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ABSTRACT

Four new water-soluble derivatives of dibenzotetraaza[14]annulene have been synthesized, bearing
meso substituents with different structures and dimensions: 3-(N,N,N-trimethylammonium)propyl, 3-(N-
pyridinium-1-yl)propyl, 2-[3-(N,N,N-trimethylammonium)propoxy]benzoyl, and 2-[3-(N-pyridinium-1-yl)-
propoxy|benzoyl. The crystal structures of 3-(trimethylammonium)propyl and (N,N,N-trimethyl-
ammonium)propoxy|benzoyl derivatives were determined by single crystal X-ray analysis. According to
the UV-vis titrations, thermal denaturation experiments, and ethidium bromide displacement assays, all
compounds presented here interact strongly with double stranded (ct)-DNA. The product equipped with
3-(trimethylammonium)propyl pendant groups and two positive charges interacts with DNA in one
dominant binding mode, whereas the other three derivatives revealed more complex mixed-type in-
teractions. The results have been discussed in terms of dimensions, geometry, and electronic properties

UV-vis titration
DNA thermal denaturation
Ethidium bromide displacement

of the evaluated compounds, on the basis of corresponding crystallographic data.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Interactions between various small molecules and nucleic acids
are currently of great interest, due to both their biological significance
and their relevance to medical applications.! Among the variety of
DNA-binders explored so far, the porphyrins belong to those, which
have been the most extensively studied.? In contrast, little is known
about the biological activity of their close structural analogues,
dibenzotetraaza[ 14]Jannulenes (DBTAAs). We have recently reported
the first studies, to our knowledge, of the interactions of dibenzote-
traazal14]annulene derivatives with DNA/RNA as well as screening
their antiproliferative activity against human tumor and normal cell
lines.>* The results showed that DNA/RNA binding and biological
activity were remarkably influenced by the properties of the pendant
meso substituents. Here, we present the synthesis, crystal structures,
and preliminary DNA-binding studies of four new DBTAA derivatives
8-11 (Scheme 1), designed on the basis of the structure of product 1,

* Corresponding author. Tel.: +48 12 6632294; fax: +48 12 6340515.
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which was found to be the most active compound in our previous
evaluation®* (Fig. 1).

The most significant structure modifications introduced to 8-11,
as compared with 1, can be outlined as follows:

Compound 8—pyridiniumyl has been replaced by a more ste-
rically demanding, essentially spherical, trimethylammonium
group. This may result in the exclusion of possible -7 interactions
involving the pyridinium moiety, whilst the trimethylammonium
group can act as a center of Csp3-H proton donors. In this way, the
pendant side chains become slightly shorter as compared with 1,
and their charged ends bulkier.

Compound 9—the introduction of four methyl substituents to
o-phenylene moieties may sterically disfavor w— stacking interactions
involving the main flat 7t-core of the macrocycle. It may therefore act
against intercalative binding to DNA as well as against self-stacking of
DBTAA moieties. Such reasoning appears to be consistent with the
results reported earlier for the derivatives of porphyrin.>® Some elec-
tron-donating influence of methyl groups on the 7 electron system
should be also considered, as is shown by the UV-vis spectra.

Compounds 10 and 11—incorporation of an o-substituted ben-
zoyl moiety as a spacer between the flexible part of the substituents
and the macrocyclic rings. As is shown by the crystal structure of 10
(vide infra) and of other derivatives previously reported,” the
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Scheme 1.

benzene rings of the benzoyl group are arranged almost perpen-
dicularly to the planar macrocycle. This introduces remarkable ri-
gidity and steric constraints in close vicinity to the macrocyclic core,
thus also affecting the directional arrangement of the aliphatic part
of the substituents. It is, therefore, apparent that the aliphatic chains
terminated with trimethylammonium and pyridinium moieties
have a tendency to adopt a more perpendicular orientation in re-
spect to the main core, both above and below the ring. In conse-
quence, a shielding of the aromatic surface from external access can
be expected, preventing to some extent -7 stacking interactions
with base pairs of DNA. Furthermore, assuming that the peripheral
substituents may partially cover the flat -plane of the macrocycle
(as was found in a similar DBTAA derivative’), the dimensions and
positive charges of the pyridinium and trimethylammonium groups
located on the external part of these compact molecules may dictate
the mode of interactions with DNA. The C=0 part of the benzoyl
groups also acts as an electron-withdrawing substituent and
a source of an easily polarizable center of negative charge.

Figure 1. The most active compound in our previous evaluation.>*

2. Results and discussion
2.1. Synthesis

Dicationic products 8 and 9 have been synthesized analogously
to the procedure reported earlier,’ starting from 2 and 3.8 Similarly,
products 10 and 11, equipped with o-substituted benzoyl spacers
between the substituents and macrocyclic rings, have been pre-
pared using 4° and dibromopropane as an alkylating reagent.

All new products have been characterized by an elemental
analysis, 'H and >C NMR, ESI-MS and IR data. 'H and 3C NMR
signals, with their assignments and other spectroscopic and ana-
lytical data, are collected in the Experimental section.

2.2. Crystallography

The structures of compounds 8 and 10 with the atomic num-
bering scheme are shown in Figures 2 and 3. Crystal data and
structural refinement details are given in Table 1.

Compound 8 crystallizes in the P21/c space group with one half
of the tetraaza cation, one bromide anion, and one half of methanol
solvent molecule in the asymmetric part of the unit cell. The
methanol solvent molecule is disordered over two equal symmetry
related sites with the carbon atom situated on the inversion center.

Compound 10 crystallizes in the C2/c space group with one half
of the tetraaza cation, one bromide anion, one methanol solvent
molecule, and one water in the asymmetric part of the unit cell. The
bromide anion is disordered over two positions (0.72 and 0.28), and
water molecule has a partly site occupied factor of 0.28.

The central 14-membered ring of the macrocyclic cation in the
structure of 8 has a planar conformation and lies across the center
of inversion. The macrocyclic ring is, however, not ideally planar,
and its distortion from planarity is up to 0.041(1) A for the C9 atom.
A conformation of an analogous tetraaza ring in the structure of 10
is distinctly deformed from planarity with a maximum deviation of
0.115(4) A for the C7 atom.
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Figure 2. The molecular structure of 8 at 90 K, showing the atom-numbering scheme. Displacement ellipsoids for non-H atoms are drawn at the 50% probability level. Hydrogen
bonds are shown as dashed lines. The unlabeled atoms are related to corresponding labeled atoms by the symmetry operation (—x-+1, —y, —z+2).
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Figure 3. The molecular structure of 10 at 90 K, showing the atom-numbering scheme. Displacement ellipsoids for non-H atoms are drawn at the 50% probability level. Hydrogen
bonds are shown as dashed lines. The unlabeled atoms are related to corresponding labeled atoms by the symmetry operation (—x, —y+1, —z+1).

The rings in both structures have two open aliphatic chains
folded above and below the adjacent tetraaza macroring. The
chains in both compounds adopt fully extended anti-periplanar
conformation with torsion angles of C8—-C10-C11-C12=165.64(14)°
and C10-C11-C12-N3=172.09(13)° for 8, and C12-02-C17-
C18=-171.5(5)°, 02-C17-C18-C19=177.2(5)°, and C17-C18-C19-
N3=-175.1(5)° for 10. The location of the chains with respect to the
tetraaza ring in the compounds is visibly different. In 8, the chains
are stretched outside the central ring, whilst in 10 they extend
above and below the ring (Figs. 4 and 8). Such an arrangement
results in different interactions between molecules. The angle be-
tween the vector C8-N3 and the tetraaza ring plane is 145.7 and
90.0°, and the perpendicular distance between the N3 atom and the
plane is 2.60 and 7.31 A, for 8 and 10, respectively. However, cal-
culated dihedral angles defined between the mean plane of the
aliphatic chain (defined on C10, C11, C12, N3, and C14 atom:s for 8,
and on C17, C18, C19, N3, and C22 atoms for 10) and the 14-mem-
bered macrocyclic tetraaza ring are identical for both structures, at
approx. 83°. These values are similar to those found in two other
dibenzotetraaza[14]annulene dibromide compounds.

The bromide anion in 8 is hydrogen bonded to the methanol mol-
ecule, as well as involved in six C-H- - -Br contacts (Fig. 5, Table 3). There
is no evidence of significant 7 - -7 contacts between molecules (Fig. 6).

The shortest observed intermolecular contacts in 8 are C10-H10A: -
[C1-N1]mid-point=2.705, C15-H15A--[C1-N1]mid-poinc=2.879, C14-
H14C:+-[C5-C6]mid-point=2-699, and H12--[C7-N2]mid-point=2-801 A
(Fig. 5). These may be classified as moderately strong Csp3-H:--
interactions since the H---mid-point distances are well below the
3.14 A limit, which is considered as an attractive interaction.'’

For compound 10, a very rapid evaporation of the hydrating
water in ambient temperature, causing decay of the crystal was
observed. In consequence of this, the formal site occupancy factor
for water is 0.72. This results in two positions of disordered bro-
mine anion of 0.72 and 0.28, where the first one is hydrogen
bonded to the partly present water molecule. The bromide anion is
also involved in a hydrogen bond with the methanol molecule.

Similarly to 8, the anions are in cooperative weak Br---H-C
contacts with methyl and methylene groups. They stabilize their
positions inside the channel together with hydrogen-bonded water
and methanol solvent molecules (Fig. 7).



Table 1

D. Pawlica et al. / Tetrahedron 65 (2009) 3980-3989

Crystal data and structural refinement details for 8 and 10

Empirical formula

Formula weight

Crystal system

Space group

a(A)

b (A)

c(A)

Q)

V (A%, z

dcalcd (g/cm3)

F(000)

Temperature (K)

Radiation type,
wavelength (A)

u(mm-1)

0 range (°)

Limiting indices,
h, k1

Reflections collected

Unique reflections

Completeness to
0=70.0°

Data/restraints/
parameters

Goodness-of-fit
on P2

Final R indices
[I>2a(D)]

Final R indices
[all data]

Largest diff.
peak and hole

(eA™)

8 10
C30H44NZ"-2Br—-CH40 C44H54NgO3 - 2Br -
2CH40-1.44H,0
680.55 978.74
Monoclinic Monoclinic
P24/c Q2c
12.4375(2) 36.009(4)
12.8276(2) 11.2827(13)
10.7040(2) 11.6343(13)
106.180(1) 91.965(4)
1640.11(5), 2 4724.0(9), 4
1.378 1.376
708 2042
90 90

Cu Ka, 1.54178

3.385
3.70-69.96

—-15—15, -15—-15,

~11-12
18,098
3078 [Rin=0.018]
99.0%

3078/0/188

1.068

R=0.0243, wR?=0.0639

R=0.0245, wR?=0.0640

0.649, —0.355

Mo Ka, 0.71073

1.772
2.48-24.80

—42—-42, -13-13,

-13—-13
54,131

3967 [Rin=0.050]

97.5%
3967/0/298

1164

0.557, —0.548

R=0.0677, wR?>=0.1587

R=0.0716, wR?>=0.1600

Compound 8: weight=1/[¢?(F3)+(0.0307P)?>+1.196P] where P=(max(F3,
weight=1/[¢?(F§)+(0.0319P)*>+47.971P]

Compound 10:
0)+2F2)/3.

where

0)+2F2)/3.
P=(max(F3,

2.3. Interactions of 8, 9, 10, and 11 with calf thymus (ct) DNA
in aqueous medium

Compounds 8-11 are moderately soluble in the buffer system

used (about ¢=1x10"3 moldm3
buffer, I=0.05 moldm™

Table 2

Selected geometric parameters (A, °)

at pH=7, sodium cacodylate
3). Buffered aqueous solutions of the studied

Compound 8

N1-C1
N1-C9!
N2-C6
N2-C7
N3-C12
N3-C13
N3-C14
N3-C15

N1-C1-C2
N1-C1-C6
N1i-c9-C8
N2-C6-C1
N2-C6-C5
N2-C7-C8
N3-C12-C11
C1-N1-C9'
C6-N2-C7
C12-N3-C13
C12-N3-C14
C12-N3-C15
C13-N3-C14
C13-N3-C15
C14-N3-C15

1.394(2)
1.357(2)
1.419(2)
1.301(2)
1.515(2)
1.499(2)
1.499(2)
1.498(2)

122.82(14

)
)
)
115.72(14)
125.72(14)
124.74(15)
114.74(13)
126.48(13)
119.55(13)
111.23(12)
108.49(13)
110.37(13)
108.44(13)
109.54(13)
108.72(13)

Compound 10

N1-C1
N1i-c9
N2-C6
N2-C7
N3-C19
N3-C21
N3-C22
N3-C23

N1-C1-C2
N1-C1-C6
N1'i_Cc9-C8
N2-C6-C1
N2-C6-C5
N2-C7-C8
N3-C19-C18
C1-N1-C9ili
C6-N2-C7
C19-N3-C21
C19-N3-C22
C19-N3-C23
C21-N3-C22
C21-N3-C23
C22-N3-C23

1.401(6)
1.317(6)
1.422(5)
1.296(6)

123.3(4)
114.4(4)
127.0(4)

Symmetry codes: (i) —x+1, —y, —z+2; (ii)

—Xx, —y+1, —z; (iii) —x, —y+1, —z+1.

3983
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Figure 4. A view of the main molecules of 8 (a) and 10 (b) showing a different ori-
entation of the aliphatic chain in respect to the central tetraaza ring.

compounds were stable for many days at room temperature. The
changes of the UV-vis spectra on increasing temperature to 85 °C
were negligible and the reproducibility of UV-vis spectra upon
cooling back to 25 °C was excellent. The absorbencies of buffered
aqueous solutions of the studied compounds are proportional to
their concentrations up to c=3-4x10~> mol dm>. Aforementioned
data indicate that the studied compounds do not aggregate by
intermolecular stacking at the experimental conditions used.

Comparison of the UV-vis spectra and corresponding molar
extinction coefficients (¢) (Table 4, Fig. 9) revealed that two well
resolved maxima of 8,9 in visible range (A>350 nm), in the case of 10,11
merged into one significantly blue-shifted maximum accompanied
with weak shoulder at about 2=400 nm. Such differences could be
attributed to the significant impact of electron-withdrawing properties
of carbonyl-containing substituents and nonplanar arrangement of
benzoyl rings with respect to the macrocyclic ring.

Buffered (sodium cacodylate buffer, 1=0.05 mol dm—3, pH=7)
aqueous solutions of 8,9 at c=1x10"> mol dm 3 did not exhibit any
fluorescence even at the highest sensitivity of the instrument,
while at same conditions 10, 11 showed only very weak fluores-
cence emission at A=625 nm. Due to the strong inner filter effects it
was not possible to perform experiments at higher concentrations.

The addition of calf thymus (ct) DNA yielded strong batho-
chromic and hypochromic effects in the UV-vis spectra of all
studied compounds. Only in the UV-vis titration of 8, isosbestic
points are observed at A>300 nm, pointing to the formation of one
dominant type of complex (Fig. 10). Clear deviations from the iso-
sbestic points observed for 9-11 as well as changes in opposite



3984 D. Pawlica et al. / Tetrahedron 65 (2009) 3980-3989

Figure 5. The intramolecular N-H---N and intermolecular C-H---Br and C-H---O contacts in 8, shown as dashed lines.

directions with the breakpoint at about r=0.2 (only for 10 and 11,
Fig. 11) strongly supported co-existence of various types of com-
plexes of 9-11 with (ct)-DNA in conditions close to the equimolar
compound/DNA ratio. Therefore, binding constants Ks and ratios
N[bound compound]/[ct-DNA] Obtained for 9, 10 by processing of UV-vis
titration data according to Scatchard equation!' (Table 5) can be
considered only as the cumulative values describing various co-
existing complexes.

In thermal denaturation experiments, addition of any of studied
compounds stabilized the (ct)-DNA double helix (Table 5). More-
over, at different ratios rjcompoundj/jct-DNA]=0.1; 0.2; 0.3 strongly
nonlinear dependence of ATy, values on the ratio r was observed,
suggesting saturation of dominant binding sites at about r=0.25.

As an alternative method for estimation of the affinity toward
DNA, at least as a comparison of ability of studied molecules to
compete for binding with classical intercalator already bound to

Table 3

Close contacts of hydrogen bond type in 8 and 10 [A, °]

D-H---A D-H H-A D-A D-H---A
8

N1-H1.--N2~%+1 -y, —2+2 088 211 2.775(2) 132

01-H10.--Br1* ~V+1/2. 2+1/2 084 268 3.501(5) 165
C10-H10B---01% ~V#1/2.z-1/2 099 264 3.580(4) 159
C5-H5---Brl 095 296 3.9050(17) 172
C7-H7---Brl 095  3.02 3.9501(16) 166
C12-H12A.--Br1% V+1/2. z+1/2 099 290 3.6888(17) 137
C13-H13C---Br1*+2 y+1/2. ~z+3/2 098 290 3.7985(17) 154
C15-H15B---Br] *+2 y+1/2. ~z+3[2 098  2.87 3.779(2) 154
C15-H15C---Br1* V+1/2.z+1]2 098 295 3.853(2) 153
10

N1-H1.--N2~% v+l —z+1 0.88 207 2.727(5) 131
03-H31---Br1A*+1/2 ~y+1/2, -z 084 243 3.234(5) 161
03-H32---Br1A 0.84 248 3.322(6) 176
020-H20---03 084 194 2.727(8) 155
C2-H2---01%V+1 2 095 231 3.240(6) 167
C9-H9.--01~ % ¥ ~z+1 095 259 3.533(6) 172
C16-H16---01 % ¥ ~#+312 095 245 3.394(6) 169
C19-H19A---Br1A *+1/2 -y=12. -z+1]2 0999 269 3.632(7) 160
C22-H22A---Br1A 098 296 3.867(6) 155
C22-H22C---Br1A® V+1 z+1/2 098 299 3.941(7) 164
C22-H22C---Br1B* ¥+1.z+12 098 282 3.701(9) 151
C22-H22A---Br1B 098  3.01 3.935(8) 158
C23-H23C---Br1B 098 290 3.768(9) 148

DNA,'? we have performed ethidium bromide (EB) displacement
assays (Fig. 12).

The obtained IC5¢ values suggest that the affinity of 8 and 9
toward (ct)-DNA is comparable to the affinity of EB, while 10 and 11
bind somewhat stronger than EB. This finding is in good agreement
with the calculated binding constants from UV-vis titration, taking
into account that binding constant of EB toward ct-DNA at the same
experimental conditions is log Ks=6."°

To summarize, high binding constants and strong stabilization
effects on a double helix of (ct)-DNA (Table 2), as well as the ICsq
values determined in ethidium bromide displacement assays point
to strong interactions of compounds 8-11 with (ct)-DNA. Moreover,
pronounced hypochromic and bathochromic effects in the UV-vis

Figure 6. A mutual orientation of adjacent macrocyclic cations of 8 with Cgp3-H---7
interactions indicated as dotted lines.
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Figure 7. The channels in 10 running along the c axis with bromide anions located inside.

Figure 8. The main molecules of 10 interacting with each other via =---7 stacking of
parallel tetraaza ring layers with a distance of ca. 3 A.

Table 4
Electronic absorption data of 8-11¢

Amax/Nm £x10%/dm>3 mol~' cm ™!
8 265 28.76
377 40.32
424 14.36
9 264 35.17
385 39.58
438 16.93
10 246 19.62
344 47.61
1 257 27.32
346 47.73

¢ Sodium cacodylate buffer, I=0.05 mol dm3, pH=7.

spectra of 8-11 upon titration with (ct)-DNA are most likely due to
intensive aromatic stacking interactions involving molecules of
8-11 and DNA base pairs (intercalation) or to agglomeration of
molecules along the DNA (groove binding). In addition, UV-vis ti-
trations indicate that only 8 binds to DNA in one dominant binding
mode, whereas 9-11 can be seen to form various different types of
complexes with (ct)-DNA, although these cannot be precisely
determined.

3. Conclusions

In order to fine tune the DNA-binding properties and the biological
activity of dibenzotetraaza[14]annulenes, four new water-soluble
derivatives have been designed and synthesized based on the structure
of the most active compound from the previous evaluation. The new
products 8-11 are characterized by 3-(N,N,N-trimethylammonium)-
propyl and 3-(N-pyridinium-1-yl)propyl meso substituents and by
different degrees of rigidity and steric constraints in the close vicinity of
the planar macrocyclic ring.

Comparison of the X-ray structures of representative com-
pounds 8 and 10 showed that the incorporation of rigid and
relatively bulky o-benzoyl spacers into the peripheral substituents
significantly influenced the spatial arrangement and directionality
of the pendant side chains. Thus, the molecules of 10 appeared to
have a nearly perpendicular orientation of trimethylammonium-
propyl substituents in respect to the tetraaza plane (Figs. 4b and 8),

0.7 -
0.6 - c(8)=1,22E5
] ——¢(9)=1,14 E-5
0.5 ——¢(11)=123E-5
] c(10)=1,33E-5
0.4 -

Abs

0.3
0.2 1

0.1

0.0

L e B e LB A B e e — |
250 300 350 400 450 500 550 600 650

A/nm

Figure 9. UV-vis spectra of 8-11 at c=1.1-1.3x10~°> mol dm~>3; pH=7, sodium caco-
dylate buffer, 1=0.05 mol dm 3.
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whereas molecules of 8 adopted a more extended planar confor-
mation, with the side chains stretched outside the molecule and
with the central t-plane well exposed for external access (Fig. 4).

Spectrophotometric UV-vis titration with Scatchard analysis,
thermal denaturation experiments, and ethidium bromide dis-
placement assays showed strong mixed-mode interactions of 9-11
with (ct)-DNA and suggested only one dominant binding mode for
compound 8.

Judging solely from the molecular structures, it can be presumed
that, from among 8-11, compound 8 might be the best candidate
for easy insertion and stacking between base pairs of double-helical
DNA (intercalation). Being equipped with flexible aliphatic side
chains, it therefore has an unhindered macrocyclic center that is
well exposed, allowing for efficient -7 stacking. In contrast to 8,
compounds 9-11 bear bulky, rigid, and polar groups, located in
close vicinity to the macrocyclic core. In view of the crystal struc-
ture of 10 and of other derivatives reported previously,” it may be
posited that, in the case of compounds 9-11, peripheral sub-
stituents sterically prevent intercalation to some extent and that
they presumably render the molecules well suited to strong bind-
ing in the DNA grooves. As a consequence, mixed-mode
interactions might be observed for 9-11, as well as a somewhat
higher affinity to DNA, as compared with 8.

However, in order for the experimental results reported here to
be correlated clearly with the structural details of 8-11, more
extensive and detailed investigations are necessary. Additional
encouragement to further our study of products 8-11 is provided by
the promising biological activity previously reported in regard to
their closely related analogues.*

4. Experimental
4.1. General

Macrocyclic substrates 2-4 and 5 were prepared by the pro-
cedures described earlier.>%*

Other chemicals (tetrabromomethane, 1,3-dibromopropane,
triphenylphosphine, triethylamine) were purchased from com-
mercial sources (Sigma-Aldrich, Fluka) and were used as received.
Solvents were dried using standard methods and were freshly
distilled before use. Elemental analyses were performed on an
Euro-EA (EuroVector) microanalyzer. 'H and '*C NMR were run on
a Bruker AMX (500 MHz) and a Mercury Varian (300 MHz) spec-
trometers. Chemical shifts (6) are expressed in parts per million 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 Esquire 3000 spectrometer. The IR

spectra were recorded in KBr with a Bruker IFS 48 spectropho-
tometer. Melting points were measured with use of a Boethius
apparatus and were uncorrected.

4.2. Syntheses

4.2.1. 7,16-Bis(3-bromopropyl)-2,3,11,12-tetramethyl-5,14-
dihydrodibenzo[b,i][1,4,8,11 Jtetraazacyclotetradecine (6)

Prepared analogous to 5,° starting from 3 (0.2 g, 0.43 mmol),
tetrabromomethane (0.57 g, 1.7 mmol), and triphenylphosphine
(1.05g, 4mmol). Deep-red crystals, yield 0.15g (75%), mp
248-249°C (decomposition). 'TH NMR (500 MHz; CDCl3+CgDs;
50°C; 6 ppm): 1.75 (m, 4H, H?), 2.07 (s, 12H, CH3), 2.17 (t, J=7.3 Hz,
4H,H%),3,17 (t,J=6.4 Hz, 4H, H), 6.75 (s, 4H, H* H'°13), 7.49 (s, 4H, =
CHN), 13.94 (br s, 2H, NH); 13C NMR (125 MHz; CDCl3+CgDg; 50 °C;
6 ppm): 19.43 (CHs), 31.38, 32.75, 35.05 (C% CP, C°), 105.88 (C"16),
114.96 (C+4 1913 132.47 (C*3, C112),136.06 (C**182 90130y 146,45
(C=N); IR (KBr) rmax (cm~1): 3452 (s, N-H), 3054 (s,=C-H); 2959,
2917, 2851 (s, C-H), 1642, 1607 (s, C=C), 1549 (br, N-H, C-N), 1514,
1450 (br, C-H), 1422, 1402, 1347, 1306, 1272, 1254, 1245, 1192, 1001;
ESI-MS (m/z): 584.2 (C23H34Br2N4+H+). Anal. Calcd for C28H34B1'2N4Z
C,57.35; H, 5.84; N, 9.55. Found: C, 57.31; H, 6.08; N, 9.46%.

4.2.2. 7,16-Bis[2-(3-bromopropoxy )benzoyl]-5,14-dihydro-
dibenzo[b,i][1,4,8,11 Jtetraazacyclotetradecine (7)

A reaction mixture consisting of 4 (0.87 g, 1.65 mmol), anhy-
drous potassium carbonate (0.9 g, 6.6 mmol), 1,3-dibromopropane
(2 mL, 19.8 mmol), and anhydrous dimethylformamide (100 mL)
was stirred magnetically at room temperature for 48 h. A solid
material was filtered off, filtrate was diluted with water to pre-
cipitate the product, and left in a refrigerator for 24 h. A crude
product was filtered off, washed with ethanol, and dried under
vacuum. It was dissolved in chloroform (12 mL) introduced on
a column of silicagel and chromatographed using toluene/acetone
(40:1) as eluent. The main orange fraction was collected, concen-
trated to about 90 mL, diluted with n-hexane (10 mL), and left aside
for 24 h. Orange microcrystalline product was collected by filtra-
tion, washed with n-hexane, and dried under vacuum. Yield 0.9 g
(70%), mp 225-227 °C. 'H NMR (300 MHz; CDCls; 6 ppm): 2.21 (m,
4H, HP), 3.45 (t,J=6.2 Hz, 4H, HC), 4.147 (t,]=5.8 Hz, 4H, H%), 7.01-7.19
(m, 12H, H'"4, H1%-13, 0-CgH4'), 7.37 (dd, J=1.7, 7.5 Hz, 2H, 0-CgHy'),
7.45 (ddd, J=8.2, J=7.5, J=1.7 Hz, 2H, 0-CgH4’), 8.58 (br, 4H, =CHN),
14.40 (br, 2H, NH); *C NMR (75 MHz; CDCl3; 6 ppm): 30.13 (C?), 32.24
(C9), 66.17(CY), 110.82, 112.78, 115.68, 121.55, 126.66, 129.44, 129.73,
131.42,137.26,155.59 (0-CgHa, 0-CsH4', C=N), 192.95 (C=0); IR (KBr)
ymax (cm~1): 3454 (s, N-H), 3066 (s, =C-H), 2922, 2879 (s, C-H);
1616, 1564, 1496, 1484, 1448, 1420, 1403; ESI-MS (m/z): 771.1
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Figure 10. (a) Changes in UV-vis spectrum of 8 (c=1.53x10~> mol dm—3) upon titration with ct-DNA; (b) dependence of absorbance of 8 at Aya,=377 nm on c(ct-DNA), at pH=7,

sodium cacodylate buffer, [=0.05 mol dm 3.
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Figure 11. (a) Changes in UV-vis spectrum of 10 (c=1.66x10~> mol dm~>) upon titration with ct-DNA; (b) dependence of absorbance of 10 at Ama.x=344 nm on c(ct-DNA), at pH=7,

sodium cacodylate buffer, 1=0.05 mol dm 3.

(C38H34BI'2N404+H+). Anal. Calcd for C3gHs4 BroN4Og: C, 59.24; H,
4.45; N, 7.27. Found: C, 59.61; H, 4.62; N, 7.04%.

4.2.3. 7,16-Bis[3-(N,N,N-trimethylammonium )propyl]-5,14-dihydro-
dibenzo[b,i][1,4,8,11 Jtetraazacyclotetradecine dibromide (8)

To a cold solution of 5 (0.15 g, 0.19 mmol) in anhydrous DMF
(50 mL), cooled to —10 °C, trimethylamine (2 mL, 21 mmol) was
added. The reaction mixture was stirred at 45 °C, under argon for
48 h. The solution was concentrated to a small volume and diluted
with diethyl ether to afford crystalline product. The product can be
additionally purified on a column of basic aluminum oxide (Fluka)
using methylene chloride/methanol (90:1) as eluent. Red crystals,
yield 0.125 g (67%), mp>260 °C. Crystals suitable for X-ray mea-
surements were grown by slow diffusion of tert-butyl methyl ether
into a solution of 8 in methanol. 'H NMR (300 MHz; DMSO-dg;
6 ppm): 1.92 (m, 4H, H?), 2.27 (t, J=7.4 Hz, 4H, H%), 3.09 (s, 18H, HY),
3.35 (t, J=5.2 Hz, 4H, HF), 6.93 (dd, J=6.0, 3.2 Hz, 4H, H>3, H'112),
7.32 (dd, J=6.0, 3.2 Hz, 4H, H'4, H'%13) 790 (d, J=5.9 Hz, 4H,
—=CHN), 13.57 (t, J=5.9 Hz, 2H, NH); '3C NMR (75 MHz; DMSO-dg;
6 ppm): 24.64, 28.77 (C% C?), 52.19 (C9), 64.78 (C°), 106.39 (C"16),
113.93 (C'4, C1013), 124.19 (€23, C1112),136.72 (C*>183, 92132) 147.73
(C=N); IR (KBr) rmax (cm~1): 3475, 3403 (s, N-H, 0-H), 3064, 3031,
3005 (s, =C-H); 2944, 2918, 2871, 2853 (s, C-H), 1650, 1594 (s,
C=C), 1552 (br, N-H, C-N), 1482; 1455 (br, C-H), 1424, 1401, 1356,
1314, 1293, 1219, 1158, 1004, ESI-MS (in/z): 244.5 (C30H44NE"/2),
Anal. Calcd for C3gH44BraNg:C, 55.56; H, 6.84; N, 12.96%. Found: C,
55.42; H, 6.65; N, 12.99%.

Table 5

Changes of 8-11 UV-vis spectra upon titration with (ct)-DNA, binding constants
(log Ks) and ratios njpound compound]/jct-Dna] Calculated from the UV-vis titrations;*
and thermal denaturation data (AT, values/°C)¢ of (ct)-DNA upon addition of 8-11
(pH=7.0, sodium cacodylate buffer, [=0.05 mol dm—3)

AX;°/nm AX°/nm HE[% log K nd ATy/°C
8 9 12 45 5.85 0.26 6.6
9 5 5 35 5.69 032 31
10 6 — 28 6.80 032 10.2
1 3 = 25 57 i 12.8

3 Titration data were processed according to the Scatchard equation.!

b AX=A(8, 9, 10, and 11)—A(complex); absorbance maxima A;=(8;377nm, 93385nm:
10;344nm, 11;346nm,), A2=(81424nm, 92438nm).

€ Hypochromic effect calculated by Scatchard for 8, 9,10, and 11; H=((Abs(8, 9, 10,
and 11)—Abs(complex))/Abs(8, 9, 10, and 11))x100.

4 Accuracy of n: £10-30%, consequently log K, values vary in the same order of
magnitude.

€ Error in ATgy: £0.5 °C; Tjcompound]/[ct-DNA]=0.3.

f Change of 11 UV-vis spectrum was almost linearly dependent on the c(ct)-DNA
up to r=0.16, followed by the abrupt end of titration.

4.2.4. 7,16-Bis[3-(N-pyridinium-1-yl)propyl]-2,3,11,12-tetramethyl-
5,14-dihydrodibenzo[b,i][1,4,8,11 [tetraazacyclotetradecine
dibromide monohydrate (9)

A reaction mixture consisting of 6 (0.10 g, 0.17 mmol), pyridine
(10 mL, 120 mmol), and DMF (10 mL) was stirred at 45 °C under
argon for 24 h. The mixture was concentrated on a rotary evapo-
rator to half volume, diluted with diethyl ether (50 mL), and left in
a refrigerator to afford crystalline product. It was purified
chromatographically (basic aluminum oxide, methylene chlor-
ide/methanol (90:1)). Deep-red crystals, yield 0.044 g (35%), mp
244 °C. '"H NMR (300 MHz; DMSO-dg; 6 ppm): 2.19 (m, 16H, CHs,
HP), 2.29 (t, J=6.4 Hz, 4H, H%), 4.68 (t, J=7.1 Hz, 4H, HF), 7.03 (s, 4H,
H'" H'013), 7.76 (d, J=5.9 Hz, 4H, =CHN), 8.16 (dd, J=6.7, 7.7 Hz, 4H,
H®), 8.60 (tt, J=7.8, 1.3 Hz, 2H, H), 9.17 (dd, J=6.7, 1.2 Hz, 4H, HY),
13.65 (t, J=6.0 Hz, 2H, NH); 13C NMR (75 MHz; DMSO-dg; 6 ppm):
18.97 (CH3), 28.77, 32.91 (C%, CP), 60.48 (C°), 105.65 (C"1°), 114.61
(ct4 1013y 127.86 (C°), 131.91 (C>3, C1112), 134.35 (CAa18a 9132y
144.71,145.28 (€4, ), 146.67 (C=N); IR (KBr) rmax (cm™"): 3369 (s,
N-H, 0-H), 3041 (s, =C-H), 2917, 2879, 2851 (s, C-H), 1638, 1606 (s,
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Figure 12. Ethidium bromide (EB) displacement assay: to ct-DNA solution
(c=5x10"> mol dm~3), ethidium bromide (c=5x10~5 mol dm~3) was added (r([EB]/[ct-
DNA])=0.1), and quenching of the EB/DNA complex fluorescence emission
(Aex=520 nm, Aem=601 nm) was monitored as function of ¢(EB)/c(compound). The
given ICsq values present the ratio c(EB)/c(compound)=[Int(EB/DNA)—Int(EBee)]/2,
where Int(EB/DNA) is fluorescence intensity of EB/DNA complex and Int(EBgee) is
fluorescence intensity of the free ethidium bromide before DNA is added.
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C=C), 1548 (br, N-H, C-N), 1516, 1486, 1447 (br, C-H), 1427, 1404,
1351, 1306, 1274, 1176.

ESI-MS  (m/z): 2917 (C38H44N%+/2). Anal. Calcd for
C3gHg4BroNg-H70: C, 59.85; H, 6.08; N, 11.02. Found: C, 59.72; H,
6.09; N, 10.65%.

4.2.5. 7,16-Bis{2-[3-(N,N,N-trimethylammonium)propoxy |benzoyl}-
5,14-dihydrodibenzo|[b,i][1,4,8,11 Jtetraazacyclo-
tetradecine dibromide dihydrate (10)

To a solution of 7 (0.20 g, 0.26 mmol) in anhydrous DMF (20 mL,
cooled to —10 °C), trimethylamine (2 mL, 21 mmol) was added and
the mixture was stirred at 45 °C, under argon for 24 h. The mixture
was evaporated to dryness and the residue dissolved in a small
quantity of methylene chloride was chromatographed on a column
with basic aluminum oxide with use of methylene chloride/meth-
anol (100:3) as eluent. The main fraction was collected,
concentrated to a small volume, and diluted with tert-butyl methyl
ether (50 mL). Crystalline product was filtered off, washed with
tert-butyl methyl ether, and dried under vacuum. Deep-orange
crystals, yield 0.12 g (52%), mp 243-244 °C. Crystals suitable for
X-ray measurements were grown by slow diffusion of n-hexane
into the solution of 10 in methylene chloride/methanol (1:1). 'H
NMR (300 MHz; d6-DMSO; ¢ ppm): 2.06 (m, 4H, HP), 2.97 (s, 18H,
HY), 3.33 (m, 4H, HS), 413 (t, J=5.9 Hz, 4H, H%), 7.14-7.25 (m, 8H,
H23, H"2) 0-C4H¢'), 7.30 (dd, J=3.5, 6.2 Hz, H'"4 H!®13) 737
(dd, J=1.7, 7.5 Hz, 2H, 0-C4H¢'), 7.55 (m, 2H, 0-C4H¢'), 8.52 (d,
J=6.5Hz, 4H, =CHN), 14.29 (t, J=6.5Hz, 2H, NH); 3C NMR
(75 MHz; DMSO-dg; 6 ppm): 22.49 (C?), 52.03 (¢?), 62.76, 65.19 (CY,
C%), 110.08 (C™19), 113.19, 115.52, 121.18, 126.89, 128.72, 129.10,
131.52, 136.16, 152.60, 154.84 (0-CgH4, 0-CeH4', C=N), 191.27
(C=0); IR (KBr) ymax (cm™1): 3426 (s, N-H, O-H), 3068, 3012 (s,
=C-H), 2960 (s, C-H), 1647, 1591 (s, C=C), 1562 (br, N-H, C-N),
1489, 1444 (br, C-H), 1415, 1324, 1312, 1292, 1258, 1221, 1165, 1144,
1110, 1097, 1050, 1019; ESI-MS (m/z): 364.3 (C44H52N603"/2). Anal.
Calcd for C44H52BraNgO4-2H,0: C, 57.15; H, 6.10; N, 9.09. Found: C,
57.24; H, 6.01; N, 9.16%.

4.2.6. 7,16-Bis{2-[3-(N-pyridinium-1-yl)propoxy]benzoyl}-5,14-
dihydrodibenzo[b,i][1,4,8,11 Jtetraazacyclotetradecine dibromide
dihydrate (11)

A reaction mixture consisting of 7 (0.2 g, 0.26 mmol), pyridine
(10 mL, 120 mmol), and DMF (10 mL) was stirred at 45 °C under
argon for 24 h. The solution was evaporated to dryness on a rotary
evaporator. The solid residue dissolved in a small quantity of
methylene chloride was chromatographed on a column of basic
aluminum oxide using methylene chloride/methanol (100:5) as
eluent. The main fraction was concentrated to a small volume and
diluted with tert-butyl methyl ether to afford crystalline product.
The product was filtered off, washed with tert-butyl methyl ether
and dried under vacuum. Deep-orange crystals, yield 0.08 g (33%),
mp 225-226 °C. 'H NMR (300 MHz; d6-DMSO; 6 ppm): 2.30 (m,
4H, HY), 414 (t, J=5.8 Hz, 4H, H%), 4.66 (t, J=6.7 Hz, 4H, HC),
7.09-7.20 (m, 8H, H>3, H'"12, 0-C4Hg¢'), 7.29 (dd, J=3.5, 6.0 Hz, H4,
H'%13), 7.37 (dd, J=1.6, 7.5 Hz, 2H, 0-C4Hg¢'), 7.52 (m, 2H, 0-C4H¢'),
8.01 (m, 4H, H®), 8.46 (d, J=6.5 Hz, 4H, =CHN), 8.60 (t, J=7.8 Hz, 2H,
H”), 9.17 (d, J=5.6 Hz, 4H, HY), 14.23 (t, J=6.5 Hz, 2H, NH); '3C NMR
(75 MHz; DMSO-dg; 6 ppm): 29.98 (C?), 58.16, 64.94 (C%, C°), 109.81
(€718, 112.97, 115.53, 121.01, 126.86, 127.81, 128.49, 129.10, 131.47,
136.19, 144.59, 145.40, 152.60, 154.78 (0-CgHy, 0-CgH4/, C=N, py),
191.17 (C=0); IR (KBr) rmax (cm™1): 3416 (s, N-H, 0-H), 3052, 3031
(s, =C-H), 2961, 2934, 2886 (s, C-H), 1630, 1615, 1594 (s, C=C),
1563 (br, N-H, C-N), 1487, 1447 (br, C-H), 1401, 1323, 1290, 1265,
1248, 1170, 1096; 1048; ESI-MS (m/z): 384.3 (CagH44NgO5"/2). Anal.
Calcd for: C4gH44BroNgO4-2H50: C, 59.76; H, 5.01; N, 8.71. Found: C,
59.98; H, 4.96; N, 8.69%.

4.3. Crystallography

Intensity data for the crystals of 8 and 10 were collected on
a Bruker AXS Smart APEX-II CCD 3-circle diffractometer with
MonoCap capillary and monochromated Cu Ko radiation
(A=1.54178 A) (8) or Mo Ko radiation (1=0.71973 A), both at
a temperature of 90 K. The data collection and data integration
carried out with the SMART™ and SAINT-PLUS"™ programs.
Empirical absorption corrections were done using the SADABS
program!® The structure was solved by direct methods by using the
SHELXS-97 program.” All non-hydrogen atoms were refined
anisotropically by full-matrix least-squares based on F? using the
SHELXL-97 program,!” and the complete set of reflections. The final
geometrical calculations were carried out with the PLATON pro-
gram.'® Figures were drawn using Mercury'® program. The relevant
crystal data and experimental details are summarized in Table 1.

All hydrogen atoms were placed geometrically with C-H=0.95-
0.99, N-H=0.88, and 0-H=0.84 A, and included in the refinement
as riding atoms with Ujso(H)=1.2 Ueq (C,N) or 1.5 Ueq (Cmethy1,0).

4.4. UV-vis spectroscopy

The electronic absorption spectra were obtained on Varian Cary
100 Bio spectrometer and fluorescence spectra on the Varian
Eclipse fluorimeter, all in quartz cuvettes (1 cm). The spectroscopic
studies were performed in aqueous buffer solution (pH=7, sodium
cacodylate buffer, 1=0.05 moldm ). Under the experimental
conditions absorbance of 8-11 was proportional to their concen-
trations. The calf thymus (ct)-DNA was purchased from Aldrich,
dissolved in sodium cacodylate buffer, 1=0.05 moldm 3, pH=7,
additionally sonicated and filtered through a 0.45 um filter.2%2!
Polynucleotide concentration was determined spectroscopically?!
as the concentration of nucleotides. Spectroscopic titrations were
performed by adding portions of polynucleotide solution into the
solution of the studied compound. Obtained data were corrected
for dilution. Titration data were processed by Scatchard equation.!!
Values for K and n given in Table 5 all have satisfactory correlation
coefficients (>0.999). Thermal denaturation curves for DNA and its
complexes with studied compounds were determined as pre-
viously described?! by following the absorption change at 260 nm
as a function of temperature. Absorbance of the ligands was sub-
tracted from every curve, and the absorbance scale was normalized.
The Ty values are the mid-points of the transition curves,
determined from the maximum of the first derivative and checked
graphically by the tangent method.?! ATy, values were calculated
subtracting Ty, of the free nucleic acid from Ty, of the complex.
Every ATy, value reported here was the average of at least two
measurements, the error in ATy, is £0.5 °C.

Ethidium bromide (EB) displacement assay was done as follows:
to ct-DNA solution (c=5x10">moldm3), ethidium bromide
(c=5x10"®moldm—>) was added (r([EB]/[ct-DNA])=0.1), and
quenching of the EB/DNA complex fluorescence emission
(Aex=520 nm, Aey=601 nm) was monitored as function of c(EB)/
c(compound). The given ICsg values present ratio ¢(EB)/c(compound )=
[Int(EB/DNA)—Int(EBfec)]/2, where Int(EB/DNA) is fluorescence in-
tensity of EB/DNA complex and Int(EBg..) is fluorescence intensity of
the free ethidium bromide before DNA is added.

5. Supplementary data

Full details of crystallographic data for the structural analysis
have been deposited with the Cambridge Crystallographic Data
Centre, CCDC No. 711500 for compound 8 and No. 711501 for
compound 10. Copies of this information can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif.
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