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a b s t r a c t

Four new water-soluble, fluorescent derivatives of dinaphthotetraaza[14]annulene (DNTAA) have been
synthesized varying in the structure, dimensions and spatial arrangements of their meso side groups. The
products have been carefully characterized by elemental analyses, spectroscopy, crystal structures and
quantum-chemical calculations employing DFT methodology. One representative product of the DNTAA
series was tested for DNA binding using UVevis titrations, CD and thermal denaturation experiments.
Intercalation of ds-DNA was recognized as a dominant binding mode. In contrast to non-fluorescent
phenylene analogues (DBTAA), reported previously, DNTAA derivative showed threefold fluorescence
increase upon DNA binding, and offered intriguing new applications as a fluorescent DNA/RNA dye.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Non-covalent DNA-recognition by synthetic agents has attrac-
ted a great deal of attention and occupied a number of research
groups because of its relevance in biology and medicine.1 The most
attractive and stimulating reason of the research in this area seems
to be the well-established fact that many therapeutic agents, par-
ticularly anticancer drugs, interact with nucleic acids via non-
covalent binding motifs, such as intercalations between base
pairs, minor/major groove binding and outside binding with self-
stacking along the DNA skeleton.2 The search for properly
designed molecules able to interact efficiently and selectively with
nucleic acids is therefore, still of crucial importance.

We have recently shown in several reports that dibenzotetraaza
[14]annulene (DBTAA) macrocycle was useful in the preparation of
novel receptors with higher complexity.3 It was demonstrated,
among other results that dicationic DBTAA derivatives may be of
value in research aiming at rational design and preparation of DNA
binding agents. In particular, the new compounds subjected to our
x: þ48 12 6340515; e-mail
tests appeared to interact with DNA and RNA by mixed minor
groove and intercalative binding modes. They further revealed
significant antiproliferative activity against human tumour cell
lines. It was also shown that non-covalent interactions with DNA
and RNA were strongly dependent on steric factors characterizing
cationic peripheral substituents. By variation of the dimensions, the
rigidity and the exposure of the positive charges in the side groups,
we were able to fine-tune their binding properties toward nucleic
acids.4 Most recently, based on the structure of the most active
compounds, we have designed and synthesized DBTAA-conjugate
bearing adenine in the side group, which appeared able to recog-
nize selectively complementary poly dT among ss-DNA/ss-RNA
sequences.5

Currently, we have started to modulate the DNA binding prop-
erties of our receptors by variation of the size of main macrocyclic
unit. In this work we report on the synthesis, crystal structure and
preliminary evaluation of the new series of potential DNAbinding
agents constructed on the basis of dinaphthotetraaza[14]annulene
(DNTAA) skeleton (Fig. 1). Compared with the DBTAA derivatives
studied earlier in our group, the molecules of the new compounds
contain more extended aromatic system due to incorporation of o-
naphthylene units in the place of o-phenylene groups.
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Fig. 1. DNTAA substrates 1 and 2.
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Knowing that molecular recognition relies on geometric
matching and that intercalation strength of a ligand in DNA de-
pends mainly on the size of the aromatic moiety6 we believe that
themolecules with larger p-electron systemswill exhibit improved
binding properties.We hope that strongest affinity of DNTAA-based
receptors toward nucleic acids will allow us tomore efficiently tune
their selectivity.

It also seems of significant importance that due to incorporation
of the o-naphthylene chromophores in the molecules, DNTAA-
based binding agents offer the additional advantage of a built-in
fluorescent signal, useful in exploring non-covalent interactions.7

For the sake of solubility in water and to increase the affinity to
the polyanionic DNA skeleton, the molecules of the new com-
pounds are equipped with positively charged side groups, varying
in length, rigidity and bulkiness. The new products represent two
types of receptors differing mainly in the structure, dimensions and
spatial arrangement of the meso peripheral substituents. In the
compounds 6e8 (Scheme 1), the charged side chains are attached
to the main ring through linkers containing rigid o-benzoyl moie-
ties. This affects significantly the directional arrangement of the
side chains, which are therefore folded below and above the main
planar macrocycle. This was shown by single crystal X-ray mea-
surements of the compound 8.8
Scheme 1. Syntheses of potential DNA binding agents 6e9. Compounds 1, 4 and 8 were reported earlier.8
In contrast, compound 9 has a less congested structure allowing
unhindered access to both faces of the macrocyclic moiety, it
therefore seems to be especially well suited for intercalation in
DNA. It is equipped with flexible side chains, which freely stretch
outside the macrocyclic core.
Dimensions of the molecules and details of the three-
dimensional structures of representative new compounds 2, 88

and 9 are discussed based on X-ray measurement data. Electronic
characteristics of the new receptors are evaluated on the basis of
UVevis spectra and quantum-chemical calculations employing DFT
methodology.

2. Results and discussion

2.1. Synthesis

The macrocyclic substrate 1 (Fig. 1) was synthesized by the
procedure described previously,8 compound 2 was prepared
starting from 2,3-diaminonaphthalene and 3,4-dihydro-2H-pyran-
5-carbaldehyde, similarly to the reported earlier dibenzotetraaza
[14]annulene analogue.9 Compound 1, fairly insoluble in organic
solvents, was transformed into water-soluble derivatives 6e8 via
two consecutive alkylations. Thus, the reactions of 1 with 1,3-
dibromopropane and 1,4-dibromobutane gave corresponding
dibromides 3 and 4, respectively, which were next used for alkyl-
ation of trimethylamine and pyridine. 9,20-Bis(3-hydroxypropyl)-
dinaphthotetraaza[14]annulene 2 was transformed to 5 via Appel
methodology using PPh3eCBr4 mixture.10 The reaction of 5 with
pyridine allowed the isolation of water-soluble dicationic product
9.

It is worth mentioning here that alkylation of 1 with 1,4-
dibromobutane produced dibromide 48 in 22% yield along with
a lacunar counterpart 10 (Scheme 2), isolated in 14% yield by careful
chromatography of the reaction mixture. Relatively easy formation
of the by-product 10 points to significant propensity of 1 to be in-
tramolecularly bridged by appropriate bifunctional reagents. Sim-
ilar tendency to lacunization observed by us previously for the
corresponding DBTAA analogue was explained in terms of favour-
able steric exposure of reacting OH centres.11 The pentamethylene
bridge was then found to be the shortest one able to span distant
OH groups in the o-phenylene-based substrate.3d Here, isolation of
10 suggested that dinaphtho analogue 1 was also perfectly suited
for efficient intramolecular bis-alkylation without need of using
high-dilution conditions.



Scheme 2. Synthesis of the lacunar compound 10.
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The characterization of the new products was based on 1H and
13C NMR, ESI-MS and IR spectra. The purity of each compound was
ascertained by means of elemental analysis. The molecular struc-
ture of 10 was additionally confirmed by using APCIeHRMS, (At-
mospheric Pressure Chemical IonizationeHigh Resolution Mass
Spectrometry), detailed assignments of NMR signals and ROESY
cross-peaks (see Figs. S1, S2 and S3, respectively in Supplementary
data).

2.2. Crystallography

The structures of compounds 2 and 9 with the atomic num-
bering scheme are shown in Figs 2 and 3, respectively. Crystal data,
data collection and structural refinement details are given in Table
S1 (Supplementary data).
Fig. 2. The view of molecule 2 with the atom numbering scheme at 120 K. Atomic
displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms are drawn
with an arbitrary radius. The molecule is centrosymmetric with the centre at (0 ½ 0).
The valence angles C8a-N9-C10¼120.2(1) and C1eN2eC2a¼124.6(1) clearly indicate
the localization of H atom at N2. Hydrogen atom at O15 (hydroxyl terminal group) is
disordered between two positions with site occupancy 0.5. Index _3 denotes symmetry
code (�x, �yþ1, �z). Intramolecular hydrogen bonds are marked by dotted line.

Fig. 3. The structure of macrocyclic cation of compound 9 at 100 K, showing 50%
probability displacement ellipsoids with the atom numbering scheme. Hydrogen
atoms are drawn with an arbitrary radius.
Compound 2 (C32H32N4O2) crystallizes in the monoclinic space
group P21/c (Z¼2) with half of the molecule in the asymmetric part
of the unit cell as the molecule is centrosymmetric. The 14-
membered ring of 2 is nearly planar with the distortion from pla-
narity of 0.0528�A (r.m.s deviation of the fitted atoms) and with the
angle between pentadiiminemoiety and the naphthalene system of
11.17(8)�. The propyl moiety best plane of 3-hydroxypropyl sub-
stituent in meso position is inclined 83.05(10)� against the tetraaza
[14]annulene ring.

The character of bond lengths within the 14-membered ring
could be considered in two fragments: the first containing the al-
ternate bonds in sequence single-double-single: N9eC8a¼1.410(2),
N9-C10¼1.318(2) and C10-C11¼1.421(2) �A and the second, C2a-
N2¼1.399(2), N2-C1¼1.340(2), C1-C11(�x, �yþ1, �z)¼1.380(2) �A, in-
dicating partial electron delocalisation (Table S2 in Supplementary
data). The difference is caused by the engagement of the N9 lone
pair in the intramolecular hydrogen bond N2eH2.N9(�x, �yþ1, �z)

(Table 3), whereas the N2 lone pair is incorporated into coupled
system. The values of the appropriate valence angles at nitrogen
atoms N2 and N9: C1eN2eC2a¼124.6(1) and
C8a�N9eC10¼120.3(1)�, confirmed H-atom localization at N2.

Packing of molecule 2 shown in Fig. 4 in the structure is gov-
erned by intermolecular OeH$$$O, and weak CeH$$$p and p$$$p
interactions12 with the geometry given in Table 1.

The shortest lattice period, a¼4.8827(1) �A, is defined by hy-
drogen bond system of OeH$$$O type between hydroxyl groups
aligned along [100]. The hydrogen atoms are disordered and were
refined with the site occupancy 0.5. The disorder is static as dif-
fraction experiment was performed at 120 K (see Fig. 5).



Table 1
Hydrogen bond geometry and selected weak interactions (�A, �)

D�H H.A D.A :DHA

2
N2-H2.N9(�x, �yþ1, �z) 0.87 (1) 2.10 (1) 2.756 (2) 132 (2)
O15-H15a.O15(�xþ2, �yþ1, �zþ1) 0.84 (1) 2.00 (2) 2.802 (3) 157 (4)
O15-H15b.O15(�xþ1, �yþ1, �zþ1) 0.85 (1) 2.01 (1) 2.859 (3) 174 (5)
C6-H6.Cg3(xþ1/2, �yþ3/2, z�1/2) 0.95 3.28 4.126 149
C12-H12a.Cg3(xþ1, y, z) 0.99 2.84 3.613 135
Cg3.Cg3(�xþ1, �yþ1, �z) d d 3.762 (2) d

p.Cg3(�xþ1, �yþ1, �z) d d 3.313 (2) d

Ring gravity centre: Cg3 for N9C10C11C1(�x, �yþ1, �z)N2 (�x, �yþ1, �z),
p system of N9C10C11C1 (�x, �yþ1, �z)N2 (�x, �yþ1, �z) moiety

9
N2-H2.N9(�xþ1, �y, �zþ2) 0.73 (5) 2.16 (4) 2.733 (4) 137 (4)
O1-H22.Br1 0.84 2.53 2.718 (4) 161
C5-H5B.Br1 0.99 2.80 3.754 (4) 162
C10-H10.Cg1(xþ1, �yþ2, zþ½) 0.95 2.49 3.324 (4) 146
Cg1.Cg2(xþ1, y, zþ1) d d 3.617 (2) d

p.Cg2(xþ1, y, zþ1) d d 3.513 (2) d

Ring gravity centres: Cg1 for C12C13C14C19C20C21 and Cg2
for N3C6C7C8C9C10; p system of C12-C21 ring

Fig. 4. Packing of the molecules 2 viewed along a-axis.

Fig. 5. 3-hydroxypropyl group alignment along a -axis (other atoms are removed for
clarity). On the left side of O15 is the hydroxyl group transformed by (�x�1,�y,�z) and
on the right that one at (�xþ1,�y,�z). Note the disordered hydrogen atoms (static
disorder) with site occupancy 0.5 each. The geometry of relatively strong hydrogen
bonds is given in Table 1.

Fig. 6. Stacking observed between pentadiimine moieties of 2. The distance 3.762(2)�A
between the gravity centres of neighbouring pentadiimine system related by
(�xþ1,�yþ1,�z) is marked by dashed lines. Two meso substituents and all hydrogen
atoms are omitted for clarity. Index _3 denotes symmetry code (�x, �yþ1, �z).

Fig. 7. A step-like conformation of the tetraaza[14]annulene macrocycle in 9.
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Only the p system of pentadiimine moiety acts as acceptor of
two weak CeH$$$p interactions (Table 1). Moreover there is a p-
stacking between the pentadiimine moieties related by
(�xþ1,�yþ1,�z) with the distance between the neighbouring
gravity centres of 3.762(2) �A marked in Fig. 6. The strength of this
interaction is illustrated by a very short, 3.313(2) �A, interplanar
distance.

Compound 9 crystallizes in the monoclinic P21/c space group
with one half of the macrocyclic cation, one bromide anion and one
methanol solvent molecule in the asymmetric part of the unit cell.
The central 14-membered ring of the macrocycle moiety is situated
across a centre of inversion (Fig. 3). The macrocycle adopts a step-
like conformation, with the r.m.s deviation of 14 fitted atoms of the
tetraaza ring being 0.165 �A (Fig. 7). This deviation from planarity
seems to be caused by relatively strong CeH$$$p interactions be-
tween the adjacent molecules. The intermolecular C10-
H10$$$C(12-13-14-19-20-21)1þx, 3/2�y, ½þz ring contact with
C10$$$centroid distance is 3.324(4) �A.

The supramolecular structure is completed by CeH$$$Br,
OeH$$$Br, CeH$$$p and p$$$p stacking interactions, as shown in
Fig. 8. The bromide anion is linked to the methanol solvent mole-
cule by OeH$$$Br hydrogen bond. Packing of the molecules 9 is
shown in Figs. S4a and S4b (Supplementary data).

The pyridine ring is involved in a face-to-face p$$$p stacking
interaction with the naphthalene ring system p$$$Cg21þx, y, 1þz

distance being 3.513(2) �A. The dihedral angle between the naph-
thalene and pyridine planes is 7.0(2)�. The aliphatic chain con-
necting tetraaza and pyridine rings adopts a distinct planar,
extended conformation with torsion angles of �171.5(3) and
176.9(3)� for C2eC3eC4eC5 and C3eC4eC5eN3, respectively.
These geometric parameters are similar to those observed in pre-
viously reported structures of the dibenzotetraaza[14]annulene



Fig. 8. Three intermolecular CeH$$$Br, OeH$$$Br and CeH$$$p contacts in 9, shown as
dashed lines.

Fig. 9. Experimental and calculated absorption spectra for 6e9. Vertical lines in the
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derivatives equipped with 3-(N-pyridinium-1-yl)propyl and 3-(4,4-
bipyridinium-1-yl)propyl substituents.4a

The localization of N2-bonded hydrogen atom found in the
difference Fourier map analysis has been confirmed by the valence
angles at nitrogen atoms of 118.4(3) and 124.5(3)�, for N1 and N2,
respectively.

Summing up, in the crystal structures of 2 and 9 the pseudo-
hexagonal packing of the molecules is governed by specific
CeH$$$p and p$$$p interactions. In the case of 2 the pentadiimine
moiety plays a major role in the intermolecular interaction
(stacking mode) whereas in 9 the weak interactions appear be-
tween one ring of naphthalene system and pyridinium ring and are
responsible for 3-dimensional packing of the molecules. It should
be noted that in the structure of 2 strong intermolecular hydrogen
bonds of OeH$$$O with the static disorder of H-atom positions
force very short period of a.
lower panel mark the energies and relative oscillator strengths of individual transitions
for 8 and 9.
2.3. UVevis spectroscopy and quantum chemical calculations

UVevis spectra for all compounds were simulated based on
calculated excitation energies as superpositions of Gaussian peaks
with heights corresponding to oscillator strengths placed at tran-
sition energies; standard deviations of individual curves were set to
1300 cm�1. The latter value was chosen to obtain the width and the
shape of absorption bands similar to experimental spectra (upper
panel of Fig. 9. Simulated absorption spectra are displayed in the
lower panel of Fig. 9. As readily seen, spectra obtained from TDDFT
computations agree with experimental data. Absorption maxima
for all compounds 6e8 are located at similar wavelengths
(382e383 nm in the experiment, 396e398 nm calculated). For 9
the main maximum is shifted to longer wavelengths and another
weaker transition is noticeable slightly below 500 nm. Although
there is a difference between theory and experiment in the position
of the main band for 6e8 and the shift of the main maximum to
longer wavelengths computed for 9 is smaller than in experiment,
calculated data capture well the major features of measured ab-
sorption spectra providing satisfactory reproduction of the
experiment.

The difference between 9 and compounds 6e8 was analyzed in
more details using 8 as a sample case. In Fig. 9, excitation energies
and their relative oscillator strengths are marked for 8 and 9 with
vertical lines. There are two or three intensity-carrying transitions
in the region 380e500 nm (and a number of transitions with
negligible absorption intensity). In compound 8 the long-
wavelength transition is weaker than in 9 and it is located at
440 nm, not very far from the main transition at 396 nm and
therefore not discernible from the shoulder of the main absorption
band. In 9, the intensity of this transition is larger and its position
changes to 493 nm, simultaneously another transition with non-
zero intensity appears at 488 nm, therefore the long-wavelength
part of the spectrum acquires intensity and becomes observable
in the experiment.

In Fig. 10, dominant Natural Transition Orbitals13 (i.e., orbitals
transformed to obtain maximum correspondence between ‘initial’
and ‘final’ orbital of the transition) pairs are displayed for the two
bright transitions of both molecules. In all cases orbitals involved in
the transition have a nodal plane in the plane of the macrocycle,
thus exhibit p symmetry; accordingly observed transitions are of
p/p* type. Electron density of all orbitals shown in Fig. 10 is lo-
cated mainly on the macrocycle ring and naphthalene moieties. In
the final orbital of the main transition of both molecules it con-
centrates even more on the tetraazaannulene core. The difference
between 9 and 8 is that for compound 8 (as well as for 6 and 7 not
shown in the plot) there is small electron density of the initial or-
bital (more noticeable for the long-wavelength transition) located
on the oxygen atom of the side chain of the molecule, whereas in
molecule 9 electron density on the aliphatic side chain is negligible.
Inspection of frontier orbital energies for 8 and 9 shows that in both
molecules LUMO have almost the same energies but the energy of
the HOMO is lower in compound 8, increasing the HOMO-LUMO
splitting. Although this value does not correspond directly to



Fig. 10. Dominant Natural Transition Orbital pairs obtained for electronic transitions in
8 and 9. Transitions numbered according to Fig. 9.

Fig. 11. Structures of a new DNTAA derivative 8 and of its o-phenylene analogue
DBTAA-8, studied previously.4c,d
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measured transition energy, both values are correlated and the
HOMO-LUMO gap may serve as a rough estimate for excitation
energy. Therefore we may conclude that larger delocalization of
occupied orbitals in 8 (with electron density on the benzoyl oxygen
atom) lowers their energies thus increasing the energy of the op-
tical transition and decreasing the wavelength of the absorption
band.
Fig. 12. Excitation and emission spectra of 8, c(8)¼5�10�6 mol dm�3, at pH¼7, buffer
sodium cacodylate, I¼0.05 mol dm�3. Excitation spectrum agrees well with the UVevis
spectrum. Excitation spectrum was recorded by monitoring emission at lmax¼579 nm
in the range from 220 to 525 nm and emission spectrum was recorded by monitoring
emission from 470 to 700 nm with excitation at lmax¼382 nm.
2.4. Interactions of 8 with polynucleotides in aqueous
medium

2.4.1. Spectrophotometric properties of 8 in aqueous medium.-
Compound 8 is moderately soluble in aqueous solutions (up to
c¼1�10�3 mol dm�3, buffered aqueous solutions were stable for
longer periods. The absorbencies of 8 in buffered aqueous solution
(pH 7.0, sodium cacodylate/HCl buffer, I¼0.05 mol dm�3, Fig. S5,
Table S3 in Supplementary data) are proportional to concentration
up to c¼2�10�5 mol dm�3, changes of the UVevis spectra on the
temperature increase up to 95 �Cwere negligible and reproducibility
of UVevis spectra upon cooling back to 25 �C was excellent.

At variance to previously studied DBTAA derivatives,4c,d the
aqueous solution of DNTAA derivative 8 exhibited fluorescence
(Fig. 12), which is attributed to the naphthalene chromophore.

2.4.2. Study on interactions with double stranded (ds)-DNA.-
Addition of calf thymus DNA (ct-DNA), poly(dA-dT)2 and poly(dG-
dC)2 resulted in strong bathochromic and hypochromic effects in
the UVevis spectrum of 8 (Fig. 13, Table 2, Figs. S6e8,
Supplementary data). In addition, we performed fluorescence ti-
trations and processed the titration data by Scatchard equation14 to
obtain binding constants logKs and Scatchard ratios, n[bound 8]/[DNA]
(Table 2). Comparison of binding data revealed somewhat lower
DNA affinity of 8 in comparison to its close DBTAA analogue
DBTAA-8 (see Fig. 11). Moreover, rather high values of Scatchard
ratio n suggest aggregation at high excess of compound over DNA.
To assess in more detail the structural aspects of DNA binding and
possible mixed binding modes at various ratios r¼[8]/



Fig. 13. Changes in the UVevis spectrum of 8 (c¼7.0�10�6 mol dm�3) upon titration
with poly(dA-dT)2 (c¼1�10�6e4.9�10�5 mol dm�3); b) Dependence of 8 absorbance
at lmax¼383 nm on c(poly(dA-dT)2), at pH 7.0, sodium cacodylate buffer,
I¼0.05 mol dm�3.

Fig. 14. Thermal melting curve of poly(dA-dT)2 upon addition of r[8]/[polynucleotide]¼0;
0.1; 0.2 at pH 7.0 (buffer sodium cacodylate, I¼0.05 mol dm�3) b) first derivation of
absorbance on temperature.
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[polynucleotide], we performed CD experiments (Fig. 15 and 2.4.4.
CD experiments, Figure S10 in Supplementary data).
Fig. 15. CD titration of poly (dAdT)2 (full black line; c¼3.0�10�5 mol dm�3), with 8
(red, green line) and DBTAA-8 (dash black) at several molar ratios r¼[compound]/
[polynucleotide] (pH 7.0, buffer sodium cacodylate, I¼0.05 mol dm�3).

Table 2
Binding constants (logKs)a and ratios nb ([bound compound]/[polynucleotide]) cal-
culated from the UVevis titrations of 8 with ds-polynucleotides at pH 7.0 (buffer
sodium cacodylate, I¼0.05 mol dm�3)

poly(dAdT)2 ctDNA poly(dGdC)2

H/%c logKs n H/%c logKs n H/%c logKs n

8 41.8 5.98 0.87 22.4 7.41 0.61 31.9 6.61 1.08
eDBTAA-8 d26 d7.21 d0.24 25 8.92 0.37 d d d

a Titration data were processed according to the Scatchard equation.
b Accuracy of n�10e30%, consequently logKs values vary in the same order of

magnitude.
c H¼(Abs(8)eAbs(complex))/Abs(8))�100.
d Poly dAepoly dT.
e Published results.4c,d
Addition of ds-DNA induces threefold increase of 8 fluorescence,
irrespective of DNA-basepair composition and secondary structure.
Thus, DNTAA derivatives offer intriguing new applications (in re-
spect to DBTAA analogues) as fluorescence DNA/RNA dyes and will
be studied in more detail within future research.

2.4.3. Thermal melting experiments. Thermal denaturation data
(Fig. 14, Table 3, Fig. S9, Supplementary data) revealed that com-
pound 8 strongly stabilised AT-DNA and much more weakly sta-
bilised ctDNA (42% of GC-basepairs), pointing out some basepair
dependence. Replacement of benzene in DBTAA-8 with naphtha-
lene in 8 decreased thermal stabilisation effect.
Table 3
TheaDTm values (�C) of studied ds-polynucleotides upon addition of ratio br of 8 and
cDBTAA-8 at pH 7.0 (sodium cacodylate buffer, I¼0.05 mol dm�3)

aDTm/�C br poly(dA-dT)2 ctDNA

8 0.2 8.7 1.3
cDBTAA-8 0.2 d28.1 10.7

a Error in DTm: �0.5 �C.
b r¼[compound]/[polynucleotide].
c Published results.4c,d
d Poly dAepoly dT, r¼0.3.
2.4.4. Circular dichroism (CD) experiments. The CD spectra of the
ligand-polynucleotide complexes can provide information on two
levels.15 First, the conformation of polynucleotide itself can be
probed through the CD of the intrinsic polynucleotide absorption
near 260 nm. Second, achiral small molecules acquire an induced
CD (ICD) signal when they form complexes with a polynucleotide
from, which a mutual orientation of small molecule and poly-
nucleotide chiral axis could be derived, consequently giving useful
information about modes of interaction.16 It should be noted that
studied compound 8 is achiral and therefore does not possess an
intrinsic CD spectrum.

Addition of 8 resulted in a decrease of CD spectra in the
245e300 nm range, attributed to the CD bands of DNA poly-
nucleotides (Fig. S10, Supplementary data), usually associated with
partial disruption of polynucleotide helical chirality caused by the
binding of a small molecule.
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Upon mixing 8 with any of the studied ds-DNA, ICD signals
appeared in the 300e550 nm range, agreeing well with the UVevis
spectrum (Fig. 13). For AT-DNA the shape of ICD bands depended
strongly on the ratio r: for excess of DNA over 8 (r<0.3) ICD bands
pattern (Fig. 15, Fig. S10a and S10a1 in Supplementary data) re-
sembled closely to the ICD of DBTAA analogue DBTAA-84d and
therefore intercalative bindingmode can be presumed. At an excess
of 8 over the concentration of intercalative binding sites (ratios
r>0.3, Fig. S10, Supplementary data) the ICD pattern significantly
changed due to the aggregation of small molecules along
DNAdbehaviour characteristic for 8 but not for DBTAA-8. At vari-
ance to AT-DNA, complexes of 8 with the GC-DNA and mixed se-
quence ct-DNA (42% GC-basepairs) didn’t show dependence of ICD
bands on ratio r, only one ICD pattern was observed (Fig. S10,
Supplementary data) with isoelliptic points suggesting one domi-
nant type of binding. Again, the similarity of ICD pattern with
DBTAA-8 supported intercalative binding mode. The reason why
ICD bands of compound 8 at r>0.3 show aggregation along AT-DNA
but not along GC-rich DNA could be correlated to the differences in
DNA secondary structure, whereby the size of the AT-DNA minor
groove (6.4 A width) is much more convenient for aggregation of
small molecules than GC-DNA (severely hindered by protruding
amino groups of guanine).17

3. Conclusions

Single crystal X-ray measurements of 4 and 8, reported pre-
viously, revealedmolecules consisting of a large planar core bearing
two meso-attached side groups folded above and below the plane.8

Compounds 2 and 9 have a more relaxed arrangement of the side
chains allowing unhindered access to the naphthalene and penta-
diiminate moieties, and therefore seem to be well suited for in-
tercalation in DNA.

Electronic structures of the new products and differences be-
tween their absorption spectra were discussed based on quantum-
chemical calculations employing DFT methodology.

Changing from previously studied DBTAA to naphthalene ana-
logues DNTAA introduced several intriguing properties for bio-
oriented studies. The naphthalene in the DNTAA moiety in-
troduced fluorescence in aqueous medium, whereby DNTAA (8)
binding to ds-DNA increased emission by threefold. Thus, DNTAA
derivatives offer intriguing new applications (in respect to DBTAA
analogues) as fluorescence DNA/RNA dyes and will be studied in
more detail within future research. Novel DNTAA derivatives bind
ds-DNA similarly to previously studied DBTAA, by intercalation.
Surprisingly, the increased aromatic surface of naphthalene
(DNTAA) in comparison to benzene (DBTAA) didn’t yield higher af-
finity or stronger thermal stabilisation effects; actually a minor af-
finity decrease was observed. It seems that the aromatic surface of
basepairs controls the efficiency of aromatic stacking interactions
and consequently affinity, whereas larger naphthalene subunits are
actually at a disadvantage due to the steric hindrance to efficient
intercalation between the DNA basepairs. At an excess of dye over
DNA binding sites DNTAA derivative tends to aggregation along all
studied ds-DNA as shown in fluorescence and UVevis titrations.

4. Experimental section

4.1. General

Compounds 1, 4 and 8 were prepared by the procedure de-
scribed earlier.8 2,3-Diaminonaphthalene, 3-formylchromone 1,3-
dibromopropane, 1,4-dibromobutane and tetrabromomethane
were purchased from commercial sources (SigmaeAldrich,
AlfaAesar) and were used as received. Solvents were dried using
standard methods and were freshly distilled before use.
Elemental analyses were performed on an Elementar Vario
MICRO cube analyser. 1H and 13C NMR spectroscopy was per-
formed using a Bruker AVANCE II 300 and Bruker AVANCE III 600
spectrometers. Chemical shifts (d) are expressed in parts per mil-
lion and J values in hertz. Signal multiplicities are denoted as s
(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). ESI
mass spectra were taken on a Bruker Daltonics Esquire 3000
spectrometer. HRMS spectrum were taken on a Bruker MicroTOF-
QII, UVevis spectra were measured using a Hitachi Ue3900H
spectrophotometer. The IR-ATR spectra were recorded with
a Thermo Fisher Scientific Nicolet IR200. Melting points were
measured using a Boethius apparatus and were not corrected.

4.2. Syntheses

4.2.1. 9,20-Bis(3-hydroxypropyl)-7,18-dihydrodinaphtho[b,i]
[1,4,8,11]tetraazacyclotetradecine 2. A reaction mixture consisting
of 2,3-diaminonaphthalene (0.75 g, 4.74 mmol), 3,4-dihydro-2H-
pyran-5-carbaldehyde (0.53 g, 4.74 mmol) and n-butanol (15 mL)
was refluxed under argon for 12 h. A red, fairly insoluble precipitate
was filtered off and washed thoroughly with ethanol and diethyl
ether. Red microcrystals, yield 0.25 g (42%), mp 312e316 �C (de-
composition). Analytical sample was recrystallized from DMF.
Crystals suitable for X-raymeasurementswere grown fromDMF. 1H
NMR (300MHz, DMSO-d6, d ppm): 1.76 (m, 4H, CH2CH2O), 2.46 (m,
4H, CH2), 3.54 (m, 4H, CH2O), 4.51 (t, J¼5.0 Hz, 2H, OH), 7.31 (m, 4H,
AreH), 7.72 (m, 4H, AreH), 7.85 (s, 4H, H1,6,12,17), 8.26 (d, J¼6.0 Hz,
4H,¼CHN), 12.72 (t, J¼6.0 Hz, 2H, NH); 13C NMR (75 MHz, DMSO-
d6, d ppm): 28.78 (CH2CH2O), 35.34 (CH2), 59.87 (CH2O), 108.86,
109.88, 124.82, 126.89, 131.05, 136.91 (Caromat.N), 148.47 (¼CHN); IR
(ATR) nmax(cmL1): {3372, 3311} (OH), {3194, 3176} (NH), 3053
(AreH), {2941, 2928, 2872} (CH2), {1640, 1620, 1596, 1547} (C]N,
Ar),1297,1272 (CeO); ESI-MS: (m/z) 505.4 (MþHþ); Anal. Calcd for
C32H32N4O2: C, 76.16; H, 6.39; N, 11.10. Found: C, 75.80; H, 6.45; N,
11.15%.

4.2.2. 9,20-Bis[2-(3-bromopropoxy)benzoyl]-7,18-dihydrodinaphtho
[b,i][1,4,8,11]tetraazacyclotetradecine 3. A reaction mixture con-
sisting of 1 (0.3 g, 0.48 mmol), 1,3-dibromopropane (0.5 mL,
4.8 mmol), potassium carbonate (0.5 g) and DMF (70 mL) was
stirred at room temperature for 48 h. It was then transferred to
a separatory funnel and partitioned between dichloromethane
(40 mL) and water (50 mL). The organic phase was separated,
washed with water (4�50 mL), dried over anhydrous MgSO4, then
concentrated to a small volume and diluted with n-hexane (20 mL).
A yellow precipitate was filtered off, dried and then chromato-
graphed on a column of silica gel using dichloromethaneeacetone
(40:1) as eluent. The main yellow fraction was collected, concen-
trated to a small volume and left to crystallise. Orange crystals were
collected and dried, yield 0.18 g (38%), mp 272 �C. 1H NMR
(600 MHz, CDCl3, d ppm): 2.21 (m, 4H, CH2), 3.44 (t, J¼6.3 Hz, 4H,
CH2Br), 4.18 (t, J¼5.7 Hz, 4H, CH2O), 7.09 (d, J¼8.4 Hz, 2H, H26,260),
7.14 (ddd, J¼7.4 Hz, J¼7.4 Hz, J¼0.9 Hz, 2H, H28,280), 7.39 (m, 4H,
H3,4,14,15), 7.46 (dd, J¼7.4 Hz, J¼1.7 Hz, 2H, H29,290), 7.50 (ddd,
J¼8.4 Hz, J¼7.4 Hz, J¼1.8 Hz, 2H, H27,270), 7.61 (s, 4H, H1,6,12,17), 7.72
(m, 4H, H2,5,13,15), 8.86 (b. s 4H, N]CeH), 13.98 (br s, 2H, NH); 13C
NMR (151 MHz, CDCl3, d ppm): 30.09 (CH2), 32.26 (CH2Br), 66.23
(CH2O), 111.23, 112.87, 113.11, 121.63, 126.33, 127.68, 129.61, 129.71,
131.63, 132.12, 136.90, 153.63 (C25O), 155.75 (¼CHN), 193.16 (C]O);
IR (ATR) nmax(cmL1): 3053 (AreH), 2959 (CH2), {1652, 1608, 1594,
1563} (C]O, C]N, Ar), {1290, 1262} (CeO); ESI-MS: (m/z) 869.2
(MþHþ); Anal. Calcd for C46H38Br2N4O4:C, 63.46; H, 4.40; N, 6.44.
Found: C, 63.73; H, 4.50; N, 6.40%.

4.2.3. 9,20-Bis[3-bromopropyl]-7,18-dihydrodinaphtho[b,i][1,4,8,11]
tetraazacyclotetradecine 5. Compound 2 (0.25 g, 0.5 mmol) was
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dissolved in DMF (50 mL) with gentle heating. After the solution
was cooled to room temperature, tetrabromomethane (0.66 g,
2 mmol) and triphenylphosphine (0.53 g, 2 mmol) were added, and
the mixture was stirred under argon at room temperature for 24 h.
A small amount of the final product was isolated at this stage as
a fairly insoluble red precipitate. It was filtered off and washed with
hot methanol. The filtrate was transferred to a separatory funnel
and partitioned between dichloromethane (150 mL) and water
(100 mL). The organic layer was separated, washed with water
(3�100 mL) then dried over anhydrous MgSO4 and chromato-
graphed on a column with silica gel using CH2Cl2 as eluent. The
main red fraction was collected, concentrated to a small volume
and left overnight in a refrigerator to crystallise. Red precipitate
was collected and dried, yield 0.2 g (63%), mp 261e262 �C. 1H NMR
(300 MHz, CDCl3, d ppm): 2.17 (m, 4H, CH2CH2Br), 2.60 (t, J¼7.1 Hz,
4H, CH2), 3.56 (t, J¼6.4 Hz, 4H, CH2Br), 7.32 (m, 4H, AreH), 7.51 (s,
4H, H1,6,12,17), 7.68 (m, 4H, AreH), 8.05 (s, Hz, 4H, N]CeH); IR (ATR)
nmax(cmL1): {3194, 3176} (NH), 3046 (AreH), {2963, 2887 } (CH2),
{1641, 1619, 1594, 1547} (C]N, Ar); ESI-MS: (m/z) 629.4 (MþHþ);
Anal. Calcd for C32H30Br2N4: C, 60.97; H, 4.80; N. 8.89. Found: C,
60.58; H, 4.79; N, 8.70%.

4.2.4. 9,20-Bis{2-[4-(N,N,N-trimethyloammonium)butoxy]benzoyl}-
7,18-dihydrodinaphtho[b,i][1,4,8,11]tetraazacyclotetradecine di-
bromide trihydrate 6. To a suspension of compound 48 (0.13 g,
0.14 mmol) in DMF (60 mL), cooled to �10 �C, trimethylamine
(2 mL, 21 mmol) was added and the mixture was stirred at 45 �C
under argon for 36 h. The solvent was removed using a rotary
evaporator, methanol (2 mL) was added to the oily residue and
a small quantity of tert-butyl methyl ether (0.5 mL). The mixture
was left overnight in a refrigerator. Yellow precipitate was filtered
off, dried and recrystallized from the mixture meth-
anoledichloromethane (10:1) layered with tert-butyl methyl ether.
Pale-yellow microcrystalline product was collected after 3 days,
yield 0.76 g (51%), mp 230e233 �C. 1H NMR (300 MHz, DMSO-d6,
d ppm): 1.64 (m, 8H, CH2

b,c), 2.86 (s, 18H, CH3), 3.20 (m, 4H, CH2Nþ),
4.17 (t, J¼5.6 Hz, 4H, CH2O), 7.16 (dd, J¼7.4, 7.4 Hz, 2H, H28,280), 7.29
(d, J¼8.4 Hz, 2H, H26,260), 7.44 (m, 6H, H3,4,29,290 ,14,15), 7.59 (m, 2H,
H27,270), 7.82 (s, 4H, H1,6,12,17), 7.86 (m, 4H, H2,5,13,16), 8.85 (d,
J¼6.4 Hz, 4H, N]CeH), 13.82 (t, J¼6.5 Hz, 2H, NH); 13C NMR
(75 MHz, DMSO-d6, d ppm): 18.96 (CH2), 25.50 (CH2), 51.78 (CH3),
64.77 (CH2O), 67.34 (CH2Nþ), 110.43, 112.78, 113.03, 121.02, 126.28,
127.56, 128.69, 129.43, 131.53, 131.81, 135.83, 153.50 (C25O), 155.30
(¼CHN), 191.69 (C]O); IR (ATR) nmax(cmL1): 3420 (H2O), 3053
(AreH), 2956 (CH3), {1650, 1610, 1594, 1564 } (C]O, C]N, Ar),
1292, 1263 (CeO); ESI-MS: (m/z) 428.2 (M2þ/2); Anal. Calcd for
C54H60Br2N6O4$3H2O: C, 60.56; H, 6.21; N, 7.85. Found: C, 60.30; H,
6.01; N, 7.84%.

4.2.5. 9,20-Bis{2-[3-(N-pyridinium-1-yl)propoxy]benzoyl}-7,18-
dihydrodinaphtho[b,i][1,4,8,11]tetraazacyclotetradecine dibromide
dihydrate 7. Pyridine (10 mL) was added to 3 (0.1 g, 0.11 mmol) and
the mixture was stirred at 80 �C for 8 h. The solution was then
cooled and left overnight in a refrigerator. Yellow crystalline
product was collected, washed with diethyl ether, dried and chro-
matographed on a column with basic Al2O3. A mixture of dichlor-
omethaneemethanol (20:1) was used to separate less polar by-
products, then the main yellow fraction of 7 was eluted with
methanol, evaporated to dryness and recrystallized from the mix-
ture methanoledichloromethane (10:1) layered with tert-butyl
methyl ether. Yellow crystals, yield 0.095 g (81%), mp 284e286 �C.
1H NMR (300 MHz, DMSO-d6, d ppm): 2.30 (m, 4H, CH2

b), 4.20 (t,
J¼5.8 Hz, 4H, CH2O), 4.64 (t, J¼6.9 Hz, 4H, CH2Nþ), 7.18 (dd, J¼7.4,
7.4 Hz, 2H, H28,280), 7.26 (d, J¼8.4 Hz, 2H, H26,260), 7.46 (m, 6H,
H3,4,29,290 ,14,15), 7.59 (m, 2H, H27,270), 7.83 (s, 4H, H1,6,12,17), 7.86 (m,
4H, H2,5,13,16), 7.94 (dd, J¼7.5, 7.6 Hz, 4H, He,e’), 8.49 (t, J¼7.8 Hz, 2H,
Hf,f’), 8.74 (d, J¼6.2 Hz, 4H, N]CeH), 8.99 (b. d, J¼6.1 Hz, 4H, Hd,d’),

13.58 (t, J¼6.3 Hz, 2H, NH); 13C NMR (75 MHz, DMSO-d6, d ppm):
30.22 (CH2), 58.22 (CH2O), 65.07 (CH2Nþ), 110.30, 112.88, 113.09,
121.23, 126.20, 127.57, 127.85, 128.54, 129.58, 131.58, 131.86, 136.02,
144.63 (Cf), 145.44 (Cd), 153.43 (C25O), 155.05 (¼CHN), 191.42 (C]
O); IR (ATR) nmax(cmL1): 3395 (H2O), 3053 (AreH), 1650, 1607,
1593, 1560 } (C]O, C]N, Ar), 1290, 1261 (CeO); ESI-MS: (m/z)
434.2 (M2þ/2); Anal. Calcd for C56H48Br2N6O4$2H2O: C, 63.16; H,
4.92; N, 7.89. Found: C, 63.00; H, 4.94; N 7.82%.

4.2.6. 9,20-Bis[3-(N-pyridinium-1-yl)propyl]-7,18-dihydrodinaphtho
[b,i][1,4,8,11]tetraazacyclotetradecine dibromide methanol disolvate
9. Pyridine (2 mL) was added to 5 (0.023 g, 0.04 mmol) and the
mixture was stirred at 80 �C for 7 h. The solution was then cooled
and left to crystallise in a refrigerator. Red precipitate was collected
and recrystallized frommethanolediethyl ether (1:1). Red crystals,
yield 0.02 g (59%), mp 252e254 �C. Crystals suitable for X-ray
measurements were grown from methanolediethyl ether. 1H NMR
(300 MHz, DMSO-d6, d ppm): 2.32 (m, 4H, CH2), 4.76 (t, J¼7.3 Hz,
4H, CH2Nþ), 7.33 (m, 4H, AreH), 7.73 (m, 4H, AreH), 7.87 (s, 4H,
H1,6,12,17), 8.18 (dd, J¼7.6, 7.6 Hz, 4H, Hb,b’), 8.30 (d, J¼5.8 Hz,
4H,¼CHN), 8.61 (tt, J¼1.2, 7.8 Hz, 2H, Hc,c’), 9.21 (b d, J¼5.8 Hz, 4H,
Ha,a’), 12.74 (t, J¼5.9 Hz, 2H, NH); 13C NMR (75 MHz, DMSO-d6,
d ppm): 29.02 (CH2), 32.97 (CH2), 60.57 (CH2Nþ), 107.20, 110.17,
124.98, 126.89, 128.00, 131.07, 136.78, 144.87 (Cc), 145.42 (Ca),
148.70 (¼CHN); IR (ATR) nmax(cmL1): 3356 (CH3OH), 3122 (NH),
3053 (AreH), 2930 (CH2), {1638, 1619, 1544 } (C]N, Ar); ESI-MS:
(m/z) 314.1 (M2þ/2); Anal. Calcd for C42H40Br2N6$2CH3OH: C,
61.98; H, 5.67; N, 9.86. Found: C 61.64; H, 5.55; N, 9.81%.

4.2.7. Lacunar compound 10. Compound 10 was isolated by careful
chromatography of the reaction mixture containing 4.8 It was
separated as a second yellow fraction using tolueneeacetone (40:1)
and additionally chromatographed on silica gel using methylene
chloride-acetone (100:1). Pale-yellow microcrystalline product,
yield 14%, mp>300 �C. The product contains non-stoichiometric
amounts of acetone and methylene chloride, as judged from 1H
NMR spectrum. 1H NMR (300 MHz, CDCl3, d ppm): 1.56 (m, 4H,
CH2), 3.75 (sz. t, 4H, CH2O), 6.80 (d, J¼8.1 Hz, 2H, H26,260), 7.13 (ddd,
J¼7.5 Hz, J¼7.5 Hz, J¼0.8 Hz, 2H, H28,280), 7.42 (m, 6H, H 3,4,14,15,27,270),
7.61 (s, 4H, H1,6,12,17), 7.67 (dd, J¼1.8 Hz, J¼7.5 Hz, H29,290), 7.78 (m,
4H, H2,5,13,16), 8.53 (d, J¼6.4 Hz, 4H, N]CeH), 14.02 (t, J¼6.4 Hz, 2H,
NH); 13C NMR (75 MHz, CDCl3, d ppm): 26.23 (CH2), 68.68 (CH2O),
112.25, 114.31, 121.41, 126.05, 127.49, 129.42, 130.34, 132.16, 132.21,
138.63, 155.26 (C25O), 156.31 (¼CHN); IR (ATR) nmax(cmL1): 3055
(AreH), {2950, 2876 } (CH2), 1651, 1584, 1557 } (C]O, C]N, Ar),
{1287, 1259 } (CeO); APCI-HRMS: (m/z) 683.2642 (MþHþ), calcd
683.2658.

4.3. Crystallographic data

X-ray measurements for crystals 2 were performed on Super-
Nova diffractometer (Agilent Technologies)18dequipped with Dual
Mo or Cu at zero Atlas measurement device and CryoJet low tem-
perature deviceeusing CuKa (l¼1.54184 �A); data collection: Cry-
sAlisPRO;18 cell refinement: CrysAlisPRO;18 data reduction:
CrysAlisPRO;18 absorption correction: multi-scan.18 Program used
to solve structure: SIR92;19 program used to refine structure:
SHELXL97;20 molecular graphics: ORTEP-3;21 software used to
prepare material for publication: SHELXL9720 and WinGX.22

X-ray diffraction data for crystal 9were collected at 100 K by the
u-scan technique using a Bruker AXS Smart APEX-II CCD diffrac-
tometer with MonoCap capillary and monochromated Cu-Ka radi-
ation (l¼1.54178 �A). Data collection, cell refinement, data
reduction, analysis and absorption correctionwere carried out with
the SMART and SAINT-PLUS;23 molecular graphics: Mercury CSD;24
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software used to prepare material for publication: SHELXL201420

and Platon.25 The structure was solved by direct methods with
SHELXS20 and refined by a full-matrix least-squares technique on F2

using SHELXL201420 with anisotropic thermal parameters for the
non-H atoms.

The structures were solved by direct methods and refined by full
matrix least squares on F2 using anisotropic displacement param-
eters for non-hydrogen atoms. The hydrogen atoms of aromatic
CeH, methylene and methine groups were found on Fourier dif-
ference maps and included in the refinement in the positions cal-
culated from geometrical conditions. The hydrogen atoms at N and
O-atoms were localized on Fourier difference maps and refined
with restrained NeH and OeH distances (DFIX procedure in
SHELXL97) in riding model with Uiso¼Ueq of parent atom. The
crystal data and refinement parameters are listed in Table S1.

Crystal data: 2 C32H32N4O2: T¼120.0(1)K, monoclinic, space
group P21/n, a¼4.8827(1), b¼20.4455(4), c¼12.3580(2) �A,
b¼90.082(2)�, V¼1233.69(4)�A3, Z¼2, Dx¼1.358 Mg m�3. Intensity
data: qmax¼76.96�, completeness 99.6%, R¼0.0352 for 2422 re-
flections with I>2s(I), wR2¼0.0992 for all 2593 unique reflections;
Goodness-of-fit parameters S¼0.994. CCDC No. 1043396.

Crystal data: 9 (C42H40N6)2þ$$$2Br�$$$2CH3OH: T¼100.0(1) K,
monoclinic, space group P21/c, a¼10.1532(3), b¼15.7907 (5),
c¼13.2346 (4) �A, b¼112.1249(10)�, V¼1965.62(10) �A3, Z¼2,
Dx¼1.441 Mg m�3. Intensity data: qmax¼67.0�, completeness 99.0%,
R¼0.0497 for 3505 reflections with I>2s(I), wR2¼0.1328 for all
3505 unique reflections, Goodness-of-fit parameter S¼1.084. CCDC
No. 1042368.

4.4. UVevis spectroscopy and quantum chemical calculations

Quantum chemical calculations reported in this work were
performed using Gaussian 09 rev. A.02 software.26 Geometries of all
compounds 6e9 were optimized using Density Functional Theory
methodology with B3LYP functional and the 6e31þG** basis set.
Polarizable Continuum Model (PCM) approach with default
Gaussian 09 parameters for water was used to account for the
solvent. Crystallographic data available for compounds 8 and 9
were used as starting structures in geometry optimization of these
molecules. Initial structures for other molecules were based on the
conformation of macrocyclic core of 8. Energies of electronic tran-
sitions for optimized structures compounds 6e9 were calculated
within Time Dependent DFT approach at the B3LYP/6e31þG** level
with water treated as implicit PCM solvent.

4.5. Spectrophotometric studies and DNA binding

The electronic absorption spectra were obtained on Varian Cary
100 Bio spectrometer, CD spectra on JASCO J815 spectrophotometer
and fluorescence spectra on the Varian Eclipse fluorimeter, all in
quartz cuvettes (1 cm). The spectroscopic studies were performed
in aqueous buffer solution (pH¼7, sodium cacodylate buffer,
I¼0.05 mol dm�3). Under the experimental conditions absorbance
of 8 was proportional to its concentration. Polynucleotides were
purchased as noted: poly dAdTepoly dAdT, poly dGdCepoly dGdC
(Sigma), calf thymus (ct)-DNA (Aldrich). Polynucleotides were
dissolved sodium cacodylate buffer, I¼0.05 mol dm�3, pH¼7. Calf
thymus (ct-) DNA was additionally sonicated and filtered through
a 0.45 mm filter.27,28 Polynucleotide concentration was determined
spectroscopically27 as the concentration of phosphates. Spectro-
scopic titrations were performed by adding portions of poly-
nucleotide solution into the solution of the studied compound.

Obtained data were corrected for dilution. Titration data were
processed by Scatchard equation.14 Values for Ks and n given in
Table 2 all have satisfactory correlation coefficients (>0.99). Ther-
mal melting curves for DNA, RNA and their complexes with studied
compounds were determined as previously described28,29 by fol-
lowing the absorption change at 260 nm as a function of temper-
ature. Absorbance of the ligands was subtracted from every curve,
and the absorbance scale was normalized. The Tm values are the
midpoints of the transition curves, determined from the maximum
of the first derivative and checked graphically by the tangent
method.28 DTm values were calculated subtracting Tm of the free
nucleic acid from Tm of the complex. Every DTm value here reported
was the average of at least two measurements, the error in DTm
is�0.5 �C.
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