPLC grade dimethyl sulf-
oxide on a Perkin-Elmer 341 polarimeter; [α]D values are given in 10− 1 

deg•cm2•g− 1; concentration is given in mg•mL− 1. ESI mass (+mode) 
spectra were performed on a Thermo Scientific TSQ Quantum LC/MS or 
an AB Sciex QSTAR Pulsar Q-TOF instruments. IR spectra (KBr disks) 
were recorded on a FT-IR Perkin-Elmer Spectrum 2000 spectropho-
tometer. All NMR spectra 1H, 13C, 2D 1H–1H gCOSY, TOCSY, 1H–13C 
gC2HSQCSE, gHMBC) were recorded on a Varian 300 UNITY-Plus or 
VNMRS-500 and Brucker-400 spectrometers in (CD3)2SO or (CD3)2SO- 
D2O at 298 K using standard pulse sequences. Chemical shifts are re-
ported relative to the residual (CHD2)2SO (δH 2.50 ppm), or (CD3)2SO 
(δC 39.5 ppm); resonance patterns are designated with the notations s 

Table 5 
Apparent association constants for aldo-IPs 3a, 3c, 3d and 3e obtained by equilibrium dialysis.   

3a 
(Glucose precursor) 

3c 
(Mannose precursor) 

3d 
(2-Deoxy-D-glucose precursor) 

3e 
(Rhamnose precursor) 

DNA Kapp (M− 1) × 10− 5 Kapp × 10− 5 Kapp × 10− 5 Kapp × 10− 5 

CT dsDNA 2.68 ± 0.30 1.33 ± 0.13 0.32 ± 0.07 0.63 ± 0.01  
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(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet); in 
addition, the notations ap and br are used to indicate an apparent 
multiplicity and a broad signal; geminal protons at the polyhydroxylated 
carbon chain resonating at low and high frequency are denoted as H-a 
and H-b, respectively. Lorentz-Gauss transformation was used to 
improve the resolution of the 1H NMR spectra. Proton parameters of the 
polyhydroxy alkyl chain of 3a–h in (CD3)2SO/D2O were deduced by 
analysis of the respective spin systems. Errors: 1H, δ ± 0.01 ppm, J ±
0.1 Hz; 13C, δ ± 0.1 ppm. 

4.2. Synthesis of 1,10-phenanthroline-5,6-diamine (2) 

1,10-Phenanthroline-5,6-diamine (2) was synthesized in two steps 
from 1,10-phenanthroline-5,6-dione40 by a slight modification of the 
procedure previously described.41,42 First, the 1,10-phenanthroline-5,6- 
dioxime was prepared by treatment of the dione with hydroxylamine- 
hydrochloride, process that requires a careful control of the reaction 
and work-up conditions to avoid side reactions.41d The reaction was 
carried out using pyridine as base and solvent as reported for a related 
system,42 affording more reproducible results than the use of CaCO3 or 
Na2CO3.41 A stirred solution of 1,10-phenanthroline-5,6-dione (420 mg, 
2 mmol) and hydroxylamine hydrochloride (555 mg, 8 mmol) in 20 mL 
of pyridine ([dione] = 0.1 M) was heated at 105 ◦C for 24 h; after cooling 
to room temperature, water was added and the solid formed was filtered 
and washed sequentially with water and CH2Cl2, and then dried under 
vacuum to give the 1,10-phenanthroline-5,6-dioxime41 in a 66 %. 
Reduction of the dioxime with hydrazine hydrate using Pd/C 10 % as 
catalyst41e at 90 ◦C for 20 h afforded 2 as a brownish powder (85 %). δH 
(300 MHz; (CD3)2SO) 5.26 (4H, br s, NH2), 7.61 (2H, dd, J = 8.5, 4.2 Hz, 
H-3(8)), 8.49 (2H, dd, J = 8.5, 1.6 Hz, H-4(7)), 8.77 (2H, d, J = 4.2, 1.6 
Hz, H-2(9)); δC (75 MHz; (CD3)2SO) 121.9a (C-4a(6a)), 122.0 (C-3(8)), 
122.7a (C-5(6)), 128.5 (C-4(7)), 140.9 (C-10a(10b)), 144.9 (C-2(9)); 
atentative assignment. 

4.3. Synthesis of 2-polyhydroxyalkyl-1H-imidazo[4,5-f][1,10] 
phenanthrolines (aldo-IPs) 

4.3.1. General procedure 
A solution of the 1,10-phenantroline-5,6-diamine (210 mg, 1 mmol), 

the monosaccharide (3 or 5 mmol) and ca. 4 mg of (NH4)2SO4 in 30 mL 
of methanol ([diamine] = 0.033 M) was stirred at 25 or 60 ◦C for the 
selected time (Table 1).14a,b,d The reaction mixture was then allowed to 
reach room temperature and the solid obtained was separated by 
filtration and washed with MeOH and H2O to remove the (NH4)2SO4 salt 
and to eliminate excess of sugar as well as possible traces of the starting 
diamine and/or other by-products, and therefore treated with Et2O. 
After drying in vacuum, the purity of the derivatives 3a–h was checked 
by TLC, 1H NMR and analytical data. 

4.3.1.1. (1′S,2′R,3′R,4′R)-2-(1,2,3,4,5-Pentahydroxy)pentyl-1H-imidazo 
[4,5f][1,10]phenanthroline (3a). Pale yellow solid; yield: 90 %; Rf =
0.42; mp 275–277 ◦C (decomposition); [α]D

22 + 13 (c 1.0 in DMSO); IR 
(KBr) vmax 3268 br (NH and OH), 1608 (δ NH), 1566, 1504, 1470 (C=N, 
C=C), 1073, 1042 cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.34a (1H, dd, J 
= − 12.2, 5.7 Hz, H-5′a), 3.36a (1H, dd, J = 8.1, 1.9 Hz, H-3′), 3.54b (1H, 
ddd, J = 8.1, 5.7, 3.4 Hz, H-4′), 3.56b (1H, dd, J = − 12,2, 3.4 Hz, H-5′b), 
4.15 (1H, dd, J = 6.4, 1.9 Hz, H-2′), 5.07 (1H, d, J = 6.4 Hz, H-1′), 7.80c 

(2H, dd, J = 8,2, 4.3 Hz, H-5(10)), 8.88d (2H, br s, H-4(11)), 8.99 (2H, 
dd, J = 4.3, 1.8 Hz, H-6(9)); a,b partially overlapped signals; c 7.79 (2H, 
m) in (CD3)2SO; d two signals were observed for H-4(11) protons in 
(CD3)2SO at 8.82 (1H, dd, J = 8,0, 1.5 Hz) and 9.01 (1H, ap d, J = 8,0 
Hz), partially overlapped with the signal of H-6(9); NH and OH reso-
nances (500 MHz; (CD3)2SO) 4.30 (1H, ap t, J = 5,7 Hz, OH-5′), 4.51 
(1H, d, J = 5,6 Hz, OH-4′), 4.61 (1H, d, J = 6,6 Hz, OH-3′), 4.64 (1H, d, J 
= 6.4 Hz, OH-2′), 5.85 (1H, d, J = 4.2 Hz, OH-1′), 13.47 (1H, br s, NH); 

δC (125 MHz; (CD3)2SO) 63.4 (C-5′), 70.2 (C-1′), 71.2 (C-3′), 71.5 (C-4′), 
72.0 (C-2′), 119.7e (C-3b(11a)), 123.2 (C-5(10)), 123.8e (C-3b(11a)), 
129.6 (C-4(11)), 143.3 (C-7a(7b)), 147.5 (C-6(9), 155.2 (C-2); evalues 
deduced from 1H–13C gHMBC spectrum, tentative assignment; (C-3a 
(11b)) beyond detection. HRMS (ESI-TOF): (M + H)+, found 371.1363 
(100 %) C18H19N4O5 requires 371.1350. 

4.3.1.2. (1′S,2′R,3′S,4′R)-2-(1,2,3,4,5-Pentahydroxy)pentyl-1H-imidazo 
[4,5f][1,10]phenanthroline (3b). Brownish solid; yield: 80 %; Rf = 0.49; 
mp 288–290 ◦C (decomposition); [α]D

22 + 19 (c 1.0 in DMSO); IR (KBr) 
υmax 3253 br (NH and OH), 1639 (δ NH), 1570, 1500 (C=N, C=C), 1110 
cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.44a (1H, dd, J = − 10.6, 6.6 Hz, H- 
5′a), 3.49a (1H, dd, J = − 10.6, 6.6 Hz, H-5′b), 3.69 (1H, dd, J = 9.4, 1.5 
Hz, H-3′), 3.79 (1H, ap td, J = 6,6, 1.5 Hz, H-4′), 3.98 (1H, dd, J = 9.4, 
1.7 Hz, H-2′), 5.29 (1H, d, J = 1.7 Hz, H-1′), 7.78 (2H, dd, J = 8,1, 4.3 Hz, 
H-5(10)), 8.92b (2H, br s, H-4(11)), 8.98 (2H, dd, J = 4.3, 2.0 Hz, H-6 
(9)); a partially overlapped signals; b two broad singlets were observed 
for H-4(11) protons in (CD3)2SO at 8.81 and 9.04; NH and OH reso-
nances (500 MHz; (CD3)2SO) 4.27 (1H, d, J = 5,5 Hz, OH-4′), 4.34 (1H, 
d, J = 7,6 Hz, OH-3′), 4.49 (1H, ap t, J = 4.9 Hz, OH-5′), 4.57 (1H, d, J =
7.1 Hz, OH-2′), 5.65 (1H, br d, J = 5.9 Hz, OH-1′), 13.40 (1H, br s, NH); 
δC (125 MHz; (CD3)2SO) 62.9 (C-5′), 67.7 (C-1′), 68.9 (C-3′), 69.7 (C-4′), 
72.6 (C-2′), 122.9 (C-5(10)), 129.4 (C-4(11)), 143.2 (C-7a(7b)), 147.1 
(C-6(9), 156.4 (C-2); (C-3a(11b)) and (C-3b(11a)) beyond detection. 
HRMS (ESI-TOF): (M + H)+, found 371.1348 (100 %) C18H19N4O5 re-
quires 371.1350, (M + Na)+, found 393.1169 (44 %) C18H18N4O5Na 
requires 393.1169. 

4.3.1.3. (1′R,2′R,3′R,4′R)-2-(1,2,3,4,5-Pentahydroxy)pentyl-1H-imidazo 
[4,5f][1,10]phenanthroline (3c). Pale brownish solid; yield: 92 %; Rf =
0.43; mp 260–262 ◦C (decomposition); [α]D

22− 17 (c 1.0 in DMSO); IR 
(KBr) υmax 3215 br (NH and OH), 1614 (δ NH), 1540, 1490 (C=N, C=C), 
1080 cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.46 (1H, dd, J = − 11.0, 6.1 
Hz, H-5′a), 3.55 (1H, ddd, J = 8.7, 6,1, 3.3 Hz, H-4′), 3.68 (1H, dd, J =
− 11.0, 3.3 Hz, H-5′b), 3.76 (1H, dd, J = 8.7, 1.0 Hz, H-3′), 4.20 (1H, dd, 
J = 8.9, 1.0 Hz, H-2′), 4.92 (1H, d, J = 8.9 Hz, H-1′), 7.80 (2H, dd, J =
8,1, 4.3 Hz, H-5(10)), 8.84 (1H, br s, H-4(11)), 8.92 (1H, br s, H-4(11)), 
9.00 (2H, dd, J = 4.3, 1.8 Hz, H-6(9)); NH and OH resonances (500 MHz; 
(CD3)2SO) 4.38 (1H, ap t, J = 5.7, 5.2 Hz, OH-5′), 4.43 (1H, d, J = 6.8 Hz, 
OH-2′), 4.47 (1H, d, J = 7,7 Hz, OH-3′), 4.54 (1H, d, J = 5.0 Hz, OH-4′), 
5.95 (1H, br d, J = 4.9 Hz, OH-1′), 13.23 (1H, br s, NH); δC (75 MHz; 
(CD3)2SO) 63.9 (C-5′), 68.1 (C-1′), 69.7 (C-3′), 71.2 (C-4′), 71.6 (C-2′), 
119.7a (C-3b(11a), 123.4 (C-5(10)), 124.0a (C-3b(11a), 129.6 (C-4(11)), 
143.3 (C-7a(7b)), 147.6 (C-6(9), 156.4 (C-2); avalues deduced from 
1H–13C gHMBC spectrum, tentative assignment; (C-3a(11b)) beyond 
detection. HRMS (ESI-TOF): (M + H)+, found 371.1348 (100 %) 
C18H19N4O5 requires 371.1350, (M + Na)+, found 393.1169 (40 %) 
C18H18N4O5Na requires 393.1169. 

4.3.1.4. (2′R,3′R,4′R)-2-(2,3,4,5-Tetrahydroxy)pentyl-1H-imidazo[4,5f] 
[1,10]phenanthroline (3d). Pale yellow powder; yield: 90 %; Rf = 0.54; 
mp 250–252 ◦C (decomposition); [α]D

22 + 32 (c 1.0 in DMSO); IR (KBr) 
υmax 3218 br (NH and OH), 1619 (δ NH), 1554, 1460 (C=N, C=C), 1060 
cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.12 (1H, dd, J = − 14.5, 5.1 Hz, H- 
1′a), 3.17 (1H, dd, J = − 14.5, 8.8 Hz, H-1′b), 3.30 (1H, dd, J = 8.5, 1.4 
Hz, H-3′), 3.43 (1H, dd, J = − 11.0, 6.0 Hz, H-5′a), 3.55 (1H, ddd, J = 8.5, 
6.0, 3.4 Hz, H-4′), 3.63a (1H, dd, J = − 11.0, 3.4 Hz, H-5′b), 4.35 (1H, 
ddd, J = 8.8, 5.1, 1.4 Hz, H-2′), 7.80 (2H, dd, J = 8,1, 4.3 Hz, H-5(10)), 
8.78 (1H, br s, H-4(11)), 8.80 (1H, br s, H-4(11)), 8.99 (2H, dd, J = 4.3, 
1.4 Hz, H-6(9)); a partially overlapped with residual H2O signal; NH and 
OH resonances (500 MHz; (CD3)2SO) 4.39 (1H, br s, OH, overlapped 
with H-2′ signal), 4.58 (3H, br s, OH), 13.27 (1H, br s, NH); δC (125 MHz; 
(CD3)2SO) 33.5 (C-1′), 63.4 (C-5′), 68.7 (C-2′), 71.0 (C-4′), 72.4 (C-3′), 
122.8 (C-5(10)), 128.9 (C-4(11)), 143.3 (C-7a(7b)), 147.0 (C-6(9), 155.4 
(C-2); (C-3a(11b)) and (C-3b(11a)) beyond detection. HRMS (ESI-TOF): 
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(M + H)+, found 355.1398 (100 %) C18H19N4O4 requires 355.1401, (M 
+ Na)+, found 377.1221 (39 %) C18H18N4O4Na requires 377.1220. 

4.3.1.5. (1′S,2′S,3′S,4′S)-2-(1,2,3,4-Tetrahydroxy)pentyl-1H-imidazo 
[4,5f][1,10]phenanthroline (3e). Pale yellow solid; yield: 67 %; Rf =
0.53; mp 267–269 ◦C (decomposition); [α]D

22 + 12 (c 1.0 in DMSO); IR 
(KBr) υmax 3302 br (NH and OH), 1612 (δ NH), 1520, 1485 (C=N, C=C), 
1068 cm− 1, δH (500 MHz; (CD3)2SO-D2O) 1.17 (3H, d, J = 6.2 Hz, CH3- 
5′a), 3.51 (1H, dd, J = 8.3, 1.2 Hz, H-3′), 3.65 (1H, dq, J = 8.3, 6.2 Hz, H- 
4′), 4.21 (1H, dd, J = 8.8, 1.2 Hz, H-2′), 4.90 (1H, d, J = 8.8 Hz, H-1′), 
7.80 (2H, dd, J = 8,1, 4.3 Hz, H-5(10)), 8.88a (1H, br s, H-4(11)), 8.89a 

(1H, br s, H-4(11)), 8.99 (2H, dd, J = 4.3, 1.8 Hz, H-6(9)); a 8.89 (2H, br 
s) in (CD3)2SO; NH and OH resonances (500 MHz; (CD3)2SO) 4.36 (1H, 
br d, J = 6.0 Hz, OH), 4.44 (1H, br s, OH), 4.53 (1H, br d, J = 4.4 Hz, 
OH), 5.96 (1H, d, J = 5.0 Hz, OH-1′), 13.31 (1H, br s, NH); δC (125 MHz; 
(CD3)2SO) 20.6 (CH3-5′), 65.8 (C-4′), 68.0 (C-1′), 71.1 (C-2′), 73.3 (C-3′), 
122.9 (C-5(10)), 129.2 (C-4(11)), 143.3 (C-7a(7b)), 147.2 (C-6(9), 156.4 
(C-2); (C-3a(11b)) and (C-3b(11a)) beyond detection. HRMS (ESI-TOF): 
(M + H)+, found 355.1397 (100 %) C18H19N4O4 requires 355.1401, (M 
+ Na)+, found 377.1222 (11 %) C18H18N4O4Na requires 377.1220. 

4.3.1.6. (1′R,2′S,3′S)-2-(1,2,3,4-Tetrahydroxy)butyl-1H-imidazo[4,5f] 
[1,10]phenanthroline (3f). Yellowish powder; yield: 48 %; Rf = 0.53; mp 
230–232 ◦C (decomposition); [α]D

22 − 28 (c 1.0 in DMSO); IR (KBr) υmax 
3198 br (NH and OH), 1628 (δ NH), 1580, 1475 (C=N, C=C), 1072 
cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.45 (1H, dd, J = − 10.1, 5.4 Hz, H- 
4′a), 3.53a (2H, m, H-3′, H-4′b), 3.95 (1H, dd, J = 5.3, 3.1 Hz, H-2′), 5.08 
(1H, d, J = 5.3 Hz, H-1′), 7.80 (2H, dd, J = 8,1, 4.3 Hz, H-5(10)), 8.84b 

(1H, br s, H-4(11)), 8.93b (1H, br s, H-4(11)), 8.99 (2H, dd, J = 4.3, 1.7 
Hz, H-6(9)); a 3.53 (1H, ap dt, J = − 10.7, 5.3 Hz, H-4′b), 3.58 (1H, m, H- 
3′) in (CD3)2SO; b two broad singlets were observed for H-4(11) protons 
in (CD3)2SO at 8.53 and 9.01; NH and OH resonances (500 MHz; 
(CD3)2SO) 4.55 (1H, ap t, J = 5.3 Hz, OH-4′), 4.65 (2H, d, J = 5.8 Hz, 
OH-2′, OH-3′), 5.85 (1H, d, J = 4.6 Hz, OH-1′), 13.45 (1H, br s, NH); δC 
(125 MHz; (CD3)2SO) 62.4 (C-4′), 69.2 (C-1′), 71.7 (C-3′), 72.9 (C-2′), 
123.0 (C-5(10)), 129.4 (C-4(11)), 143.3 (C-7a(7b)), 147.3 (C-6(9), 155.7 
(C-2); (C-3a(11b)) and (C-3b(11a)) beyond detection. HRMS (ESI-TOF): 
(M + H)+, found 341.1240 (100 %) C18H19N4O4 requires 341.1244, (M 
+ Na)+, found 363.1060 (56 %) C18H18N4O4Na requires 363.1064. 

4.3.1.7. (1′R,2′S,3′R)-2-(1,2,3,4-Tetrahydroxy)butyl-1H-imidazo[4,5f] 
[1,10]phenanthroline (3g). Brownish powder; yield: 66 %; Rf = 0.51; mp 
241–243 ◦C (decomposition); [α]D

22 − 15 (c 1.0 in DMSO); IR (KBr) υmax 
3209 br (NH and OH), 1615 (δ NH), 1576, 1481 (C=N, C=C), 1068 
cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.50a (1H, H-4′a), 3.67 (2H, m, H-3′, 
H-4′b), 3.88 (1H, dd, J = 8.2, 2.0 Hz, H-2′), 5.28 (1H, d, J = 2.0 Hz, H-1′), 
7.83 (2H, dd, J = 8,2, 4.4 Hz, H-5(10)), 8.98 (2H, br s, H-4(11)), 9.01 
(2H, dd, J = 4.4, 1.6 Hz, H-6(9)); a overlapped with residual H2O signal; 
3.50 (1H, dd, J = − 11.8, 6.7 Hz) in (CD3)2SO; NH and OH resonances 
(500 MHz; (CD3)2SO) 4.44 (1H, br s, OH), 4.74 (2H, br s, OH), 5.72 (1H, 
d, J = 5.4 Hz, OH-1′), 13.42 (1H, br s, NH); δC (125 MHz; (CD3)2SO) 63.3 
(C-4′), 67.8 (C-1′), 70.9 (C-3′), 73.8 (C-2′), 123.3 (C-5(10)), 130.0 (C-4 
(11)), 143.3 (C-7a(7b)), 147.0 (C-6(9), 155.9 (C-2); (C-3a(11b)) and (C- 
3b(11a)) beyond detection. HRMS (ESI-TOF): (M + H)+, found 
341.1240 (100 %) C18H19N4O4 requires 341.1244, (M + Na)+, found 
363.1060 (47 %) C18H18N4O4Na requires 363.1064. 

4.3.1.8. (1′S,2′S,3′R)-2-(1,2,3,4-Tetrahydroxy)butyl-1H-imidazo[4,5f] 
[1,10]phenanthroline (3h). Light brownish solid; yield: 79 %; Rf = 0.50; 
mp 262–264 ◦C (decomposition); [α]D

22 + 14 (c 1.0 in DMSO); IR (KBr) 
υmax 3195 br (NH and OH), 1608 (δ NH), 1564, 1479 (C=N, C=C), 1072 
cm− 1, δH (500 MHz; (CD3)2SO-D2O) 3.46 (1H, dd, J = − 11.1, 6.2 Hz, H- 
4′a), 3.62a (1H, dd, J = − 11.1, 3.4 Hz, H-4′b), 3.65a (1H, m, J = 6.7, 6.2, 
3.4 Hz, H-3′), 3.93 (1H, dd, J = 6.7, 5.2 Hz, H-2′), 5.11 (1H, d, J = 5.2 Hz, 
H-1′), 7.80 (2H, dd, J = 8,1, 4.3 Hz, H-5(10)), 8.91b (2H, br s, H-4(11)), 

9.00 (2H, dd, J = 4.3, 1.5 Hz, H-6(9)); a partially overlapped signals; b 

two broad singlets were observed for H-4(11) protons in (CD3)2SO at 
8.83 and 9.00 (partially overlapped with the signal of H-6(9)); NH and 
OH resonances (500 MHz; (CD3)2SO) 4.43 (1H, ap t, J = 5.5, 5.1 Hz OH- 
4′), 4.78 (1H, br s, OH-3′), 4.91 (1H, d, J = 5.6 Hz, OH-2′), 6.00 (1H, d, J 
= 4.7 Hz, OH-1′), 13.22 (1H, br s, NH); δC (125 MHz; (CD3)2SO) 62.9 (C- 
4′), 69.5 (C-1′), 72.4 (C-3′), 74.7 (C-2′), 123.1 (C-5(10)), 129.5 (C-4(11)), 
143.2 (C-7a(7b)), 147.4 (C-6(9), 155.2 (C-2); (C-3a(11b)) and (C-3b 
(11a)) beyond detection. HRMS (ESI-TOF): (M + H)+, found 341.1237 
(100 %) C18H19N4O4 requires 341.1244, (M + Na)+, found 363.1059 
(47 %) C18H18N4O4Na requires 363.1064. 

4.3.1.9. N-(6-Amino-1,10-phenanthrolyn-5-yl)-β-D-glucopyranosylamine 
(4a). The product was purified by flash chromatography on silica gel 
using methanol/NH4OH (30 %) 10:1 as eluent. Yellow solid; yield: 85 %; 
Rf = 0.40; mp 244–246 ◦C (decomposition); IR (KBr) υmax 3100 br (NH 
and OH), 1608 (δ NH), 1566, 1504, 1470 (C=N, C=C), 1110, 1021 
cm− 1, δH (500 MHz; (CD3)2SO-D2O) 2.98 (1H, ddd, J = 9.0, 5.7, 2.4 Hz, 
H-5), 3.17 (1H, ap t, J = 9.0, 8.7 Hz, H-4), 3.21 (1H, ap t, J = 8.7, 8.3 Hz, 
H-3), 3.35 (1H, ap t, J = 8.7, 8.3 Hz, H-2), 3.43 (1H, dd, J = − 11.5, 5.7 
Hz, H-6a), 3.58 (1H, dd, J = − 11.5, 2.4 Hz, H-6b), 3.97 (1H, d, J = 8.7 
Hz, H-1), 7.55 (1H, dd, J = 8.4, 4.2 Hz, H-8′), 7.70 (1H, dd, J = 8.4, 4.2 
Hz, H-3′), 8.64 (1H, dd, J = 8.4, 1.5 Hz, H-4′), 8.70 (1H, dd, J = 4.2, 1.5 
Hz, H-9′), 8.78 (1H, dd, J = 8,4, 1.5 Hz, H-7′), 8.97 (1H, dd, J = 4.2, 1.5 
Hz, H-2′); NH and OH resonances (500 MHz; (CD3)2SO) 4.23 (1H, ap t, J 
= 5,6 Hz, OH-6), 4.84 (1H, d, J = 5,1 Hz, OH-3(4)), 4.92 (1H, d, J = 9.3 
Hz, NH), 4.99 (1H, br s, OH-3(4)), 5.48 (1H, d, J = 4.7 Hz, OH-2), 6.02 
(2H, s, NH2); δC (100 MHz; (CD3)2SO) 61.3 (C-6), 70.3 (C-4), 74.0 (C-2), 
77.5, 77.7 (C-3, C-5), 91.2 (C-1), 118.4 (C-5′(6′)), 121.9 (C-4′a(6′a)), 
122.4, 123.0 (C-3′(8′)), 130.4, 130.6 (C-4′(7′)), 140.4 (C-10′a(10′b)), 
144.5 (C-9′), 148.0 (C-2′). HRMS (ESI-TOF): (M + H)+, found 371.1363 
(100 %) C18H19N4O5 requires 371.1350. 

4.4. Cell culture and MTT colorimetric assays 

Aldo-IPs antitumor activity in cultured cells was tested as previously 
reported.14a Human PC3 (prostate), HeLa (cervix) and HT29 (colorectal) 
tumor cells were purchased from American Type Culture Collection 
(ATCC). Cells and culture media were: PC-3 (CRL-1435™, RPMI), HeLa 
(CCL-2™, DMEM), HT29 (HTB-38™, McCoy’s 5a Medium Modified, 
Catalog No. 30–2007), HFF-1 (SCRC-1041™, DMEM). Culture media 
were acquired from Sigma: RPMI 1640, DMEM + 10 % FBS (Fetal 
Bovine Serum) + 10 % antibiotic (penicillin/streptomycin/amphoter-
icin B). Cells were maintained at 37 ◦C in the presence of 5 % CO2, 
renewing culture media three times per week. On the seeding day, when 
cells reached 80–100 % confluence, cells were trypsinized, centrifuged 
and the concentration adjusted to the required experiment concentra-
tion. Cells were then seeded at a density of ~10,000 cells/well (~8,000 
cells/well in the case of HeLa) into 24-well plates and treated with 
different concentrations of the aldo-IPs (typically to cover the 10 nM- 
100 µM range), from freshly prepared stock solutions in culture media. 
The experiments were run in triplicate, in a total 0.55 mL well volume. 
After 72 h incubation (37 ◦C/5% CO2), 50 μL of MTT (5 mg/mL) was 
added followed by incubation for another 4 h. Then, the medium in each 
well was replaced by DMSO (0.5 mL) and the absorbance in every well 
assessed at 570 nm in an ELISA plate reader (ELX 800 Biotech In-
struments, Spain). Absorbance values were normalized against negative 
controls (untreated cells or untreated cells with 0.09 % DMSO (Fig. S39), 
the maximum DMSO percent used at the highest compound concentra-
tion, both in triplicate) and the percentage of viable cells versus com-
pound logarithmic concentration was plotted. IC50 values were 
determined through the equation 1/(1 + 10^(m2 * (log(m1) − x))); m1 
= 0.000003; m2 = 1 using Kaleidagragh™ (3.52) software. 
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4.5. Flow cytometry. Cell cycle analysis and apoptosis assay 

Flow cytometry experiments were carried out on a MACSQuant® 
Analyzer 10 Flow Cytometer (Miltenyi Biotech, 9 Bergisch Gladbach, 
Germany). Exponentially growing HeLa cells were seeded in 6-well 
plates in DMEM at a density of 2.5 × 105/well, and subjected to com-
pound treatment (aldo-IPs or reference compound 360A,43 either at ½ 
IC50 equivalent concentrations for 72 h, or at a 10 μM concentration for 
48 h. Culture media was added in the case of controls of untreated cells. 
The cells were then washed with PBS and detached with 0.25 % trypsin/ 
0.2 % EDTA, centrifuged at 1500 rpm for 5 min at room temperature and 
the pellets were mixed with 500 μL of ice-cold 70 % ethanol and then 
kept at 4 ◦C for 30 min. After removing the ethanol by centrifugation, 
the pellets were washed with 2 mL PBS + 2 % BSA and centrifuged 
again. The supernatants were discarded and 0.5 mL of propidium iodide 
solution (PI/RNAse, FxCycle™, Invitrogen™ ref. F10797) was added to 
cell pellets, mixed well and incubated for 15 min at room temperature 
before flow cytometry analysis. For each sample, 10,000 events were 
acquired. Results obtained were analyzed with the MacsQuantify 2.13.1 
program. 

For the apoptosis assay, part of the cells treated for cell cycle analysis 
cells were harvested by trypsinization, washed with PBS and stained 
using Annexin-V FITC & PI kit (Invitrogen™ ref. V 13242) according to 
the manufacturer’s instructions. About 10,000 cells were recorded and 
analyzed by flow cytometry. 

4.6. DNA FRET melting assays 

DNA FRET melting experiments with labeled dsDNA F10T (5′- FAM – 
TAT AGC TA TA/Sp18/TA GCT ATA – TAMRA - 3′) and with telomeric 
quadruplex DNA F21T (5′- FAM – (GGG TTA)3GGG – TAMRA - 3′) were 
run according to previously reported protocols.14a The oligonucleotides 
were dissolved in BPC grade water to provide 50 μM stock solutions. 
0.25 μM solutions of F21T and F10T were then prepared by mixing the 
DNA stock solution (50 μM), the corresponding 2X buffer and water. 
These solutions were heated at 90 ◦C for 7 min and then cooled at 0 ◦C 
(F21T) or gradually to room temperature (F10T) for three hours. The 
solutions were allowed to stand overnight at 4 ◦C. 

Aldo-IPs were dissolved in water, containing a small proportion of 
DMSO (50 μM stock solution, 0.05 % DMSO). The compounds were 
tested at a concentration range from 0 to 10 μM using the oligonucleo-
tide sequences F21T and F10T. Each well of the 96-well microplate 
contained a 50 μL total volume with a 200 nM oligonucleotide con-
centration in the corresponding buffer pH = 7.3. The buffering system 
for F21T contained 10 mM potassium chloride, 90 mM lithium chloride 
and 10 mM lithium cacodylate; the buffer used with F10T contained 
100 mM lithium chloride and 10 mM lithium cacodylate. 

The experiments were performed on an ABI PRISM® 7000 Sequence 
Detection System (Applied Biosystems). The melting procedure included 
a 5-min incubation at 24 ◦C followed by a temperature ramp at a 1 ◦C/ 
min rate with fluorescence measurement at every degree up to 95 ◦C and 
subsequently a 5-min incubation at 96 ◦C followed by a temperature 
ramp at a − 1 ◦C/min rate with fluorescence measurement at every 
degree down to 25 ◦C. The melting curves were obtained as a change in 
emission of FAM (6-carboxyfluorescein) excited at 492 nm and emitting 
at 516 nm. Experiments were run at least in duplicate. The melting 
temperatures (Tm) were determined from normalized curves as the mid- 
transition T1/2 temperatures. T1/2 represents an apparent melting tem-
perature, defined as the temperature where the normalized fluorescence 
has a value of 0.5. 

4.7. Viscosity titrations 

The viscosity measurements were performed in a Visco System AVS 
470 at 25 ◦C, using a microUbbelohde (K = 0.01) capillary viscome-
ter.14a Solutions of DNA (Calf thymus, CT) and aldo-IPs, were prepared 

in sodium phosphate buffer (10 mM, pH = 7.2). DNA solutions 
(0.30–0.35 mM, in nucleotides) were equilibrated for 20 min at 25 ◦C 
and then 20 flow times were registered. Small aliquots (ca. 20–40 μL) of 
solutions of the aldo-IP (~1.6–1.7 mM) were added next. Before each 
flow time registration, the solutions were equilibrated for at least 20 min 
at 25 ◦C and then 20 flow times were measured. With the averaged flow 
times and the viscometer constant, the viscosities (μ) for each point were 
calculated, with μo representing the DNA solution viscosity in the 
absence of compound. The viscosity results were then plotted as (μ/μo)1/ 

3 versus the molar ratio of bound ligand to DNA nt (r). 

4.8. Equilibrium dialysis 

Experiments were performed as previously reported.14a Duplex DNA 
from calf thymus (CT DNA, deoxyribonucleic acid, activated, type XV), 
was acquired from Sigma Aldrich and used as provided. A 10 mM so-
dium phosphate buffer (pH = 7.2) was used, in the same conditions as 
used in viscosity titrations. For each dialysis assay, a 0.2 mL volume of 
CT DNA in buffer (75 μM in base pairs) was pipetted into individual 
dialysis units (Biotech Regenerated Cellulose (RC) membrane, part 
number 133192, Spectrum Laboratories, Inc.). The dialysis units were 
then placed in a beaker containing 200 mL of a 2 μM solution of com-
pound in buffer. The beaker was covered with Parafilm and wrapped in 
aluminum foil, and its contents were allowed to equilibrate with 
continuous stirring for 24 h at room temperature (22 ◦C). At the end of 
the equilibration period, the DNA solutions inside the dialysis units were 
carefully transferred into microcentrifuge tubes and a 10.0 % (w/v) 
stock solution of SDS detergent was added to give a final concentration 
of 1.0 % (w/v). These solutions were allowed to equilibrate for another 
2 h, after which the total concentration of the ligand (Ct) was deter-
mined by UV–visible absorbance measurements using the extinction 
coefficients of free aldo-IPs calculated in the presence of 1.0 % SDS. The 
concentration of free compound (Cf) was also established spectropho-
tometrically using an aliquot of their dialysate solution. The amount of 
DNA-bound compound (Cb) was then calculated by the difference Cb =

Ct − Cf and apparent association constants (Kapp) determined. 
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Phenanthroline glycosylamines: synthesis and copper(II) complexes. Tetrahedron. 
2014;70:1071–1076. https://doi.org/10.1016/j.tet.2013.12.044. 

15. (a) Ramu V, Gautam S, Garai A, Kondaiah P, Chakravarty AR. Glucose-appended 
platinum(II)-BODIPY conjugates for targeted photodynamic therapy in red light. 
Inorg. Chem. 2018;57:1717–1726. https://doi.org/10.1021/acs.inorchem.7b02249. 
(b) Ma J, Yang X, Hao W, Huang Z, Wang X, Wang PG. Mono-functionalized 
glycosylated platinum(IV) complexes possessed both pH and redox dual-responsive 
properties: exhibited enhanced safety and preferentially accumulated in cancer cells 
in vitro and in vivo. Eur. J. Med. Chem. 2017;128:45–55. https://doi.org/10.1016/j. 
ejmech.2017.01.032.(c) Mikata Y, Gottschaldt M. Metal complexes of 
carbohydrate-targeted ligands. In: Storr T, ed. Medicinal Inorganic Chemistry in Ligand 
Design in Medicinal Inorganic Chemistry. Chichester: Wiley & Sons; 2014:145–174. 
(d) Banik B, Somyajit K, Hussain A, Nagaraju G, Chakravarty AR. Carbohydrate- 
appended photocytotoxic (imidazophenanthroline)-oxovanadium(IV) complexes for 
cellular targeting and imaging. Dalton Trans. 2014;43:1321–1331. https://doi.org/ 
10.1039/C3DT52087K. 

16. (a) Harland A, Liu X, Ghirardello M, Galan MC, Perks CM, Kurian KM. Glioma stem- 
like cells and metabolism: potential for novel therapeutic strategies. Front Oncol. 
2021;11, 743814. https://doi.org/10.3389/fonc.2021.743814.(b) Granchi C, 
Fortunato S, Minutolo F. Anticancer agents interacting with membrane glucose 
transporters. MedChemComm. 2016;7:1716–1729. https://doi.org/10.1039/ 
C6MD00287K.(c) Zhang D, Li J, Wang F, Hu J, Wang S, Sun Y. 2-Deoxy-D-glucose 
targeting of glucose metabolism in cancer cells as a potential therapy. Cancer Lett. 
2014;355:176–183. https://doi.org/10.1016/j.canlet.2014.09.003. 

17. (a) Paul A, Zhang B-D, Mohapatra S, et al. Novel mannitol-based small molecules 
for inhibiting aggregation of α-synuclein amyloids in Parkinson’s disease. Front Mol 
Biosci. 2019;22:16. https://doi.org/10.3389/fmolb.2019.00016.(b) Dias CJ, 
Sardo I, Moura NMM, et al. An efficient synthetic access to new uracil-alditols 
bearing a porphyrin unit and biological assessment in prostate cancer cells. Dyes 
Pigm. 2019;173, 107996. https://doi.org/10.1016/j.dyepig.2019.107996.(c) 
Chang Y, Hsu W-H, Yang W-B, et al. Structure-activity relationship of three 
synthesized benzimidazole-based oligosaccharides in human platelet activation. Int 
J Mol Med. 2017;40:1520–1528. https://doi.org/10.3892/ijmm.2017.3133.(d) 
Khalafi-Nezhad A, Nourisefata M, Panahi F. Carbohydrates as reagent in 
multicomponent reaction: one-pot access to a new library of hydrophilic substituted 
pyrimidine-fused heterocycles. Org Biomol Chem. 2014;12:9419–9426. https://doi. 
org/10.1039/C4OB01791A.(e) Peterson KE, Cinelli MA, Morrell AE, et al. Alcohol-, 
diol-, and carbohydrate-substituted indenoisoquinolines as topoisomerase I 
inhibitors: investigating the relationships involving stereochemistry, hydrogen 
bonding, and biological activity. J Med Chem. 2011;54:4937–4953. https://doi.org/ 
10.1021/jm101338z. 

18. (a) Lin C, Hung W-T, Kuo C-Y, Liao K-S, Liu Y-C, Yang W-B. I2-catalyzed oxidative 
condensation of aldoses with diamines: synthesis of aldo-naphthimidazoles for 
carbohydrate analysis. Molecules. 2010;15:1340–1353. https://doi.org/10.3390/ 
molecules15031340.(b) Lin C, Lai P-T, Liao S-K-S, Hung W-T, Yang W-B, Fang J-M. 
Using molecular iodine in direct oxidative condensation of aldoses with diamines: 
an improved synthesis of aldo-benzimidazoles and aldo-naphthimidazoles for 
carbohydrate analysis. J Org Chem. 2008;73:3848–3853. https://doi.org/10.1021/ 
jo800234x. 

19. (a) Lang S, Huang X. Carbohydrate conjugates in vaccine developments. Front 
Chem. 2020;8:284. https://doi.org/10.3389/fchem.2020.00284.(b) Mettu R, 
Chen C-Y, Wu C-Y. Synthetic carbohydrate-based vaccines: challenges and 
opportunities. J Biomed Sci. 2020;27:9. https://doi.org/10.1186/s12929-019-0591- 
0.(c) Shelton J, Lu X, Hollenbaugh JA, Cho JH, Amblard F, Schinazi RF. 
Metabolism, biochemical actions, and chemical synthesis of anticancer nucleosides, 
nucleotides, and base analogs. Chem Rev. 2016;116:14379–21445. https://doi.org/ 
10.1021/acs.chemrev.6b00209.(d) Weber GF. Molecular Therapies of Cancer. 
Heidelberg: Springer; 2015.(e) Chabre YM, Roy R. Design and creativity in 
synthesis of multivalent neoglycoconjugates. Adv Carbohydr Chem Biochem. 2010;63: 
165–393. https://doi.org/10.1016/s0065-2318(10)63006-5. 

20. (a) Beigel JH, Tomashek KM, Dodd LE, et al. Remdesivir for the treatment of Covid- 
19 - final report. N Engl J Med. 2020;383:1813–1826. https://doi.org/10.1056/ 
NEJMoa2007764.(b) Berdis AJ. Inhibiting DNA Polymerases as a therapeutic 
intervention against cancer. Front Mol Biosci. 2017;4:78. https://doi.org/10.3389/ 
fmolb.2017.00078. 

21. (a) Maier FC, Schweifer A, Damaraju VL, et al. 2-Nitroimidazole-furanoside 
derivatives for hypoxia imaging—investigation of nucleoside transporter 
interaction, 18F-labeling and preclinical PET imaging. Pharmaceuticals. 2019;12:31. 
https://doi.org/10.3390/ph12010031.(b) Kumar P, Roselt P, Reischl G, et al. 
β-[18F]fluoro azomycin arabinoside (β -[18F]FAZA): synthesis, radiofluorination 
and preliminary PET imaging of murine A431 tumors. Curr Radiopharm. 2017;10: 
93–101. https://doi.org/10.2174/1874471010666170313120540. 
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