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Abstract—In developing G-quadruplex interactive telomerase inhibitors two main features have to be taken into account: the hydro-
phobic interactions with the G-quartet plane and the electrostatic interactions with the negatively charged phosphates of the four
grooves. In this paper, we report the synthesis of four hydrosoluble coronene derivatives, which are characterized by a large hydro-
phobic aromatic core and four orthogonal hydrophilic side chains. We have studied their ability to induce both inter- and intramo-
lecular G-quadruplex structures and found a significant selectivity of all the coronene derivatives for the intramolecular
G-quadruplex. The efficiency in inhibiting human telomerase has been evaluated in a cell-free system and the experimental results
correlate with the relative affinities of these compounds for the G-quadruplex monomeric structure, as derived by molecular mod-
elling simulations. Thus, the coronene derivatives can be considered as a new class of telomerase inhibitors, although further inves-
tigations are surely necessary to fully exploit their features.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

G-quadruplexes are unusual DNA secondary structures
based on planes consisting of four guanines (G-tetrads)
stabilized by Hoogsteen G–G pairings and monovalent
cations1 (Fig. 1). Although based on the same central
moiety, many different G-quadruplex structures can
arise depending on the number of strands and their ori-
entation, leading to different loops and grooves.2 These
structures are particularly important for naturally
occurring G-rich sequences, such as those present at
the end of eukaryotic chromosomes (telomeres).3 More-
over, the presence in the cell of proteins that bind and/or
induce G-quadruplexes,4 as well as helicases able to un-
wind specifically these structures,5 suggests that G-quad-
ruplexes represent biologically important signalling
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structures. Recent evidence of the existence of G-quad-
ruplex structures in vivo supports this hypothesis.6,7

Classical G-quadruplex ligands present an aromatic core
suitable for p–p stacking interactions with the terminal
G-tetrad of a DNA G-quadruplex, while the hydrophilic
side chains interact with the DNA grooves.8 These com-
pounds are able to inhibit human telomerase, since the
enzyme is not able to bind to its substrate (the telomere)
if it is firmly folded in a G-quadruplex structure.9 Since
telomerase is not active in most somatic cells but is
active in most human tumours, telomere targeting and
telomerase inhibition have gained great consideration
for new highly selective anti-tumour strategies.10 A wide
range of such small molecules have been characterized,
including acridines,11 triazines,12 porphyrins,13

perylenes14 and berberine derivatives.15

We have previously reported the synthesis of a new
hydrosoluble coronene derivative (CORON, Fig. 2) with
four polar side chains containing piperidine.16

mailto:marco.franceschin@uniroma1.it


N

N

N N

N H

O

H

H

H

H

O

H

N

N

NN

N

H

H

O

H

N

N

N N

N

H

H

O

H N

N N

N

N

Figure 1. Schematic representation of a G-tetrad (left). The X-ray-derived monomeric structure18 of the 22-mer human telomeric DNA sequence

AGGG(TTAGGG)3 used in the molecular modelling simulations (right): the yellow ribbon indicates the strand topology, the K+ ions are in orange,

the H-bonds in green and the binding site used for the docking in violet.
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The simultaneous presence of a large hydrophobic core
and four flexible hydrophilic chains gives rise to very
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Figure 3. The new coronene derivatives.
interesting physico-chemical properties: this compound
is soluble in organic solvents in the basic form and in
aqueous solution as a hydrochloride. These two molec-
ular features are essential in determining the interactions
between this molecule and G-quadruplex DNA struc-
tures. Our previous studies on perylene diimides14

showed that the polar side chains play a major role in
determining the ability of these compounds to bind to
the G-quadruplex. In particular, the highest efficiency
in inducing G-quadruplex structures and inhibiting telo-
merase was obtained for the compounds with piperazi-
no-ethyl and dimethylamino-propyl side chains, rather
than for the original piperidino-ethyl containing
PIPER.17 In this work, we report the synthesis of three
new coronene derivatives (Fig. 3), using side chains sim-
ilar to those which led to the best biological activity in
the perylene series, and a study of their interactions with
G-quadruplex structures and their ability to inhibit
telomerase.
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Table 1. Medium binding energies over 25 structures for the complexes

between the human monomeric G-quadruplex structure and the

specified ligand, derived by simulated annealing as described in

Section 4

Ligand Binding energy (kcal/mol)

CORON �1889 ± 22

CORON2 �1915 ± 37

CORON3 �1941 ± 34

CORON4 �1918 ± 35
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2. Results and discussion

2.1. Molecular modelling

Simulated annealing of the previously reported COR-
ON16 (Fig. 1) on a G-quadruplex monomeric structure18

was performed as described in Section 4. The resulting
structure of the complex between G-quadruplex and
CORON (Fig. 4A) shows a good superimposition of
the large aromatic core of the ligand and the terminal
G-tetrad of the G-quadruplex. The four side chains
are correctly directed towards the four grooves of the
G-quadruplex and at least two of them are well fitted
into two adjacent grooves. This model confirms the
‘threading intercalation’ model for coronene derivatives,
as has also been proposed for many G-quadruplex
ligands.19 When performing the same simulations on
the other three derivatives, similar models were obtained
(Fig. 4B). The interaction energies between the G-quad-
ruplex and the ligand obtained for the four compounds
are reported in Table 1. Due to the simplicity of the
molecular modelling procedure used (in particular the
rigidity of DNA and the absence of explicit water
Figure 4. Complexes between coronene derivatives (yellow) and a monomeric

(left) and CPK model (right). (A) CORON (B) CORON3.
molecules) the binding energies must be considered in
a relative order for this series of homologous com-
pounds and not as absolute values. Moreover, it is
worth noting that the parallel monomeric structure we
used is only one of the many possible G-quadruplex
structures.20 Nevertheless, it has been widely used for
molecular modelling11,21 and, from the model we ob-
tained using this specific structure, it is possible to note
that the three new compounds are predicted to be more
efficiently bound to the monomeric G-quadruplex than
CORON. This is mainly due to the flexibility of the
longer side chains (with a propyl linker instead of the
G-quadruplex (blue) obtained by simulated annealing. Sticks and lines
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ethyl chain of CORON) and the presence of a larger
number of basic nitrogen atoms of the piperazine ring
with respect to the piperidine ring (Fig. 4B). This agrees
with our previous results obtained in the series of peryl-
ene diimides.14
N N

N

R=

X= N-CH3

12

R=

X= N-CH3 13

R=

X= CH2
14

(CORON2)
(CORON3)

(CORON4)

OO

O

O

O

O

N

O

O

B

R

R

NH2

N

OSO2CH3

OH

NH X

N N

N

1.H2SO4 conc.
   rt 2h
2.I2, 80˚C 
3.Br2, 4-6 h 100˚C

DMA,
6h 12
under

CH3CN
20h reflux

CH3SO2Cl
Et3N
CH2Cl2
2h r.t.

  CH2

N-CH3

1

5

6

R=

X= N-CH3
9

R=

X= N-CH3
10

R=

X= CH2

11

7
8X =

Scheme 1.
2.2. Chemical synthesis

The three new hydrosoluble coronene derivatives were
synthesized using the same strategy we reported for
the synthesis of CORON16 (Scheme 1), previously
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Figure 5. UV–vis absorption spectra of coronene derivatives in DMSO

(A) and in MES–KCl aqueous buffer (pH 6.5) (B).
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described by Mullen and co-workers for lipophilic
derivatives.22

The first step of the synthetic strategy is the bromination
of the bay area of 3,4:9,10-perylenetetracarboxylic dian-
hydride (1) to obtain two functionalized positions able
to react in the subsequent steps. Four positions (1, 6, 7
and 11) of the perylene moiety are reactive, but electron-
ic and steric reasons allow only two dibromo derivatives
to be obtained, whose ratio is determined by the reac-
tion conditions: the major isomer was always 1,7-dib-
romoperylene-3,4:9,10-tetracarboxylic dianhydride (2)
and the minor one the corresponding 1,6-derivative.
Temperature and reaction time have been shown to be
key parameters in determining the ratio between the
two isomers. In particular, keeping the temperature at
100 �C for 4–6 h, the highest amount of the major iso-
mer was obtained, approximately in a 6:1 ratio with re-
spect to the minor 1,6-isomer. A small amount of the
1,6-isomer was always present, as could be determined
by analyzing the 1H NMR spectra of 2. In Scheme 1
only the isomer 2 and the relative subsequent products
are shown.

The second step consists of the addition of the side
chains on the major axis of the perylene core, by reac-
tion of the anhydridic group with primary amines hav-
ing opportunely functionalized chains, as we focused
on perylene diimides.14 In this way we obtained two dif-
ferent compounds: PIPER-Br (3) and DAPER-Br (4).

In order to proceed towards the formation of the coron-
ene aromatic core, suitable functionalized alkynes were
prepared, having 1-piperidine (7) or 1-(4-methyl)-pipera-
zine (8) at the end of the linear chain. Compound 7 is the
same alkyne used in the CORON synthesis to obtain the
PIPER-like side chain. Compound 8 was used to obtain
side chains similar to those of the perylene derivative
showing the best biological activity, which contained
piperazine.14 Compounds 7 and 8 were purified in two dif-
ferent ways due to their different hydrosolubility.

These functionalized alkynes were successively used in
the Sonogashira cross-coupling22,23 to synthesize the
intermediate compounds 9, 10, and 11. This reaction is
catalyzed by Pd(0) complexes in the presence of CuI
and a suitable base, leading to a new C–C bond. If a sec-
ondary amine is used as a base, alternative substitution
of the bromine atoms can occur.16 This is the main rea-
son for using methyl-piperazine (a tertiary amine) in-
stead of piperazine in the preparation of the alkynes
for the synthesis of compounds 9 and 10. In the Sono-
gashira coupling, the cyclization described in the next
step also partially occurs. Separation was not useful at
this stage, so the mixtures of each intermediate com-
pound and the related partially closed products were
used in the following step.

In order to complete the coronene aromatic core, a base-
catalyzed cyclization was performed with DBU.22 It was
necessary to avoid using a nucleophilic base, in order to
prevent hydrolysis of the imide group. The compounds
CORON2 (12), CORON3 (13) and CORON4 (14) were
thus obtained and converted into the respective water-
soluble hydrochlorides by precipitation with acetone
from an acid aqueous solution (HCl).

2.3. Spectroscopic properties

Due to the presence of four polar side chains, the coron-
ene derivatives are hydrosoluble as hydrochlorides. Nev-
ertheless, the presence of a large central aromatic core
favours stacking interactions between these molecules.
It was not possible to predict the result of these two
opposite molecular features on the molecular organiza-
tion of these compounds in different solvents. It is evi-
dent from the appearance of the electronic spectra that
the presence of the four hydrophilic side chains is not
sufficient to overcome the tendency of self-aggregation
by the large hydrophobic cores of the coronene moiety.
This is shown by the features of the absorption spectra
performed in MES–KCl buffer (pH 6.5) with respect
to those obtained in DMSO. In fact, in organic solvents
these molecules show the characteristic six bands of
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coronene,22 while in aqueous solution a minor resolution
of the bands and a remarkable hypochromic effect with
respect to the spectra in DMSO can be observed (Fig. 5).

In order to analyze the stability of these aggregates,
several experiments were performed. First spectra in
MES–KCl buffer were obtained at different drug con-
centrations (from 10 to 40 lM) to study the effect of
dilution on the extinction coefficients (Supplementary
data, S1), but no significant change was detected, sug-
gesting that the self-aggregation has no variation in this
concentration range. Spectra in MES–KCl buffer were
then performed at different temperatures (from 30 to
90 �C). The extinction coefficient variation was not very
high, but it was possible to observe the emergence of a
peak at 432 nm, from the low and broad band present
in water solution between 417 and 438 nm (Supplemen-
tary data, S2). Finally, melting experiments were
performed by registering the absorbance at a fixed wave-
length while the temperature was slowly increased: an
extinction coefficient percentage variation of about
13–23% was observed in the temperature range
30–90 �C (Supplementary data, S3).

These results confirmed the hypothesis of a self-aggrega-
tion process in aqueous solution for the coronene deriv-
atives and suggested that these aggregates are very stable
in the micromolar concentration range.

2.4. Inter- and intramolecular G-quadruplex DNA
induction

The ability of the four hydrosoluble coronene deriva-
tives to induce the formation of intra- and intermolecu-
lar G-quadruplex structures was investigated by PAGE
(polyacrylamide gel electrophoresis).

The DNA oligonucleotides 2HTR and TSG4 (Scheme 2)
were used. 2HTR is able to form dimeric and/or
tetrameric intermolecular G-quadruplex structure, since
it presents only two human telomeric repeats. TSG4
forms preferentially intramolecular G-quadruplex struc-
tures and can act as a substrate for telomerase elongation
in a modified TRAP assay.24 Both oligonucleotides were
used in our previous works to test the ability of
perylene14 and berberine15 derivatives to induce inter-
and intramolecular G-quadruplex structures.

The two oligonucleotides were incubated with all the
coronene derivatives at increasing concentrations and
the formation of G-quadruplex structures was investi-
gated by PAGE analysis, as reported in Figure 6(A–D).

Considering the mobility obtained for dimeric and tetra-
meric G-quadruplexes, induced by 40 lM PIPER,14 the
major electrophoresis bands were identified as single-
2HTR: 5’-AATCCGTCGAGCAGAG

TSG4: 5’-GGGATTGGGAT

Scheme 2.
stranded DNA (ss), dimeric (D) and monomeric (M)
G-quadruplex structures. The intramolecular structure
(M) corresponds to the band showing the highest mobil-
ity; its particular structure favours the running of the
quadruplex in the gel matrix with respect to single-
stranded DNA, although both species have the same
molecular weight.25

It is worth noting that, in the case of TSG4, in addition
to the band corresponding to M, a broad band of lower
mobility appears, with increasing drug concentration.
This second band could correspond to a different com-
plex between coronene derivatives and G-quadruplex
DNA, where the drug, in addition to the stacking on
the terminal G-quartet, probably binds to the grooves
or the loops. It could also be due to the fact that the
drug can bind to DNA as an aggregate (this would
increase significantly the molecular weight of the com-
plex) or it could be associated with another different
possible topology for the intramolecular G-quadruplex.

For these reasons and in order to make a comparison of
the behaviour of the different drugs in the case of inter-
and intramolecular G-quadruplex structures, the per-
centage of free DNA as a function of drug concentration
was reported (Fig. 6C and D). We have chosen to report
free DNA percent instead of D or M fractions, since in
the case of the formation of more than one complex, this
approach appears more correct. The results reported in
Figure 6C and D show that the efficiency in inducing in-
ter- and intramolecular G-quadruplex structures is dra-
matically different. In fact at a concentration of 20 lM,
the free DNA fraction is still 60% in the case of intermo-
lecular G-quadruplex, while it practically disappears in
the case of the intramolecular G-quadruplex. At the mo-
ment, we do not have a suitable explanation for such a
high selectivity between the two different G-quadruplex
structures. However, it is important to remember that in
the case of water-soluble perylene derivatives the
G-quadruplex intramolecular structures also appeared
to be favoured,14 although to a minor extent.

2.5. Biological activity (TRAP assay)

The ability of the four coronene derivatives to inhibit
human telomerase was investigated in a cell-free system
by means of a modified Telomerase Repeat Amplifica-
tion Protocol (TRAP) assay. Taking into account that
the influence of the four molecules in inducing the
intramolecular G-quadruplex appears significantly
larger than in inducing intermolecular G-quadruplex
structures, we have performed the TRAP assay using
TSG4 (Scheme 2) as a telomerase substrate.24 This
oligonucleotide is able to fold into the intramolecular
G-quadruplex at the KCl concentration used in the
TRAP assay (68 mM). Nevertheless, a similar structure
TTAGGGTTAGGGTTAG-3’

TGGGATTGGGTT-3’



Figure 6. G-quadruplex structure formation induced by the four coronene derivatives, studied by native PAGE. (A) Typical autoradiographies

obtained using 2HTR oligonucleotide (12 lM) in the presence of different drug concentrations: 2 lM (lane 1), 5 lM (lane 2), 10 lM (lane 3), 20 lM

(lane 4) and with no drug (lane 0). (B) The same as in (A) but using TSG4 oligonucleotide. As standard in lane P the structures induced by PIPER at

concentration 40 lM are reported. Major bands were identified as single-stranded DNA (ss), dimeric (D) and monomeric (M) G-quadruplex

structures. (C–D) Percentage of single-stranded DNA in function of drug concentrations (C (lM)), for 2HTR (C) and TSG4 (D) experiments,

respectively. CORON (d), CORON2 (j), CORON3 (n), CORON4 (·).
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may be efficiently unfolded and extended by telomerase,
unless a suitable concentration of G-quadruplex stabiliz-
ing molecules is present.24

The results obtained by performing the TRAP assay, in
the absence and in the presence of the four coronene
derivatives at 10 and 20 lM, are reported in Figure 7.
At both ligand concentrations telomerase inhibition
could be evaluated around 50%, but while at 10 lM a
good reproducibility was observed in independent
experiments (Table 2), unexpected and variable values
were obtained at 20 lM. This could depend on the
formation of inhomogeneous complexes between the
G-quadruplex and coronene derivatives at this concen-
tration, as suggested by the broad electrophoretic bands
(Fig. 6). In fact, it is reasonable to suppose that at
high ligand concentrations different binding modes to
the G-quadruplex can occur, both as single ligand
molecules and as aggregates. On the other hand, when
the concentrations of the coronene derivatives were
lowered, telomerase was not significantly inhibited (data
not shown). These results seem to be in agreement with
PAGE results, although it is worth noting that it is
difficult to make a direct correlation between the two
methods, because of the different conditions used.14

For these reasons, in Table 2 we considered only the per-
centage of telomerase inhibition obtained at 10 lM con-
centration of the coronene derivatives, as the optimal
concentration to test telomerase inhibition by these
compounds. It is worth noting that these data are quite
well correlated to the relative scale of binding energies,



Figure 7. Inhibition of human telomerase by the four coronene

derivatives by telomerase repeat amplification protocol assay (TRAP).

In lane 0 cell extract was not added, in lane E no drug was added. IS is

a 130 bp ‘internal standard’ to control the PCR amplification

efficiency.

Table 2. Percentage of telomerase inhibition due to the four coronene

derivatives, derived by TRAP assay, at 10 lM drug concentration

Ligand Percentage of telomerase inhibition

CORON 38 ± 5

CORON2 44 ± 2

CORON3 66 ± 2

CORON4 52 ± 2

The values were obtained averaging the results of at least three inde-

pendent experiments.
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obtained by molecular modelling simulations (Table 1),
although different topologies could occur for the intra-
molecular G-quadruplex.
3. Conclusions

In developing new telomerase inhibitors two main
features have to be taken into account: the hydrophobic
interactions with the G-quartet plane and the electro-
static interactions with the negative charged phosphates
of the four grooves.8 In principle, the coronene deriva-
tives we synthesized and studied could be considered
molecules with optimal features to interact with the
G-quadruplex and consequently to inhibit telomerase.
In fact, they show a wide aromatic core and four side
chains correctly directed into the directions of the four
grooves of the G-quadruplex (Fig. 4).

Our study shows that, although all the coronene deriva-
tives are interesting inhibitors at 10 lM concentration in
a cell-free system, their activity is not significantly im-
proved with respect to perylene derivatives which we
have previously studied.14 What is the cause of this
behaviour? The main factor is surely the formation of
very stable stacked aggregates in water solution due to
the large aromatic moiety of the molecule. The four
charged chains are not able to balance the strong
tendency of coronene derivatives to form aggregates in
aqueous solutions (Fig. 5).

This feature represents an obstacle to the interactions
with the G-quadruplex by ‘threading intercalation’ and
suggests that the monomer concentration is important
for the activity of these compounds. Further investiga-
tions are currently being carried out in our group to ful-
ly exploit these topics and to determine the binding
affinities of the drugs to different DNA structures.
4. Experimental

4.1. Molecular modelling

All the experiments were performed using the InsightII
package. The G-quadruplex structure used in all the sim-
ulations is the X-ray-derived monomeric structure of the
22-mer human telomeric DNA sequence AGGG
(TTAGGG)3 (PDB code 1KF1).18 Ligand molecules
were built using the Builder module in InsightII and their
structures were energy-minimized (2000 steps, Polack-
Ribiere conjugated gradient) using the Discover_3 mod-
ule. Docking was performed with the Affinity Docking
module of InsightII. The binding site was defined as the
external 3 0 G-quartet plane.26 In the first phase 200 ligand
orientations were randomly centred on the G-quadruplex
structure, charges were not considered, non-bonded cut-
offs were set to 8 Å and van der Waals radii to 10% of the
full value. The complexes were minimized for 500 steps
using Polak-Ribiere conjugate gradient method; energy
tolerance and energy range were set, respectively, to
10,000 and 40 kcal/mol. In the second phase, the 75 low-
est energy structures were used to perform simulated
annealing. During this phase van der Waals radii were
adjusted to their full values and a distance-dependent
dielectric constant of 4.0 was used. Each system was
again minimized for 500 steps and then molecular
dynamics was performed, starting from a temperature
of 800 K and cooling the system to 200 K over a period
of 10 ps. The resulting structures were minimized for
2000 steps of conjugate gradient and the 25 structures
with the lowest total energies were evaluated with the
Analysis module of InsightII. The Docking module was
used to calculate the intermolecular (binding) energy,
obtained as a sum of electrostatic and van der Waals
contributions, between drug and DNA.

4.2. Chemistry

All the commercial reagents and solvents were pur-
chased from Aldrich. TLC plates (silica gel 60 F254)
and silica gel 60 (0.063–0.200 mm) for column chroma-
tography were purchased from Merck. NMR spectra
were observed with Varian Gemini 200 and Varian Mer-
cury 300 instruments. ESI-MS spectra were recorded on
Micromass Q-TOF MICRO spectrometer. Elemental
analyses (C, H, N) were carried out on EA1110
CHNS-O (CE instruments). CORON (N,N 0-bis[2-(1-
piperidino)-ethyl]-5,11-bis[2-(1-piperidino)-ethyl]-coron-
ene-2,3:8,9-tetracarboxylic diimide) was previously
synthesized and characterized.16
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4.2.1. 1,7-Dibromoperylene-3,4:9,10-tetracarboxylic dian-
hydride (2). The dianhydride 1 (5 g) was initially dis-
solved in 96% sulfuric acid (100 ml) and stirred for 2 h
at room temperature. Elemental iodine (113 mg) was
subsequently added and the mixture was heated. When
a temperature of 80 �C was reached, elemental bromine
(1.65 ml) was added dropwise. The reaction mixture was
stirred at 100 �C for 4–6 h. After cooling, it was added
dropwise to ice and then filtered and washed with a
5% sodium metabisulfite solution to provide a red solid
(6 g), which was dried and characterized (yield: 87%). In
addition to the compound 2 a small amount of the 1,6-
dibromoperylene-3,4:9,10-tetracarboxylic dianhydride
was also obtained. The two isomers could not be sepa-
rated, so the mixture was used in the following steps
without further purification.16 1H NMR (200 MHz,
D2SO4): d 10.71 (d, J = 8 Hz, 2H, aromatic H), 10.04
(s, 2H, aromatic H), 9.82 (d, J = 8 Hz, 2H, aromatic
H) ppm. The signals of the minor (1,6) isomer are main-
ly superimposed with those reported for 2. Elemental
analyses: C24H6O6Br2: Calcd C, 52.4; H, 1.1. Found:
C, 51.6; H, 1.1.

4.2.2. N,N 0-Bis[2-(1-piperidino)-ethyl]-1,7-dibromoperyl-
ene-3,4:9,10-tetracarboxylic diimide (PIPER-Br, 3). Six
grams of compound 2 was dissolved in anhydrous
N,N-dimethylacetamide (DMA, 60 ml) and 1,4-dioxane
(60 ml). The commercially available 1-(2-aminoethyl)pi-
peridine (3.6 ml) was added and the reaction mixture
was stirred at 120 �C for 6 h under argon. After cooling,
water was added and a red solid (6 g) was separated after
filtration (yield: 71%). 1H NMR (300 MHz, CDCl3): d
9.44 (d, J = 8 Hz, 2H, aromatic H), 8.89 (s, 2H, aromatic
H), 8.67 (d, J = 8 Hz, 2H, aromatic H), 4.41 (t, J = 7 Hz,
4H, Nimidic–CH2), 2.8–2.6 (br, 12H, Npiperidine–CH2),
1.8–1.4 (br, 12H, CH2piperidine) ppm. 13C NMR APT
(200 MHz, CDCl3): d 162.14 (C@O), 161.64 (C@O),
137.31 (CHar.), 132.17 (Car.), 132.02 (Car.), 129.29
(CHar.), 128.50 (Car.), 127.78 (CHar.), 126.28 (Car.),
122.55 (Car.), 122.12 (Car.), 120.18 (Car.), 55.74, 54.24,
37.41, 25.48, 23.81 ppm. MS (ESI) m/z: 769.1005
[(M+H)+] (Calcd for C38H35N4O4Br2: 769.1025).

4.2.3. N,N 0-Bis[3-(dimethylamino)-propyl]-1,7-dibromop-
erylene-3,4:9,10-tetracarboxylic diimide (DAPER-Br, 4).
Four grams of 2 was dissolved in anhydrous N,N-dime-
thylacetamide (DMA, 40 ml) and 1,4-dioxane (40 ml).
Commercially available 3-dimethylamino-1-propyl-
amine (2 ml) was added and the reaction mixture was
stirred at 120 �C for 6 h under argon. Upon water addi-
tion, a red solid (4.4 g) was obtained and then separated
by filtration (yield: 84%). 1H NMR (300 MHz, CDCl3):
d 9.44 (d, J = 8 Hz, 2H, aromatic H), 8.88 (s, 2H, aro-
matic H), 8.66 (d, J = 8 Hz, 2H, aromatic H), 4.25
(t, J = 7 Hz, 4H, Nimidic–CH2), 2.44 (t, J = 7 Hz, 4H,
Naminic–CH2), 2.26 (s, 12H, Naminic–CH3), 1.92 (t, J =
7 Hz, 4H, Nimidic–CH2–CH2–CH2–Naminic) ppm. 13C
NMR (CDCl3): d 162.64 (C@O), 162.14 (C@O),
137.80 (ar.), 132.64 (ar.), 132.51 (ar.), 129.78 (ar.),
128.99 (ar.), 128.29 (ar.), 123.07 (ar.), 122.62 (ar.),
120.67 (ar.), 126.74 (ar.), 57.23, 45.34, 39.17, 26.01.
MS (ESI) m/z: 717.0752 [(M+H)+] (Calcd for
C34H31Br2N4O4: 717.0712).
4.2.4. Synthesis of functionalized alkynes; compound 6. 3-
Butyn-1-ol (5) was converted into its mesylate (6) by
reaction with methanesulfonyl chloride.27 The reagent
(4.3 ml) was added dropwise at 0 �C to a mixture of
anhydrous dichloromethane (80 ml), triethylamine
(11 ml) and the alcohol (4 ml). The reaction mixture
was then stirred for 2 h at room temperature. Succes-
sively, the organic layer was washed with water, HCl
0.5 M, saturated NaHCO3 solution and saturated NaCl
solution. After treatment with anhydrous Na2SO4, most
of the solvents were evaporated under vacuum and the
remainder was removed by bubbling N2 into the liquid.
7.2 g of a pale yellow liquid was obtained (94% yield).
1H NMR (200 MHz, CDCl3): d 4.25 (t, J = 7 Hz, 2H,
SO–CH2), 3.01 (s, 3H, S–CH3), 2.62 (td, J 0 = 7 Hz,
J00 = 3 Hz, 2H, CH„C–CH2–CH2–OS), 2.06 (t,
J = 3 Hz, 1H, CH„C) ppm.

4.2.4.1. 1-(3-Butynyl)-piperidine (7). 4.5 g of mesylate
6 was stirred with piperidine (6 ml) in refluxing acetoni-
trile (50 ml) overnight. After cooling, dichloromethane
was added and the organic layer was repeatedly washed
with water. After treatment with anhydrous Na2SO4,
most of the solvent was evaporated under vacuum and
the remaining was removed by bubbling N2 into the li-
quid. 2.4 g of product (7) was obtained, with 58% yield.
1H NMR (200 MHz, CDCl3): d 2.51 (m, 2H, „C–CH2),
2.4–2.2 (br, 6H, N–CH2), 1.91 (t, J = 3Hz, 1H, C„
C–H), 1.52 (m, 4H, CH2piperidine), 1.38 (m, 2H,
CH2piperidine) ppm. 13C NMR (CDCl3): d 82.92 („C),
68.70 („CH), 57.72, 54.07, 25.80, 24.16, 16.54 ppm.

4.2.4.2. 1-(3-Butynyl)-4-methyl-piperazine (8). Three
grams of mesylate 6 was stirred with N-methyl-pipera-
zine (4.5 ml) in refluxing absolute ethanol overnight.
After cooling, dichloromethane was added and the
organic layer was washed one time with saturated NaCl
solution. The product was purified by column chroma-
tography (CHCl3/MeOH 100:0, 90:10) and 2.8 g of
product was obtained, with 91% yield. 1H NMR
(200 MHz, CDCl3): d 2.6–2.3 (br, 12H), 2.23 (s, 3H,
N–CH3), 1.93 (t, J = 3 Hz, 1H, CH„C) ppm.
13C NMR (CDCl3): d 82.41 („C), 68.87 („CH),
56.71, 54.73, 52.55, 45.75, 16.51 ppm.

4.2.5. Synthesis of the intermediate compounds 9, 10 and
11. Starting from compound 3 (PIPER-Br) or 4
(DAPER-Br), intermediate compounds 9, 10 and 11
were obtained by replacement of bromine atoms with
the functionalized alkynes 7 and 8. The starting com-
pound was dissolved in anhydrous THF and triethyl-
amine; then CuI and Pd(PPh3)4were added. After
bubbling argon, the reaction mixture was heated at
80 �C with stirring and the desired alkyne was added
dropwise. The mixture was then stirred at 80 �C over-
night in an argon atmosphere. After cooling, diluted
HCl was added and the product was extracted with
dichloromethane, after neutralization with 2 M NaOH.
The organic layer was washed with water until the aque-
ous layer was neutral. The crude product was purified by
column chromatography on a silica gel (CHCl3/MeOH
100:0, 95:5, 9:1, 8:2, 7:3). Since partial cyclization
can occur at this stage, the complete separation of the
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different products and a full characterization were not
possible. The fractions obtained by chromatography
showing a suitable aromatic pattern in the 1H NMR
spectra were collected and the mixture was used in the
following cyclization step.

4.2.5.1. Compound 9. According to the procedure
described above, 2.7 g of 3, 2 g of 8, 386 mg of
Pd(PPh3)4, 65 mg of CuI, 70 ml of anhydrous THF
and 70 ml of anhydrous Et3N were used to obtain 1 g
of intermediate compound 9.

4.2.5.2. Compound 10. According to the procedure de-
scribed above, 2.2 g of 4, 1.9 g of 8, 353 mg of
Pd(PPh3)4, 58 mg of CuI, 60 ml of anhydrous THF
and 60 ml of anhydrous Et3N were used to obtain
650 mg of intermediate compound 10.

4.2.5.3. Compound 11. According to the procedure de-
scribed above, 1.5 g of 4, 1.14 g of 7, 240 mg of
Pd(PPh3)4, 39 mg of CuI, 30 ml of anhydrous THF
and 30 ml of anhydrous Et3N were used to obtain
140 mg of intermediate compound 11.

4.2.6. N,N 0-Bis[2-(1-piperidino)-ethyl]-5,11-bis[2-(4- meth-
yl-1-piperazino)-ethyl]-coronene-2,3:8,9-tetracarboxylic
diimide (CORON2, 12). One gram of 9 was dissolved in
100 ml of toluene and 0.34 ml of 1,8-diaza-bicy-
clo[5.4.0]undec-7-ene (DBU) was added. The reaction
mixture was refluxed with stirring under argon for
20 h. After cooling, dichloromethane was added and
the organic layer was extracted with water until the
aqueous layer was neutral. The crude product was puri-
fied by column chromatography on a silica gel (CHCl3/
MeOH 100:0, 98:2, 95:5, 9:1, 8:2, 7:3) to give 230 mg
(7% yield) of compound 12. It was then crystallized by
dissolving it in 0.2 M HCl and precipitating the respec-
tive hydrochloride by adding acetone. One hundred
and forty milligrams of hydrochloride was obtained
starting from 170 mg of basic compound (65% yield).
1H NMR (300 MHz, CDCl3): d 9.38 (s�), 9.33 (s, 2H,
aromatic H), 9.13 (s, 2H, aromatic H), 9.08 (s�), 8.36
(s, 2H, aromatic H), 4.46 (t, J = 7 Hz, 4H, Nimidic–
CH2), 3.73 (t, J = 7 Hz, 4H, Car.–CH2), 3.0–2.6 (br,
32H, N–CH2), 2.41 (s, 6H, N–CH3) 1.72 (br, 8H,
CH2piperidine), 1.54 (br, 4H, CH2piperidine) ppm. 13C
NMR (CDCl3): d 163.93 (C@O), 163.76 (C@O),
138.58 (ar.), 128.98 (ar.), 128.21(ar.), 127.91 (ar.),
127.60 (ar.), 124.98 (ar.), 121.57 (ar.),121.08 (ar.),
120.61 (ar.), 120.34 (ar.), 120.34 (ar.), 118.90 (ar.),
59.31, 56.52, 55.18, 54.90, 53.32, 46.05, 38.11, 30.96,
26.06, 24.41 ppm. MS (ESI) m/z: 913.5139 [(M+H)+]
(Calcd for C56H65N8O4: 913.5129).

4.2.7. N,N 0-Bis[3-(dimethylamino)-propyl]-5,11-bis[2-(4-
methyl-1-piperazino)-ethyl]-coronene-2,3:8,9-tetracarboxy-
lic diimide (CORON3, 13). CORON3 (13) was obtained,
as described for 12, by reaction of compound 10
(650 mg), dissolved in 50 ml of toluene, with 0.24 ml of
� Aromatic 1H NMR singlets due to the minor 5,10-isomer derived

from the 1,6-dibromoperylene anhydride. Integration of the signals

shows that the ratio of the two isomers is about 6:1.
DBU. The reaction mixture was refluxed with stirring
under argon for 20 h. After cooling, dichloromethane
was added and the organic layer was extracted with
water until the aqueous layer was neutral. The crude
product was purified by column chromatography on a
silica gel (CHCl3/MeOH 100:0, 98:2, 95:5, 9:1, 8:2, 7:3)
to give 260 mg (10% yield) of compound 13. This was
then crystallized by dissolving 200 mg in 0.2 M HCl
and precipitating the respective hydrochloride (180 mg)
with acetone (72% yield). 1H NMR (300 MHz, CDCl3):
d 9. 01 (s�), 8.89 (s, 2H, aromatic H), 8.73 (s, 2H, aro-
matic H), 8.59 (s�), 8.02 (s, 2H, aromatic H), 8.00 (s�),
4.37 (br, 4H, Nimidic–CH2), 3.48 (br, 4H, Car.–CH2),
2.9–2.1 (br) ppm. 13C NMR (CDCl3): d 163.42 (C@O),
163.33 (C@O), 138.25 (ar.), 128.35 (ar.), 127.61(ar.),
127.28 (ar.), 127.03 (ar.), 124.28 (ar.), 120.68
(ar.),120.39 (ar.), 120.07 (ar.), 119.78 (ar.), 119.50 (ar.),
118.04 (ar.), 58.93, 57.31, 55.22, 53.37, 46.07, 45.35,
39.34, 30.55, 26.10 ppm. MS (ESI) m/z: 861.4794
[(M+H)+] (Calcd for C52H61N8O4: 861.4816).

4.2.8. N,N 0-Bis[3-(dimethylamino)-propyl]-5,11-bis[2-(1-
piperidino)-ethyl]-coronene-2,3:8,9-tetracarboxylic diimide
(CORON4, 14). One hundred and forty milligrams of
compound 10 was dissolved in 30 ml of toluene and
0.06 ml of 1,8-diaza-bicyclo[5.4.0]undec-7-ene (DBU)
was added. The reaction mixture was refluxed with stir-
ring under argon for 20 h. After cooling, dichlorometh-
ane was added and the organic layer was extracted
with water until the aqueous layer was neutral. The crude
product (125 mg, 10% yield) was pure enough to be pre-
cipitated as a hydrochloride by dissolving it in 0.2 M HCl
and adding acetone: 78 mg was obtained, with 53% yield.
1H NMR (200 MHz, CDCl3): d 9.36 (s�) 9.30 (s, 2H, aro-
matic H), 9.08 (s, 2H, aromatic H), 9.00 (s�), 8.32 (s, 2H,
aromatic H), 8.30 (s�), 4.50 (br, 4H, Nimidic–CH2), 3.72
(br, 4H, Car.–CH2), 2.95 (br, 4H, N–CH2), 2.8–2.5 (br,
12H, N–CH2), 2.37 (s, 12H, CH3–N), 1.78 (br, 12H,
CH2–CH2–Naminic), 1.58 (br, 4H, CH2piperidine) ppm.
13C NMR (CDCl3): d 163.67 (C@O), 163.57 (C@O),
138.78 (ar.), 128.55 (ar.), 127.92 (ar.), 127.62 (ar.),
127.37 (ar.), 124.67 (ar.), 121.15 (ar.),120.70 (ar.),
120.30 (ar.), 120.06 (ar.), 119.94 (ar.), 118.51 (ar.),
60.13, 57.46, 54.80, 45.48, 39.45, 30.76, 29.64, 26.22,
24.50 ppm. MS (ESI) m/z: 831.4552 [(M+H)+] (Calcd
for C52H59N6O4: 831.4598).

4.3. UV–vis absorption spectroscopy

UV–vis absorption spectra were performed using a
JASCO V-530 spectrophotometer. They were registered
between 300 and 600 nm in quartz cuvettes. Four hun-
dred micromolar drug stocks, prepared by dissolving
the hydrochlorides in DMSO, were diluted to observe
spectra in aqueous solution (10 mM MES-50 mM KCl
buffer, pH 6.5) and in DMSO.

4.4. Polyacrylamide gel electrophoresis (PAGE)

Previously radio-labelled 2HTR and TSG4 oligonucleo-
tides (whose sequences are reported in Scheme 2) were
heated at 95 �C for 10 min and quickly cooled in ice,
at a concentration of 12 lM. Then they were incubated
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for 2 h at 30 �C in MES–KCl buffer (10 mM MES, pH
6,5, 50 mM KCl for 2HTR and 5 mM KCl for TSG4)
in the presence of different drug concentrations and with
no drug. Complexes and structures formed after incuba-
tion were studied by native PAGE (15% polyacrylamide
gel, TBE 0.5X, KCl 20 mM, run overnight at 4 �C).

In all electrophoresis runs, the G-quadruplex induction
by PIPER (40 lM) was also reported as a useful stan-
dard to assign the electrophoresis bands to different
DNA conformations. Major bands were so identified
as single-stranded DNA (ss), dimeric (D), tetrameric
(T) and monomeric (M) G-quadruplex structures.14

4.5. Telomerase repeat amplification protocol (TRAP)
assay

The reaction mixture for assaying inhibition of human
telomerase (50 ll) contains 50 lM dNTPs, 0,4 lM
TSG4 primer and 1 ll of cell extract (prepared from
107 cultured human Neuroblastoma cells) in TRAP buff-
er (20 mM Tris–HCl, pH 8.3, 1.5 mM MgCl2, 68 mM
KCl, 0.05% Tween 20 and 1 mM EGTA). In each sam-
ple, coronene derivatives were added at different concen-
trations and incubated for 2 h at 30 �C, before addition
of the cell extract. After 30 min of incubation at 30 �C,
the samples were purified by phenol/chloroform extrac-
tion. 32P radiolabelled TSG4 (0,14 lM), 0,4 lM CXext
primer and 2U Taq DNA polymerase (Eppendorf) were
added and 30 PCR cycles were performed (94 �C 10 0,
92 �C 3000, 54 �C 3000, 72 �C 5 03000). Finally, the samples
were loaded on a nondenaturing 12% polyacrylamide
gel. Samples with no drug and with no cell extract were
references. A 130 bp ‘internal standard’ (IS) was used to
evaluate PCR amplification efficiency.28
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