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The second generation and an isosteric series of isoxazolidinyl polycyclic aromatic hydrocarbons, as
DNA-intercalator agents designed to act on remotely implanted tumors, have been synthesized in good
yields according to the 1,3-dipolar cycloaddition methodology. The structure of the obtained cyclo-
adducts has been determined by NOE experiments and supported by computational studies at PM3 level.
The utility of this new template in the synthesis of structures designed to capitalize on its intercalative
properties has been examined. All the obtained compounds have been tested for their in vitro cytotoxic
activity and the most potent of them showed an ICs5p of 9 tM upon the human lung cancer (A-549) cell
and a binding constant, for the intercalation with calf thymus DNA, of 9.6 x 10* M. Biological and
docking studies showed that these compounds complex exclusively by intercalation between base pairs,
approaching the DNA from its minor groove, with a neat selectivity for the AT or GC nucleobases.
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1. Introduction

The best described mode for the reversible binding of small
molecules to DNA is represented by their intercalation between the
base pairs, firstly described by Lerman for the acridine proflavine
[1] (Fig. 1). Intercalation is the preferred binding mode of virtually
flat polyaromatic ligands of sufficiently large surface area and
suitable steric properties. The driving forces for intercalation are
primarily stacking interactions between the ligand chromophore
and the base pairs, with entropic factors of significant, but lesser
and variable importance [2].

The size and nature of the intercalating chromophore [3] is
determinant for the binding mode and a number of studies suggest
that fused two-ring systems, i.e., naphthalene-type, are the
minimum necessary for an effective intercalation [4]. Moreover,
NMR shift and line width changes indicate that two-ring naph-
thalene-type ligands intercalate only if they possess pendent
cationic side chain, and have similar affinities irrespective of the
presence of charged or uncharged nitrogen atoms in the aromatic
system. In contrast, fused three-ring systems such as acridines have
sufficient stacking interactions to intercalate without the need for
appended side chains.

* Corresponding author. Tel.: +39 095 738 50 14; fax: +39 06 233 208 980.
E-mail address: arescifina@unict.it (A. Rescifina).
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Although structure—activity relationship studies have demon-
strated a positive relationship between the DNA binding strength of
intercalating agents and biological potency, in both in vivo and in
vitro leukemia models [5], this relationship did not hold for activity
against remotely implanted solid tumors [6] where drug distribu-
tion properties may be much more important. In fact, the biological
activity also appears to be linked to the binding kinetics of inter-
calating agents to DNA, with longer average residence time of
a ligand at a particular binding site correlating positively with the
biological potency.

A high DNA binding affinity correlates positively with in vitro
cytotoxicity for several series of DNA-intercalating agents, but this
property is also thought to be the factor limiting the penetration of
such drugs into multicellular spheroids which are used as models of
solid tumor.

Such effects of DNA binding on the drug diffusion have been
shown in tumor spheroids, with tightly binding compounds, such
as doxorubicin, mitoxantrone and the anthrapyrazole AP-10 (Fig. 1),
distributing poorly [7]. Experiments using multicellular layers of
defined geometry growing on porous Teflon supports also showed
that less tightly binding compounds have higher rates of flux,
which is attributed to higher free drug diffusion coefficients [8].

According to these considerations, many efforts have been
developed to find compounds with an intercalative binding mode
of action, but with a minimum of DNA binding strength. This is
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Fig. 1. Selected DNA-intercalating agents.

what Danny and coworkers have defined as “minimal intercalator”,
a concept proposed to incorporate the requirements of a manda-
tory intercalative binding mode together with the lowest possible
level of binding [9].

For drugs that bind to DNA, the effective diffusion coefficient
(Defr) that determines the rate of extra vascular diffusion, is greatly
lowered by DNA binding, in direct proportion with the binding
constant. It is given by Degr = D/(1 + KpnaSp), where D is the diffusion
coefficient, Kpna is the DNA association constant and Sy is the
concentration of available DNA binding sites [10]. Assuming a total
DNA binding site concentration of about 1 mM for a binder of low
sequence specificity (about 10% of the sites in chromatin), the upper
limit of Kpna to keep the diffusion time reasonably rapid on the
pharmacological timescale is about 10* M1, suggesting that quite
moderate levels of DNA binding can limit diffusion.

Recently, we have synthesized a series of non-ionic iso-
xazolidinyl polycyclic aromatic hydrocarbons (PAHs) that showed
moderate DNA intercalative and cytotoxicity properties [11]. In
particular, the pyrenyl- (1) and phenanthryl-isoxazolidine (2)
derivatives, with an ICsq of 112 and 78 uM, respectively, on Molt-3
cell line, exhibited promising cytotoxic and apoptotic properties. In
light of this, we considered it of importance to shed light into the
interaction of 1 with DNA [12]. From these studies emerged that
compound 1 binds calf thymus DNA with a binding constant of
6.8 x 10> M1, and preferentially intercalate in AT reach regions
penetrating from the major groove.

On the basis of our continuous interest on this area and with the
aim to create new DNA-intercalators possessing the binding
constants in the range 10°—10° M1, in order to easily diffuse tar-
geting remotely implanted tumors, we report in this paper the
synthesis, the biological activity and the intercalative binding
investigations of isoxazolidinyl-PAHs 6, 7 and 8, 9, the second
generation and an isosteric series, respectively, of potential DNA-
intercalators, featuring the presence of an imido or amino group
linked to isoxazolidine ring on the aromatic planar system of
phenanthrene and pyrene nucleus.

Our design is supported by the consideration that the presence of
a succinimido group or of a primary, at physiological pH, alkyl
ammonium one (pK, = 9.6 and 10.6, respectively) into the iso-
xazolidine ring could play an important role in the DNA-recognizing

region because of its ability to form favorable intermolecular
hydrogen bonds [13] with the DNA backbone, which could
contribute to the formation of more stable complexes with respect to
the precedent series of isoxazolidinyl-PAH 1 and 2, and then to
a better interaction with DNA sites.

2. Results and discussion
2.1. Chemistry

The cycloaddition of nitrones 3 [11], with t-butyl-N-allylcarba-
mate or maleimide, in dry toluene and in a sealed tube at 120 °C for
6 d or 18 h, respectively, using a 1:1.5 relative ratio of dipole to
dipolarophile, afforded a mixture of two isoxazolidines 4, 5, and 6, 7
(Scheme 1) in ca. 1.5—4.0:1 ratio (Table 1), with a yield between 80
and 92%.
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Scheme 1. Synthesis of isoxazolidine-PAHs.



A. Rescifina et al. / European Journal of Medicinal Chemistry 46 (2011) 129—136 131

Table 2
PM3 calculations results on transition state structures for isoxazolidines 4—7.

Table 1
Reaction of nitrones 3 with t-butyl-N-allylcarbamate and maleimide.
Nitrone R! R? Dipolarophile Isolated  4/5 and
yield (%)  6/7 Ratio
3a 9-phenanthryl  Bn t-Butyl- 80 2.0:1
N—allylcarbamate
3b 1-pyrenyl Me  t-Butyl- 92 1.5:1
N—allylcarbamate
3b 1-pyrenyl Me  Maleimide 87 4.0:1

As reported in Table 1, the investigated reaction was found to be
regiospecific, affording a mixture of cis and trans 5-substituted iso-
xazolidines4 and 5 as exclusive adducts. Whereas the isoxazolidines
6 and 7 resulted always cis-fused.

All products were purified by preparative centrifuge-accelerated
radial thin-layer chromatography (PCAR-TLC) and obtained as pure
compounds (see Experimental). The molecular structure of the
reaction products was assigned on the basis of analytical and
spectroscopic data. The regiochemistry of the cycloaddition process
was readily deduced from the 'H NMR measurements. For iso-
xazolidines 4 and 5, there was one proton signal at 4.31—4.52 ppm,
which corresponded to the Hs proton; the alternative regioisomers
are not reported to show a resonance at this chemical value [14].

The pericyclic reaction showed a low level of cis/trans stereo-
selectivity. The reactions with t-butyl-N-allylcarbamate showed the
cis isomers 4 as the major products whereas in that with maleimide
predominate the trans one 6. The relative stereochemical assign-
ments have been performed by NOE measurements. In particular, in
compound 4a irradiation of H3 resonance at 4.63 ppm induces
a positive NOE effect on the downfield resonance of methylene
protons at C4 (Hgp) (5.8%), centered at 3.09 ppm, and on Hs (0.9%),
centered at 4.44 ppm,; instead, the irradiation of Hy,, centered at
2.04 ppm, not induces any positive NOE on H3 and Hs protons.
These results indicate that H3, Hap and Hs are in a cis relationship, as
reported in Fig. 2.

Conversely, for trans adduct 5a, a diagnostic NOE effect was
observed for Hg (0.6%) when irradiating the Hs proton (Fig. 2).

The final desired compounds 8 and 9 were obtained, in high
yields (80—95%), upon treatment of their respective precursors, 4
and 5, with trifluoroacetic acid in dichloromethane at 0 °C for
12—36 h (Scheme 1). In these conditions cis isomers completely
hydrolyze in 12 h, whereas for the trans ones occur 36 h and the
conversion not go always to completion.

2.2. Computational stereochemical analysis

The stereochemical outcome of the cycloaddition process can be
explained by considering that nitrone 3a exist exclusively as Z
isomers whereas nitrone 3b exist as a mixture of Z/E (15:1) isomers
[11]. PM3 [15] semiempirical calculations give a theoretical support
to experimental data; in all the cases the activation enthalpy of the
cycloaddition reaction starting from Z-nitrones is lower than that of
E-ones; therefore, we report only the results derived from the
reaction of Z-nitrones in an exo and endo mode (Table 2).
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Fig. 2. Selected observed NOEs in compounds 4a and 5a.

Compound AHs Z-exo TS AHs Z-endo TS Calculated ratio 4:5 or 6:7
4a, 5a 65.36% 65.77 1.99:1
4b, 5b 52.84 53.10 1.55:1
6b, 7b 59.15 58.28 4.30:1

@ All values are in kcal/mol.

The datareported in Table 2 are in satisfactory agreement with the
experimental results; the inversion of cis/trans selectivity, registered
for the maleimide adducts, is explainable on the basis of secondary
orbital interactions that established between the 7-imidic orbitals
and the p nitronic nitrogen one in the Z-endo approach (Fig. 3).

2.3. Biological evaluation

2.3.1. Cytotoxicity assays

The cytotoxicity of compounds 6—9 was evaluated in vitro
against human cervical carcinoma (HeLa), human lung cancer (A-
549), a panel of leukemia (Molt-3, THP-1) and lymphoma (U-937),
as well as against normal African green monkey kidney (Vero) cell
lines. As a screening assay, the cytotoxicity was tested using an MTS
tetrazolium reduction assay, except for A-549 cell lines, and
expressed as IC5q values. ICsq is the concentration (uM) required to
reduce the absorbance values, i.e., the capability of the cells to
reduce MTS, by 50% after 20 h of treatment. For A-549 cell lines, the
growth inhibition was tested by the sulforhodamine B (SRB) assay
[16] where ICsg is the drug concentration (uM) that yields 50% less
cells than the drug-free control. Results shown in Table 3 indicates
that Vero cells were more resistant than tumoral cell lines to the
toxicity induced by new synthesized compounds, and that, among
the compounds tested, particularly compounds 8b and 9b show
a high level of cytotoxicity against A-549 cell lines.

In general, the new derivatives 6, 8 and 9 showed an improved
cytotoxic activity over the first template reported by us [11]; but in
any case, the actinomycin D, a well-known intercalating agents,
possess an extremely higher toxicity with respect to all the new
tested compounds. As previously reported [11], the values of IC5 of
the actinomycin D for lymphoid and monocytoid (Molt-3) cells are
less than to 1 uM and an ICs¢p = 11 pM is detected for Vero cell.
Literature data [17] reported that at a concentration of 0.5 ug/mL of
actinomycin D the number of A-549 cells declined to 40% of the
control at 8 h.

Whereas for compounds 8 and 9 the cis/trans configuration has
a weak influence on the cytotoxicity, with the cis isomer that is
more active of the trans one, in the case of the succinimidic

Z-endo TS

Z-exo TS

Fig. 3. Transition states for compounds 6b and 7b. Broken lines represent C—C and
C—0 incoming bonds, dotted lines represent secondary orbital interactions.
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Table 3

Evaluationof cytotoxicity for compounds 6—9 by MTS or SRB assay.?
Compound ICs50 (WM)

Hela A-549 Molt-3 THP-1 U-937 Vero

6b 135° 83 95 102 130 150
7b 284 328 415 399 >500 >500
8a 50 32 43 55 154 132
8b 15 9 12 19 88 102
9a 45 35 50 61 112 140
9b 15 11 17 18 80 110

2 Cells were exposed in optimal culture conditions in 96-well plates to five
concentrations of the compounds (1, 10, 100, 200, 500 uM) or control medium for
20 h before determining cellular metabolic activity by an MTS tetrazolium
compound bioreduction assay or sulforhodamine B assay.

b Each value is determined from triplicate samples using a non-linear regression
analysis.

derivatives 6 and 7 the trans isomer is more reactive. In any case,
compound 8b shows activity on all the tested cell lines and
particularly interesting is the cytotoxicity against A-549 cells with
an ICsg of 9 uM.

2.3.2. DNA binding properties

Compound 8b, which showed the highest cytotoxicity, was then
used as model to investigate the DNA intercalation. So, incubation
followed by electrophoretic examination of compound 8b with
®X174 RF I DNA showed characteristic streaking of the supercoiled
species, indicative of intercalation. Furthermore, in the UV spectral
analysis of 8b and calf thymus DNA, characteristic red shift of 16 nm
for DNA were observed on incubation, consistent with intercalation
[18]. A titration experiment indicate that the examined compound
shows a binding constant, for the intercalation with calf thymus
DNA, of 9.6 x 10* M~ that is 14-fold greater than that with
compound 1 (Kz = 6.8 x 10> M™1).

2.4. Molecular docking

In order to confirm and rationalize the observed biological
results and to get more insight into the intercalation modality, the
supramolecular complexes of synthesized compounds with DNA
have been investigated by molecular modeling methodology.
Moreover, although the obtained compounds are racemates, from
a theoretical point of view, and in the perspective to realize the
synthesis of enantiomerically pure compounds, a better under-
standing of the interactions of both stereoisomers will be useful for
the rational design of ligands to target specific regions of DNA and
for enhanced therapeutic activity. In consideration of this and to
test the model, we exploited, at first overtures, the molecular
docking of all stereoisomers of compound 1, knowing its binding
constants with poly-d(AT); and poly-d(GC); (Kg = 6.0 x 10> M~!
and 1.5 x 10> M}, respectively) [15].

The adopted molecular modeling template consists of the
following three steps: i) poly-d(AT), and poly-d(GC), were simu-
lated as a dodecamer fragment of (dA—dT); and (dG—dC)a,
respectively, which were constructed in the B-DNA conformation
with the nucleic acids tool, implemented in the HyperChem 7.5
program package [19], and minimized with the Amber96 force
field, that is one of the most accurate force fields widely used for
proteins and DNA [20]. ii) The simulations of all compounds bound
to poly-d(AT),; and poly-d(GC), were carried out, for the interca-
lation between paired nucleobases, using docking methodology
[21]. Firstly, the compound was selected to insert into the middle
base-step of each fragment from the minor groove or the major one,
respectively. While the compound atom positions fixed, the rest
molecules were minimized so as to make the free fragment

Table 4
Calculated binding energies for all stereoisomers of compound 1 intercalated in d
(AT), and d(GC), dodecamers.

Compound 1 Poly-AT
Major groove Minor groove
3R,5S (cis) -9.78% -8.63
3S,5R (cis) -9.44 -9.03
3R,5R (trans) -9.05 -8.99
3S,5S (trans) -8.95 -8.92
Poly-GC
Major groove Minor groove
3R,5S (cis) -9.24 -9.16
3S,5R (cis) -9.34 -9.27
3R,5R (trans) -9.20 -9.01
3S8,5S (trans) -9.37 -9.24

2 All values are in kcal/mol.

adjusted to accommodate the ligand suitably. Subsequently the
whole system was minimized with a convergence criterion of
0.005 kcal/mol per A, without any restrains. iii) Finally, we per-
formed a computational automated fine docking on the obtained
systems applying the Lamarckian genetic algorithm (LGA) imple-
mented in AutoDock 4.0 [22]. This software has been recently used
to accurately reproduce the pose, in the crystallographic structures,
of a series of small ligands that bind to nucleic acids, reproducing
the binding constants semiquantitatively [23].

The possibility to achieve complexes by binding along the
groove was a priori excluded according to previously reported
results [12].

The calculated binding energies, AGgp, for complexes of all
stereoisomers of compound 1 with d(AT); and d(GC), dodecamer
fragments are summarized in Table 4 that points out that the
stereoisomer 3R,5S have the lowest binding energy and clearly
prefer the intercalative path from the major groove in the poly-AT
fragment, completely in accord with literature [12]. Moreover, its
enantiomer (3S,5R) is just slightly less active, whereas the trans
ones, that are even less active, showed a net preference for poly-GC
fragment, with the intercalation that takes place from the minor
groove.

On the base of these results, we chose to study only the isomers
with 3R configuration and in particular the cis ones for compounds
8. Furthermore, since compounds 8 at the 7.2 physiological pH are
monoprotonated, they were studied in this form.

From the inspection of Table 5, that collects the calculated
binding energies of the above docking study, it is evident that
compound (3R,55)-8b is the best active one, confirming the bio-
logical results, and shows a preference for the poly-AT fragment
intercalating from the minor groove. Moreover, the affinity for AT

Table 5
Calculated binding energies for 6—8 intercalated in d(AT), and d(GC), dodecamers.

Compound Poly-AT

Major groove Minor groove

(3R,5R)-6b (trans) -9.10° -9.70
(3R,55)-7b (cis) -8.11 -9.12
(3R,5S)-8a (cis) -10.21 -10.69
(3R,55)-8b (cis) -11.22 -11.35

Poly-GC

Major groove Minor groove
(3R,5R)-6b (trans) -9.47 -10.21
(3R,55)-7b (cis) -8.63 -9.34
(3R,55)-8a (cis) -9.95 -10.42
(3R,55)-8b (cis) -11.05 -10.30

2 All values are in kcal/mol.
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a WM
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Fig. 4. Plot representing compound 8b intercalated into poly-d(AT),. (a) From minor groove. (b) From major groove. Dotted lines represents hydrogen bond.

nucleobases is 18-fold greater than that of its precursor (3R,5S)-1
(AAGging = 1.57 kcal/mol), well in accord with the respective
experimental binding constants.

Interestingly, both compounds 6 and 7 showed a marked pref-
erence for the GC nucleobases with an insertion from the minor
groove.

Fig. 4 reports a plot of compound (3R,5S5)-8b intercalated into
poly-d(AT), from both minor and major grooves; in the minor groove
supermolecule is evident the formation of two stabilizing hydrogen
bonds between the isoxazolidine ammonium and the O and O3
atoms of the deoxyribose A8 unit (Fig. 4a). In the case of compound 6,
the best pose shows a hydrogen bond between the isoxazolidinic
oxygen and the hydrogen of the G8 guanine 2-amino group.

3. Conclusion

A second generation and an isosteric series of isoxazolidinyl-
PAH as DNA-intercalator agents capable to easily diffuse and to act
on remotely implanted solid tumors has been synthesized
according to the 1,3-dipolar cycloaddition methodology. The utility
of this template in the synthesis of structures designed to capitalize
on its intercalative properties has been examined.

Compound 8b shows the better in vitro cytotoxic activity against
all tested cell lines, in particular upon the human lung cancer (A-549)
cell, and complexes exclusively by intercalation between base pairs,
approaching the DNA from its minor groove, with a neat preference
for the AT nucleobases. The second generation compounds 6 and 7,
interestingly, showed the highest potency intercalating mostly into
the GC nucleobases forthcoming them from the minor groove. This
behavior is very interesting because allows, by means of a fine tuning
on the isoxazolidine ring, to synthesize drugs that could bind DNA
specifically to AT or GC nucleobases.

Further application of this template in antitumor agents design
would seem warranted, particularly where systematic structural
variations of the isoxazolidine nucleus are performed.

4. Experimental section
4.1. Chemistry

Melting points were determined with a Kofler apparatus and are
uncorrected. Elemental analyses were performed with a Perkin—

Elmer elemental analyzer. NMR spectra were recorded on a Varian
instrument at 500 MHz ('H) and at 125 MHz (3C) using

deuterochloroform or deuterobenzene as solvents; chemical shifts are
given in ppm from TMS as internal standard. Thin-layer chromato-
graphic separations were performed on Merck silica gel 60-F,54 pre-
coated aluminum plates. Preparative separations were carried out by
flash chromatography using Merck silica gel 0.035—0.070 mm.
Preparative centrifuge-accelerated radial thin-layer chromatography
(PCAR-TLC) was performed with a Chromatotron® Model 7924T
(Harrison Research, Palo Alto, CA, USA); the rotors (1 or 2 mm layer
thickness) were coated with silica gel Merck grade type 7749, TLC
grade, with binder and fluorescence indicator (Aldrich 34,644-6) and
the eluting solvents were delivered by the pump at a flow-rate of
0.5—1.5 mL/min.

Analyses indicated by the symbols of the elements or functions
were within 0.4% of the theoretical values.

PAH-aldehydes were purchased from Aldrich Co. All solvents
were dried according to literature methods.

4.1.1. General procedure for the synthesis of isoxazolidines 4—7

A solution of nitrone 3 (0.3 mmol) and tert-butyl-N-allylcarba-
mate or maleimide (0.45 mmol) in dry toluene (10 mL) in a sealed
tube equipped with a stir bar, was allowed to react at 120 °C for 6 d
or 18 h, respectively. The mixture was evaporated and the residue
was purified by flash chromatography on a silica gel.

4.1.1.1. tert-Butyl{[(3RS,55R)-2-benzyl-3-(9-phenanthryl)iso-
xazolidin-5-ylJmethyl}carbamate (4a). Eluant ethyl acetate/cyclo-
hexane 15:85 (second eluted product). Yield 53.3%, amorphous
brownish solid. 'TH NMR (CDCls, 500 MHz): 1.16 (s, 9H), 2.04 (ddd, 1H,
J=6.3,7.4and 12.6 Hz,Hy,),3.09(ddd, 1H,J=7.9,8.3 and 12.6 Hz, Hyp),
3.26(ddd, 1H,J = 2.3,4.5 and 14.2 Hz, Hs/,), 3.32(ddd, 1H, ] = 4.5,6.2
and 14.2Hz, Hsp),3.94 (d, 1H,J = 14.3 Hz, Hy,),4.12(d, 1H,J = 14.3 Hz,
Hyp),4.44(ddd, 1H,J=2.3,6.2,6.3 and 8.3 Hz, Hs),4.63 (dd, 1H, /= 7.4
and 7.9 Hz, H3),4.86(t, 1H,J = 4.5 Hz, NH), 7.19—8.70 (m, 14H). 3C NMR
(CDCl3, 125 MHz): 26.9, 28.4, 39.9, 43.2, 60.4, 66.5, 76.3,122.4,123.3,
124.0,125.0,126.1,126.3,126.4,126.7,127.3,128.2,128.9, 129.0, 130.3,
130.5,131.1,132.3, 156.3. Anal. C3p0H32N203 (C, H, N, 0).

4.1.1.2. tert-Butyl{[(3RS,5RS)-2-benzyl-3-(9-phenanthryl)iso-

xazolidin-5-ylJmethyl}carbamate (5a). Eluant ethyl acetate/cyclo-
hexane 15:85 (first eluted product). Yield 26.7%, amorphous
brownish solid. 'TH NMR (CDCls, 500 MHz): 1.42 (s, 9H), 2.39 (ddd,
1H, ] = 6.8, 7.2 and 124 Hz, Ha,), 2.60 (ddd, 1H, ] = 6.2, 8.2 and
12.4 Hz, Hyp), 3.32 (ddd, 1H, ] = 4.3, 5.2 and 14.4 Hz, Hz/3), 3.38 (ddd,
1H, ] = 2.8, 4.3 and 14.4 Hz, Hs,), 3.82 (d, 1H, J = 14.2 Hz, Hy,), 4.11
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(d, 1H,J = 14.2 Hz, Hyp), 4.31 (dddd, 1H, ] = 2.8, 5.2, 6.2 and 7.2 Hz,
Hs), 4.49 (dd, 1H, J = 6.8 and 8.2 Hz, H3), 4.76 (t, 1H, ] = 4.3 Hz, NH),
7.18—8.70 (m, 14H). 13C NMR (CDCls,125 MHz): 26.9, 28.1,40.2, 43.7,
60.3, 66.2, 76.1, 122.4, 123.4, 123.8, 124.1, 126.3, 126.6, 126.8, 127.2,
128.4, 128.5, 128.9, 129.8, 129.9, 130.1, 131.2, 131.8, 156.1. Anal.
C30H32N203 (G, H, N, 0).

4.1.1.3. tert-Butyl{[(3RS,55R)-2-methyl-3-(pyren-1-yl)isoxazolidin-5-
ylJmethyl}carbamate (4b). Eluant ethyl acetate/dichloromethane
7:83 (first eluted product). Yield 55.2%, amorphous yellow-
brownish solid. "H NMR (CDCl3, 500 MHz): 1.36 (s, 9H,), 2.18 (m, 1H,
Haa), 2.74 (s, 3H, N-Me), 3.13 (m, 1H, Hgp), 3.43 (m, 2H, Hs), 4.52 (m,
1H, Hs), 4.69 (m, 1H, H3), 5.21 (bs, 1H, NH), 7.99—8.33 (m, 9H). >C
NMR (CDCl3, 125 MHz): 28.3, 31.9, 43.7, 44.6, 69.2, 76.1,122.2,123.9,
124.8, 125.0, 125.3, 126.0, 126.8, 127.3, 127.4, 127.8, 128.6, 130.6,
131.3, 133.1, 156.1. Anal. Cy6HgN>03 (C, H, N, O).

4.1.14. tert-Butyl{[(3RS,5RS)-2-methyl-3-(pyren-1-yl)isoxazolidin-5-
yllmethyljcarbamate (5b). Eluant ethyl acetate/dichloromethane
7:83 (second eluted product). Yield 36.8% amorphous yellow-
brownish solid. "H NMR (CDCls, 500 MHz): 1.52 (s, 9H), 2.54 (m, 1H,
Ha,), 2.72 (m, 4H, Hyp and N-Me), 3.42 (m, 1H, Hs/,), 3.56 (m, 1H,
Hsp), 4.50 (m, 1H, Hs), 4.56 (m, 1H, H3), 5.06 (bs, 1H, NH), 7.99—8.42
(m, 9H). 3C NMR (CDCl3, 125 MHz): 28.4, 42.1, 43.5, 69.7, 76.4,
122.5, 1244, 124.7, 124.9, 125.0, 125.2, 125.3, 125.9, 127.4, 127.7,
128.7,130.59, 130.63, 131.3, 156.2. Anal. C36H28N203 (C, H, N, O).

4.1.1.5. (3RS,3aRS,6aSR)-2-methyl-3-(pyren-1-yl)dihydro-2H-pyrrolo
[3,4-d]isoxazole-4,6(3H,5H)-dione (6b). Eluant ethyl acetate/cyclo-
hexane 40:60 (second eluted product). Yield 69.6%, amorphous
yellow-brownish solid. "H NMR (CDCls, 500 MHz): 2.81 (s, 3H, N-
Me), 4.07 (dd, 1H, J = 7.0 and 9.0 Hz, Hs,), 4.89 (d, 1H, J = 9.0 Hz,
Hga), 5.00 (d, 1H,J = 7.0 Hz, H3), 5.30 (s, 1H, NH), 8.00—8.24 (m, 9H).
13C NMR (CDCl3, 125 MHz): 42.9, 54.9, 71.3, 77.3,121.3,122.1,123.5,
125.2, 1254, 125.8, 126.1, 126.7, 127.5, 127.8, 128.6, 129.4, 130.6,
131.3, 151.1, 156.6. Anal. C22H16N203 (C, H, N, 0).

4.1.1.6. (3RS,3aSR,6aRS)-2-methyl-3-(pyren-1-yl)dihydro-2H-pyrrolo
[3,4-d]isoxazole-4,6(3H,5H)-dione (7b). Eluant ethyl acetate/cyclo-
hexane 40:60 (first eluted product). Yield 17.4%, amorphous yellow
ochre solid. "H NMR (CD3COCD3, 500 MHz): 4.16 (dd, 1H, ] = 4.5 and
7.0 Hz, H3a), 5.19 (d, 1H, J = 7.0 Hz, Hea), 5.35 (d, 1H, ] = 4.5 Hz, H3),
8.06—8.72 (m, 9H), 10.46 (bs, 1H, NH). 3C NMR (CD3COCDs,
125 MHz): 41.7, 50.3, 60.1, 79.3, 123.7, 125.4, 125.7, 125.9, 126.2,
126.4,126.8,127.1,128.2,128.5,128.9,131.5,132.0,132.2,177.3. Anal.
C22H1gN205 (C, H, N, 0).

4.1.2. General procedure for the hydrolysis of cicloadducts 4 and 5

To a solution of compound 4 or 5 (1 eq) in dry CHxCl, (10 mL)
was added CF3CO;H (20.4 eq) at 0 °C. The reaction was raised to
room temperature and magnetically stirred from 12 to 36 h. The
reaction mixture was further neutralized with saturated NaHCO3
(10 mL), and extracted with CHyCly (3 x 10 mL); the reunited
organic layers were anhydrified over NaySO4 and the solvent
evaporated at reduced pressure. The residue was purified by flash
chromatography on a silica gel.

4.1.2.1. 1-[(3RS,55R)-2-Methyl-3-(pyren-1-yl)isoxazolidin-5-ylJmeth-
anamine (8b). Eluant MeOH/CH,Cl, 1:9. Reaction time: 12 h. Yield
95%, amorphous yellow-brownish solid. 'TH NMR (CDCls, 500 MHz):
1.64 (bs, 2H, NHy), 2.14 (m, 1H, Hasa), 2.77 (s, 3H, N-Me), 3.09 (m, 3H,
Hap, Hs3 and Hsrp,), 4.39 (m, 1H, Hs), 4.70 (m, 1H, H3), 7.99—8.36 (m,
9H). 3C NMR (CDCl3, 125 MHz): 31.8, 42.7, 43.8, 69.3, 78.8, 122.3,
124.0, 124.8, 124.9, 125.0, 125.2, 125.9, 127.2, 127.4, 127.6, 128.5,
130.5, 130.6, 131.3. Anal. C1HoN20 (C, H, N, O).

4.1.2.2. 1-[(3RS,5RS)-2-Methyl-3-(pyren-1-yl)isoxazolidin-5-yl]
methanamine (9b). Eluant MeOH/CH,Cl, 1:9. Reaction time: 36 h.
Yield 80%, amorphous yellow-brownish solid. 'H NMR (CDCl,
500 MHz): 1.63 (bs, 2H, NH>), 2.53 (m, 1H, Hga), 2.72 (m, 4H, Hgp and
N-Me), 2.96 (m, 1H, Hs,), 3.09 (m, 1H, Hs), 4.44 (m, 1H, Hs), 4.56
(m, 1H, H3), 7.99—8.45 (m, 9H). '3C NMR (CDCls, 125 MHz): 29.7,
438, 45.6, 69.9, 78.7, 122.6, 124.6, 124.8, 125.0, 125.1, 125.2, 125.3,
126.0, 127.3, 127.4, 127.7, 130.6, 130.7, 131.4. Anal. C;1H,oN,0 (C, H,
N, 0).

4.1.2.3. 1-[(3RS,5SR)-2-Benzyl-3-(9-phenanthryl)isoxazolidin-5-yl]
methanamine (8a). Eluant MeOH/CH,Cl, 1:9. Reaction time: 12 h.
Yield 95%, amorphous brownish solid. 'H NMR (CDCl3, 500 MHz):
1.51 (bs, 2H, NH), 2.04 (m, 1H, Haa), 2.78 (m, 1H, Hs:3), 3.04 (m, 1H,
Hsp), 3.14 (m, 1H, Hap), 3.97 (d, 1H, J = 14.5 Hz, Hy,), 4.21 (d, 1H,
J = 14.5 Hz, Hap), 445 (m, 1H, Hs), 4.67 (t, 1H, ] = 7.5 Hz, H3),
7.28—8.80 (m, 14H). 3C NMR (CDCl3, 125 MHz): 41.1, 45.4, 60.4,
66.3,77.1,122.3,122.4,123.7,124.2,126.3, 126.6, 126.8, 127.2, 128.3,
128.5,128.9, 129.8, 130.1, 130.8, 131.6, 134.3, 137.8. Anal. C5H24N,0
(C,H, N, 0).

4.1.2.4. 1-[(3RS,5RS)-2-Benzyl-3-(9-phenanthryl)isoxazolidin-5-yl]
methanamine (9a). Eluant MeOH/CH,Cl, 1:9. Reaction time: 36 h.
Yield 80%, amorphous brownish solid. "H NMR (CDCl3, 500 MHz):
1.70 (bs, 2H, NH»), 2.41 (m, 1H, Haa), 2.63 (m, 1H, Hap), 2.82 (dd, 1H,
J=6.1and 13.2 Hz, Hs,), 2.96 (dd, 1H, ] = 2.5 and 13.2 Hz, Hs,), 3.86
(d, 1H, ] = 14.8 Hz, Hy,), 412 (d, 1H, ] = 14.8 Hz, Ho,), 4.28 (m, 1H,
Hs), 4.55 (m, 1H, H3), 7.20—8.73 (m, 14H). 3C NMR (CDCls,
125 MHz): 39.9, 45.2, 60.6, 66.8, 78.3, 122.3, 123.2, 124.1, 124.9,
126.3, 126.5, 126.6, 126.7, 127.0, 128.1, 128.8, 129.8, 130.2, 130.7,
131.5, 134.1, 137.7. Anal. C25H24N50 (C, H, N, O).

4.2. PM3 computational analysis

All the calculations were performed utilizing the PM3 [18]
semiempirical hamiltonian as implemented in MOPAC 2009
package [24] using Winmostar as GUI interface [25]. In all the cases,
full geometry optimization was carried out without any symmetry
constraints with the keys precise, gnorm = 0.01 and ddmin = 0.
Transition structures were found to have only one negative eigen-
value with the corresponding eigenvector involving the formation
of the newly created C—C and C—O bonds.

4.3. Biological assay methods

4.3.1. Evaluation of cytotoxicity with MTS assay

Cytotoxicity of all compounds was evaluated by a commercial
viability assay (CellTiter 96® Aqueous One Solution Assay, Prom-
ega Co., Madison WI), according to the Manufacturer’s instruc-
tions. This assay is based on the principle that cells, at death,
rapidly lose the ability to reduce MTS tetrazolium. Briefly, HeLa,
MOLT-3, U-937, THP-1 and Vero cells were cultured in optimal
culture conditions for 20 h in 96-well plates, in the absence of the
compounds or in their presence, at concentrations ranging from
1 uM to 500 puM. At the end of the incubation time, the MTS
tetrazolium-based reagent was added to each well. After a further
incubation of 1 h at 37 °C in a humidified, 5% CO, atmosphere, the
absorbance of the samples was recorded at 490 nm using a 96-
well spectrophotometer. The assays were performed in triplicate.
The inhibitory concentrations 50 (ICsg) were calculated as the
concentrations of the compounds required to cause 50% reduction
of absorbance values. For all compounds a non-linear regression
analysis was used.
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4.3.2. Evaluation of cytotoxicity with SRB assay

TCA-fixed cells were stained for 30 min with 0.4% (wt/vol) SRB
dissolved in 1% acetic acid. At the end of the staining period, SRB
was removed and cultures were quickly rinsed four times with 1%
acetic acid to remove unbound dye. The acetic acid was poured
directly into the culture wells from a beaker. Residual wash solution
was removed by sharply flicking plates over a sink, which ensured
the complete removal of rinsing solution. After being rinsed, the
cultures were air dried until no standing moisture was visible.
Bound dye was solubilized with 10 mM unbuffered Tris base (pH
10.5) for 5 min on a gyratory shaker.

OD was read in a UVmax microtiter plate reader (Molecular
Devices, Menlo Park, CA). For maximum sensitivity, OD was
measured at 564 nm.

4.3.3. ®X174 RF I DNA unwinding assay

Reaction mixtures (10 pL final volume) contained 0.3 pg
supercoiled ®X174 RF I DNA in reaction buffer (10 mM Tris-HCl,
pH 7.5, 50 mM KCl, 5 mM MgCl,, 0.1 mM EDTA, and 15 pg/mL
bovine serum albumin) and 2 units of Top1 [26]. Reactions were
performed at 37 °C for 30 min with Top1l alone followed by
incubation in the presence or absence of drug for another 30 min.
The reactions were terminated by the addition of 0.5% SDS and
0.5 mg/mL proteinase K. Samples were incubated for 30 min at
50 °C. Next, 1.2 pL of 10x loading buffer (20% Ficol 400; 0.1 M
NayEDTA, pH 8.0, 1.0% SDS, and 0.25% bromphenol blue) were
added and reactions mixtures were loaded onto a 1% agarose gel
made in 1x TBE buffer. Gels were run in 1x TBE containing 0.1%
SDS. After electrophoresis, DNA bands were stained in 10 pg/mL of
ethidium bromide and visualized by transillumination with
ultraviolet light (300 nm).

4.3.4. UV titration with calf thymus DNA

Sonicated ct-DNA (phenol extracted, lyophilized, average size
2000 bases, range 200—6000 bases) was obtained from Pharmacia
(Milan). Water was purified through a Millipore Milli-Q system. All
experiments were conducted in 1072 M phosphate buffer at pH 7.4,
containing 0.1 M NaCl. The pH of solution was measured with
a glass electrode. The concentrations of polynucleotide, in base pair,
were determined by absorption spectroscopy, using the following
molar extinction coefficient: 6600 M~! cm~! at 260 nm. Absorption
spectra were recorded with a Beckman 650 DU spectrophotometer.
All the spectra were corrected for the dilution resulting from
addition of polynucleotide solutions to the solution of 8b.

In order to obtain the binding constant, Kj, related to association
complex we used the half-reciprocal plot of the absorption titration
data, according to Eq. (1) [27]:

[Plpp/(ea — €F) = [Plpp/(ea — €F) + 1/Kp(ea — €F) (1)

Here [P]yp is the concentration of the polynucleotide in base
pairs, €a, €gand e correspond to Aqps/[8b], the extinction coefficient
for the free 8b and the extinction coefficient for the totally bound
form of 8b, respectively. The K value was derived by the ratio of the
slope to intercept of the linear plot.

4.4. Molecular docking

All poly-d(AT); and poly-d(GC), fragments were 3’- and 5'-
endcapped with a phosphate group and the system configured as
a fully anionic oligonucleotide. Subsequently, the geometry was
fully minimized with a convergence criterion of 0.005 kcal/mol per
A, assigning a distance-dependent dielectric of 1.0, 1—4 scale factors
of 0.833 for the electrostatic part and of 0.5 for the Van der waals
one, and the nonbonded cutoff on off.

For fine docking with AutoDock 4.0 we used the following
parameters: grid spacing = 0.375 A, number of runs = 10, npts = 60
60 60, ga_num_evals = 20,000,000, ga_pop_size = 150 and
ga_num_generations = 27,000. The graphical user interface Auto-
DockTools (1.5.4, R24) [28] was used for establishing the Autogrid
points as well as visualization of docked ligand-nucleic acid
structures.
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